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 For many years the “retaliatory metabolite” and neuromodulator adenosine has 
been recognized as an endogenous anticonvulsant and neuroprotective molecule. As 
the core molecule of ATP and of nucleic acids, adenosine forms a unique link among 
cell energy, gene regulation, and neuronal excitability. Adenosine has long been a 
highly coveted therapeutic target, and its actions at the A 

1
  receptor subtype hold 

well-established and profound therapeutic potential for conditions such as stroke, 
brain injury, pain, and epilepsy, among others. To date, receptor-based strategies to 
augment the therapeutic in fl uence of adenosine have been unable to harness its 
clinical potential, primarily due to side effects at identical peripheral adenosine 
receptors. 

 Emerging evidence ignites new hope for adenosine-based therapies in the central 
nervous system. Parallel and converging lines of research include studies on the 
ongoing regulation of adenosine by nonpathological, physiologically relevant 

  Preface 
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 stimuli, by metabolism and astrocytes and also by exciting new cell-based 
approaches. All of these modes of regulation have detailed associated mechanisms 
established by basic research and, accordingly, proven or predicted clinical 
implications. 

 In this book we assemble diverse recent research on regulating the in fl uence of 
adenosine in the central nervous system. We outline clinical implications and high-
light emerging adenosine-based therapies. For example, the relationship between 
adenosine and the highly altered metabolic state during hibernation has important 
predictions for neuroprotection. As part of a major paradigm shift, we now under-
stand that the regulation of extracellular adenosine by astrocytes is critical for nor-
mal sleep and could be pivotal for the prevention and treatment of epilepsy. In 
addition, there is an established functional relationship where adenosine and dop-
amine receptors form receptor heteromers and extend the clinical reach of the 
regulation of adenosine directly into the realm of dopaminergic disorders and neu-
ropsychiatry. Finally, a ketogenic (high-fat, low-carbohydrate) diet is a metabolic 
therapy used to treat pediatric and medically refractory epilepsy for nearly 
100 years. Although its ef fi cacy is well established, the key neural mechanisms 
underlying its success remained unclear, hindering development of analogous 
pharmacological solutions. Converging evidence points to a critical link between 
ketogenic metabolism and increased adenosine. 

 Given its ubiquitous presence in the extracellular  fl uid, and the central role of 
adenosine as both a metabolic sensor and an effector, it is not surprising that adenos-
ine function and dysfunction in the central nervous system appears to be a common 
link between diverse neurological and neuropsychiatric conditions. The broad ther-
apeutic implications of understanding the regulation of adenosine extend to acute 
and chronic neurological disorders as diverse as brain injury, epilepsy, pain, neuro-
degenerative disorders, and dopamine-related disorders. Here we combine cellular 
and clinical evidence in an attempt to strengthen the conceptual underpinnings of 
this important research area and foster a broad and interdisciplinary perspective 
regarding the therapeutic potential and mechanisms associated with adenosine in 
the central nervous system. 

 We would like to express our sincere thanks to all the authors for their excellent 
contributions and commitment for making this book possible. We thank them for 
their patience and adherence to editorial timelines. We thank the many experts who 
contributed to the peer-review process and the success of this publishing endeavor. 
We are indebted to Sue Crawford who provided invaluable assistance. Finally we 
wish to thank Simina Calin and Ann Avouris at Springer for their continued support 
and guidance.

Hartford, CT, USA Susan Masino
Portland, OR, USA  Detlev Boison  
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  Abstract   Research on adenosine has a long history, and since the beginning more 
than 80 years ago there has been a link to energy metabolism. This is due to the fact 
that levels of adenosine increase under conditions of relative energy de fi ciency and 
that adenosine can have actions that limit this: increase respiration, increase blood 
 fl ow, and reduce cellular work. There are also effects on intermediary metabolism 
and on overall energy homeostasis. This minireview provides a brief and personal 
historical background to these developments.      

    1.1   The Earliest History 

 The  fi rst report on adenosine actions by Drury and Szent-Györgyi (Drury and Szent-
Gyorgyi  1929  )  mainly considered the profound cardiac actions. A second paper 
(Bennet and Drury  1931  )  reported many more actions including a marked lowering 
of body temperature in guinea pigs. They also discussed the possibility that different 
forms of tissue trauma could release adenosine and/or AMP that could cause intra-
arterial (i.a.) vasodilatation. Nevertheless, the focus was on cardiac actions (Drury 
 1932  )  and remained so for some time. This focus was also due to interest in the 
therapeutic uses of a preparation, “Lacarnol,” containing i.a. adenylic acid devel-
oped by the German  fi rm I.G. Farben. Rothmann reported on the effects of Lacarnol 
in humans (Rothmann  1930  ) . One case in his paper was a patient with mitral valve 
disease in heart failure, having cyanosis, tachypnea, and atrial  fi brillation at a ven-
tricular rate of 150/min. The injection of 5 ml of a 1 % solution of Lacarnol imme-
diately caused transient ventricular asystole due to complete heart block, but after 
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that the patient recovered and his cardiac condition improved. Later studies, how-
ever, failed to con fi rm this positive outcome and the use of the preparation was 
gradually stopped.  

    1.2   Adenosine and Shock 

 Partly because of the huge number of young men who died in shock due to trauma 
and surgery during the Second World War there was a resurrection of interest in the 
use of adenine derivatives in the clinic. Much work was done by Green and Stoner 
(Stoner and Green  1945a,   b  ) . They found protective effects of administration of 
such derivatives, despite the fact that blood pressure was not increased. This was 
actually a part of the paradigm shift where the attempts to maintain blood pressure 
levels with vasoconstrictors was shifted to the use of i.a. vasodilators to improve 
peripheral tissue perfusion, but this would actually take many years more to come 
about completely. It was also shown that there was a relationship between the sever-
ity of the trauma and the magnitude of the loss of tissue adenine nucleotides in 
trauma and the release of breakdown products (Kalckar and Lowry  1947 ; Kovach 
et al.  1952 ; Ninomiya et al.  1961a,   b  ) . The reports on the protective effect of adenine 
nucleotides continued to appear and one dominant concept was that the administra-
tion of high energy phosphate compounds was able to replace the diminishing tissue 
stores by some kind of energy transfer or even by the direct uptake of the ATP into 
the energy depleted cell (Sharma and Eiseman  1966  ) . However, by the mid-60s 
other results had become available and in one study it was concluded that “The 
protective effect of adenosine triphosphate in the prevention of irreversibility may 
be attributed to vasodilation, energy transfer, anticoagulation, or a combination of 
these mechanisms (Massion et al.  1965  ) .” I will not further comment on the reports 
that adenine nucleotides altered “coagulation,” but it is now clear that the mecha-
nism was that ATP was rapidly broken down to adenosine that acted on adenosine 
receptors on platelets to reduce their activation and hence their contribution to intra-
vascular coagulation. By contrast, the third alternative, vasodilatation, needs to be 
considered more.  

    1.3   Adenosine and Vasodilatation 

 It took a long time until the suggestion in the paper by Bennet and Drury was seri-
ously followed up. Two independent papers (Berne  1963 ; Gerlach et al.  1963  ) , dem-
onstrated that relative energy lack by hypoxia caused the breakdown of myocardial 
adenine nucleotides and that the breakdown products were able to cause coronary 
vasodilatation. This was the beginning of a very attractive hypothesis that  adenosine 
is a (or the) mediator of hypoxic vasodilatation . The hypothesis is intellectually 
satisfactory in that  adenosine could, by increasing oxygen supply to an energy 
depleted tissue, limit its own formation —a classical tenet of homeostasis and nega-
tive feedback. These studies were preceded by several investigations demonstrating 
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that adenine compounds cause vasodilatation (Duff et al.  1954 ; Frohlich  1963 ; 
Lindner and Rigler  1931  ) . There was also precedence for the interest in hypoxia and 
adenine compounds in coronary circulation (Gercken  1961 ; Piorkowski  1950  )  and 
even in the result that actions of adenine nucleotides could be mimicked by adenosine 
(Rowe et al.  1962  ) . Nevertheless, it was only with the studies of Berne and Gerlach 
that the concepts were generally accepted and serious research started—not least in 
their own laboratories. The work depended on careful development of methods to 
adequately determine the levels of adenine nucleotides and adenosine in body  fl uids 
and tissues, and to establish correlations (Katori and Berne  1966 ; Rubio and Berne 
 1969 ; Rubio et al.  1969  ) , see also (Schutz et al.  1981  ) . There were also attempts to 
broaden the concept to other tissues including brain (Rubio et al.  1975  ) . The studies 
on adenosine effects in the heart were also very important in demonstrating that 
methylxanthines such as theophylline and the theophylline derivative aminophyl-
line acted as adenosine antagonists (Curnish et al.  1972 ; Mustafa et al.  1975a  ) . They 
also established the use of adenosine uptake inhibitors such as dipyridamole as tools 
in adenosine research (Mustafa et al.  1975b  ) . What is often referred to as the Berne 
hypothesis has been extensively studied since the proposal in 1963 (Feigl  2004  ) . It 
seems fair to say that in its most extended version—namely that adenosine is a 
major regulator of normal physiological regulation of coronary  fl ow—the hypoth-
esis has not held up well. It does contribute to basal coronary tone, but plays little 
role in the increase during exercise (Duncker and Merkus  2007  ) . By contrast, 
adenosine appears to be a very important factor in pathophysiological conditions 
including ischemia (Feigl  2004  ) . It is also a very important factor in preconditioning 
(Eckle et al.  2007 ; Lankford et al.  2006  ) . 

 The kidney provides an interesting twist of the concept that adenosine acts to 
reduce its own rate of formation via effects on the circulation. It was early recog-
nized that here adenosine could lead to reductions in blood  fl ow (Harvey  1963 ; Scott 
and Falconer  1965  )  and that adenine compounds could alter renal autoregulation 
(Harvey  1964  )  even though systemic administration usually caused renal 
vasodilatation(Houck et al.  1947  ) . The vasoconstrictor effect also involved enhance-
ment of the constriction caused by sympathetic nerve stimulation (Hedqvist and 
Fredholm  1976  ) , even though adenosine at the same time caused a reduction of the 
release of the transmitter adenosine. Important studies demonstrated that methylxan-
thines abolished the renal vascular effects of adenosine in the kidney (Osswald  1975  )  
and the tubuloglomerular feedback (Schnermann et al.  1977  ) , and presynaptic con-
trol of noradrenaline release (Hedqvist et al.  1978  )  thereby implicating endogenous 
adenosine as the underlying mechanism. Energy de fi ciency was shown to reduce 
adenine nucleotide levels and increase adenosine and inosine levels (Fredholm and 
Hedqvist  1978 ; Osswald et al.  1977  ) . Now, how does this vasoconstrictor effect of 
adenosine tally with a feed-back restoration of energy de fi ciency? The transport work 
in the kidney, especially the reuptake of salts, is directly related to the amount of 
plasma ultra fi ltered in the glomeruli and hence to renal cortical blood  fl ow. A way to 
limit the transport work, and hence ATP degradation leading to adenosine formation, 
is therefore to reduce glomerular blood  fl ow (Vallon et al.  2006  ) . 

 The careful work on adenine nucleotide and adenosine levels in the heart and 
vessels led to the realization that the interconversion of these compounds is exceedingly 
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rapid. The kidney was a major organ to study adenosine metabolism and adenine 
nucleotide breakdown given the profound importance of ATPases in this tissue 
(Zydowo  1959  ) , and this naturally leads us over to the next important chapter.  

    1.4   Adenosine Formation and Degradation 

 The history of adenosine starts with Justus Liebig and his interest in a meat extract 
that could be a nutritional supplement. It obviously contained a myriad of sub-
stances, and composition varied with exact preparation. From it he isolated a barium 
precipitate of inosinic acid (what we now call IMP). A long and arduous process of 
structural identi fi cation took place and it was only in the laboratory of Emil Fischer 
that the structures of the purine bases were  fi nally conclusively demonstrated and 
proven with synthesis. The next important step was the identi fi cation of adenylic 
acid from fresh muscle by Gustav Georg Embden (Embden and Zimmermann 
 1927  ) . Although he did recognize the extremely rapid degradation of higher phos-
phate compounds by his extract he missed the discovery of ATP. He examined the 
deamination of AMP to IMP by a deaminase with formation of ammonia and 
assumed that this played an important part in muscle contraction. 

 Further progress was greatly helped by the improved analytical methods for 
phosphate containing compounds developed by Fiske and Subba-Row. They used 
them to discover creatine phosphate, which they perceived as an energy source in 
muscle contraction. In 1928 Karl Lohmann discovered large amounts of free pyro-
phosphate in freshly prepared muscle, and in the following year Fiske and Subba-
Row discovered an adenylic compound that contained the pyrophosphate, and also 
that in really fresh muscle the amounts of adenylic acid were very low. They failed 
to make the connections to physiology and to name the compound. Lohmann could 
con fi rm and extend the  fi ndings, particularly with regard to the physiology in stud-
ies together with Meyerhof. Finally in 1935 Lohmann showed the structure of ATP 
and its chemical or enzymatic degradation to AMP. 

 Despite these initial  fi ndings it took a very long time until it was appreciated how 
very fast nucleotides and nucleosides were metabolized. A particular source of con-
tention was the rapidity of conversion of ATP to adenosine, which meant that some 
effects of the adenine nucleotides could be ascribed to adenosine. Unfortunately for 
a long time strength of personal conviction was allowed to dominate over solid data 
and an extremely unfortunate rift between research focusing on adenine nucleotides 
and research focusing on adenosine developed. Only recently with a new generation 
of scientists has the interdependence of the two areas been very pro fi tably 
pursued. 

 The methods to synthesize nucleosides and nucleotides took off particularly as a 
result of the efforts of Sir Alexander Todd, who received the 1957 Nobel Prize in 
Chemistry, partly for his synthesis of ATP. The synthesis of these compounds was 
very important as it freed scientists from the use of often imperfectly puri fi ed 
compounds from natural sources. This did, however, continue to be a real problem 
and we may just remind ourselves of the remarkable contribution of a minor 
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contamination by GTP in Martin Rodbells ATP preparations used for adenyl cyclase 
experiments, and which was to be the starting point of his discovery of what is now 
called G-proteins. During the war there was a great effort to develop new chemical 
entities to combat infections. One avenue that was pursued then and later was nucleic 
acid derivatives. Such derivatives were also developed for cancer chemotherapy. 
Some of the most successful developers of this strategy were Gertrude Elion and 
George Hitchings who received the 1988 Nobel Prize in Physiology or Medicine 
(shared with Sir James Black). 

    1.4.1   Elimination of Adenosine 

 The breakdown of adenosine was followed by the appearance of ribose. The “enzyme” 
responsible was called a nucleosidase. Now we know that there is no enzyme doing 
this and hence, what was studied was a mixture of enzyme activities. The  fi rst true 
adenosine degrading enzyme discovered was  adenosine deaminase  by Schmidt in 
1928 (Schmidt  1928  ) . He had earlier discovered AMP deaminase, and could show 
that there were two separate enzyme activities. A few years later the enzyme splitting 
inosine into hypoxanthine and ribose was discovered by Klein (Klein  1935  ) , and the 
“nucleosidase” activity was apparently accounted for. However, the enzyme, now 
known as purine nucleoside phophohydrolase, actually generates ribose-1-phosphate 
from inosine and phosphate and in order to generate ribose further, chemical or enzy-
matic hydrolysis is required. There was much interest in adenosine deaminase when 
it was realized that a de fi ciency in this enzyme was associated with severe immune 
de fi ciency as well as other disorders (Tritsch et al.  1985  ) . As noted elsewhere in this 
article the use of the enzyme itself to remove adenosine, or of inhibitors thereof to 
raise the levels, were increasingly used to assess the biological role of the nucleo-
side. However, it was becoming clear that adenosine deaminase was not the major route 
of adenosine removal, because the enzyme had a rather high Km (about 40–60  m M) 
for adenosine and actually appeared predominantly concerned with removing 
2-deoxy-adenosine (Fredholm and Lerner  1982 ; Smith and Henderson  1982  ) . 

 Hypoxanthine is further broken down by  xanthine oxidoreductase . This enzyme 
converts purines to what is the end point in man, namely, uric acid. The enzyme 
normally acts as a NAD-dependent  dehydrogenase , but can be converted to an  oxi-
dase  in various ways, often associated with tissue damage or oxidative stress. For a 
long time there was interest in the possible pathophysiological role of the enzyme, 
but this is less obvious today. 

 Another pathway that plays some, but often minor, role in regulating adenosine 
levels is  S-adenosyl homocysteine hydrolase  (see Fig  1.1 ). Accumulation of adenos-
ine will block the hydrolysis of S-adenosyl homocysteine (SAH), because the 
enzyme can drive the reaction in either direction (Hersh fi eld and Krodich  1978 ; 
Kredich and Martin  1977  ) . By blocking SAH removal the transmethylation reac-
tions from SAM will also be blocked and this can lead to toxicity. Interestingly 
increasing the concentration of  l -homocysteine will also drive the reaction towards 
SAH. This will then lead to a lowering of intracellular adenosine (Schrader et al. 
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 1981  ) . This method of “trapping” intracellular adenosine in the form of SAH could 
also be used to show that much of the adenosine generated by hypoxia is probably 
intracellular both in heart (Schrader et al.  1981  )  and brain (Lloyd et al.  1993  ) . 
Although the SAH pathway may contribute signi fi cantly to the basal adenosine 
production in some tissues and cells it did not appear to be critically involved in 
adenosine increases in conditions of stress or in removal. Another important point 
is that a part of total intracellular adenosine is bound to SAHhydrolase, which means 
that measurement of total tissue adenosine may not give an adequate estimate of the 
actual free intra- or extracellular adenosine level. The SAHase pathway was used to 
estimate the free intracellular adenosine concentration (Deussen et al.  1988a,   b  ) . 
Interestingly that agrees well with the concentration of extracellular adenosine esti-
mated by microdialysis (Ballarin et al.  1991  ) .  

 When neither ADA nor SAH hydrolase contributed much to removal during phys-
iological conditions, it instead became clear that the physiologically more important 
mechanism of adenosine removal was  uptake into cells  (Arch and Newsholme  1978 ; 
Wohlhueter and Plagemann  1980  ) . The transport was shown to require some form of 
transporter (Cass and Paterson  1975 ; Oliver and Paterson  1971  ) . The driving force 
for the transport was, in most studied cells, the intracellular phosphorylation of ade-
nosine by  adenosine kinase (AK)  that is able to convert adenosine to AMP using ATP 

  Fig. 1.1    Important pathways of ATP degradation in man.  AC  adenylate cyclase,  ADA  adenosine 
deaminase,  AK  adenosine kinase,  AMPD  AMP deaminase,  eN  ectophosphatase(s),  CD39  ectonu-
cleotide phosphohydrolases, CD203c, ecto-cyclic nucleotide phosphohydrolase,  c5 ¢ -N and CD73  
cytosolic and ecto-5 ¢ -nucleotidases, respectively,  ENT  equilibrative nucleoside transporter(s),  MTs 
S -adenosylmethionine-dependent methyl transferases,  NPPCs  nucleotide-permeable pores and 
channels,  PNP  purine nucleoside phosphohydrolase,  SAH S -adenosyl-homocysteine hydrolase, 
 SAM  S-adenosylmethionine,  XDH  xanthine dehydrogenase. Redrawn and slightly modi fi ed from 
R.A. Olsson (unpublished)       
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as a source of phosphate (Caputto  1951  ) . This enzyme has a very high af fi nity for 
adenosine (often estimated to be in the high nanomolar range). AK is critically 
important in maintaining the physiological levels of adenosine low, and also in 
maintaining depots of adenine nucleotides (Boison  2006  ) . The critical role of ade-
nosine kinase in maintaining intracellular concentration of adenosine (and thereby 
the extracellular level) was dramatically shown by genetic and pathophysiological 
manipulation of adenosine kinase amounts and the resulting effects on neuronal 
 fi ring (Li et al.  2007 ; Masino et al.  2011  ) .The transport machinery itself was sym-
metrical, implying an equilibrative transporter (Wohlhueter and Plagemann  1982  ) . 
The transport could be blocked by some structural analogues (Cass and Paterson 
 1975  )  as well as other drugs (Paterson et al.  1981  )  including dipyridamole and dilazep 
that had uses as platelet inhibitors and/or vasodilators. Now we know that purine 
transport is mediated by several equilibrative as well as concentrating (Na-dependent) 
transporters with an uneven tissue distribution (Parkinson et al.  2011  ) .  

    1.4.2   Formation of Adenosine 

 Although, as noted above, degradation of SAH to yield ADO + homocysteine could 
yield adenosine the major pathway was hydrolysis of AMP. The work from Berne’s 
and Gerlach’s groups noted above con fi rmed the earlier result that AMP could be 
broken down either by deamination to IMP, a pathway favored in skeletal muscle, or 
by dephosphorylation to adenosine, which predominates in heart (Conway and 
Cooke  1939 ; Gerlach and Deuticke  1966 ; Imai et al.  1964  ) . The enzyme activity 
responsible for adenosine formation from AMP was 5 ¢ -nucleotidase, known for a 
long time (Gulland and Jackson  1938  ) . The distribution of the enzyme activity did 
not agree very well with areas of known adenosine formation (Ferrans et al.  1969 ; 
Gordon et al.  1967 ; Gordon and Torack  1967 ; McManus et al.  1952 ; Pearse and 
Reis  1952 ; Reis  1950  ) . In particular, the bulk of the enzyme activity detected 
appeared to be an ectoenzyme, whereas the enzyme needed to explain many of the 
 fi ndings had to be intracellular. We now know that the ecto-5 ¢ -nucleotidase—also 
known as CD 73—is extremely important in a variety of cells, tissues, and condi-
tions, because it generates adenosine from extracellular nucleotides (see Fig  1.1 ), 
but these events and  fi ndings are too recent to be covered in this chapter. It was real-
ized that the hydrolysis of extracellular adenine nucleotides to adenosine close to 
the cell membrane allowed adenosine to be rapidly taken up into cells before it was 
metabolized by other extracellular enzymes, and this was even described as “vecto-
rial transport” following actions of ecto-5 ¢ -N (Frick and Lowenstein  1978  ) , a con-
cept that now has low credibility. In 1967 a cytosolic form of the enzyme was 
discovered (Itoh et al.  1967  ) , and such forms were soon observed in many tissues. 
Through work from several laboratories, in particular that of Newby, the critical 
role of this enzyme in cardiac adenosine formation during energy de fi ciency was 
established (Newby et al.  1985  ) . Later it was realized that there was more than one 
form of c-5 ¢ -N (Burgess et al.  1985  ) , with some forms preferentially acting on 
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pyrimidines, and one of the two purine selecting inosine and guanosine, whereas the 
others preferred AMP or deoxyAMP. 

 As mentioned above scientists interested in adenosine for a long time disregarded 
evidence that adenosine might be formed from extracellular adenine nucleotides, or 
at least that this was a physiologically very meaningful process. It was always rec-
ognized that even minor trauma could damage the integrity of cell membranes and 
lead to the release of ATP, and that this given the high intracellular concentrations 
(3–5 mM), would signi fi cantly increase adenosine levels, because of the rapid 
breakdown of nucleotides via ectoenzymes. It was also recognized that this was a 
major source of error in many experiments in vivo and in vitro. Another well known 
factor of concern was that platelets readily release ADP, which is converted to ade-
nosine. This fact plagued the possibility of adequately measuring blood or plasma 
adenosine levels for a long time and I personally believe that a perfectly adequate 
way around this problem still does not exist. 

 Attempts were made to examine the role of intracellular vs. extracellular adenos-
ine formation by means of blockers of ect-5´-nucleotidase. However, the compounds 
used ( a , b -methylene-ADP and GMP) were neither very potent nor speci fi c. 
Therefore, there was no really convincing evidence until genetic methods became 
more readily available. The knockouts of CD39 and CD73 have yielded very inter-
esting and important data (Atkinson et al.  2006 ; Beldi et al.  2008 ; Hart et al.  2008 ; 
Resta et al.  1998 ; Yegutkin  2008  ) . The other important aspect is that there is now 
hard evidence for a number of different physiological mechanisms by which adenine 
nucleotides can be released. To mention a few examples: It can be released by exo-
cytosis, both when there is complete fusion between vesicle and cell membrane, and 
when it is transient, so-called “kiss-and-run” release (MacDonald et al.  2006  ) ; it can 
be released through connexin hemichannels (Eltzschig et al.  2006  ) , and it is released 
from cell membranes subjected to stretch (Okada et al.  2006  ) .   

    1.5   Adenosine as a Retaliatory Metabolite 

 As already alluded to above there is compelling evidence from work on the heart 
that with increasing work load intracellular adenosine formation is related to indices 
such as oxygen consumption. There is also good evidence that increased energy 
consumption (or decreased energy supply) in brain tissue causes adenosine levels to 
rise. Using thin slices of brain tissue McIlwain and coworkers showed that electrical 
 fi eld stimulation led to a marked increase in cAMP levels (Kakiuchi et al.  1969  ) , 
and that this was largely due to release of adenosine which in turn stimulated cAMP 
formation (Pull and McIlwain  1972,   1973  ) . Somewhat similar results were obtained 
in synaptosomal preparations (Kuroda and McIlwain  1974  ) . Then it was shown that 
release of neurotransmitters could be reduced by adenosine (Fredholm  1974 ; 
Fredholm and Dunwiddie  1988 ; Fredholm and Hedqvist  1980 ; Hedqvist and 
Fredholm  1976 ; Ribeiro and Dominguez  1978  ) . Thus, adenosine also in the central 
nervous system has the ability to limit its own formation. 
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 The studies on adenosine in ischemia, in cardiovascular control and in the nervous 
system thus argued that adenosine could be released in conditions of metabolic 
emergency and that the released adenosine, in different ways, tended to limit the 
emergency and its own formation. This general concept was very clearly formulated 
in an in fl uential review by Newby where he coined the term that adenosine was a 
“retaliatory metabolite” (Newby et al.  1985  ) . 

    1.5.1   Adenosine and Fat and Carbohydrate Metabolism 

 It was shown already by Vincent Dole that adenosine had insulin like action in that 
it decreased fatty acid mobilization from fat (Dole  1962  ) . When Martin Rodbell had 
described his method to isolate fat cells in 1964 (Rodbell  1964  ) , a number of scien-
tists became interested. Since the fat cells were perhaps the  fi rst nonblood cells that 
could be reproducibly puri fi ed and cultured in acute primary culture it was interest-
ing to use for studies on signal transduction (Butcher et al.  1965  ) . It also became a 
favorite for scientists interested in insulin action and diabetes. At this time the recent 
discovery of cyclic AMP as a mediator of hormone action was in focus. A tool in 
the study of its role was theophylline, which was considered to be a phosphodi-
esterase inhibitor—pure and simple. Theophylline was a good stimulator of lipoly-
sis and this was taken as another proof of the critical role of cyclic AMP (Hynie 
et al.  1966  ) . After a few years it was shown by several researchers that adenosine 
(and adenosine analogues) could potently inhibit lipolysis in rat fat cells (Fain 
 1973a,   b ; Fain et al.  1972 ; Vapaatalo et al.  1972  )  as well as in vivo in dogs (Fredholm 
 1974  ) . An important additional result from the latter study was that adenosine could 
also block the release of noradrenaline triggered by sympathetic nerve stimulation. 
Despite the fact that the adenosine antagonistic effect of methylxanthines had been 
realized in heart and brain it took several years before it was realized that the effect 
of methylxanthines might be related to adenosine antagonism. An important result 
was the demonstration that removal of adenosine by the enzyme adenosine deami-
nase could stimulate lipolysis and cAMP accumulation just like methylxanthines 
(Fain and Wieser  1975  ) . It was also shown that adenosine was released from adi-
pose tissue by lipolytic stimuli (Fredholm  1976  ) . 

 The fat cell was also critically important in the experiments that led to the 
de fi nition of two receptor subtypes denoted R 

i
  and R 

a
  (Londos et al.  1980  ) . A subdi-

vision that was later proven to be identical with that de fi ned by work on cultured 
brain cells (van Calker et al.  1979  )  and leading to the de fi nition of two receptors 
denoted A 

1
  and A 

2
 . Indeed, the fat cell is very richly endowed with A 

1
  receptors and 

adipose tissue responds to already very low levels of adenosine. Furthermore, the 
degree of lowering of cAMP formation in fat cells to reduce lipolysis is very small 
(Fain  1973a,   b ; Fain et al.  1972 ; Hjemdahl and Fredholm  1976 ; Vapaatalo et al. 
 1972,   1975b  ) . Therefore, there is a huge “receptor reserve” in adipose tissue which 
means that weak partial agonists can reduce at cell lipolysis without inducing many 
other potentially A 

1
  dependent effects (Dhalla et al.  2003  ) . A nonredundant role of 

adenosine as a tonic lipolysis-reducing agent in fat that acts together with insulin 
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has been con fi rmed in recent studies using A
1
 receptor knockout animals (Johansson 

et al.  2007,   2008  ) . 
 Less is known about a role for adenosine in regulation of carbohydrate metabolism. 

The interest in the topic of adenosine receptors as potential regulators of glucose 
metabolism has been boosted by studies on caffeine (Estler  1976 ; Estler et al.  1978  )  
and in particular by the  fi ndings of several large epidemiological studies that caf-
feine reduces the risk for Type II diabetes (Lee et al.  2005  ) . The effect is dose-
dependent, and risk reduction is marked at higher doses (risk ratio between 0.6 and 
0.7 with more than 4 cups/day). Glucose homeostasis is partly linked to lipid metab-
olism. There is evidence that activation of A 

1
  receptors could signi fi cantly enhance 

insulin sensitivity. Indeed, as mentioned above this is certainly true in adipose tissue. 
However, this may not be physiologically very important as the glucose uptake in 
adipose tissue (Johansson et al.  2008  )  and skeletal muscle (Johansson et al.  2007  )  is 
unaltered in A

1
−/− mice vs. control animals, but A 

2B
  receptors may be more impor-

tant. Reducing ATP conversion to adenosine results in reduced hepatic insulin sen-
sitivity (Enjyoji et al.  2008  ) , but it is not known to what extent adenosine and its 
receptors are responsible. 

 It has, however, been known that adenosine can in fl uence insulin secretion 
(Chapal et al.  1981  ) , but for a long time the interest was focused on adenine nucle-
otides and cAMP metabolism. Only comparatively late were adenosine analogues 
tested and a role for inhibitory adenosine receptors established (Hillaire-Buys et al. 
 1987  ) . We found that plasma insulin levels were signi fi cantly increased in A 

1
 −/− 

mice compared to their wild-type controls after a glucose challenge (Johansson 
et al.  2007  ) , but there was no difference in basal insulin levels. Using the perfused 
pancreas a glucose infusion (raising levels from 4 to 16 mM) caused the expected 
rapid increase in insulin release, followed by a rapid return to a low steady level of 
insulin secretion in pancreata from wild-type mice (Johansson et al.  2007  ) . A 

1
  recep-

tors regulate pulsatility of insulin release (Salehi et al.  2009  ) , but it is not known if 
this is important in humans.   

    1.6   Adenosine and Central Temperature 
and Metabolic Control 

 Already Drury and Szent-Györgyi noted marked central effects of peripheral ade-
nosine administration. The site of action was however unclear until Feldberg and 
Sherwood (Feldberg and Sherwood  1954  )  injected adenosine icv and noted a marked 
hypnogenic effect. Later this was con fi rmed and it was shown that adenosine ana-
logues were powerful somnogens probably via actions on receptors (Radulovacki 
et al.  1984  ) . There is a close relation between sleep and energy metabolism (Horne 
 2009 ; Saper  2006  ) . One of the reasons why we sleep is probably a conservation of 
energy. Furthermore these processes show similarities in how they are regulated. 
As an example hypocretins or orexins (Hcrt/Orx), hypothalamic neuropeptides that 
are synthesized by hypothalamic neurons, are involved in the regulation of feeding, 
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thermoregulation, as well as the sleep–wakefulness cycle (Nunez et al.  2009  ) . Numerous 
other factors also regulate these processes in an apparently concerted manner, and 
one of these is adenosine. It has been shown that adenosine increases during sleep 
deprivation and that induces sleep by blocking a number of wakefulness-inducing 
neuronal pathways (Porkka-Heiskanen et al.  1997  ) . 

 A very important factor in regulating energy consumption and in the sustained 
need for energy is the maintenance of body temperature (Kayser and Malan  1963  ) . 
Heat is generated as a by-product of ATP production and ATP utilization. When 
temperature falls thermogenic processes are turned on: increased muscle activity 
that may turn into shivering and heat production in brown adipose tissue (as well as 
in specialized white adipocytes) that depends on uncoupling of oxidative phospho-
rylation. The process is regulated by heat and cold sensitive neurons both peripher-
ally and centrally. By contrast when the supply of energy is very low (or when the 
prospects for future energy supply are bleak) animals may go into hibernation 
involving deep sleep and reduced body temperature. This may develop further into 
torpor. Torpor involves a remarkable drop in whole body metabolism down to 1–2 % 
of basal values in awake small animals and shows some deep similarities to sleep 
(Heller and Ruby  2004  ) . The body temperature may also fall in response to hypoxia. 
Given that a reduction in body temperature increases the area surviving an infarct 
this could be an important endogenous mechanism to increase survival after a cere-
bral insult (Drew et al.  2007  ) . Adenosine is a possible mediator of this response. 

 It has long been known that systemic and intracerebroventricular adenosine and 
derivatives produces a marked fall in body temperature and that methylxanthines 
can increase it (Thithapandha et al.  1972 ; Vapaatalo et al.  1975a  ) . Pharmacological 
studies have mainly implicated A1 receptors, and this has been supported by the 
 fi nding that the temperature drop can be substantially reduced in mice lacking A

1
 

receptors (Yang et al.  2007  ) . Thus, the biological roles of adenosine in regulation of 
metabolism may be very wide, and it seems likely that a careful examination of 
adenosine physiology from a phylogenetic perspective could prove rewarding, but 
this clearly is not history but future, and this may provide a suitable point at which 
to end this brief overview.      
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  Abstract   The enzyme adenosine kinase (AdK, ADK, or AK) plays an important 
role in regulating the intracellular as well as extracellular concentrations of adenosine 
and hence its diverse physiological actions. In view of the enormous pharmacologi-
cal potential of adenosine, there has been much interest in studying adenosine kinase 
over the past few decades. This chapter summarizes the wealth of information that 
has accumulated concerning its structure and function. The aspects that are reviewed 
include the enzymological aspects of ADK including its reaction mechanism and 
ionic requirement; insights provided by the crystal structure of the enzyme; a brief 
overview of work on identi fi cation and development of ADK inhibitors; novel 
aspects of the ADK gene structure; tissue distribution and subcellular localization of 
the two ADK isoforms; novel information provided by mammalian cells harboring 
mutations of ADK; and lastly the evolutionary relationship of ADK to other related 
proteins. Despite enormous progress several important gaps exist in our knowledge 
regarding ADK, particularly concerning the cellular functions of the two isoforms 
and how their relative amounts in different tissues are regulated, that need to be 
understood in order to fully realize the therapeutic potential of increased local con-
centration of adenosine by modulation of this key enzyme.  
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    2.1   Adenosine Kinase: Function and Role 
in Adenosine Metabolism 

    2.1.1   Adenosine 

 The purine nucleoside adenosine with neuromodulating properties produces a broad 
range of physiological responses in mammalian tissues via interaction with adenos-
ine receptors. Much interest in adenosine metabolism has arisen from the discovery 
that adenosine receptor-mediated signals are involved in the protection of cells and 
tissues undergoing ischemic stress. Under normal oxygenated conditions, the rates 
of ATP catabolism and anabolism are equal, and this maintains stable cytosolic 
concentrations of both ATP and ADP (5–10 mM and 40–60  m M in the heart, respec-
tively) (Gard et al.  1985 ; Decking et al.  1997  ) . This high ratio of [ATP] and [ADP] 
is accompanied by a low level of AMP, whose increase in concentration indicates a 
threat to the ATP supply. Under conditions of tissue stress or trauma, such as isch-
emia or hypoxia, the oxygen supply is inadequate for oxidative phosphorylation of 
ADP to regenerate ATP, and the [ATP]–[ADP] ratio is compromised (Headrick and 
Willis  1990  ) . The increasing concentration of ADP leads to adenylate kinase activ-
ity (i.e., 2 ADP↔ATP + AMP) in the direction of AMP formation to maintain a sta-
ble [ADP]–[AMP] ratio (Ballard  1970  ) . There is a subsequent net increase in the 
concentration of AMP (Headrick and Willis  1990  ) , which in turn is hydrolyzed to 
adenosine (Decking et al.  1997 ; Gustafson and Kroll  1998 ; Bak and Ingwall  1998  ) . 
Due to the increased cytosolic concentration, adenosine is released into the extracel-
lular space, where it can bind to adenosine receptors (see Fig.  2.1 ).  

 Adenosine receptor-mediated responses (receptor subtypes: A 
1
 , A 

2A
 , A 

2B
 , and A 

3
 ) 

can have profound protective effects throughout the entire human body, including 
the nervous, cardiovascular, gastrointestinal, renal, muscular, and immune systems 
(Mubagwa and Flameng  2001 ; Stone et al.  2009 ; Wojcik et al.  2010 ; Zylka  2011  ) . 
For this reason, adenosine has been variously called as “signal of life,” “retaliatory 
metabolite,” and “body’s natural defense”(Engler  1991 ; Mullane and Bullough 
 1995 ; Cohen and Downey  2008 ; Boison  2008a  ) . Naturally, there has been an enormous 
research interest in studying the therapeutic potential of adenosine. The list of pro-
spective areas for its medical application is expanding rapidly; because these topics 
are covered in other chapters, only a brief mention of them is made here. Adenosine 
has been shown to provide protection against ischemia–reperfusion injuries in the 
heart (Mubagwa and Flameng  2001  ) , brain and spinal cord (Phillis and Goshgarian 
 2001 ; Williams-Karnesky and Stenzel-Poore  2009  ) , and kidney (Bauerle et al. 
 2011  ) . It also exhibits potent pain-relieving effects in diverse preclinical models of 
chronic pain (Zylka  2011  ) . Adenosine is a powerful anticonvulsant against epilepsy 
(Boison and Stewart  2009  ) , and it participates in the pathology of several neuronal 
and neurodegenerative disorders such as schizophrenia, Alzheimer’s disease, 
Huntington’s disease, amyotrophic lateral sclerosis, and multiple sclerosis (Boison 
 2008a ; Stone et al.  2009 ; Amadio et al.  2011 ; Boison et al.  2011  ) . Recent work by 
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Boison’s group establishes key roles for adenosine and ADK in the development of 
epilepsy in a mouse model (Boison  2008b,   2010  ) . Their work has led to “Adenosine 
Kinase hypothesis of Epileptogenesis,” according to which the increased produc-
tion of ADK by astrocytes in astrogliosis, leads to a lowering of adenosine concen-
tration in critical brain regions, thereby resulting in the loss of inhibition of neuronal 
excitation leading to epileptic seizure (Boison  2008b,   2010  ) . Because adenosine 
augmentation by inhibition of ADK, or by other means such as implantation of 
encapsulated cells engineered to release adenosine, provided protection from epi-
leptic seizure, it establishes the usefulness of these modalities for development of 
novel therapies for treatment of epilepsy (Boison and Stewart  2009 ; Boison  2009a,   b, 
  2011 ; Theo fi las et al.  2011  ) . 

    2.1.1.1   Adenosine Metabolizing Enzymes 

 As adenosine initiates signaling cascades that can produce such intense and broad 
downstream effects, its cellular concentration needs to be tightly regulated. The 
cytosolic concentration of adenosine under normoxic conditions is estimated to 
range between 0.01 and 0.1  m M (Kroll et al.  1992 ; Deussen et al.  1999  ) . Interstitial 

  Fig. 2.1    Adenosine metabolism, transport, and receptor binding: a general overview. Enzymes: 
1, ecto-5 ¢ -nucleotidase (5 ¢ -NT); 2, adenosine deaminase (ADA); 3, adenine phosphoribosyltrans-
ferase (APRTase); 4, 5 ¢ -nucleotidase (cN-I); 5, adenosine kinase (ADK); 6,  S -adenosyl- l -
homocysteine hydrolase; 7, various methyl-transferases and 8, inosine-guanosine kinase.  AR  
adenosine receptor,  ENT  equilibrative nucleoside transporter,  CNT  concentrative nucleoside trans-
porter,  PRPP  5-phosphoribose-1-pyrophosphate,  PPi  inorganic pyrophosphate,  SAH S -adenosyl-
 l -homocysteine,  SAM S -adenosyl- l -methionine. The salvage pathway reactions are shown as 
 dotted arrows . Modi fi ed from    Park and Gupta  2008        



26 J. Park and R.S. Gupta

concentrations of adenosine during hypoxic episodes, on the other hand, have been 
found as high as 30  m M within the myocardium (Manthei et al.  1998  ) , 30  m M in the 
brain (Latini et al.  1999  ) , and 100  m M in the spinal cord (McAdoo et al.  2000  ) . The 
enzymes responsible for lowering adenosine concentration are adenosine kinase 
(ADK) and adenosine deaminase (ADA), which catalyze the phosphorylation and 
deamination of adenosine to produce AMP and inosine, respectively (Fig.  2.1 ). The 
 K  

m
  of ADA for adenosine is in the range of 25–150  m M (depending upon the iso-

form) (Ford et al.  2000 ; Singh and Sharma  2000  ) , whereas that of ADK is approxi-
mately 1  m M (De Jong  1977 ; Drabikowska et al.  1985  ) . Because the  K  

m
  of ADK for 

adenosine is much lower than that of ADA, ADK is thought to be the principal 
enzyme responsible for regulating the level of adenosine under physiological condi-
tions. In proof of this concept, inhibition of ADK, but not of ADA, resulted in 
increased adenosine concentration and its subsequent release into the interstitial 
space in rat brain slices (Pak et al.  1994  ) .  

    2.1.1.2   Adenosine Producing Enzymes 

 While ADK and ADA are the enzymes responsible for the removal of cellular ade-
nosine, there are three enzymes whose immediate actions result in the formation of 
adenosine. The most signi fi cant source of adenosine during enhanced oxygen 
demand or metabolic load, quantitatively, is the AMP-selective cytosolic 
5 ¢ -nucleotidase (cN-I, Fig.  2.1 ), which hydrolyzes AMP into adenosine and inor-
ganic phosphate. Some studies have suggested that this enzyme is responsible for 
more than 70 % of adenosine production in mammalian heart cells (Darvish et al. 
 1996 ; Garvey and Prus  1999  ) . Another enzyme responsible for the production of 
adenosine is ecto-5 ¢ -nucleotidase (5 ¢ -NT, Fig.  2.1 ), a glycoprotein found on the 
plasma membrane of eukaryotic cells (Misumi et al.  1990  ) . Although this enzyme 
carries out the same reaction as cN-I, its sequence bears no similarity to that of the 
latter enzyme, representing a case of convergent evolution (Sala-Newby et al.  1999  ) . 
Interestingly, 5 ¢ -NT is inhibited by both ADP and ATP (Sullivan and Alpers  1971 ; 
Naito and Lowenstein  1985  ) , whereas cN-I is allosterically activated by ADP but 
not by ATP (Yamazaki et al.  1991 ; Darvish and Metting  1993  ) . The end result is 
probably that the relative contribution of each enzyme to the total adenosine pool 
varies as a function of its tissue-speci fi c expression, as well as the cellular energy 
status. In addition to these two enzymes, adenosine is also produced in heart by 
hydrolysis of  S -adenosylhomocysteine (SAH) via SAH-hydrolase (Fig.  2.1 ). 
Although this later mechanism is responsible for the production of majority of basal 
adenosine in heart under normoxia, its role in other tissues such as brain seems to 
be quite limited (Pascual et al.  2005 ; Dulla et al.  2005 ; Frenguelli et al.  2007  ) . The 
reaction catalyzed by SAH-hydrolase is reversible, and the direction of its activity 
is dependent on the local concentrations of adenosine and homocysteine (Loncar 
et al.  1997  ) . The enzyme, however, generally favors the hydrolysis of SAH, as both 
adenosine and homocysteine are rapidly metabolized under normal conditions 
(Deussen et al.  1988  ) .  
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    2.1.1.3   Adenosine Transport 

 In addition to its role as a signaling molecule that communicates intracellular 
metabolic events to receptors on the cell surface, adenosine has another important 
cellular function: a building block for ATP, and ultimately nucleic acids, via the 
salvage pathway. Adenosine recycling is common and important, as de novo nucle-
otide synthesis is energetically expensive and highly tissue-speci fi c. Both adenosine 
signaling and adenosine salvage require ef fi cient transport of the molecule across 
the plasma membrane (Fig.  2.1 ). Since adenosine is hydrophilic, this is mediated by 
specialized membrane-associated proteins. Two gene families have been identi fi ed 
to code for such proteins in mammals: solute carrier families 28 and 29 (SLC28 and 
SLC29) (Molina-Arcas et al.  2009  ) . SLC28 encodes the concentrative nucleoside 
transporters, CNT1, CNT2, and CNT3, which carry out unidirectional (inwardly 
directed), sodium-coupled, energy-dependent active transport (Gray et al.  2004  ) . 
SLC29 encodes the equilibrative nucleoside transporters, ENT1, ENT2, ENT3, and 
ENT4, which mediate bidirectional, sodium-independent facilitated diffusion 
(Baldwin et al.  2004  ) . ENTs are considered as ubiquitous transporters, expressed in 
a wide range of tissues including the vascular endothelium, skeletal muscles, heart, 
brain, liver, kidney, and placenta (Grif fi ths et al.  1997 ; Pennycooke et al.  2001 ; 
Baldwin et al.  2005 ; Barnes et al.  2006  ) . CNTs, on the other hand, have been found 
in specialized epithelial cells in the small intestine, kidney, and liver (Felipe et al. 
 1998 ; Valdes et al.  2000 ; Pennycooke et al.  2001  ) , as well as in immune cells 
(Pennycooke et al.  2001 ; Soler et al.  2001 ; Minuesa et al.  2008  )  and the brain 
(Anderson et al.  1996 ; Ritzel et al.  2001 ; Guillen-Gomez et al.  2004  ) . 

      Equilibrative Nucleoside Transporters 

 While all of the four ENTs can mediate the in fl ux and ef fl ux of adenosine, their 
capacity to transport adenosine and other nucleosides varies. Human ENT1 and 
ENT2, for example, display a broad selectivity of substrates, transporting most 
purines and pyrimidines (Crawford et al.  1998 ; Yao et al.  2002  ) . Both transporters 
show the highest af fi nity for adenosine out of all the nucleoside substrates, with the 
apparent  K  

m
  values of 40 and 100  m M, respectively (Molina-Arcas et al.  2009  ) . 

ENT2, but not ENT1, is able to transport various nucleobases as well (Osses et al. 
 1996  ) . ENT3, on the other hand, can also transport a wide range of purine and 
pyrimidine nucleosides but shows relatively low af fi nity for adenosine ( K  

m
  ≅ 2 mM 

for the human protein) (Baldwin et al.  2005  ) . This protein contains two endosomal/
lysosomal targeting motifs in its N-terminus (Hyde et al.  2001  )  and shows the opti-
mum pH value of 5.5 (Baldwin et al.  2005  ) , which re fl ects its location in acidic, 
intracellular compartments (Molina-Arcas et al.  2009  ) . ENT4, in contrast to the 
other ENTs, transports adenosine (Baldwin et al.  2004  )  and serotonin (Engel et al. 
 2004  )  but no other nucleosides. Its adenosine transport activity is also optimal at 
acidic pH (apparent  K  

m
  values of 0.78 and 0.13 mM for the human and mouse forms, 

respectively, at pH 5.5) but absent at pH 7.5 (Barnes et al.  2006  ) . ENT4’s abundance 
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in the heart, particularly in the plasma membranes of ventricular myocytes and 
vascular endothelial cells, suggests its pH optimum is related to the acidotic condi-
tions associated with ischemia (Barnes et al.  2006  ) .  

      Concentrative Nucleotide Transporters 

 In comparison to ENTs, CNTs show higher af fi nity as well as selectivity for their 
nucleoside substrates (Gray et al.  2004  ) . CNT1 is a pyrimidine-preferring trans-
porter and cannot transport adenosine, which nevertheless binds to the translocation 
site of the protein with high af fi nity ( K  

d
  = 14  m M for the human protein) (Larrayoz 

et al.  2004  ) . CNT2 is a purine-preferring transporter, although it can also transport 
uridine (Gray et al.  2004  ) . CNT3, on the other hand, shows broader substrate 
speci fi city and translocates both purine and pyrimidine nucleosides (Ritzel et al. 
 2001  ) . The apparent  K  

m
  values of human CNT2 and CNT3 for adenosine have 

shown to be 8 and 15  m M, respectively (Molina-Arcas et al.  2009  ) . In addition to 
their substrate speci fi city and tissue distribution, these transporters also differ in 
their cotransport requirement. CNT1 and CNT2, for example, transport one sodium 
ion per nucleoside (Ritzel et al.  1998 ; Smith et al.  2004  ) , while CNT3 transport two 
sodium ions (Ritzel et al.  2001  ) . Also, CNT3 shows pH-dependent nucleoside trans-
port, as it can cotransport H +  with nucleosides as well (in a 1:1 stoichiometry) 
(Smith et al.  2005  ) . CNT1 and CNT2, on the contrary, are strictly Na + -dependent. 
As mammalian tissues express several nucleoside transporters in a single cell type, 
often combining both the concentrative and equilibrative proteins, the regulation of 
extracellular adenosine is a complex process. Termination of adenosine signaling is 
a result of concerted work by these nucleoside transporters as well as the adenosine-
metabolizing enzymes, ADK and ADA.    

    2.1.2   Adenosine Kinase 

 As one of the most ubiquitous and abundant nucleoside kinases known (Krenitsky 
et al.  1974 ; Snyder and Lukey  1982  ) , ADK (EC 2.7.1.20) is the  fi rst enzyme in the 
metabolic pathway of adenosine salvage. ADK functions as an important regulator 
of extracellular adenosine, as clearly demonstrated in animal models of epilepsy 
and ischemia (Pignataro et al.  2007,   2008 ; Li et al.  2008  ) . ADK in addition carries 
out an essential role in facilitating cellular methylation reactions, and its de fi ciency 
in transgenic ADK −/−  mice leads to development of acute neonatal hepatic steatosis, 
which causes early postnatal mortality (Boison et al.  2002  ) . ADK is also responsible 
for the phosphorylation of other nucleosides and their analogs into the correspond-
ing monophosphates, which include antimetabolites that have profound biological 
effects (Gupta  1989  ) . After its  fi rst isolation from yeast and mammalian tissues 
60 years ago (CAPUTTO  1951  ) , an extensive amount of work has been carried out 
on many different aspects of this important enzyme. 
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    2.1.2.1   Enzymological Aspects of Adenosine Kinase 

 One of the unique characteristics of ADK reaction (i.e., Adenosine + ATP→
AMP + ADP) is that the phosphoryl accepting substrate adenosine shares the same 
structural motif with the phosphoryl donor ATP. As a result, both adenosine and its 
phosphorylated product AMP bind to the ATP site (Pelicano et al.  1997  ) , resulting 
in enzyme inhibition. As this complicates the inhibition pattern of the enzyme, it 
has been dif fi cult to interpret the kinetic data and come to a consensus in regards 
to ADK’s reaction mechanism. Chang et al.  (  1983  )  suggested a two-site ping-pong 
mechanism, while several others proposed ordered Bi Bi mechanisms (Henderson 
et al.  1972 ; Palella et al.  1980 ; Mimouni et al.  1994a  ) . The order of substrate bind-
ing and product release suggested in each of these studies also differed from one 
another. The information obtained from the crystal structures of human (Mathews 
et al.  1998  )  and  Toxoplasma gondii  (Schumacher et al.  2000  )  ADK, on the other 
hand, allowed clear understanding of the reaction mechanism: an ordered Bi Bi 
mechanism, in which adenosine is the  fi rst substrate to bind, and AMP is the last 
product to dissociate. 

 Another interesting aspect of ADK, which also complicates its enzymological 
characterization, is its adenosine-AMP exchange activity. In characterizing ADK 
from rat liver (Mimouni et al.  1994a,   b  )  and Chinese hamster cells (Hao and Gupta 
 1996 ; Gupta  1996  ) , it was discovered that the enzyme could transfer the phosphate 
from AMP to radioactively labeled adenosine in the absence of ATP. This at  fi rst 
suggested a classical ping-pong mechanism, but formation of a phosphoryl-enzyme 
intermediate could not be demonstrated. The exchange reaction showed complete 
dependence on the presence of ADP and Mg 2+  (Mimouni et al.  1994a ; Gupta  1996  ) , 
and thus could be explained with the backward reaction of ADK. In the exchange 
reaction, the enzyme  fi rst carries out the backward reaction, in which AMP and ADP 
are converted to adenosine and ATP. Accumulation of ATP then allows the forward 
reaction, in which both the labeled and nonlabeled adenosine is phosphorylated 
without discrimination. Overall, therefore, ADP functions as a carrier compound 
that shuttles a phosphate group from one adenosine to another. This  fi nding also 
corroborates a Bi Bi reaction mechanism for ADK. 

      Magnesium Requirement 

 With respect to the phosphate-donating substrate, ATP and GTP are the preferred 
nucleotides for ADK, although other nucleotides can also participate in the catalytic 
reaction with lower ef fi ciency (Miller et al.  1979,   1982 ; Chang et al.  1983 ; Rotllan 
and Miras Portugal  1985  ) . However, the true phosphate-donating substrate of ADK, 
like most kinases, is the complex of a nucleotide and a divalent metal ion, typically 
magnesium. In a reaction mixture, ATP exists in several states of ionization depend-
ing on the pH of the solution. Mg 2+  binds to ATP 4− , the fully dissociated species of 
ATP, and forms MgATP 2− , which then binds to ADK. In support of this concept, 
absence of magnesium in the reaction resulted in lack of enzyme activity in human 
ADK, while in the presence of magnesium, optimal activity was observed at pH 
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values where ATP and the divalent cation exist primarily in the chelated form (Palella 
et al.  1980  ) . The magnesium ion is thought to neutralize the negative charges on the 
phosphate groups of the nucleotide for its binding to the enzyme (Mildvan  1987  ) . 

 The effect of free magnesium on ADK should also be noted. Excess magnesium 
in a reaction results in the saturation of available ATP 4− , and thus, presence of free 
Mg 2+ . Interestingly, ADK activity increases as the level of free Mg 2+  in the reaction 
increases up to an optimal concentration, after which point additional free Mg 2+  
leads to inhibition of the enzyme (Palella et al.  1980 ; Rotllan and Miras Portugal 
 1985 ; Maj et al.  2002 a). A similar free magnesium requirement for optimal catalysis 
has also been observed in other ATP-utilizing enzymes, including 6-phosphofructo-
2-kinase (Parducci et al.  2006  ) , phosphoribosylpyrophosphate synthetase (Arnvig 
et al.  1990  ) , pyruvate kinase (Baek and Nowak  1982  ) , and phosphoenolpyruvate 
kinase (Lee et al.  1981  ) . The free, catalytic magnesium ion is thought to bind at the 
active site and induce the transition state of the reaction by increasing the electrophi-
licity of the  g -phosphorous atom of the nucleotide via its interaction with the oxygen 
atoms (Parducci et al.  2006  ) . In addition, this ion may induce tighter binding and/or 
proper orientation of the substrate’s functional groups (Rivas-Pardo et al.  2011  ) .  

      Substrate Speci fi city 

 As for the phosphate-accepting, nucleoside substrate, ADK shows remarkably broad 
speci fi city. Alteration of the ribosyl moiety of adenosine is well tolerated, although 
this decreases substrate ef fi ciency by two- to  fi vefold (Bennett and Hill  1975  ) . One 
important structural requirement is that the nucleoside must have a 2 ¢ -hydroxyl 
group, and this hydroxyl group should be in the  trans  conformation. If these condi-
tions are met, the 3 ¢ -hydroxyl and 4 ¢ -hydroxyl-methyl groups may be in either  trans  
or  cis  conformation. Substitution or addition of functional groups in the purine base 
moiety can also be well accepted. In fact, compounds such as 8-azaadenosine, show 
even higher phosphorylation ef fi ciency than the natural substrate adenosine (Bennett 
and Hill  1975  ) . The nucleosides and their analogs that are ef fi ciently phosphory-
lated by ADK generally differ from adenosine at the 2-, 6-, 7-, 8-, and 9-subsitituent 
positions (Lindberg et al.  1967 ; Bennett and Hill  1975 ; Miller et al.  1979  ) . 

 One of the direct consequences of ADK’s broad selectivity for the nucleoside 
substrate is that the enzyme can activate a large number of antimetabolites. 
Adenosine analogs, such as  fl udarabine, are easily transported into the cell and after 
phosphorylation produce cytotoxic effects by interfering with DNA synthesis 
(Parker et al.  2004  ) . A promising new area of application for these antimetabolites, 
in addition to the current anticancer and antiviral applications, is antiparasitic che-
motherapy (Datta et al.  2008  ) . Nucleoside kinases are important in parasitic proto-
zoa, such as  Leishmania ,  Trypanosoma , and  Toxoplasma , due to their absolute 
reliance on the salvage of preformed purines from their hosts. ADK in these organ-
isms shows profoundly different substrate speci fi city compared to the human 
enzyme (Luscher et al.  2007 ; Al Safarjalani et al.  2008 ; Cassera et al.  2011  )  and 
thus may allow selective activation of adenosine antimetabolites in the invading 
parasite but not in the host cells.  
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      Regulation by Inorganic Phosphate 

 In addition to divalent metal ions, the activity of ADK is also affected by inorganic 
phosphate, whose precise mechanism of action is not fully understood. This prop-
erty of ADK, which is referred to as phosphate dependency, was  fi rst demonstrated 
with the Chinese hamster enzyme (Hao and Gupta  1996  ) . In this study, the catalytic 
activity of ADK was shown to be almost completely dependent on the presence of 
inorganic phosphate. The addition of inorganic phosphate served to increase the 
maximum velocity of ADK, as well as to decrease the  K  

m
  for its substrate, adenosine. 

Interestingly, other phosphate analogs, such as arsenate and vanadate, were able to 
substitute for inorganic phosphate as activators of ADK (Hao and Gupta  1996  ) . 
Kinetic studies have shown that these ions also function to increase the  V  

max
  of ADK 

and to decrease the  K  
m
  for adenosine. On the contrary, arsenate, vanadate, and phos-

phate showed little effect on the  K  
m
  for ATP. ADK isolated from different sources, 

such as human, cow, spinach, yeast, and a protist,  Leishmania donovani , have all 
shown phosphate dependency, indicating that this is a conserved property of the 
enzyme (Maj et al.  2000,   2002 ; Park et al.  2006  ) . 

 In addition to ADK, there are many other enzymes which have shown phosphate 
dependency, including ribokinase (EC 2.7.1.15) (Maj and Gupta  2001  ) , 
6-phosphofructo-1-kinase (EC 2.7.1.11) (Hofer et al.  1982  ) , 6-phosphofructo-2-
kinase (EC 2.7.1.105) (Laloux et al.  1985  ) , and phosphoribosylpyrophosphate syn-
thetase (EC 2.7.6.1) (Switzer  1969  ) . Like ADK, these enzymes catalyze the transfer 
of phosphate from ATP to a sugar-derived substrate. Importantly, these enzymes are 
all involved in the production of essential, high-energy metabolites. It is not surpris-
ing that the activities of these enzymes are regulated by inorganic phosphate, whose 
concentration can function as an index of the cellular energy-status. The concentra-
tion of inorganic phosphate measured in guinea pig hearts, for example, was 1.7, 7.1 
and 13.9 mM under normal, mildly hypoxic, and severely hypoxic conditions, 
respectively (Gorman et al.  1997  ) . Inorganic phosphate results in half maximal 
velocity of ADK at about 2 mM, and maximal velocity at about 10 mM concentra-
tion in vitro (Park et al.  2004,   2006  ) . The physiological level of inorganic phos-
phate, therefore, allows a full range of control for ADK. 

 The activation of ADK by phosphate has led to an examination of many other 
phosphorylated compounds and their analogs (Park et al.  2004,   2006  ) . This study 
has identi fi ed a number of additional compounds that can activate mammalian ADK. 
Kinetic experiments showed that these compounds act like inorganic phosphate, 
resulting in increased  V  

max
  of the enzyme and decreased  K  

m
  for adenosine. Most of 

the activators identi fi ed are common and important high-energy cellular metabo-
lites, such as acetyl phosphate, carbamoyl phosphate, and phosphoenolpyruvate, and 
may have a physiologically relevant role as regulators of the phosphate-dependent 
enzymes. Interestingly, a number of compounds that showed structural homology to 
the activators instead inhibited ADK in the same study (Park et al.  2004,   2006  ) . The 
fact that these activators and inhibitors show structural homology indicates that there 
is a structural basis for phosphate dependency. This thought is further supported by 
the observation that the inhibitor compounds inhibit ADK in a competitive manner 



32 J. Park and R.S. Gupta

with respect to the activating inorganic phosphate. The hypothesis is that both the 
activators and inhibitors, sharing similar structure motifs, can bind to the phosphate 
regulatory site on ADK. Although bound to the regulatory site, however, the inhibi-
tor compounds cannot promote enzyme catalysis due to the differences in their elec-
trochemical properties (Park and Gupta  2008  ) . The inhibitors thus elicit enzyme 
inhibition by sequestering the regulatory (or activation) site, which phosphate or 
other activator compounds need to occupy for full enzyme activity. 

 In this light, it is very interesting that crystal structures of ribokinase, an enzyme 
evolutionarily related to ADK with a remarkable structural homology, were deter-
mined with a bound phosphate in the active site (Sigrell et al.  1998 ;  1999  ) . This 
phosphate makes close contacts with the residues Asn187 and Glu190, forming 
direct and indirect hydrogen interactions. The asparagine and glutamic acid resi-
dues at these positions are highly conserved in the ribokinase family, to which both 
ADK and ribokinase belong, and identify a new sequence motif, NXXE (Maj et al. 
 2002  ) . Site-directed mutations of these residues (Glu242 and N239) have been 
introduced in Chinese hamster ADK (Maj et al.  2002  ) . Some of the mutants were 
completely inactivated as a result, but the ones with remaining activity (E242D and 
N239Q mutants) showed a signi fi cantly altered phosphate requirement, demonstrat-
ing the importance of the NXXE motif in the phosphate activation of ADK. These 
mutants also showed decreased af fi nity for free Mg 2+ , indicating that the phosphate 
regulation of ADK activity is closely related to the catalytic magnesium ion. 
Mutation of the corresponding Glu190 residue in  E. coli  6-phosphofructo-2-kinase, 
another member of the ribokinase family that show phosphate-dependency, also 
resulted in a protein with an altered Mg 2+  requirement (Parducci et al.  2006  ) . These 
results suggest the NXXE motif as the site of phosphate-binding, which in turn is 
required for proper binding of the catalytic Mg 2+  at the active site.  

      Crystallographic Structure 

 Further insights into ADK’s mechanism of action have been provided with the 
enzyme’s crystal structures. The human enzyme was the  fi rst to be crystallized and 
characterized (Mathews et al.  1998  ) . ADK exists as a monomer (Fig.  2.2a  shows the 
overall structure of human ADK), which comprises two distinct domains, a  a  b  a  three 
layer sandwich domain and a smaller lid-like domain. The larger domain is formed by 
a central nine-stranded  b -sheet which is  fl anked by ten  a -helices and provides most 
of the speci fi c binding interactions for the two substrates, adenosine and ATP. The 
smaller domain contains a  fi ve-stranded mixed  b -sheet  fl anked by two  a -helices on 
the side exposed to the solvent and acts as a lid over the active site. Four peptide seg-
ments connect these domains, and the substrate adenosine binds in the cleft formed 
between the two domains. The nucleotide binding site, on the other hand, is located 
in a groove in the  a  b  a  domain and is not entirely covered by the smaller lid domain. 
Important residues involved in the binding of adenosine include Leu16, Leu40, 
Leu134, Ala136, Leu138, Phe170, and Phe201, which form the hydrophobic pocket 
for the substrate and provide stacking interaction with its adenine base. The residues 
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involved in ATP-binding, on the other hand, include Asn196, Asn223, Glu226, 
Thr265, Gly267, Val284, and Ile292, which provide fewer hydrophobic interactions 
(hence higher  K  

m
  for the nucleotide) compared to those in the adenosine site.  

 Additional information on ADK structure and function became available when 
the crystal structures of the enzyme from  T. gondii , a parasitic protozoan, were 
determined (Schumacher et al.  2000  ) . In this study, the structures of both apo 
enzyme and the substrate-bound forms were solved, and their comparison revealed 
drastic conformational differences between them. The most striking difference is 
the 30° hinge bending caused by the binding of adenosine, which brings the large 
and small domains together. This conformational change can be conveniently 
described as an opening and closing of the lid domain, if the  a  b  a  domain is taken 
as a point of reference. In this case, the apo structure takes the “open” conforma-
tion, exposing the adenosine-binding site to the surrounding solvent environment. 
The substrate-bound structure, on the contrary, takes the “closed” conformation, in 
which the bound adenosine is almost completely buried under the lid domain. This 
conformational change is likely brought about by residues Gly68 and Gly69, called 
GG switch (Fig.  2.2b ), which undergo large torsional changes as they interact with 
adenosine. Subsequent ATP (AMP-PCP in the crystal structure) binding to the 
adenosine–enzyme complex induces a less dramatic but nonetheless important 

  Fig. 2.2    Crystal structures of adenosine kinase. ( a ) A cartoon representation of human adenosine 
kinase (PDB code: 1BX4) with two bound adenosine molecules. The enzyme is shown in a  rain-
bow color  scheme ( blue  at the N-terminus and  red  at the C-terminus), whereas the adenosine 
molecules (Ado 1 and Ado 2) are depicted as  sticks in gray . The second adenosine ligand (Ado 2) 
is bound at the ATP-binding site. ( b ) A close-up view of  Toxoplasma gondii  adenosine kinase 
(PDB code: 1LII) active site. Bound adenosine and AMP-PCP are shown in  red  and  magenta , 
respectively. A number of other important structural features are also shown in this representation: 
i) the surface of the anion hole ( blue ); ii) the surface of the GG switch ( cyan ); Asn223 and Glu226 
of the NXXE motif ( orange ); the catalytic base Asp318 ( yellow ); and Arg136 of the lid domain 
which shows a close contact with the bound nucleotide ( green )       
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conformational change: an anion hole is created around the  b - and  g -phosphates of 
the ATP (Fig.  2.2b ). These phosphates also interact with the residue Arg136 
(Fig.  2.2b ), which moves into the active site by 13.7 Å upon adenosine-induced 
lid closing.  

      Catalytic Mechanism 

 Based on both the structural and biochemical observations, a detailed catalytic 
mechanism of ADK has been recently proposed (Park and Gupta  2008  ) . The  fi rst 
step involves binding of inorganic phosphate or an activator compound to the con-
served NXXE motif (Fig.  2.3a ). The binding of an activator, in turn, facilitates bind-
ing of a free Mg 2+  as well as the substrate adenosine to the active site of the “open” 
enzyme. The binding of adenosine turns on the GG switch, which results in the 
hinge-bending and the subsequent burial of the substrate. The closing of the lid then 
increases the enzyme af fi nity for MgATP, as seen with the translocation of Arg136 
(Arg132 in human ADK) (Fig.  2.3b ). MgATP binding induces formation of the 
anion hole, which stabilizes the pentacovalent transition state typical of an inline 
S 

N
 2 displacement reaction. The catalytic magnesium ion enhances the electrophilic-

ity of the  g -phosphorous in ATP by withdrawing charge via its interaction with the 
nonbridging oxygen atoms. The bound inorganic phosphate, on the other hand, may 
have a similar interaction with the  b -phosphate of ATP. Due to the increased elec-
tronegativity of the  g - and  b -phosphorous atoms, the electrons on the bridging oxy-
gen are drawn away, making the covalent bonds weak and elongated. In the mean 
time, the catalytic base Asp318 (Asp300 in human ADK) deprotonates the 
5 ¢ -hydroxyl end of adenosine, which subsequently attacks the positive center of the 
 g -phosphate. In the  fi nal step (Fig.  2.3c ), the  g -phosphate is transferred to adenosine, 
and the products are released in the order of ADP and AMP as the adenosine-bind-
ing site is more deeply buried.    

    2.1.2.2   Inhibitors of Adenosine Kinase as Therapeutic Agents 

 The recent interest in ADK function and structure is largely due to its potential as a 
pharmacological target. As mentioned previously, adenosine shows a broad range of 
tissue-protective effects as a neuromodulator. In tissues under adverse conditions, 
the intracellular production of adenosine is dramatically increased (Williams and 
Jarvis  2000  ) . Increased cytosolic concentration results in the net release of adenos-
ine into the extracellular space via bidirectional ENTs (Grif fi th and Jarvis  1996  ) . 
By activating various adenosine receptors on the cell surface, adenosine acts to limit 
tissue damaging and restore normal function (Ralevic and Burnstock  1998  ) . 
Utilization of exogenous adenosine for pharmacological purposes, however, is 
dif fi cult to achieve due to its short half-life in the interstitial  fl uid, which is on the 
order of seconds (Moser et al.  1989  ) . Systematic introduction of adenosine receptor 
agonists have also proven limited, due to the detrimental side effects caused by the 
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activation of adenosine receptors in nontarget tissues (Williams  1996  ) . Inhibition of 
ADK, which can help maintain the elevated level of adenosine in the extracellular 
compartment (Pak et al.  1994  ) , has been proposed as a promising alternative to 
exploit the adenosine receptor-mediated tissue protection. Since the release of 
endogenous adenosine is highly localized to the tissues under stress and trauma, the 
effects of ADK inhibition may only be pronounced at these speci fi c sites (Kowaluk 
and Jarvis  2000  ) . In view of this potential as a pharmacological agent, possibly 
without the adverse side effects associated with direct-acting adenosine receptor 
agonists, there has been a great interest and effort to identify and optimize ADK 
inhibitors. 

  Fig. 2.3    Catalytic mechanism of adenosine kinase. Binding of inorganic phosphate facilitates 
binding of free Mg 2+  as well as the substrate adenosine to the active site. This induces closing of 
the lid domain, which in turn increases the enzyme af fi nity for the second substrate ATP. The Mg 2+  
ion complexed with ATP is not shown in the scheme.  Hatched lines  indicate hydrogen-bonds. 
( a ) Once ATP is bound, the phosphate molecule enhances the electrophilicity of the  b -phosphorous 
atom by withdrawing charge via its interaction with the nonbridging oxygen of the  b -phosphate. 
The catalytic magnesium ion, on the other hand, may have a similar interaction with the  g -phosphate 
of ATP. Due to the increased electronegativity of the  b - and  g -phosphorous atoms, the electrons on 
the bridging oxygen are drawn toward the phosphorous atoms, making the bonds between the 
 b - and  g -phosphate weak and elongated. In the mean time, the catalytic residue Asp300 deprotonates 
the 5 ¢ -hydroxyl of adenosine. ( b ) The positive center of the  g -phosphate attracts the negative 
charge developed on the 5 ¢ -hydroxyl of adenosine after proton abstraction by the catalytic base 
Asp300. Arg132 helps stabilize the negative charges on the nonbridging oxygen atoms of the 
 g -phosphate. ( c ) The  g -phosphate is transferred to adenosine. Arg132  fl ips back, and the products 
ADP and AMP are released       
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      Nucleoside Analogs 

 One of the most extensively characterized groups of ADK inhibitors consists of 
structural analogs of adenosine, such as 5 ¢ -amino,5 ¢ -deoxyadenosine (5 ¢ NH 

2
 dAdo), 

5-iodotubercidin (5IT) and 5 ¢ -deoxy,5-iodotubercidin (5 ¢ d-5IT). With IC 
50

  values on 
the order of several nanomoles, these compounds are highly potent in inhibiting ADK 
in vitro (Kowaluk and Jarvis  2000  ) . Although these compounds have shown positive 
effects in several animal models of pain, seizure, and ischemia (Miller et al.  1996 ; 
Jiang et al.  1997 ; Kowaluk et al.  1999 ; Wiesner et al.  1999  ) , their pharmacological 
utility is largely compromised due to short plasma half-lives, poor bioavailability, 
lack of target selectivity, and the potential to form cytotoxic metabolites (Cottam 
et al.  1993 ; Wiesner et al.  1999  ) . The therapeutic limitations are due to the fact that 
these adenosine analogs can also function as the substrates of ADK and/or agonists 
of the adenosine receptors. Additionally, these compounds can also potentially inhibit 
the transport or movement of adenosine into or to the outside of the cells. 

 In an effort to optimize the aforementioned ADK inhibitors for better in vivo 
properties, a large series of 5 ¢ NH 

2
 dAdo and 5IT derivatives were synthesized and 

tested (Ugarkar et al.  2000 ; Bookser et al.  2005  ) . Rounds of structure–activity rela-
tionship studies identi fi ed a number of diaryltubercidin analogs as potent inhibitors 
of ADK. Compounds such as GP790 (Ugarkar et al.  2003  )  and GP3966 (Boyer 
et al.  2005  ) , for example, showed inhibition of human recombinant ADK at low 
nanomolar concentrations. When tested for anticonvulsant, anti-in fl ammatory, and 
analgesic properties in animal models, these compounds showed high ef fi cacy with 
relatively mild adverse effects, which included decreased locomotor activity and 
muscular  fl accidity. The traditional ADK inhibitors and adenosine receptor ago-
nists, on the contrary, generally exert profound hemodynamic effects at equieffec-
tive doses and have much lower LD 

50
  values (Malhotra and Gupta  1997 ; Wiesner 

et al.  1999  ) . However, the clinical trial for GP3966 was stopped due to a preliminary 
report of CNS hemorrhage in rats and dogs (McGaraughty and Jarvis  2006  ) . GP3269, 
a similar ADK inhibitor, on the other hand, has been studied in man (Phase I), but the 
results have not been disclosed (Kowaluk and Jarvis  2000  ) . In spite of the promis-
ing preclinical data, the ef fi cacy and safety of this class of compounds in clinical 
settings have yet to be veri fi ed.  

      Nonnucleoside Inhibitors 

 In addition to optimizing nucleoside analog ADK inhibitors, there has been a great 
effort in identifying nonnucleoside ADK inhibitors. The rationale for such an endeavor 
is that with compounds that are effectively different from adenosine, side effects 
due to the systemic activation of adenosine receptors would be minimal. Some of 
the most promising nonnucleoside ADK inhibitors belong to two different classes, 
the pyridopyrimidine and the alkynylpyrimidine derivatives. These two groups of 
compounds were initially derived from a single high-throughput screening lead 
(Jarvis et al.  2000  ) , and have been subjected to rigorous rounds of structure–activity 
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relationship studies (Lee et al.  2001 ; Matulenko et al.  2007  ) . Compound ABT-702, 
an example of pyridopyrimidine with the IC 

50
  value of 1.7 nM (Jarvis et al.  2000  ) , 

is as comparably ef fi cient as morphine for pain (Jarvis et al.  2000 ; Kowaluk et al. 
 2000  )  and has shown to attenuate cardiac hypertrophy (Fassett et al.  2011  )  in animal 
models. An alkynylpyrimidine compound, 5-(4-(dimethylamino)phenyl)-6-(6-
morpholin-4-ylpyridin-3-ylethynyl)pyrimidin-4-ylamine, which shows a similar 
level of ef fi cacy as ABT-702, has been crystallized with human ADK (Muchmore 
et al.  2006  ) . Some of these pyridopyrimidine and alkynylpyrimidine derivatives, in 
animal studies, showed little effects on motor coordination, exploratory locomotor 
activity, mean arterial pressure, and heart rate, at effective doses for pain relief, 
likely due to lack of nucleoside-like structural features (Kowaluk and Jarvis  2000 ; 
Zheng et al.  2003  ) . 

 Additionally, a group of pyrrolobenzoxa(thia)zepinones has recently been identi fi ed 
as a new class of nonnucleoside ADK inhibitors (Butini et al.  2011  ) . These com-
pounds are novel in that they function allosterically (i.e., binding at a site away from 
the active site), in contrast to all of the aforementioned compounds which are com-
petitive (with respect to adenosine) inhibitors. Therefore, they are not likely to act as 
adenosine receptor agonists. These compounds also showed no af fi nity for the enzyme 
ADA and a low cytotoxic potential on cultured murine cells. If proven safe, ADK 
inhibitors may represent a new group of multi-purpose drugs, with analgesic, anti-
in fl ammatory, and antiepileptogenic properties, as well as cardioprotective effects. 

 We have also carried out limited work on screening of chemical libraries to identify 
novel nonnucleoside inhibitors of ADK. These studies have identi fi ed a number of 
compounds not belonging to the pyridopyrimidine or alkynylpyrimidine groups of 
compounds that inhibited ADK in submicromolar range. All four of these compounds 
(viz. 2-tert-Butyl-4 H -benzo[1,2,4]thiadiazine-3-thione;  N -(5,6-Diphenyl-furo[2,3-d]
pyrimidin-4-yl)-propionamide; 3-[5,6-Bis-(4-methoxy-phenyl)-furo[2,3-d]pyrimidin-
4-ylamino]-propan-1-ol; and 2-[2-(3,4-Dihydroxy-phenyl)-5-phenyl-1 H -imidazol-4-
yl]- fl uoren-9-one) inhibited human ADK both in vitro and in cultured cells, without 
exhibiting any cellular toxicity in the effective dose range (Park et al.  2007  ) .   

    2.1.2.3   Isoforms of Adenosine Kinase and Subcellular Localization 

 There are two isoforms of ADK in various mammalian organisms including humans 
(Juranka and Chan  1985 ; Spychala et al.  1996 ; Singh et al.  1996 ; McNally et al. 
 1997  ) . The recombinant proteins of both forms are enzymatically functional and 
show no differences in their kinetic properties (Sakowicz et al.  2001 ; Sahin et al. 
 2004  ) . The two isoforms are identical except at the N-terminus, where the long 
ADK isoform (ADK-L) contains extra 20–21 amino acids (MAAAEEEPKPKKLK
VEAPQAL in human ADK) that replace the  fi rst four amino acids (MTSV in human 
ADK) in the short isoform (ADK-S). Most programs for prediction of cellular local-
ization (e.g., PSORT, BaCelLo) revealed no speci fi c localization of these isoforms, 
and thus they were both assumed to be present in the cytoplasm (Nakai and Horton 
 1999 ; Sakowicz et al.  2001  ) . Recently, it has been shown that ADK-L is localized 
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within the nucleus, whereas ADK-S is found in the cytoplasm (Cui et al.  2009  ) . 
The extra 20–21 amino acids present at the N-terminus of ADK-L were capable of 
directing other proteins to the nucleus (Cui et al.  2009  ) , thus qualifying as a new, 
nonclassical nuclear localization signal. 

      Tissue Distribution 

 The two ADK isoforms have shown to express differentially in mammalian tissues 
(Sakowicz et al.  2001 ; Sahin et al.  2004 ; Cui et al.  2011  ) . In the most recent tissue-
distribution study (Cui et al.  2011  ) , both the long and short isoforms were shown to 
express in comparable amounts in rat liver, kidney, pancreas, and lung. The heart, 
spleen, skeletal muscle, and thymus, in contrast, showed expression of mainly the 
long isoform. Of the different tissues examined, the brain was the only tissue in 
which the short isoform was predominantly expressed. The overall level of ADK 
expression, on the other hand, has shown to be the highest in the liver and decrease 
in the kidney, lung, heart, brain, and skeletal muscle, in the order of appearance, in 
both rats and mice (Sakowicz et al.  2001 ; Sahin et al.  2004 ; Cui et al.  2011  ) .  

      Involvement in Methylation Processes 

 The differential expression of the ADK isoforms and the observed differences in 
their subcellular localization suggest that they are involved in different physiologi-
cal processes or functions. Interestingly, the enzyme ADK, in addition to its well-
studied role in the purine salvage pathway, also plays an essential role in facilitating 
various methyltransferase reactions (Boison et al.  2002  ) . All transmethylation reac-
tions catalyzed by  S -adenosylmethionine (SAM)-dependent methyltransferases 
result in the production of  S -adenosylhomocysteine (SAH) (Fig.  2.1 ). SAH, which 
is also a powerful inhibitor (product inhibition) of the SAM-dependent methyltrans-
ferases, needs to be removed ef fi ciently to ensure the continuation of transmethyla-
tion reactions. The enzyme responsible for the removal of SAH is SAH-hydrolase, 
which converts SAH to adenosine and homocysteine (Fig.  2.1 ). As SAH-hydrolase 
action is reversible and adenosine concentration-dependent, rapid removal of the 
inhibitory end product adenosine by ADK is essential for the SAM-dependent 
methylation reactions (Kredich and Martin  1977 ; Boison et al.  2002  ) . The nuclear 
localization of ADK-L, therefore, suggests that this isoform is involved in DNA 
methylation and needs to be in close proximity with other methylation machineries 
(Cui et al.  2009  ) . Other key enzymes involved in DNA methylation, such as DNA 
methyltransferase and SAH-hydrolase, are also localized in nucleus (Jue et al.  1995 ; 
Kloor et al.  2007  ) . In contrast to ADK-L, the cytoplasmically localized ADK-S is 
likely involved mainly in purine salvage and keeping the adenine nucleotides pool 
in balance (Cui et al.  2009  ) . 

 DNA methylation is one of the main epigenetic regulation mechanisms that oper-
ate throughout the development of organisms. In animals, it is most active at the 
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embryonic and postnatal stage, during which the promoters of speci fi c genes are 
turned on/off at strict time points (Reik  2007  ) . In the ADK knockout mouse, the  fi ne 
tuned epigenetic regulatory process is likely disturbed due to the failure in adenos-
ine removal, and this is one of the possible reasons for its neonatally lethal pheno-
type (Boison et al.  2002  ) . The importance of the biochemical link between ADK 
and methylation has been well established in plants as well (Moffatt and Weretilnyk 
 2001  ) . ADK knockdown (7–65 % of the WT ADK activity) in  Arabidopsis thali-
ana , for example, produced dramatic and detrimental developmental abnormalities 
(Moffatt et al.  2002 ; Pereira et al.  2006  ) . The essential role of ADK in the methyla-
tion reactions also provides a plausible explanation as to why, in contrast to other 
enzymes in the purine salvage pathway, such as ADA, purine nucleoside phospho-
rylase, and hypoxanthine-guanine phosphoribosyltransferase, whose de fi ciency 
leads to a variety of genetic disorders (Boss and Seegmiller  1982  ) , no mutations or 
diseases linked to the ADK locus have been identi fi ed in humans.   

    2.1.2.4   Mutants Affected in Adenosine Kinase 

 Unlike in whole organisms, mutants affected in ADK can be readily obtained in 
cultured cells by selecting in the presence of toxic concentrations adenosine analogs 
(Gupta  1989  ) . ADK mutants survive in such conditions, as they are unable to con-
vert the analogs into the toxic, phosphorylated forms. Based upon their chemical 
structures, these adenosine analogs can be grouped into two broad classes. 
Compounds such as tubercidin and toyocamycin, like adenosine, contain a carbon–
nitrogen bond in the ribosidic linkage and are referred to as N-nucleosides. Other 
analogs such as formycin A and formycin B, in which a carbon–carbon bond links 
the ribose sugar to the purine base, are referred to as C-nucleoside (Daves and 
Cheng  1976  ) . 

 Mutants of mammalian cells have been selected from several cell types (Gupta 
and Siminovitch  1978 ; Gupta and Singh  1983 ; Mehta and Gupta  1983,   1985 ; 
Juranka and Chan  1985 ; Gupta and Mehta  1986 ; Cui et al.  2011  ) . Most of these 
mutants contain no detectable ADK activity in the cell extract and exhibit high lev-
els of cross-resistance to various N- and C-nucleosides. The resistance phenotype of 
these mutants (Class A) behaves recessively in the cell hybrids formed with sensi-
tive cells, as the WT enzyme from the sensitive cells can phosphorylate and activate 
adenosine analogs. Another group of mutants (Class B) exhibit cross-resistance to 
various C-nucleosides while remaining sensitive to N-nucleosides. What is intrigu-
ing about the Class B mutants is that, although these cells are sensitive to 
N-nucleosides, no ADK activity (i.e., phosphorylation of adenosine, which is also 
an N-nucleoside) is detected in their cell extracts. Further, their drug-resistant phe-
notype behaves dominantly in the cell hybrids formed with either WT cells or Class 
A mutant cells, as both types of the hybrids are resistant to C-nucleosides but sensi-
tive to N-nucleosides. Other mutants affected in ADK (Class C) show increased 
resistance to certain adenosine analogs, of which they exhibit reduced phosphoryla-
tion in the cell extracts. 
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      Molecular Characterization of Mutants 

 Molecular characterization of various ADK mutants has been recently carried out. 
Many of the Class A mutants (e.g., Tub R -1, Tub R -3, Tub R -5, Toy R -3, and Toy R -4, 
derived from Chinese hamster ovary (CHO) cells) have shown to contain large dele-
tions in the ADK gene, which result in inactive, truncated proteins or no expression 
of the enzyme at all (Singh et al.  2001 ; Singh and Gupta  2004 ; Cui et al.  2011  ) . 
Some Class A mutants, however, show normal expression of intact, but catalytically 
inactive ADK, which probably is affected by site-speci fi c mutations. DrToy R -18 
(also derived from a CHO cell line), for example, contains a single base substitution 
(G to A) that changes Glu242 in the conserved NXXE motif to Lys (Cui et al.  2011  ) . 
As discussed earlier, the NXXE motif is involved in the binding of the activating 
phosphate and magnesium ions, and the complete lack of activity in the mutant 
enzyme provides direct evidence for the importance of this motif. 

 Of the Class B mutants, the molecular alteration in Fom R -4 (a CHO cell line 
derived mutant, selected against formycin A) has been characterized (Cui et al. 
 2011  ) . This mutant contains in ADK a mutation of Ser191 to Phe, which is located 
near the adenosine-binding pocket. The C-nucleosides, to which the Fom R -4 mutant 
exhibits selective resistance, exist predominantly in Syn conformation, while ade-
nosine and other N-nucleosides do so in anticonformation (Daves and Cheng  1976 ; 
Gupta  1989  ) . Hence, it is likely that this molecular alteration selectively prevents 
the binding of C-nucleosides to the mutant enzyme (Cui et al.  2011  ) . This account, 
however, cannot explain the two puzzling, aforementioned aspects of the mutant: 
the lack of ADK activity in the cell extract and the dominance of its resistance 
phenotype in cell hybrids. Although the underlying biochemical and molecular 
mechanisms for these phenomena are not clear, it is possible that the mutant enzyme 
interacts and/or forms a complex with a downstream enzyme such as adenylate 
kinase (Cui et al.  2011  ) . Adenylate kinase, which carries out the reaction 
AMP + ATP↔2 ADP, and nucleoside diphosphate kinase, which catalyzes the sub-
sequent phosphorylation of ADP to ATP, are important for the toxicity of adenosine 
analogs, as it is the di- and triphosphate forms of these compounds that get into and 
interfere with different metabolic pathways (Gupta  1989  ) . In this context, it should 
be noted that the S191F mutation is present on the surface of the protein and is 
replacing a hydrophilic residue with a hydrophobic one. The surface hydrophobic 
patch created here may be responsible for the proposed protein–protein interaction 
(Cui et al.  2011  ) . 

 Mutants VF18 and VF19 (derived from Chinese hamster V79 cells), which also 
exhibit preferential resistance to C-nucleosides, have been characterized as well 
(Cui et al.  2011  ) . The molecular alterations observed in these mutants are L188F in 
VF18 ADK and L188F as well as F221L in VF19 ADK. As these residues are near 
the adenosine-binding site, it is likely that they also selectively prevent the binding 
of C-nucleosides to the mutant enzymes. The mutants VF18 and VF19 are also of 
much interest, because in contrast to all other ADK mutants, they are the only 
mutants exhibiting increased ADK activity relative to the parental V79 cells in cell 
extracts. Further, these mutants show higher expression of ADK-S in comparison 
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to ADK-L, whereas the parental V79 cells show higher expression of ADK-L. 
These observations indicate that VF18 and VF19, in addition to the molecular 
changes identi fi ed in the coding region, also contain additional genetic changes 
affecting the expression of the two isoforms. To fully understand the functional 
signi fi cance of different changes in the ADK mutants, further characterization of 
these mutants must be carried out at genetic, molecular, and biochemical levels.   

    2.1.2.5   Adenosine Kinase Gene Structure 

 The gene structure of ADK has been at least partially characterized in several organisms 
(Singh et al.  2001 ; Singh and Gupta  2004 ; Cui et al.  2011  ) . In various mammalian 
species (viz. human, mouse, and Chinese hamster), the gene for ADK-L is linked in 
a head-to-head manner with the gene for the  m 3A subunit of the adaptor protein 
complex-3 (AP-3), and both these genes are transcribed from a single bidirectional 
promoter (Singh and Gupta  2004  ) . The AP-3  m 3A adaptor protein is involved in 
vesicle-mediated protein sorting, and an alteration in this protein has been observed 
in Hermansky–Pudlak syndrome, a genetic disorder characterized by defective 
lysosome-related organelles (Dell’Angelica et al.  2000a,   b  ) . The possible signi fi cance 
of the close linkage of these two genes and their sharing a common promoter is 
presently not clear. The promoter region as well as the  fi rst exon for ADK-S, on the 
other hand, lies within the  fi rst intron of the ADK-L gene (Cui et al.  2011  ) . The 
ADK-L and ADK-S isoforms are identical except for the amino acids encoded by 
their  fi rst exons and are thought to arise by differential splicing of their unique  fi rst 
exons and the other common exons. The fact that each of these  fi rst exons has their 
own promoter strongly suggests that the expression of the two ADK isoforms is 
independently regulated at the transcriptional level. It is of much interest to further 
characterize the promoter regions as well as various transcriptional regulatory ele-
ments of the two isoforms to understand the speci fi c factors or triggers that are 
responsible for differential expression of these two isoforms in different tissues 
under various conditions. 

 Another interesting aspect of ADK genes in various organisms is their extremely 
large size (Singh et al.  2001 ; Singh and Gupta  2004  ) . The human ADK is around 
~550 kb long, and the genes from rat, mouse, and Chinese hamster are also very 
large. Both human and Chinese hamster ADK genes have identical structures, con-
sisting of 11 exons, whose lengths range from 36 to 173 bps and total to 1.1 kb. The 
lengths of the intervening introns in the human genome vary from 4.2 to 128.6 kb, 
averaging ~50 kb. The ratio of the noncoding to coding sequence for human ADK 
(i.e., >550) is the highest known for any gene in mammalian or other organisms. 
Recent analyses (unpublished results) of various animal genomes show that the 
large size of the ADK gene is a unique characteristic of the amniotes (i.e., tetrapod 
vertebrates that have a terrestrially adapted egg, including various mammals, birds, 
and reptiles). On the contrary, ADK genes in other eukaryotic organisms are small 
(Singh et al.  2001 ; Singh and Gupta  2004  ) . ADK genes in amphibians and  fi sh, for 
example, are ~20–25 kb.  Drosophila melanogaster  and  Caenorhabditis elegans  
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ADK genes are only 1.5 and 1.3 kb long, containing two and four small introns, 
respectively.  A. thaliana , on the other hand, has 10 small introns in its ADK gene, 
whose total length is 2.4 kb. 

 The large size of the ADK gene in humans and other amniotes raises many inter-
esting questions about its biological signi fi cance. Based on its size, it is estimated 
that the transcription of the human ADK gene should take about 4 h (Tennyson et al. 
 1995  ) . It is possible, therefore, that this gene serves as some kind of developmental 
timer or checkpoint to ensure the completion of some critical steps during develop-
ment (e.g., transcription of certain genes that may be methylated subsequently). 
Further, although the human genome (NCBI) database currently indicates that no 
other genes are present within the 546 kb region covered by the ADK gene, a recent 
analysis (unpublished) has identi fi ed within its introns several large ORFs that 
exhibit high degrees of sequence similarity to known proteins. The cellular func-
tions of these predicted proteins and their potential involvement in the regulation of 
ADK remain to be determined.  

    2.1.2.6   Adenosine Kinase and the Ribokinase Family Proteins 

 Sequence comparisons with other enzymes have shown that ADK belongs to the 
ribokinase family of carbohydrate kinases, which phosphorylates the hydroxym-
ethyl groups of a variety of sugar moieties (Wu et al.  1991  ) . The ribokinase family 
forms one of the three nonhomologous branches of sugar kinases, along with the 
hexokinase family and the galactokinase family (Bork et al.  1993  ) . At the time of its 
identi fi cation, the ribokinase family consisted of only a small number of evolution-
arily related enzymes. Besides ribokinase from  E. coli  and yeast, other members of 
this group included fructokinase, 1-phosphofructokinase, 6-phosphofructo-2-kinase 
(PfkB or PFK2), tagatose-6-phosphate kinase, and inosine kinase (INGK) (Bork 
et al.  1993  ) . As more proteins were sequenced and characterized, a number of other 
enzymes were soon added to the ribokinase family, including ADK (Spychala et al. 
 1996 ; Singh et al.  1996  )  and 2-dehydro-3-deoxygluconokinase (Hugouvieux-Cotte-
Pattat et al.  1994  ) . It should be noted that nucleoside kinases, such as ADK and 
INGK, are also sugar kinases in that they phosphorylate the sugar moiety of the 
nucleosides. The proteins of the ribokinase family typically range from 280 to 430 
amino acid residues in the total length (Park and Gupta  2008  ) . 

 The members of the ribokinase family are now identi fi ed by signature sequences 
in the two highly conserved motifs (Fig.  2.4a ) (Park and Gupta  2008  ) . The  fi rst 
motif is found in a glycine-rich area located in the N-terminal region of these 
enzymes. Crystallographic data for ADK from various sources as well as other family 
members (Mathews et al.  1998 ; Sigrell et al.  1998 ; Schumacher et al.  2000 ; Arnfors 
et al.  2006 ; Cabrera et al.  2010  ) , indicate that this motif includes two structurally 
signi fi cant consecutive glycine residues, the GG switch. As described earlier, this 
GG dipeptide is a part of the hinge between the  a  b  a  domain and the lid domain, 
which undergoes torsional changes upon the sugar substrate binding. The second motif 
is found in the C-terminal region. Structural evidence suggests that these residues 
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  Fig. 2.4    The sequence motifs characteristic of the ribokinase family of proteins. ( a ) Conserved 
signature sequences of the ribokinase family enzymes. Conserved amino acid residues are shown 
capitalized in the alignment. Abbreviations for the enzymes:  RK  ribokinase,  ADK  adenosine 
kinase,  K1PF  1-phosphofructokinase,  KHK  ketohexokinase,  KDGK  2-dehydro-3-deoxygluconokinase, 
 LACC  tagatose-6-phosphate kinase,  FRLD  fructoselysine kinase. Abbreviations for the species: 
ECOLI  Escherichia coli,  BACSU  Bacillus subtilis,  MYCTU  Mycobacterium tuberculosis,  
MYCPN  Mycoplasma pneumoniae,  STRPN  Streptococcus pneumoniae . The amino acid number-
ing of mouse and human ADK is for the long isoform. ( b ) A consensus neighbor-joining tree for 
the ribokinase family of proteins. The numbers on the nodes are bootstrap scores. The abbrevia-
tions for the enzymes are:  RK  ribokinase,  SCRK  fructokinase,  ADK  adenosine kinase,  INGK  inosine-
guanosine kinase       
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are involved in ATP binding and the formation of the anion hole. This sequence 
motif also contains an absolutely conserved aspartic acid residue which serves as 
the catalytic base (Asp317 in human ADK-L). Although the overall sequence iden-
tity between the family members is less than 30 %, the crystal structures of the 
ribokinase family members are extremely similar, retaining the overall structure 
composed of the large  a  b  a  sandwich domain and the small lid domain (Park and 
Gupta  2008  ) . Enzymes in this group differ only to a small extent structurally, in the 
sugar substrate binding moiety and minor peripheral structures. Advances in 
sequencing technology have led to a rapid increase in the number of enzymes that 
belong to the ribokinase family. New members include fructoselysine kinase, the 
bifunctional enzyme  d -hepta- d -heptose-7-phosphate kinase/ d -hepta- d -heptose-1-
phosphate adenosyltransferase, and a number of uncharacterized sugar kinases 
mostly of bacterial sources (Park and Gupta  2008  ) .  

 Interestingly, the ability to utilize adenosine as a substrate appears to have arisen 
at least twice in the ribokinase family. ADK activity until recently was only found 
in the eukaryotic organisms. However, a recently identi fi ed enzyme from 
 Mycobacterium tuberculosis  has been denoted as the  fi rst, and thus far the only, 
bacterial ADK (Long et al.  2003  ) . Sequence alignment identi fi ed some regions in 
this  M. tuberculosis  enzyme that are conserved in ADK from other sources. Analysis 
of the aligned sequences suggests that the conserved residues are involved in the 
binding of the substrates adenosine and ATP (Long et al.  2003  ) . The  M. tuberculosis  
enzyme, however, shows greater overall sequence homology with ribokinase and 
fructokinase (35 %) than it does with other ADKs (less than 24 %). Other ADKs, in 
contrast, show more than 50 % sequence homology with one another. In a phyloge-
netic tree of the ribokinase family,  M. tuberculosis  ADK branches with ribokinases 
and fructokinases, while ADKs from other sources form a separate branch (Fig.  2.4b ) 
(Park et al.  2009  ) . The substrate speci fi city of this  M. tuberculosis  enzyme is also 
very different from that of other eukaryotic ADKs (Park et al.  2009  ) . For example, 
while human ADK favors adenosine approximately 900-fold over ribose as a sub-
strate,  M. tuberculosis  ADK does so only about ninefold. Further, the  M. tuberculo-
sis  enzyme can also phosphorylate fructose as effectively as it can phosphorylate 
ribose. Based on the results of the sequence alignment and biochemical studies, as 
well as the fact that ADK is not found in other bacteria, the ADK activity exhibited 
by the  M. tuberculosis  enzyme appears to have resulted from convergent evolution.   

    2.1.3   Concluding Remarks 

 The enzyme adenosine kinase plays a central role in the metabolism of adenosine 
and in determining its intra- as well as extracellular levels. In the past few decades, 
although much has been learnt about the structure of ADK, its catalytic mechanism 
and some aspects of its genomic organization, our understanding of the cellular 
functions of the two ADK isoforms and how their relative levels in various tissues 
that exhibit large differences are regulated is entirely lacking. Due to the proven 
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neuroprotective and cardioprotective effects of increased concentration of adenosine, 
inhibition of ADK is now widely recognized as an important strategy to bene fi t 
from this body’s endogenous defense mechanism (Wiesner et al.  1999 ; Kowaluk 
and Jarvis  2000 ; Boison  2009a,   2011 ; Theo fi las et al.  2011  ) . However, due to the 
important role that ADK and adenosine play in different tissues and regulatory path-
ways, the compounds that are general inhibitors of ADK have proven of limited 
therapeutic value due to their undesired toxic effects. To develop more speci fi c 
inhibitors, whose effects are limited to a desired function(s) of the ADK at a speci fi c 
location (viz. tissue), it is important to understand the cellular functions of the two 
isoforms and different protein factors that are involved in their tissue-speci fi c 
expression. The knowledge gained by these studies should prove valuable in design-
ing speci fi c means (inhibitors) to modulate the activity of this enzyme in a highly 
speci fi c manner to realize the therapeutic potential of increased local concentration 
of adenosine for treatment of neuronal (viz. epilepsy, schizophrenia) as well as other 
diseases (Boison  2011 ; Boison et al.  2011  ) . Another very interesting aspect of ADK 
that needs to be investigated relates to the unusually large size of its gene in the 
amniotes and the possible functions of several predicted proteins that are present 
within its large introns. These observations suggest that ADK might be playing an 
important role during development that is presently not understood. Lastly, despite 
the important roles of ADK in a number of different pathways, no genetic condition 
has been attributed to mutations of ADK thus far. The emerging role of ADK in the 
development of a number of neurological disorders (Boison  2010 ; Shen et al.  2010 ; 
Boison et al.  2011  )  suggests that it would be of interest to examine them for possible 
alteration in the ADK gene.       
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  Abstract   The brain is one of the most metabolically active organs in the body, but 
because it has a limited capacity to store bioenergetic molecules it requires a con-
tinuous supply of oxygen and energy. In order to meet the high metabolic needs of 
the brain, the blood–brain barrier selectively expresses speci fi c transport systems 
including glucose transporters and monocarboxylic acid transporters that transport 
lactate and ketone bodies. As a universal energy source, adenosine triphosphate 
(ATP) drives biological reactions essential for brain functions, and loss of such cel-
lular energy results in profound abnormalities in brain function. The high-energy 
phosphate bonds of ATP are rather labile and thus energy inherent in ATP is readily 
released when ATP is hydrolyzed sequentially to ADP, AMP, and  fi nally adenosine. 
Although each of these molecules serves different functions and can activate differ-
ent signaling pathways, our focus here is on adenosine and brain energy metabo-
lism. Under basal conditions, brain levels of adenosine are nearly 10,000-fold lower 
than ATP. Therefore, unnoticeable and possibly physiologically irrelevant decreases 
in ATP levels can result in dramatic and physiologically relevant rises in adenosine 
levels. As brain energy levels drop, adenosine levels rise to adjust brain energy sup-
ply and to retaliate against an external stimulus that would otherwise cause exces-
sive ATP breakdown. These actions of adenosine are mediated by adenosine 
receptors located on target cells including neurons, glial cells, and brain endothelial 
cells. A critical issue in studying brain bioenergetics is the precise and accurate 
measurement of levels of ATP and its metabolites including adenosine. Because 
these molecules can be degraded rapidly, it is challenging to make such measure-
ments. Essential components in the correct assessment of brain energetics should 
include justifying carefully the methodology used and putting the data in the con-
text of what is already known about brain energy metabolism.  
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    3.1   Overview of Sources and Requirements 
for Brain Bioenergetics 

 The brain is a complicated and active organ that requires an almost constant supply 
of energy. While the brain comprises only about 2 % of the body weight, it uses 
approximately 20 % of total body energy consumption; and that is during a resting 
state (Rolfe and Brown  1997  ) ! Roughly one-half of the brain’s energetic require-
ments are used to maintain ionic gradients across neuronal plasma membranes and 
the vast majority of this is used by Na + /K + -ATPase, which pumps K +  into and Na +  
out of neuronal cells: a process with keen requirements for adenosine triphosphate 
(ATP), a universal and ubiquitous source of cellular energy (Attwell and Laughlin 
 2001  ) . The brain contains the largest density of Na + /K + -ATPase molecules in the 
body (~11 pmol/g tissue); by comparison the concentration of this enzyme is about 
20 times lower in heart, another highly active organ (Clausen  1998  ) . Other than 
Na + /K + -ATPase, about one-half of the brain’s energy consumption is used for trans-
port of neurotransmitters and other essential molecules across cell membranes, for 
transport of substances within cells, and for synthesis of the building blocks of 
cells including proteins, lipids, and carbohydrates (Attwell and Laughlin  2001 ; 
McKenna et al.  2006  ) . 

 Although metabolically active, the brain has a very limited capacity to store 
bioenergetic molecules. These energetic stores include ATP, glycogen, ketone bod-
ies, and in some cases lipid-based molecules. Essential for physiological regulation 
of brain function is the continuous supply of oxygen and energy-yielding nutrients 
and of course all of this originates from blood. Thus, it is easy to understand why 
even a very brief interruption (seconds) in blood  fl ow and/or absence of oxygen 
results in dramatic losses of cellular energy, loss of consciousness, and profound 
abnormalities in brain function up to and including increased susceptibility to insult-
induced neuronal cell death. 

 Further complicating access of energy substrates from blood into brain is the 
presence of the blood–brain barrier (BBB), a physical and metabolic barrier that 
permits selective passage of cells and substances into brain (Abbott et al.  2010  ) . 
While water and oxygen can readily diffuse across the BBB, other larger particles 
cannot cross the BBB freely. The restrictive nature of the BBB is due primarily to 
tight junctions formed between adjacent endothelial cells, a lack of pinocytosis by 
endothelial cells, tightly coupled end-feet of astrocytes, and less so by the presence 
of an underlying continuous basement membrane (Abbott et al.  2010  ) . Functionally, 
these restrictions provide a structural and functional barrier capable of preventing 
blood-borne toxins and cells from entering brain. However, although the BBB 
works to protect the brain microenvironment it does limit the entry of energy-
yielding nutrients and in doing so the BBB increases the risk of the brain experiencing 
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insult-induced bioenergetic crises. In order to meet the high metabolic needs of the 
brain, the BBB selectively expresses speci fi c transport systems (Spector  2009  ) : the 
highly glycosylated 55 kDa form of the glucose transporter (GLUT1) that transports 
blood glucose into brain parenchyma (Ito et al.  2011 ; Vannucci et al.  1997  )  and the 
monocarboxylic acid transporter (MCT1) that transports monocarboxylic acids 
including lactate and the ketone bodies acetoacetate and  b -hydroxybutyrate (Ito 
et al.  2011 ; Vannucci and Simpson  2003  ) . 

 During early stages of development the brain is more  fl exible in terms of using 
various substrates for energy. However, adult brain relies primarily on blood glucose. 
Indeed, it has been estimated that brain uses about 25 % of total body glucose and 
20 % of respired oxygen (Magistretti et al.  1995  ) . Once blood glucose is transported 
into brain parenchyma via the insulin-insensitive GLUT1 transporters, glucose is 
taken up by astrocytes via the 45 kDa form of GLUT1, by neurons via the high-
capacity GLUT3 transporter, and by microglia via GLUT5. Most of the glucose that 
enters mitochondria is metabolized to pyruvate and then converted to acetyl-CoA 
before entering the Kreb’s tricarboxylic acid cycle to produce ATP; only about 13 % 
of glycolytic pyruvate is converted to lactate. In addition to energy production, glucose 
is also used for amino acid and neurotransmitter biosynthesis, glycogen synthesis, 
lipid biosynthesis via the pentose phosphate shunt, maintenance of reduced glutathi-
one, and incorporation in glycoproteins and glycolipids (McKenna et al.  2006  ) . 

 In developing brain, during periods of prolonged fasting when blood glucose 
levels are low, or during the ingestion of high-fat diets that are extremely restricted 
in terms of available carbohydrates (the so-called ketogenic diet that mimics fasting/
starvation)—ketone bodies provide a key alternative fuel for the brain capable of 
providing 60–70 % of the energy need of the brain (Owen et al.  1967  ) . Consisting 
of acetoacetate,  b -hydroxybutyrate, and acetone, ketone bodies are formed in 
hepatic mitochondria as by-products of fatty acid metabolism. Acetoacetate and 
 b -hydroxybutyrate are transported to the brain through MCT1 expressed in the 
BBB. Once inside brain, these ketone bodies are taken up by neurons via the high-
af fi nity MCT2 transporters, and by glia cells via MCT1 and MCT4 transporters 
(Bergersen et al.  2002 ; Ra fi ki et al.  2003 ; Vannucci and Simpson  2003  ) . In addition 
to ketone bodies coming from systemic circulation, astrocytes have been shown to 
produce ketone bodies from fatty acids and leucine (Auestad et al.  1991 ; Bixel and 
Hamprecht  1995 ; Guzman and Blazquez  2001 ; Guzman and Blazquez  2004 ; Lopes-
Cardozo et al.  1986  ) . Ketone body production by astrocytes could contribute 
signi fi cantly to brain bioenergetics because astrocytes can outnumber neurons 9:1 
and can occupy at least 50 % of the cerebral volume (White and Venkatesh  2011  ) . 

 In normal adults, blood levels of ketone bodies are very low and cerebral utilization 
of ketones is negligible. However, when glucose stores are exhausted and the rate of 
gluconeogenesis is insuf fi cient to meet the needs for glucose by brain, blood levels 
of ketone bodies rise to low mM concentrations as a result of the rapid fat catabo-
lism (Levitsky et al.  1977 ; Owen et al.  1967  )  and the uptake and utilization of ketone 
bodies increase dramatically (Hasselbalch et al.  1994 ; Leino et al.  2001  ) . Through 
the actions of  d - b -hydroxybutyrate dehydrogenase, acetoacetate-succinyl-CoA 
transferase and acetoacetyl-CoA-thiolase ketone bodies in brain can be converted 
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into acetyl-CoA, which then can be used to produce ATP, lipids, and/or proteins 
(Patel et al.  1975  ) . In contrast to glucose, ketone bodies can bypass glycolysis and 
enter directly into mitochondria where they are oxidized to acetyl-CoA. Thus, 
ketone bodies are more ef fi cient in producing ATP than is glucose and can stimulate 
mitochondrial biogenesis via the upregulation of genes encoding energy metabo-
lism and mitochondrial enzymes (Kashiwaya et al.  1994 ; Sato et al.  1995 ; Veech 
et al.  2001  ) . In addition, metabolism of ketone bodies produces less reactive oxygen 
species than does glucose (Mobbs et al.  2007  ) . Thus, the utilization of ketone bodies 
as an alternative energy fuel could exert bene fi cial effects to brain (Cunnane et al. 
 2011 ; LaManna et al.  2009  ) . 

 In addition to ketone bodies, lactate can be also used for energy in brain (Itoh 
et al.  2003 ; Smith et al.  2003  ) . Like ketone bodies, lactate from systemic circulation 
is transported to brain at the BBB via MCT1. Once inside brain, lactate is uptaken 
via MCTs and is then oxidized to produce ATP. In addition to peripherally derived 
lactate, astrocytes have been implicated as lactate sources inside the brain where 
they are thought to participate in supplying lactate to neurons especially during peri-
ods of enhanced synaptic activity (Chih and Roberts  2003 ; Kasischke et al.  2004  ) . 

 Glycogen, primarily stored in astrocytes, is the largest energy reserve in brain. 
When brain glucose levels are very low, glycogenolysis in astrocytes can provide 
neurons the necessary glucosyl units in the form of lactate to maintain ATP synthe-
sis (Choi and Gruetter  2003  ) . However, glycogen levels in brain are very low 
(3 mmol/kg), about 100-fold lower than in liver, and this amount of glycogen can 
only sustain brain energy for a very short period of time (Brown  2004 ; Cruz and 
Dienel  2002 ; Nelson et al.  1968  ) . As such, a continuous supply of glucose and oxy-
gen is necessary to sustain neuronal activity. 

 For decades, it has been suggested that brain does not use fatty acids as a source 
of fuel, even though about 60 % of solid matter in the brain is fat. This view is sup-
ported by observations that fatty acids that are attached to lipoproteins cannot cross 
the BBB and brain has no triacylglycerol stores. This point of view might be true for 
neurons, because enzyme activity for fatty acid oxidization is very low (Yang et al. 
 1987  ) . However, recent studies on brain energy metabolism have revealed a more 
intricate picture of fatty acid metabolism in brain and have highlighted the impor-
tant role of astrocytes. Indeed, certain fatty acids (e.g., arachidonic acid and doco-
sahexaenoic acid) can be rapidly taken up by brain and oxidized for energy 
production by astrocytes that express enzymes for fatty acid oxidization. In support 
of this, octanoate, a medium chain fatty acid, was shown to contribute signi fi cantly 
to total brain oxidative energy production (Ebert et al.  2003  ) .  

    3.2   Adenosine and ATP Metabolism 

 ATP, consisting of three phosphate groups bound to adenosine, is a universal energy 
source that drives a huge number of biological reactions essential for life and a 
variety of cellular functions. ATP is integrally involved in neuronal and glial 
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metabolism—notably the maintenance of transmembrane ion gradients, cAMP 
formation, kinase-mediated phosphorylation, vesicular storage of neurotransmit-
ters, and glutamate metabolism. The high-energy phosphate bonds of ATP are 
rather labile and thus energy inherent in ATP is readily released when ATP is hydro-
lyzed sequentially to ADP, AMP, and  fi nally adenosine. Although each of these 
molecules serves different functions and can activate different signaling pathways, 
they do in fl uence directly and indirectly cell activity and brain energy homeostasis. 
Our focus here is on adenosine and brain energy metabolism. 

 Under basal conditions, brain levels of adenosine (~100 nM) are nearly 10,000-
fold lower than ATP (Delaney and Geiger  1996 ; Pazzagli et al.  1993 ; Van Wylen 
et al.  1986  ) . Therefore, unnoticeable decreases in ATP levels can result in dramatic 
rises in adenosine levels. In general, adenosine acts to inhibit neuronal activity and 
in so doing allows target cells like neurons and astrocytes to adjust their energy 
demands to match better energy supply—this is the basic concept behind adenosine 
being referred to as a “retaliatory metabolite,” for example, retaliating against exter-
nal stimuli and insults capable of causing excessive ATP breakdown (Meghji and 
Newby  1990 ; Newby et al.  1990  ) . 

 In brain, de novo synthesis of adenine nucleotides is minimal and for adenosine 
is absent; purine salvage is absolutely key to the maintenance of cellular levels of 
these purines. For adenosine, its levels are regulated enzymatically by two 
enzymes that catalyze its synthesis, 5 ¢ -nucleotidases and  S -adenosylhomocysteine 
hydrolase, and four enzymes that catalyze its removal,  S -adenosylhomocysteine 
hydrolase, 5 ¢ -nucleotidases, adenosine deaminase, and adenosine kinase. In addi-
tion to these enzymes, a whole family of equilibrative and concentrative (sodium-
dependent) nucleoside transporters are involved in the regulation of intra- and 
extracellular levels of adenosine (King et al.  2006 ; Latini and Pedata  2001 ; Peng 
et al.  2005  ) . Equilibrative nucleoside transporters are bidirectional and they facili-
tate not only the movement of adenosine into cells when its extracellular concen-
tration exceeds its intracellular concentration, but also the ef fl ux of adenosine 
from cells when its intracellular concentration is increased. Under conditions 
when Na +  electrochemical gradients are reversed, concentrative nucleoside trans-
porters facilitate adenosine release from cells. It is important to note that extracel-
lular and intracellular levels of adenosine are usually maintained in the same range 
because most cells possess highly ef fi cient equilibrative nucleoside transporters 
(Cass et al.  1999  ) . 

 In addition to neurons releasing ATP as a neurotransmitter, astrocytes too have 
been identi fi ed as a major source of adenosine formation (Pascual et al.  2005  ) . 
Adenosine generated from astrocytes originates from vesicular release of ATP 
(Pascual et al.  2005  ) , direct release of ATP through hemichannels (Iglesias et al. 
 2009 ; Kang et al.  2008  ) , and adenosine released via nucleoside transporters (King 
et al.  2006 ; Latini and Pedata  2001 ; Peng et al.  2005  )  and chloride channels (Darby 
et al.  2003  ) . Astrocytes may also play an important role in enzyme-linked regulation 
of adenosine levels because adenosine kinase is mainly expressed in astrocytes and 
is known to control salvage of adenosine to 5 ¢ -AMP (Boison et al.  2010 ; Studer 
et al.  2006  ) . The intracellular astrocyte-speci fi c enzyme adenosine kinase plays an 
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important role in re-uptaking extracellular (Boison  2008 ; Boison et al.  2010  ) , and 
the removal of adenosine is predominantly regulated by adenosine kinase via 
conversion into 5 ¢ -AMP (Boison  2006 ; Pak et al.  1994  ) . 

 As such, astrocytes are uniquely situated to have a major in fl uence on adenosine 
levels as they are related to brain bioenergetics. Astrocytes contact synapses and 
coordinate synaptic networks, and astrocytes release ATP and its subsequent degra-
dation into adenosine has a major regulatory function in setting a global adenosine-
mediated inhibitory tone within a neuronal network. On the other hand, end feet of 
astrocytes are an integral part of the BBB, brain endothelial cells express both ade-
nosine A 

1
  and A 

2A
  receptors, and activation of these receptors modulates the perme-

ability of the BBB (Carman et al.  2011  ) . Thus adenosine could have a major role in 
maintaining BBB integrity, regulating blood  fl ow, and modulating the entry of 
energy-yielding nutrients into the brain (O’Regan  2005  ) . 

 Adenosine signaling  fi rst starts with it binding to speci fi c cell surface G-protein-
coupled receptors (Benarroch  2008 ; Boison et al.  2010 ; Fredholm et al.  2005  ) . 
There are four subtypes of adenosine receptors: A 

1
 , A 

2A
 , A 

2B
 , and A 

3
  receptors. The 

A 
1
  and A 

3
  receptors couple to the G 

i
  family of G proteins and inhibit cAMP forma-

tion; A 
2A

  receptors couple to members of the G 
s
  family, whereas A 

2B
  receptors cou-

ple to many G proteins including G 
s
 , G 

q
 , and G 

12
 . Adenosine is approximately 

equipotent on A 
1
  and A 

2A
  receptors, with A 

1
  receptors having the highest af fi nity, 

whereas A 
3
  and A 

2B
  receptors require much higher agonist concentrations. Although 

all four types of adenosine receptors are expressed in brain, the levels of A 
1
  and A 

2A
  

receptors are much higher than those of A 
2B

  and A 
3
  receptors. Moreover, manipula-

tion of A 
2B

  and A 
3
  receptors has relatively modest impact on brain function. Thus, 

the impact of adenosine on brain function mostly depends mainly on the actions of 
A 

1
  and A 

2A
  receptors. 

 The actions of adenosine depend on the cellular and subcellular location of ade-
nosine receptors. In neurons, adenosine A 

1
  receptors are located presynaptically, 

postsynaptically, and nonsynaptically. Activation of presynaptic A 
1
  receptors inhib-

its excitatory synaptic transmission by inhibiting N-type and P/Q-type calcium 
channels (Ambrosio et al.  1997 ; Gundl fi nger et al.  2007  ) . Postsynaptic A 

1
  receptors 

can in fl uence the responsiveness to excitatory stimuli by inhibiting NMDA recep-
tors. Nonsynaptic A 

1
  receptors can stimulate potassium channels leading to neu-

ronal hyperpolarization. Although A 
2A

  receptors are mostly expressed at neuronal 
synapses, the activation of A 

2A
  receptors appears to have limited impact on synaptic 

transmission but plays a crucial role in controlling synaptic plasticity (Canas et al. 
 2009 ; Gomes et al.  2011 ; Mills et al.  2011  ) . All four types of adenosine receptors 
are expressed on brain glial cells, and adenosine can modulate glia function in many 
different ways including energy metabolism, reactive gliosis, glutamate uptake, and 
immune responses (Boison et al.  2010 ; Dare et al.  2007 ; Gomes et al.  2011  ) . A 

2A
  

receptors are highly expressed in endothelial cells of brain capillaries, where they 
play an important role in controlling brain microvascular function (Mills et al.  2011 ; 
O’Regan  2005 ; Pelligrino et al.  2010  ) .  
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    3.3   Adenosine and Brain Adenylate Energy Charge 

 There are many different ways to assess brain energy status including adenylate 
energy charge (EC). Adenylate energy charge is a measure of the phosphorylating 
power of the adenylate pool, equal to one-half the average number of phosphate 
anhydride bonds per adenosine moiety present in the pool. It is de fi ned in terms of 
the concentrations of AMP, ADP, and ATP in the pool and expressed by the equa-
tion EC = ([ATP] + ½ [ADP])/([ATP] + [ADP] + [AMP]). The maximum (mostly 
theoretical) EC value is 1.0, but practically speaking under physiological conditions 
measured brain adenylate energy charges range to 0.95, meaning that about 95 % of 
the adenylates are in the form of ATP (Atkinson and Walton  1967  ) . As cellular 
energy levels drop, ATP levels decrease, and ADP and AMP levels increase; the 
result is a decrease in EC. 

 Maintaining brain EC and ATP levels is critical for proper neuronal function, and 
compromised brain energy levels have detrimental effects on neuronal function, as 
occur in a variety of acute and chronic neurological and neuropsychiatric disorders 
such as brain ischemia, sleep deprivation, epilepsy, Huntington’s disease, Parkinson’s 
disease, Alzheimer’s disease, depression, bipolar disorder, and schizophrenia 
   (Gomes et al.  2011  ) . Because basal brain adenosine levels are nearly 10,000-fold 
lower than ATP levels, even negligible drops in ATP levels have the potential to 
produce dramatic rises in adenosine levels. As such, elevated levels of adenosine are 
observed in all aforementioned neurological and psychological disorders. Although 
such a rise in adenosine levels could affect the functions of neuron, glia, and 
endothelial cells in many different ways, here we focus on effects of adenosine on 
brain bioenergetics. We found that adenosine levels increase as brain energy levels 
decrease following a variety of excitatory stimuli (Shepel et al.  2005  ) . However, this 
relationship was not stoichiometric, but rather occurred in three distinct phases, 
each de fi ned by a linear relationship with a unique slope. 

 In phase 1, when there is no signi fi cant external excitatory stimulation, brain 
adenosine levels increase only moderately while brain adenylate energy levels 
decrease only modestly within a physiological range. For example, moderate 
increases in neuronal activity can increase the release of glutamate that then can 
trigger the release of ATP from astrocytes and the rapid formation of adenosine. 
Such moderate increases in adenosine will preferentially activate adenosine A 

1
  

receptors, inhibit voltage-gated calcium channels, inhibit excitatory synaptic trans-
mission, inhibit NMDA receptors, and stimulate potassium channels. As such, neu-
ronal activity will be dampened and ATP levels will be conserved. 

 In phase 2, when there is signi fi cant external excitatory stimulation, brain ade-
nosine levels increase rapidly as brain adenylate energy charges drop below the 
threshold of the physiological range. For instance, when brain energy levels and 
ATP levels are compromised, as might occur during brain ischemia, sleep depriva-
tion, and seizures, a cascade of harmful excitotoxic events may be initiated. During 
excitotoxicity, released glutamate at synapses perpetuates neuronal depolarization 
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through activation of AMPA and kainate receptors, alters intracellular calcium 
signaling through activation of NMDA receptors, and limits its removal by revers-
ing glutamate uptake. Under such conditions, not only ATP expenditure is 
increased, but the production of ATP can be also impaired as a result of calcium 
overload in mitochondria. As such, adenosine levels rise more rapidly and broadly, 
not just at synaptic terminals but also in glial cells and at the BBB. Unlike in phase 
1 where adenosine A 

1
  receptors at synapses are preferentially activated, in phase 2 

as occurs under pathological conditions adenosine A 
2A

  receptors are upregulated 
and may mediate the actions of adenosine. At the BBB, activation of A 

2A
  and pos-

sibly A 
2B

  receptors induces vasodilation, which increases cerebral blood  fl ow and 
brings more oxygen and glucose to the activated brain regions. Activation of ade-
nosine A 

2A
  receptors can also increase GLUT1 expression at the brain capillary 

endothelial cell and thus promote glucose transport into brain as a fuel (Takagi 
et al.  1998  ) . In addition to its effects on glutamate clearance, controlling neu-
rotrophic factors, and neuro-in fl ammatory effects, short-term activation of ade-
nosine A 

2A
  induces glycogenolysis in astroctyes (Sorg and Magistretti  1991  )  and 

long-term activation of adenosine A 
2B

  receptors promotes glycogen synthesis in 
astrocytes (Allaman et al.  2003  ) , thus affecting brain energy status. Activation of 
neuronal adenosine A 

2A
  receptors promotes glycolysis and mitochondria metabo-

lism (Hammer et al.  2001  ) , thus increasing ATP production. In contrast to adenos-
ine A 

1
  receptors, activation of neuronal A 

2A
  receptors increases glutamate release 

(Marchi et al.  2002  )  and activates NMDA receptors (Rebola et al.  2008  ) , as occurs 
when neurons are highly activated. As a consequence, neuronal ATP expenditure 
might increase as a result of activation of neuronal adenosine A 

2A
  receptors. Such 

an activation of neuronal adenosine A 
2A

  receptors could trigger plastic changes in 
excitatory synapses, de fi ning the threshold for induction of plastic changes in 
excitatory synapses (Cunha et al.  2008  ) . 

 In phase 3, when brain is exposed to drastic insults such as global ischemia, brain 
adenosine levels increase dramatically as brain adenylate energy charge drops below 
0.5, a critical level between life and death (Atkinson and Walton  1967  ) . Indeed, 
drastic insults such as global ischemia and ischemia associated with decapitation 
reduce brain adenylate energy charge levels to the 0.2–0.3 range (Delaney and 
Geiger  1996 ; Onodera et al.  1986 ; Verhaegen et al.  1995  ) . Under such conditions, 
widespread activation of NMDA receptors could facilitate a cascade of excitotoxic 
events including intracellular calcium dysregulation, free radical production, and 
inhibition of mitochondrial function, which inhibits energy production, resulting in 
rapid adenosine formation. Such drastic rises in levels of adenosine may not over-
come the loss of brain energy levels, but rather activate low-af fi nity adenosine A 

3
  

receptors and mobilize tissue repair mechanisms including apoptosis and astrocyte 
proliferation (Abbracchio et al.  1997 ; von Lubitz et al.  1999  ) . 

 In short, whenever brain energy levels drop adenosine levels rise to adjust brain 
energy supply and to retaliate against an external stimulus that would cause exces-
sive ATP breakdown through activation of different adenosine receptors located on 
target cells including neurons, glial cells, and brain endothelial cells.  
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    3.4   Dif fi culty in Accurately and Precisely Measuring Levels 
of ATP and Adenosine 

 Precisely and accurately measuring levels of ATP and its metabolites including 
adenosine in discrete brain regions is a critical issue in studying brain bioenergetics. 
The main challenge in making such measurements is that even brief periods of 
hypoxia/ischemia cause rapid degradation of ATP and precipitous increases in lev-
els of adenosine. Therefore, in order to measure ATP precisely and accurately, brain 
samples must be obtained either from well-ventilated anesthetized or conscious ani-
mals, or from postmortem brains where the enzymes responsible for production and 
metabolism of adenosine have been instantaneously and completely inactivated. 

 Studies dating back to the 1950s demonstrated the rapid loss of ATP following 
decapitation. Kratzing and Narayanaswami (Kratzing and Narayanaswami  1953  )  
obtained small pieces of the cortex of young guinea pigs by either killing the ani-
mals and dissecting out tissue as quickly as possible or by rapidly freezing the brain 
with liquid air. Values from the rapidly frozen brains were around 3.0 mmol/kg 
whereas those from the brain slices were 0.73 mmol/kg. In order to minimize such 
a loss in ATP various freezing methods were employed and it was found that most 
of the decrease in ATP levels occurred in the  fi rst minute following the ultimate 
hypoxic/ischemic insult: decapitation. In comparing ATP values from mouse brains 
rapidly dissected (20 s) and then frozen in liquid nitrogen versus brains obtained 
from mouse heads that were dropped immediately into liquid nitrogen the levels of 
ATP were 0.38 mmol/kg for the dissected brains and 1.4 mmol/kg for the rapidly 
frozen brains (Mandel and Harth  1961  ) . When the heads of decapitated mice were 
dropped into liquid Freon 12 at intervals ranging from immediately to 10 min the 
highest values of ATP obtained were 2.5 mmol/kg and were one-half that value with 
an interval delay of about 6 s and reached a low rather constant level with an interval 
delay of about 1 min (Lowry et al.  1964  ) . In attempting to obviate these rather dra-
matic postmortem decreases in ATP, a method to freeze the brain in situ was devised. 
Using this method, liquid nitrogen was poured directly onto the skulls of anesthe-
tized rats that had received implanted thermocouples so that the freeze front could 
be timed and the cessation of blood  fl ow could be measured (Ponten et al.  1973  ) . 
At a depth of only 3 mm, blood  fl ow continued for 5 to 10 s at which time the tissue 
had reached 20 °C and it took another 5–6 s for the tissue to freeze. Thus, one would 
infer that decapitating animals directly into liquid nitrogen would involve 10–15 s 
of ischemia even at the most super fi cial layers of the brain. Another way of inacti-
vating enzymes responsible for adenine nucleotide breakdown and adenosine pro-
duction is the “freeze-blowing” technique (Veech et al.  1973  ) , in which high-pressure 
air is blown into one side of the cranial cavity via a sharp hollow steel probe and the 
supratentorial brain expelled via another tube on the contralateral side onto a liquid 
N 

2
 -cooled aluminum plate, thus immediately halting metabolic reactions at de fi ned 

time points on the order of seconds after an intervention. The above-mentioned 
freezing techniques, while to varying degrees are successful at providing accurate 
measures of purine levels, do not allow for the precise and accurate measurement 
for ATP and endogenous adenosine levels in discrete brain regions. 
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 An innovative way to measure brain energetics precisely and accurately is 
instantaneously inactivating the catabolic enzymes with high-energy focused micro-
wave irradiation (Delaney and Geiger  1996  ) . Using this technique, brain tissue tem-
perature is brought up to an enzyme-inactivating temperature of about 85 °C within 
a few seconds depending on the size of the animal and the power setting of the head-
focused high-energy microwave. They found that a power level of 10 kW heated rat 
brain tissue to this temperature in 1 s, 6 kW in 2 s, and 3.5 kW in 3 s. The highest 
irradiation power level used (10 kW for 1.25 s) maintained the brain adenylate energy 
charge closest to the theoretical maximal value of 1.0. The levels of ATP increased 
and levels of adenosine decreased as irradiation power increased. In addition, they 
sacri fi ced rats and extracted tissues using techniques such as decapitation, immer-
sion of the decapitated head in liquid nitrogen, and in situ freezing of the brain tissue 
with liquid nitrogen. The decapitation into liquid nitrogen yielded values around 0.3 
mmol/kg; the decapitation followed by dissection and then freezing yielded values 
around 0.06 mmol/kg; and the brains that were exposed to 10 kW microwave radia-
tion yielded values around 3.5 mmol/kg. Because the data reported by Delaney and 
Geiger were reported in mg/protein, the data showing here were translated, assuming 
that the protein content of the tissue was 12 % (Sagar et al.  1987  ) . 

 Even such an extreme method as high-energy focused microwave irradiation 
creates nonuniform heating throughout the brain with the basal structures of brain 
heating up before the dorsal structures. As a result, purinergic enzymes would not 
be denatured as quickly in areas of brain that do not reach 85 °C and therefore ATP 
levels would be lower and adenosine levels would be higher. Another drawback of 
the high-energy focused microwave irradiation method is its inability to differenti-
ate intracellular and extracellular levels of ATP and its metabolites, because brain 
regions are homogenized and analyzed as a whole. 

 Alternatively, levels of ATP and its metabolites can be measured in vivo in well-
ventilated anesthetized or conscious animals. The  fi rst of such measurements are the 
brain microdialysis and cortical cup methods, which allow for direct measurement 
of ATP and adenosine from brain interstitial  fl uid (Lutz and Kabler  1997 ; Melani 
et al.  2005 ; Pazzagli et al.  1993 ; Van Wylen et al.  1986  ) . Such methods can also 
inform as to the temporal sequence of release events and whether ATP is released 
before adenosine or vice versa. The disadvantages of such techniques are the tissue 
trauma caused by the implantation of the dialysis cannula and poor temporal resolu-
tion in detecting ATP and adenosine levels. The development of adenosine and ATP 
biosensors allows for direct and real-time measurements under physiological condi-
tion, which provide a higher temporal and spatial resolution in detection of adenos-
ine and ATP levels (Dale et al.  2000 ; Frenguelli et al.  2003 ; Frenguelli et al.  2007 ; 
Llaudet et al.  2003,   2005  ) . However, purine levels measured by those biosensors are 
not true concentrations of adenosine and ATP, but rather relative values. 

 In addition to direct measurement of ATP and its metabolites to assess brain 
energy status, it is also critical to measure accurately and precisely the brain energy 
reserve, glycogen. Glycogen can be visually identi fi ed in brain sections using a 
cytochemical staining method that relies on the interaction of glycogen with osmium 
tetroxide (Cataldo and Broadwell  1986 ; Koizumi  1974 ; Wender et al.  2000  )  or the 
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use of periodic acid–Schiff’s base (Kong et al.  2002  ) . The absolute glycogen content 
can be measured using quantitative methods, which have traditionally been carried 
out using a biochemical assay on postmortem tissue. However, glycogen degrades 
extremely rapidly, and such degradation must be halted in order to measure glyco-
gen content accurately and precisely. Similar freezing methods as those used to 
inactivate enzymes responsible for adenine nucleotide breakdown and adenosine 
production have been used for quantitative glycogen measurement. Such methods 
include immersion of whole animals or decapitated heads in liquid nitrogen 
(Passonneau and Lauderdale  1974  )  or Freon-12 (King et al.  1967  ) , freezing brains 
in situ using liquid nitrogen poured directly on the skull (Cruz and Dienel  2002  ) , 
and rapidly removing brain tissue at 0 °C followed by immediate freezing (Wender 
et al.  2000  ) . The high-energy focused microwave irradiation, which denatures 
enzymes responsible for glycogen metabolism preserving glycogen content at the 
time of irradiation, has also been used (Sagar et al.  1987  ) . Another critical step in 
accurate measurement of glycogen is to minimize animal handling prior to assay 
(Cruz and Dienel  2002  ) . The most accurate method for measuring glycogen is deb-
ranching glycogen into glucose followed by standard biochemical assay of glucose 
(Passonneau and Lauderdale  1974  ) , with glycogen being expressed as glucosyl 
units, as the debranching enzymes yield one glucose molecule per glucosyl unit of 
the glycogen molecule. The manner in which glycogen content is expressed can be 
confusing, since glycogen is often expressed as glucosyl units either relative to a 
normalized protein concentration (pmol glycogen/ m g protein) or relative to the wet 
or dry weight of the tissue ( m mol glycogen/g wet tissue). Assuming that wet 
brain tissue contains about 12 % protein content (Sagar et al.  1987  ) , and that dry brain 
tissue contains about half the protein of wet brain tissue, a simple calculation could 
allow interconversion. 

 Alternatively, glycogen content can be estimated in vivo using a noninvasive 
nuclear magnetic resonance (NMR) method, which detects the  13 C glucose incorpo-
ration into the brain glycogen. In such a method,  13 C-labeled glucose is injected 
systemically and the labeled glucose is slowly incorporated into the brain glycogen 
pool producing a detectable glycogen signal that can be continuously monitored 
(Choi et al.  1999  ) . The advantage of this noninvasive technology is that it could be 
used in humans to record glycogen measurements under both pathological and 
physiological conditions. However, the observed increase in  13 C signal over time 
might not necessarily be re fl ecting changes in glycogen concentration alone, but 
also an increased incorporation of the  13 C label. A new approach was recently devel-
oped that allows the measurement of in vivo brain glycogen concentration more 
accurately (Morgenthaler et al.  2008  ) . In this method, the in fl uence of glycogen 
turnover, a potential confounding factor in the  13 C NMR, was minimized by pre-
labeling the animals and achieving a near steady-state isotopic enrichment using 
long-term [1- 13 C]-glucose administration. 

 In summary, it is not an easy task to measure brain energy status accurately and 
precisely. Essential components in assessing correctly brain energetics should 
include justifying carefully the methodology used and putting the data in the con-
text of what is already known about brain energy metabolism.      
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  Abstract   The cause-and-effect relationships between altered metabolism and 
neurological conditions are not fully understood. However, some metabolic condi-
tions including ischemia/hypoxia, fasting and ketogenic diet therapy are known to 
modulate processes in the nervous system such as neuroprotection and seizures, 
indicating that altered metabolism can regulate neuronal excitability. Adenosine is 
one of the agents linking metabolism to neuronal activity. In this chapter, we discuss 
purinergic signaling via ATP release and subsequent activation of adenosine recep-
tors, revealing a CNS pathway for metabolic autocrine regulation. ATP is the  fi nal 
product of brain energy metabolism and it can be an indicator of brain metabolic 
changes. ATP can be released to the extracellular space through sites including gap 
junction hemichannels, vesicles, and chloride channels. After subsequent dephos-
phorylation of ATP by ectonucleotidases, the resulting metabolite adenosine can 
activate adenosine receptors to limit neuronal excitability. All the proteins for puri-
nergic signaling (ATP releasing sites, ectonucleotidases, and adenosine receptors) 
may be expressed in the same cell, allowing for autocrine regulation. We give one 
example: our  fi nding of adenosinergic autoregulation through a cascade involving 
pannexin-1 channels, adenosine A 

1
  receptors, and ATP-sensitive potassium chan-

nels in hippocampal CA3 pyramidal neurons. These neurons can react to changes in 
ATP and glucose levels with altered electrical activity through this purinergic sig-
naling pathway. This pathway may underlie effects seen in ischemic conditions or 
during ketogenic diet treatment. Adenosinergic autocrine regulation might have a 
signi fi cant role in neuroprotection and seizure regulation in the CNS.  

    M.   Kawamura   Jr.   (*)
     Department of Pharmacology ,  Jikei University School of Medicine ,
  3-25-8 Nishi-shimbashi, Minato-ku ,  Tokyo 105-8461 ,  Japan    
e-mail:  m.kawamura@jikei.ac.jp  

     D.  N.   Ruskin  
     Neuroscience Program and Department of Psychology ,  Trinity College ,
  300 Summit St ,  Hartford ,  CT   06106 ,  USA    
e-mail:  david.ruskin@trincoll.edu   

    Chapter 4   
 Adenosine and Autocrine Metabolic 
Regulation of Neuronal Activity       

      Masahito   Kawamura Jr.         and    David   N.   Ruskin     



72 M. Kawamura Jr. and D.N. Ruskin

  Keywords   ATP  •  Adenosine  •  ATP release  •  Adenosine A 
1
  receptors  •  Autocrine 
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CA3 pyramidal neurons      

    4.1   Purinergic Signaling Links Metabolism 
to Neuronal Activity 

    4.1.1   Altered Metabolism with Ischemia/Hypoxia, Fasting, 
or Dietary Therapy Modulates Neuronal Activity 

 Neuronal ATP is generated by oxidative phosphorylation in mitochondria. In the 
brain, mitochondria use pyruvate from cytoplasmic glycolysis of glucose for pro-
ducing NADH and FADH 

2
  by enzymes of the tricarboxylic acid cycle. NADH and 

FADH 
2
  transfer energy from the tricarboxylic acid cycle to the electron transport 

chain and then the electron transport chain forms ATP from ADP and phosphate 
with ATP synthase (Hertz et al.  2007  ) . ATP production is dependent on mitochon-
drial function and oxygen supply and thus is sensitive to altered metabolism. Altered 
metabolism is known to be one of the hallmarks of various neurological conditions 
including neurodegenerative disorders (Sas et al.  2007  )  and psychiatric disorders 
(Rezin et al.  2009  ) . Although it has been reported that some patients with neurological 
disorders have mitochondrial dysfunction (Rezin et al.  2009  ) , the cause-and-effect 
relationship between energy metabolism and these neurological disorders is not 
understood. Ischemia/hypoxia, fasting, and dietary therapy are some of the excep-
tions in which we know the cause and the effect. Ischemic/hypoxic stress is well 
determined to cause neuroprotection by reducing neuronal excitability (Ballanyi 
 2004 ; Dunwiddie and Masino  2001 ; Johansson et al.  2001 ; Miller and Hsu  1992 ; 
Rudolphi et al.  1992 ; Zhang and Krnjević  1993  ) , although ischemia/hypoxia of 
suf fi cient magnitude can certainly overcome this neuroprotective effect to produce 
damage. Fasting has been reported to suppress seizure activity (Greene et al.  2003  )  
and to be neuroprotective (Davis et al.  2008  ) . These phenomena indicate that some 
alterations in metabolism can limit neuronal activity. The most convincing evidence 
might be anticonvulsant dietary therapy, such as the ketogenic diet or simple caloric 
restriction. The ketogenic diet (low carbohydrate, high fat) mimics the metabolic 
condition of fasting (Wilder  1921  )  and has been used successfully to treat pediatric 
(Freeman et al.  2007  )  and medically refractory epilepsy (Hallböök et al.  2007  ) . 
In rodents, ketogenic diet (Bough et al.  2006 ; Hartman et al.  2008 ; Rho et al.  1999 ; 
Uhlemann and Neims  1972  )  or caloric restriction (Greene et al.  2001  )  also reduces 
seizure activity. These reports strongly argue that manipulations of brain metabo-
lism caused by dietary therapies can limit neuronal activity for an anticonvulsant 
effect; some pathway must connect metabolism to regulation of neuronal excitability. 
The mitochondrial metabolites including purines, NADH, and FADH 

2
  and mito-

chondrial calcium signaling are reported to be metabolic links for regulating 
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neuronal activity (Kann and Kovacs  2007  ) . Adenosine is thought to be one of the 
important links between the metabolic modulation of neurons and the effects of 
ischemia/hypoxia, fasting and anticonvulsant diets.  

    4.1.2   Adenosine Links Metabolism to Neuronal Activity 

 Adenosine is the core molecule of ATP and a well-known neuromodulator with 
receptor-mediated neuroprotective and anticonvulsant effects (Dunwiddie and 
Masino  2001 ; Fredholm  1997 ; Stone  2002 ; Wardas  2002  ) . These receptors are char-
acterized into four subtypes: A 

1
 , A 

2A
 , A 

2B
 , and A 

3
  (Fredholm et al.  2000 ; Ralevic and 

Burnstock  1998  ) . Adenosine A 
1
  receptors are widely distributed throughout the 

whole brain (Goodman and Snyder  1982  ) , and are functionally expressed in various 
neuronal cell types (Dunwiddie and Masino  2001 ; Fredholm  1995  )  with coupling 
by G-proteins to modulate activity through calcium or potassium channels (Schulte 
and Fredholm  2003  ) . Adenosine A 

2A
  receptors are located mainly in the basal gan-

glia and olfactory tubercle (Rosin et al.  2003  )  and are known to form receptor het-
eromers with dopamine D 

2
  receptors (Ferré et al.  2007  ) . Adenosine A 

2B
  and A 

3
  

receptors are less expressed in the CNS, but are functionally expressed in astrocytes 
(Chen et al.  2001 ; Kawamura and Kawamura  2011 ; Peakman and Hill  1994  ) . 

 Through altered metabolism, adenosine can link ischemia/hypoxia, fasting and 
the effects of the ketogenic diet to neuronal activity for neuroprotective and/or anti-
convulsant outcomes:

    1.    Activation of adenosine A 
1
  receptors reduces neuronal activity by decreasing 

excitatory synaptic transmission (Dunwiddie and Hoffer  1980 ; Masino et al. 
 2002 ; Masino et al.  2001 ; Thompson et al.  1992  )  and/or causing hyperpolariza-
tion (Pan et al.  1995 ; Thompson et al.  1992  ) , thereby augmenting neuroprotec-
tive (Fredholm  1997 ; Sebastião et al.  2001 ; Stone  2002 ; Wardas  2002  )  and 
anticonvulsant effects (Anschel et al.  2004 ; Dunwiddie  1999  ) .  

    2.    Ischemic or hypoxic conditions increase extracellular adenosine concentrations 
in the CNS (Fowler  1993 ; Frenguelli et al.  2003 ; Frenguelli et al.  2007 ; Latini 
and Pedata  2001 ; Parkinson et al.  2005  ) , and the anticonvulsant effect of fasting 
or the ketogenic diet is thought to be caused in part by adenosine (Masino and 
Geiger  2008 ; Masino et al.  2009 ; Masino et al.  2011  ) .  

    3.    One source of extracellular adenosine is the breakdown of extracellular ATP 
(Pascual et al.  2005  ) . There are various mechanisms for ATP ef fl ux to the extra-
cellular space (see Sect.  2 ), and ATP release sites have been reported to colocalize 
with ectonucleotidases (which dephosphorylate ATP into adenosine (Joseph 
et al.  2003  ) ): dephosphorylation of ATP to adenosine occurs rapidly ( t  

1/2
  ~200 ms) 

in the extracellular space (Dunwiddie et al.  1997  ) .  
    4.    There is also evidence that, during hypoxia or ischemia, adenosine can be directly 

released into the extracellular space (Frenguelli et al.  2007 ; Lloyd et al.  1993  ) . 
This release might be largely from astrocytes (Martín et al.  2007  ) .  
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    5.    Most importantly, ATP is a  fi nal product of energy metabolism. The most crucial 
role of ATP is not as a source of extracellular adenosine, but as a source for intra-
cellular energy. ATP concentration is easily changed by modulating mitochon-
drial activity via altered metabolism. For instance, the ketogenic diet (DeVivo 
et al.  1978 ; Nakazawa et al.  1983 ; Nylen et al.  2009  )  and potentially Huntington’s 
disease (Oláh et al.  2008  )  are known to increase brain ATP levels.     

 Given the above, it is plausible that changes in cellular ATP will be re fl ected in 
changes in extracellular adenosine, which can then regulate neuronal activity via its 
receptors. This adenosine receptor-activated purinergic cascade links metabolism to 
neuronal activity and might play a signi fi cant anticonvulsant or neuroprotective role 
in neurological conditions or dietary therapy.   

    4.2   Regulation of Extracellular Adenosine Levels in the CNS 

    4.2.1   ATP Release as a Source of Extracellular Adenosine 

 Classically, ATP is thought to be released with global and synchronized cell death 
(Inoue  1998  ) . Local thermal brain injury has been reported to cause ATP release 
from astrocytes in the cortex (Davalos et al.  2005  ) . These types of ATP release, 
however, involve transient ef fl ux and an irreversible stimulus. A more physiological 
source of extracellular adenosine is extracellular ATP ef fl ux through ATP releasing 
sites. In the CNS, ATP releasing sites are well established in astrocytes (Coco et al. 
 2003  ) . Table  4.1  shows the cell types in the CNS reported to release ATP into the 
extracellular space. ATP releasing sites are of three different types: connexin/pannexin-
based channels, vesicular release, and chloride channels. It has been reported that 
astrocytes release ATP from all these types. Hippocampal astrocytes express one of 
the subtypes of gap junction proteins (connexin-43), and hemichannels made of this 
connexin are permeable to ATP (Kang et al.  2008  ) . With low concentrations of 
extracellular divalent cations, connexin-43 hemichannels release ATP to the extra-
cellular space from astrocytes (Stout et al.  2002  ) . Pannexins are connexin-related 
proteins that form channels but not gap junctions (MacVicar and Thompson  2009  ) ; 
they also release ATP with ischemic stress of cortical astrocytes (Iwabuchi and 
Kawahara  2011  ) . This ATP release is regulated with negative-feedback mechanisms 
via P2X 

7
  receptors activated by releasing ATP through the pannexin-1 channels 

(Iwabuchi and Kawahara  2011  ) . The role of ischemia-induced ATP release through 
pannexin channels is still controversial. Oxygen-glucose deprivation-induced ATP 
release in the hippocampal slices is not inhibited by one of the broadly selective gap 
junction blockers (Frenguelli et al.  2007  ) . It has been reported that ischemic stress 
causes opening of pannexin-1 channels with anoxic depolarization (Thompson et al. 
 2006  ) , but another group has described that ischemia-induced anoxic depolarization 
is insensitive to gap junction blockade (Madry et al.  2010  ) . Astrocytic exocytosis of 
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ATP is now thought to maintain extracellular adenosine concentrations in hippocampus 
(Pascual et al.  2005  ) . Interestingly, spinal cord astrocytes release ATP from vesicles, 
pannexin-1 channels, and connexin-43 hemichannels with different time courses 
and different mechanisms involving ATP-induced ATP release via activation of 
P2X 

7
  receptors, suggesting that each releasing site plays a different role (Garré et al. 

 2010  ) . ATP-induced ATP release also occurs through anion channels opened by P2 
receptors in cortical astrocytes (Anderson et al.  2004  ) . Together with P2X 

7
  receptor 

negative or positive feedback regulation in astrocytes, one of the roles of P2 recep-
tors might be the regulation of ATP release. Cortical astrocytes also release ATP 
from anion channels with hypoosmotic stress (Darby et al.  2003 ; Liu et al.  2008b  )  
and ischemia (Liu et al.  2008a  ) . Another glial cell type, microglia, releases ATP via 
one of the chloride channels, cystic  fi brosis transmembrane conductance regulator 
(CFTR; Liu et al.  2006  ) . Hippocampal astrocytes can also release adenosine directly 
during hypoxia (Martín et al.  2007  ) .  

 ATP is also ef fl uxed from neurons. Neurons in several brain regions release ATP 
from synaptic vesicles (Pankratov et al.  2006  ) . Cortical neurons release ATP through 
hemichannels formed of connexin-36 during hyperexcitability in high KCl concen-
trations (Schock et al.  2008  ) . Hippocampal neurons release ATP from pannexin-1 
channels in hypoglycemic conditions ((Kawamura et al.  2010  ) ; also see Sect.  3 ). 
Dorsal root ganglion axons release ATP through volume-activated anion channels 
(VAAC) with action potentials (Fields and Ni  2010  ) .  

   Table 4.1    ATP releasing sites and mechanisms in various brain cells   
 ATP releasing sites  Cell types  References 

 Connexin-43 hemichannels  Hippocampal astrocytes and C6 
glioma cells 

 Kang et al.  (  2008  )  

 Spinal astrocytes  Garré et al.  (  2010  )  
 Astrocytes (mixed glial cultures) 

and C6 glioma cells 
 Stout et al.  (  2002  )  

 Connexin-36 hemichannels  Cortical neurons  Schock et al.  (  2008  )  
 Pannexin-1 channels  Cortical astrocytes  Iwabuchi and 

Kawahara  (  2011  )  
 Spinal astrocytes  Garré et al.  (  2010  )  
 Hippocampal neurons  Kawamura et al.  (  2010  )  

 Exocytosis (vesicular release)  Hippocampal astrocytes  Coco et al.  (  2003  ) ; 
Pascual et al.  (  2005  )  

 Spinal astrocytes  Garré et al.  (  2010  )  
 Chloride 

channels 
 Maxi anion 

channels 
 Cortical astrocytes  Liu et al.  (  2008a  ) ; 

 Liu et al.  (  2008b  )  
 CFTR  Spinal microglia  Liu et al.  (  2006  )  
 Anion channels 

(VRAC?) 
 Cortical astrocytes  Anderson et al.  (  2004  ) ; 

Darby et al.  (  2003  )  
 VAAC  Dorsal root ganglion axons  Fields and Ni  (  2010  )  

   CFTR  cystic  fi brosis transmembrane conductance regulator,  VRAC  volume-regulated anion channels, 
 VAAC  volume-activated anion channels  
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    4.2.2   Other Sources of Extracellular Adenosine 

 It is known that the adenosine transporter regulates extracellular adenosine levels 
(Dunwiddie and Diao  2000  ) . Adenosine transporters work to salvage extracellular 
adenosine into cells for use in ATP synthesis. They are functionally characterized 
into two categories: equilibrative nucleoside transporter and concentrative nucleo-
side transporter (Latini and Pedata  2001  ) . Equilibrative nucleoside transporters move 
purine and pyrimidine nucleosides across cell membranes dependent on their concen-
tration gradient, and have been cloned from rat and human into four subtypes: ENT1-4 
(Baldwin et al.  2004  ) . Concentrative nucleoside transporters carry nucleosides driven 
by the transmembrane sodium gradient and have been cloned into three subtypes: 
CNT1-3 (Gray et al.  2004  ) . These nucleoside transporters are bidirectional for mov-
ing the purines to both inside and outside the cell (Latini and Pedata  2001  ) . 

 Inhibitors of equilibrative nucleoside transporters usually increase extracellular 
adenosine concentrations with blocking adenosine uptake (Ballarin et al.  1991 ; 
Fredholm et al.  1994  )  and facilitate activation of adenosine receptors (Dunwiddie 
and Diao  2000  ) . However, it is also reported that these inhibitors attenuate direct 
adenosine release with electrical  fi eld stimulation or high potassium stimulation 
from the equilibrative nucleoside transporter (Jonzon and Fredholm  1985 ; Sweeney 
 1996  ) . Ischemia has also been reported to cause direct adenosine release. Oxygen-
glucose deprivation stress increases extracellular adenosine from astrocytes in the 
hippocampus (Martín et al.  2007  ) . This ischemia-induced adenosine release has an 
earlier onset than ATP release (Frenguelli et al.  2007  )  and is insensitive to inhibitors 
of ectonucleotidase or blockers of ATP releasing sites, indicating that it is direct 
adenosine release not secondary to ATP release (Frenguelli et al.  2007 ; Lloyd et al. 
 1993  ) . However, the mechanisms of ischemia-induced direct adenosine release are 
not fully determined yet. 

 Another source of extracellular adenosine is breakdown from cAMP. Extracellular 
cAMP is known to activate adenosine receptors after metabolism to adenosine 
(Brundege et al.  1997  ) , and it has been reported that activation of adrenergic recep-
tors induces cAMP release (Rosenberg et al.  1994  )  from an anion ef fl ux pump 
(Henderson and Strauss  1991  ) .  

    4.2.3   ATP Breakdown into Adenosine is the Main Pathway 
for Metabolic Autocrine Regulation 

 One of the major pathways for purinergic signaling linking metabolism and neu-
ronal activity is ATP breakdown into adenosine and buildup of extracellular adenos-
ine. Just like ATP releasing sites, adenosine receptors are found in both glial and 
neuronal cells in many brain areas. Adenosine A 

1
  receptors especially are strongly 

expressed in the cortex, hippocampus, and spinal cord (Dixon et al.  1996 ; Fredholm 
 1997 ; Mahan et al.  1991  )  in both astrocytes (Biber et al.  1997  )  and neurons (Dunwiddie 
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and Masino  2001  ) . Ectonucleotidase activity is also high in these regions (Goodman 
and Snyder  1982  )  and is colocalized in the same cells as ATP release sites (Joseph 
et al.  2003  ) . In hippocampal synaptosomes, ATP-derived extracellular adenosine 
inhibits transmitter release (Cunha et al.  1994  ) . This evidence indicates that all the 
players for a metabolic purinergic signaling cascade (ATP releasing site, ectonucle-
otidase, adenosine receptors) may be expressed in individual CNS cells and might 
integrate autocrine/paracrine regulation.   

    4.3   Autocrine Metabolic Regulation in Hippocampal 
CA3 Pyramidal Neurons 

    4.3.1   Autocrine Regulation in CA3 Pyramidal Neurons 
via Adenosine A 

1
  Receptors: An In Vitro Model 

of the Ketogenic Diet 

 We recently described autocrine metabolic regulation in CA3 pyramidal neurons 
using whole-cell patch-clamp methods in hippocampal slices (Kawamura et al. 
 2010  ) . Extracellular glucose and intracellular ATP are both main factors regulating 
CNS metabolism. We measured the effects of reducing extracellular glucose con-
centration from 11 to 3 mM and of different concentrations of ATP in the intracel-
lular solution (between 0.5 and 5 mM). When intracellular ATP concentrations were 
low (0.5 mM), reduced extracellular glucose caused transient inward currents in 
CA3 pyramidal neurons. With high or suf fi cient intracellular ATP concentrations 
and reduced glucose, outward current (or hyperpolarization in current-clamp mode) 
was produced. The outward current was dose-dependent on intracellular ATP con-
centration between 0.5 and 2 mM, suggesting that they were caused by autocrine 
modulation of the recorded neuron. Interestingly, 5 mM intracellular ATP concen-
tration solution reduced the amplitude of this current. The reversal potential of the 
reduced glucose-induced outward current was similar to the reversal equilibrium 
potential of potassium, and blockers of ATP-sensitive potassium channel inhibited 
the outward current, suggesting that this current was caused by opening of ATP-
sensitive potassium channels. Furthermore, involvement of ATP-sensitive potas-
sium channels explains the amplitude reduction of outward current with 5 mM ATP, 
as these channels are blocked by high concentrations of intracellular ATP. Reduced 
glucose-induced outward current was abolished by an adenosine A 

1
  receptor antag-

onist and was not present in adenosine A 
1
  receptor knockout mice. Adenosine A 

1
  

receptors couple to ATP-sensitive potassium channels (Andoh et al.  2006  )  through 
reduction of high-ATP blockade (Andoh et al.  2006 ; Hu et al.  1999  )  and our data 
strongly argue that the outward currents are caused by activation of adenosine A 

1
  

receptors. Gap-junction blockers and a peptide blocker speci fi c for pannexin-1 
channels inhibited the outward currents, suggesting that the source of extracellular 
adenosine was ATP release from pannexin-1 channels. Together, these results suggest 
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that in conditions of high or suf fi cient intracellular ATP concentration and reduced 
extracellular glucose, CA3 pyramidal neurons hyperpolarize via direct ATP release 
through pannexin-1 channels with the subsequent activation of adenosine A 

1
  recep-

tors and opening of ATP-sensitive potassium channels (Fig.  4.1c ).  
 As mentioned in Sect.  1 , dietary therapy is one of the speci fi c models illustrating 

that changing the brain’s metabolism will affect neuronal activity, and the ketogenic 
diet is a well-known metabolic therapy that reduces epileptic seizures. Our experi-
mental condition of reducing extracellular glucose and increasing intracellular ATP 
concentration mimicked the ketogenic diet in vitro. Ketogenic diets increase brain 
concentrations of ATP in rodents (DeVivo et al.  1978 ; Nakazawa et al.  1983 ; Nylen 
et al.  2009  ) , and in humans, Pan et al. (Pan et al.  1999  )  showed ketogenic diet 
increased the phosphocreatine to ATP ratio. These reports suggest that increased 
ketone body levels might accelerate intracellular ATP production. Blood glucose levels 
drop with the ketogenic diet (Bough et al.  2006 ; Huttenlocher  1976  )  and mild reduction 

  Fig. 4.1    An interpretation of the role of metabolic autocrine regulation via purines in hippocampal 
CA3 pyramidal neurons. At  top , schematic traces showing the changing membrane potential with 
four different metabolic conditions ( a–d ), and, immediately below, illustrations of the correspond-
ing state of the purinergic metabolic autoregulatory pathway. Below the illustrations, schematic 
traces of extracellular glucose concentrations ([glucose] 

e
 ) and intracellular ATP concentrations 

([ATP] 
i
 ) and their changes from  a  to  d .  At bottom , corresponding visual representations of neuronal 

health using the Happy-to-Unhappy Cellular Health Scale (HUCHS; MK, Jr). ( a ) The baseline 
neuronal state. ( b ) With ketogenic diet feeding, extracellular glucose is low and intracellular ATP 
is high. Released ATP activates an autocrine inhibition through KATP channels, which, however, 
is largely blocked by high intracellular ATP. ( c ) As intracellular ATP runs down, the autocrine 
inhibition is unmasked, producing neuroprotective and antiseizure effects. ( d ) With suf fi cient lost 
of intracellular ATP, the autocrine adenosinergic mechanism fails and, lacking energy sources, the 
neuron enters a pathological depolarization.  A  

 1 
  R  adenosine A 

1
  receptors,  Panx1  pannexin-1 chan-

nels,  K  
 ATP 

  ATP-sensitive potassium channels       
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of blood glucose has been reported to control seizures in both animal models (Greene 
et al.  2001 ; Mantis et al.  2004  )  and clinical trials (Muzykewicz et al.  2009  ) . During 
ketogenic diet feeding, CA3 pyramidal neurons may experience increased intracel-
lular ATP concentrations and reduced extracellular glucose concentrations, and these 
metabolic changes should cause hyperpolarization through adenosinergic autocrine 
regulation. Hyperpolarizing CA3 pyramidal neuron should have a strong anticonvul-
sant effect, and this metabolic autoregulation through purines might be an important 
mechanism underlying the success of ketogenic diets. Recently, the therapeutic 
implications of ketogenic diet have extended to other neurological disorders that 
involve ATP dysregulation. It is known that traumatic brain injury (Signoretti et al. 
 2001  )  and psychiatric disorders (Rezin et al.  2009  )  cause mitochondrial dysfunction 
and reduce levels of ATP in the brain. The ketogenic diet has been reported to improve 
traumatic brain injury ((Deng-Bryant et al.  2011  )  but only in young rats) or psychi-
atric disorders such as mood disorder (El-Mallakh and Paskitti  2001  )  and schizo-
phrenia (Kraft and Westman  2009  ) . The regulation of adenosine may be one likely 
focus for such a ketogenic diet ef fi cacy (Masino et al.  2009  ) .  

    4.3.2   An Interpretation of the Role of Adenosinergic 
Autocrine Modulation in CA3 Pyramidal Neurons 

 Adenosinergic autocrine regulation of hippocampal pyramidal neurons may be the 
mechanism underlying a ketogenic diet’s effectiveness; however, the condition pro-
duced by a ketogenic diet (increased ATP concentration and mild hypoglycemia) is 
a particular and arti fi cial situation. What is the physiological or pathophysiological 
role of autocrine metabolic modulation in CA3 pyramidal neurons? Figure  4.1  
shows our interpretation of the pathophysiological role for this regulatory cascade 
in four different metabolic conditions. (1) With normal glucose concentration (eug-
lycemia), no speci fi c changes are caused in CA3 pyramidal neurons (Fig.  4.1a ). 
(2) In response to hypoglycemia, pannexin-1 channels release ATP. When intracel-
lular ATP is abundant (e.g. over 5 mM), this level of ATP inhibits the opening of 
ATP-sensitive potassium channels, and does not change or only slightly changes the 
membrane potential (Fig.  4.1b ): if the reduction of glucose is transient, these neu-
rons do not need to reduce activity because damage is not likely and priority is given 
to normal CNS activity and function. (3) When hypoglycemia continues and the 
intracellular ATP levels are likely to be decreased (by 1–2 mM) from depletion of 
the glucose supply and/or anoxia (the combination of which is ischemia), the neu-
ron hyperpolarizes with adenosine A 

1
  receptor activation of ATP-sensitive potas-

sium channels to dramatically reduce activity for self-protection (Fig.  4.1c ). In this 
stage the neuron remains in a state of minimal energy expenditure until the meta-
bolic abnormality is resolved. (4) If the hypoglycemia and/or anoxia persists for an 
extended time leading to a lack of intracellular ATP for release, the neuron can no 
longer use this mechanism to resist the metabolic challenge, and switches into neu-
ronal necrosis (Kaminogo et al.  1998  )  with anoxic depolarization (Fig.  4.1d ) via 
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activation of glutamate receptors (Rossi et al.  2000  )  and/or opening of pannexin 
channels (Thompson et al.  2006  ) . 

 Glucose and ATP are major players in metabolism. Through this adenosinergic 
autocrine pathway, hippocampal CA3 pyramidal neurons can react to changes in 
these molecules by modulating their activity using pannexin-1 channels, adenosine 
A 

1
  receptors, and ATP-sensitive potassium channels. A similar phenomenon has 

been reported in dorsal vagal neurons (Kulik et al.  2000  )  and hippocampus (Hansen 
et al.  1982 ; Zhang and Krnjević  1993  ) . The depletion of extracellular glucose alone 
caused hyperpolarization through changing potassium conductance in dorsal vagal 
neurons; however, the full ischemic condition causes membrane depolarization 
(Kulik et al.  2000  ) . In the hippocampus, brief anoxia hyperpolarizes CA1 or CA3 
pyramidal neurons, while prolonged anoxia eventually depolarizes them (Zhang 
and Krnjević  1993  ) . These reports show that neurons have protective mechanisms 
for dealing with altered metabolism (anoxic or ischemic conditions) and our  fi nding 
suggests that one of the neuroprotective mechanisms against ischemia is generated 
by autoregulation using purinergic signaling.   

    4.4   Conclusions 

 Here we note that altered brain metabolism links to neuronal activity via adenosin-
ergic autocrine regulation with dephosphorylation of ATP into adenosine. In the 
CNS, most gray matter structures have various cell types including neurons, astro-
cytes and microglia. Unlike in peripheral tissues, these cell types have different 
roles in brain functions even if they are neighbors. Each cell in the CNS, thereby, 
needs to sense metabolic changes and regulate its own activity individually. 
Autocrine regulation is a self-modulating system of releasing neurotransmitters/
neuromodulators and sensing them with receptors expressed by the same cell to 
control its own activities. ATP is a  fi nal product of energy metabolism and it might 
be a signal for altered metabolism. ATP can ef fl ux to the extracellular space via vari-
ous release sites and, after breakdown into adenosine, activates adenosine receptors. 
The actors in this signaling pathway are expressed in individual CNS cells and link 
altered metabolism to neuronal activity. Delineation of this autoregulatory cascade 
has shed new light on the yin-and-yang relationship of ATP and adenosine, and 
described a powerful mechanism by which neurons can protect themselves against 
an adverse metabolic environment. Conversely, dietary treatments effective against 
epilepsy or against brain damage due to ischemic or physical insults (e.g., fasting, 
caloric restriction, ketogenic diet) might engage this very mechanism to produce 
their bene fi cial outcomes.      
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  Abstract   Adenosine is the purine nucleoside core of adenosine triphosphate 
(ATP), a molecule that allows biological energy storage, and changes in intracel-
lular adenosine levels are thought to re fl ect the energy state of the cell: during net 
ATP consumption, adenosine accumulates. Via adenosine A 

1
  receptors, increases 

in extracellular adenosine can decrease neuronal excitability rapidly. Accordingly, 
the interplay between energy use and neuronal activity provides a feedback system 
by which increased energy utilization can decrease energy demand. This is, how-
ever, a simplistic view of the regulation of adenosine in the nervous system. 
Advances in adenosine measurement and genetic tools to dissect the sources of 
adenosine have lent insight into a dynamic physiological regulation of adenosine 
and a bevy of cellular changes which alter adenosine tone. Here we examine recent 
work probing speci fi c physiologic and metabolic changes which in fl uence adenos-
ine (and thus synaptic transmission), focusing primarily on the hippocampus. We 
summarize the current understanding of how tonic extracellular adenosine levels 
are set and highlight unanswered questions. Regarding dynamic physiological 
regulation, we outline how stimuli such as pH, neuronal activity, altered metabo-
lism, and hypoxia can modulate adenosine levels. Using speci fi c examples, we 
describe how changes in adenosine may act to normalize or restore physiologic 
and metabolic balance.  
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    5.1   Introduction 

 At its most fundamental level, adenosine is the purine nucleoside core of adenosine 
triphosphate (ATP), the energy currency of the cell. ATP is an energy storage mol-
ecule critical to cellular survival and it has numerous effects via ATP receptors 
which fall outside the scope of this review. Adenosine itself is much more than the 
core of ATP; among other biochemical roles and signaling roles, it is a ubiquitous 
neuromodulator in the brain, providing tonic inhibition of excitatory neurotransmis-
sion in most brain regions (Masino and Dunwiddie  2001  ) . 

 In this chapter we will focus on adenosine acting at the widely distributed A 
1
  

receptor subtype (A 
1
 R), which mediates the bulk of adenosine’s inhibitory effects. 

A 
1
 Rs activate a G-protein coupled signaling cascade that leads to the activation of 

postsynaptic potassium channels and the inhibition of presynaptic calcium channels 
(Dunwiddie and Fredholm  1985  ) . Enhanced potassium channel activation decreases 
intrinsic neuronal excitability; reduced calcium channel function decreases the prob-
ability of neurotransmitter release. Via these two ion channels, A 

1
 Rs have the potential 

to completely attenuate evoked and spontaneous neurotransmission in the hip-
pocampus (Winn et al.  1979,   1980 ; Fowler  1993 ; Dale et al.  2000 ; Masino and 
Dunwiddie  1999  ) . The effects of A 

1
 R activation are neuroprotective (Johansson 

et al.  2001  )  and anticonvulsant (Dunwiddie  1999  )  even in pharmacoresistant mod-
els of epilepsy (Gouder et al.  2003  ) . Because of the powerful inhibitory effects of 
A 

1
 Rs during physiological and pathological conditions, understanding the regula-

tion of extracellular adenosine levels is critically important. 
 Although there are many mechanisms involved in adenosine homeostasis, the 

amount of adenosine present in the extracellular space of the brain can  fl uctuate 
(Latini and Pedata  2001  ) . For instance, during wakefulness adenosine levels build 
up in the extracellular space and then decrease with the onset of sleep (Porkka-
Heiskanen et al.  1997  ) . Hypoxia (oxygen deprivation) (Winn et al.  1980 ; Dale et al. 
 2000  ) , ischemia (oxygen and glucose deprivation) (Winn et al.  1979  ) , hypoglyce-
mia (glucose deprivation) (Fowler  1993  ) , temperature changes (Masino and 
Dunwiddie  1999  ) , and seizures (Dunwiddie  1999  )  all cause increased levels of 
extracellular adenosine.  N -methyl- d -aspartate (NMDA) receptor activation also 
has been shown to release adenosine (Manzoni et al.  1994  ) . Evidence suggests that 
exercise can increase brain adenosine (Dworak et al.  2007  ) , and recent studies 
 suggest that metabolic changes associated with a ketogenic diet result in A 

1
 R-

dependent inhibition of neurotransmission (Masino et al.  2011 b). Here we will 
present the current understanding of the regulation of extracellular adenosine, with 
an emphasis on the hippocampus, and examine recent studies that aim to under-
stand how changes in pH, neuronal activity, metabolism, and hypoxia alter extra-
cellular adenosine tone.  
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    5.2   Tonic Extracellular Adenosine Comes 
from the Breakdown of ATP Released by Astrocytes 

 Understanding the control of extracellular adenosine levels has been a long-standing, 
enigmatic problem. Adenosine sits at the intersection of multiple metabolic and cell 
signaling cascades; thus parsing apart the molecular players controlling extracellular 
adenosine levels has been challenging. For many years it has been known that ade-
nosine can enter and exit the cell via the nucleoside transporter, which equilibrates 
the intracellular and extracellular concentrations of adenosine by allowing adenosine 
to  fl ow down its concentration gradient (Thorn and Jarvis  1996  ) . In the hippocam-
pus, the normal concentration of free adenosine ranges from low nanomolar 
(Brundege and Dunwiddie  1997  )  to hundreds of nanomolar (Dunwiddie and Diao 
 1994  ) , whereas ATP levels inside cells are much higher (at least 3 mM). Because of 
this, it is thermodynamically favorable for adenosine to enter neurons via the nucle-
oside transporter (Thorn and Jarvis  1996  ) . When the nucleoside transporter is 
blocked pharmacologically, adenosine accumulates in the extracellular space, con-
sistent with adenosine normally moving into cells via equilibrative transport. 

 Adenosine is the building block of many important cellular molecules, including 
free adenosine, bound to one (AMP), two (ADP), or three (ATP) high-energy phos-
phates, and cyclic AMP (cAMP). Each form has a unique role in different cellular 
processes (Cunha  2001  ) . Adenosine kinase is the main intracellular enzyme that 
phosphorylates adenosine into adenosine mono-phosphate (AMP). This astrocyte-
based intracellular enzyme is a key regulator of extracellular adenosine: once phos-
phorylated to AMP, adenosine can no longer exit the cell via equilibrative transport. 
In this sense adenosine kinase acts to “lock” adenosine into the cell and helps clamp 
a low level of free intracellular adenosine. AMP is further phosphorylated into ade-
nosine diphosphate (ADP) by adenylate kinase. ADP can then be phosphorylated 
into ATP by creatine kinase (Lloyd and Fredholm  1995  ) . More often, however, ADP 
enters the mitochondrial inner matrix via adenine nucleotide translocase to undergo 
its  fi nal phosphorylation into ATP via ATP synthase, a molecule that harnesses a pH 
gradient created by the electron transport chain (Nicholls and Budd  2000  )  and can 
alter the production of ATP from ADP (Whittingham et al.  1989  ) . 

 Because adenosine normally moves into the cell via the nucleoside transporter, 
and because adenosine is not known to be packaged into vesicles for release, for 
many years there was no clear mechanism for adenosine to exit the cell other than 
ef fl ux through the transporter (which would require high intracellular adenosine, at 
least locally). An important step forward in determining the extracellular source of 
adenosine came when Tom Dunwiddie’s laboratory discovered that extracellular 
application of adenine nucleotides including ATP resulted in activation of A 

1
 Rs. 

When A 
1
 R-dependent potassium currents were measured in hippocampal CA1 

pyramidal cells, the kinetics of activation showed that adenosine itself evoked the 
most rapid activation of an A 

1
 R-dependent potassium current; direct application of 

ATP evoked the same current with a temporal delay. These studies indicated that 
extracellular ATP is converted to adenosine within hundreds of milliseconds and 
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activates A 
1
 Rs (Dunwiddie et al.  1997  ) . cAMP was also shown to activate A 

1
 Rs in 

the hippocampus but only following prolonged exposure; brief application of cAMP 
did not lead to A 

1
 R activation (Brundege et al.  1997  ) . These studies combined sug-

gested that the release of ATP and its conversion to adenosine in the extracellular 
space was a likely mechanism by which extracellular adenosine levels could be 
maintained dynamically (Fig.  5.1 ).  

  Fig. 5.1    Major synaptic mechanisms of adenosine regulation and consequences of adenosine A1 
receptor (A 

1
 R) activation. Adenosine in the synaptic space under normal conditions appears to be 

derived perhaps exclusively from dephosphorylation of vesicular ATP released from astrocytes 
( upper left ). However, ATP can also enter the extracellular  fl uid via channels (similarly dephospho-
rylated to adenosine by ecto-ATPases/ectonucleotidases) and adenosine can enter directly via 
equilibrative transporters. For simplicity, these mechanisms are illustrated on the astrocyte at  left , 
but they are also present in neurons. Once in the synaptic space, adenosine binds to pre- and post-
synaptic A 

1
 Rs, which close calcium channels and open potassium channels, respectively. Adenosine 

is removed from the synaptic space via transporters and rephosphorylated by astrocyte-based 
adenosine-kinase (ADK)       
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 The extracellular breakdown of ATP into adenosine is mediated by ectonucleotidases, 
a family of enzymes which includes ecto-ATPase, ecto-apyrases, and ecto-5 ¢  nucle-
otidase (Dunwiddie et al.  1997  ) . Ecto-ATPases are expressed by neurons and glia 
and can be anchored to the extracellular membrane or can be free in the extracellu-
lar space. Interestingly, extracellular ATPases require either calcium or magnesium 
ions to function. Ecto-apyrases cleave both ATP and ADP to AMP and are found 
extracellularly in both neuron and astrocyte membranes and may be enriched in 
hippocampal postsynaptic densities (Wang and Guidotti  1998  ) . Ecto-5 ¢  nucleoti-
dase has both soluble and membrane-bound forms, exists intracellularly and extra-
cellularly, and is expressed by both neurons and glia. ATP can reach the extracellular 
space by being co-released with neurotransmitters (glutamate, noradrenaline, and 
acetylcholine) (Cunha et al.  1996 ; Juranyi et al.  1997 ; Sperlagh et al.  1998 ; Brager 
and Thompson  2003  ) , released via channels such as connexin hemichannels (Cotrina 
et al.  1998  )  or pannexin channels (Sosinsky et al.  2011 ; Kawamura et al.  2010 ; 
Thompson et al.  2008  )  or released from astrocytes via soluble NSF attachment pro-
tein receptor (SNARE)-dependent vesicular release (Pascual et al.  2005  ) . Regarding 
the latter, genetic manipulation of the astrocytic vesicular release machinery has shown 
that in the hippocampus, basal extracellular adenosine arises from astrocyte-
released ATP. 

 In 2005, Pascual et al. showed that CA1 fEPSPs recorded in transgenic animals 
that express a dominant-negative version of the SNARE (dn-SNARE) protein do 
not respond to antagonists of A 

1
 Rs, while control litter-mates showed approximately 

a 60 % increase in evoked hippocampal fEPSP amplitude. This showed that a 
genetic manipulation that blocked astrocytic vesicular release abolished tonic acti-
vation of A 

1
 Rs. This group, led by Phil Haydon, went on to show that in normal 

animals, astrocytes release ATP which is converted to adenosine (Pascual et al. 
 2005  ) , in accord with results reported by Dunwiddie and colleagues almost a decade 
earlier (Dunwiddie et al.  1997  ) . In short, this landmark study showed that dn-
SNARE animals lacked the vesicular release of ATP from astrocytes and thus had 
no tonic activation of A 

1
 Rs, and presumably no tonic extracellular adenosine. 

Studies of dn-SNARE animals show disruption in sleep (Fellin et al.  2009 ; Halassa 
et al.  2009  )  and nociception (Foley et al.  2011  ) , suggesting potential roles for astrocyte-
derived adenosine in multiple behavioral pathways. These experiments added a 
critical piece of the puzzle regarding adenosine’s regulation in the synapse, and thus 
its regulation of synaptic transmission. Therefore, based on these studies, we now 
know that astrocytes tonically release ATP via SNARE-dependent vesicular release 
(Fig.  5.1 ). This ATP is converted rapidly to adenosine by ectonucleotidase. This 
astrocyte-derived pool of adenosine provides tonic activation of A 

1
 Rs and resting 

adenosine-mediated inhibition. 
 The pathways that remove extracellular adenosine are fairly well understood. 

Adenosine is removed from the extracellular space via equilibrative transport, and 
astrocyte-based adenosine kinase plays a major role in determining intracellular 
(and thus extracellular) adenosine. As previously mentioned, adenosine kinase 
phosphorylates adenosine to AMP intracellularly, thus creating a driving force for 
adenosine in fl ux. It is important to note that adenosine kinase is almost exclusively 
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expressed in astrocytes (Studer et al.  2006  )  and is critical to maintaining extracellular 
adenosine levels (Boison  2006  ) . The extracellular breakdown of adenosine does not 
signi fi cantly contribute to adenosine levels as inhibitors of adenosine deaminase do 
not in fl uence extracellular adenosine levels (Zhu and Krnjevic  1994 ; Pak et al. 
 1994  ) . Together these studies highlight the importance of astrocytes as both the 
“source” and “sink” responsible for setting resting extracellular adenosine levels in 
the hippocampus.  

    5.3   Neuronal Activity Increases Extracellular Adenosine Levels 

 Although adenosine levels rise following electrical activity in the hippocampus, the 
exact mechanisms by which adenosine increases occur are still not understood com-
pletely. The development of high-speed enzymatic adenosine biosensors by Dale and 
Frenguelli at the University of Warwick has been a major advance in facilitating our 
ability to quantify and understand activity-dependent changes in extracellular ade-
nosine levels (Dale et al.  2000 ; Frenguelli et al.  2003  ) . The same group has recently 
published a review of activity-dependent release of adenosine which provides a his-
torical perspective and comprehensive reevaluation of activity-dependent purine 
release (Wall and Dale  2008  ) . Recently other promising methods for real-time detec-
tion of adenosine have been introduced, including fast-scan voltammetry using car-
bon  fi ber microelectrodes (Huffman and Venton  2009 ; Cechova and Venton  2008  ) . 
Here we examine how extracellular adenosine levels rise in response to neuronal 
activity and evaluate potential mechanisms which may mediate these changes. 

 As with tonic extracellular adenosine levels, activity-dependent increases in 
adenosine likely come from multiple adenosine stores. Studies show that electrical 
stimulation of neural tissue evokes increases in extracellular purine levels (reviewed 
in Dale and Frenguelli  2009 ; Pankratov et al.  2006  ) , but the speci fi c composition of 
released purines and their mechanism of release is not well understood. One of the 
 fi rst convincing studies showing activity-induced elevation of extracellular adenos-
ine was performed by Mitchell et al., who demonstrated that tetanic stimulation of 
the Schaffer collateral pathway resulted in A 

1
 R-dependent depression of fEPSPs 

evoked in a separate, nontetanized pathway (Mitchell et al.  1993  ) . This effect was 
potentiated by blockade of the nucleoside transporter and by blockade of adenosine 
catabolism. The mechanism of release, however, was not determined. Frank seizure 
activity is known to increase extracellular adenosine levels (Etherington and 
Frenguelli  2004 ; Schrader et al.  1980  )  which shortens seizure duration dramatically. 
The speci fi c mechanism by which seizure activity increases extracellular adenosine 
levels, however, again is unclear. 

 A candidate mechanism for activity-dependent adenosine release was identi fi ed 
by Manzoni et al. in the early 1990s, who showed that NMDA receptor activation 
led to A 

1
 R-dependent suppression of fEPSPs in the hippocampus (Manzoni et al.  1994  ) . 

Further studies showed that NMDA receptor activation decreased mEPSC fre-
quency in an A 

1
 R-dependent way (Brambilla et al.  2005  ) . Manzoni et al. suggested 
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that perhaps enkephalinergic interneurons were the source of NMDA-dependent 
adenosine release (Manzoni et al.  1994  )  but this suggestion has not been con fi rmed 
nor did it provide any speci fi c molecular insight into how NMDA receptors on 
enkephalinergic neurons might lead to adenosine release. 

 A possible source of increased extracellular adenine nucleotides following neu-
ronal activity is ATP co-released in neurotransmitter- fi lled vesicles. In the hip-
pocampus, ATP may be co-released with glutamate (Mori et al.  2001  ) . At other 
central synapses ATP can be co-released with noradrenaline (hypothalamus) (Sperlagh 
et al.  1998  ) , and acetylcholine (cortex) (Richardson and Brown  1987  ) , GABA (hypo-
thalamus) (Jo and Role  2002  ) , and dopamine (limbic system) (Krugel et al.  2003  ) . 
Based on studies of basal extracellular adenosine, one might assume that the activity-
dependent release of ATP leads solely to its catabolism to adenosine and subsequent 
activation of A 

1
 Rs. This model, however, is too simple. First, the catabolism of ATP 

to adenosine is dependent on extracellular ectonucleotidases and occurs with a time 
delay based on their enzymatic properties. In parallel, a diverse family of mem-
brane-bound P2 (ATP) receptors exists, and the immediate and complete conversion 
of ATP to adenosine would obviate active signaling at these receptors—an outcome 
which is perhaps unrealistic. Therefore, to understand the contribution of co-released 
ATP to extracellular adenosine levels one must consider the location of ATP release 
relative to ectonucleotidases and A 

1
 Rs and ATP receptors. It remains to be seen if 

ATP is packaged in all glutamate-containing vesicles in the hippocampus (Larsson 
et al.  2011  ) , and how the spatial distribution of ATP release (Pankratov et al.  2006  )  
aligns with the relative localization of catabolic enzymes (Belcher et al.  2006  )  and 
A 

1
 R and P2 receptors (Rebola et al.  2003 ; Tonazzini et al.  2007  ) . However, evidence 

suggests that there is a spatial “channeling” from the ectoenzymes to A 
1
 Rs (Cunha 

et al.  1998  ) . 
 A study looking at the balance between ATP and adenosine and the frequency of 

neuronal activity underscores the complexity of these systems and our in complete 
understanding. In the hippocampus, high (100 Hz) but not low (5 Hz) frequency 
electrical stimulation of the Schaffer collateral pathway leads to ATP release and its 
subsequent catabolism to adenosine (Cunha et al.  1996  ) . In contrast, with low 
frequency stimulation, extracellular adenosine levels do rise, but in a nucleoside 
transporter-dependent manner. While extracellular ATP breakdown unquestionably 
contributes to extracellular adenosine levels under certain circumstances, this study 
also shows that neuronal activity can itself lead to ef fl ux of adenosine via equilibra-
tive transport. 

 A recent study supplementing hippocampal slices with  d -ribose and adenine dem-
onstrated that this manipulation more rapidly restored and then elevated ATP levels 
in acute slices, which undergo a major loss of energy charge after the slicing proce-
dure. While no changes were observed in baseline recording conditions, there was a 
signi fi cant activity-dependent increase in the in fl uence of adenosine (observed dur-
ing induction of long-term potentiation; (zur Nedden et al.  2011  ) ). Another 
report focused on conditions of suf fi cient or high intracellular ATP in CA3 pyramidal 
neurons in acute hippocampal slices. During these ATP conditions, a moderate 
decrease in glucose mobilized adenosine-dependent inhibition (Kawamura et al.  2010  ) . 
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 Hypoglycemia—typically tested using a glucose-free medium—has consistently 
been shown to increase extracellular adenosine (Fowler  1993 ; Masino and 
Dunwiddie  2001  ) . 

 Changes in intracellular adenosine levels dictate the directionality of  fl ow of 
adenosine through the equilibrative transporter. Intracellular adenosine levels appear 
to be controlled mainly by adenosine kinase and/or the rapid consumption of ATP. 
Indeed, blockade of adenosine kinase results in a large increase in extracellular 
adenosine levels as measured by enzymatic adenosine biosensors (Etherington et al. 
 2009  ) . Seizure activity, which puts a large metabolic demand on neurons, increases 
extracellular adenosine levels and depresses synaptic transmission (Etherington 
et al.  2009  ) . Massive decreases in hippocampal ATP levels follow kainate-induced 
seizures (Sugiura et al.  2011  )  and blockade of nucleoside transporters partially 
blocked seizure-induced increases in adenosine (Etherington et al.  2009  )  consistent 
with this model. Furthermore, seizure activity can rapidly, but transiently, decrease 
adenosine kinase levels, which would lead to increased extracellular adenosine levels 
(Gouder et al.  2004  ) . However, another form of activity-dependent increase in 
extracellular adenosine must also be considered. Some evidence indicates that ade-
nosine is directly released from neurons following activity which does not depend 
on extracellular ATP catabolism or ef fl ux via nucleoside transporters (Brager and 
Thompson  2003  ) . This suggests that an unidenti fi ed mechanism may exist that 
allows for the direct release of adenosine, perhaps via vesicular release. 

 To postulate a preliminary model linking intra- and extracellular adenosine 
levels, one would predict that limiting adenosine kinase function and ensuring high 
intracellular ATP levels would be critical to both maintaining extracellular adenos-
ine levels and the ability to have activity-induced adenosine release. Preliminary 
evidence suggests that such a mechanism may be mobilized by the metabolic switch 
from predominantly glucose-based to ketone-based metabolism. This metabolic 
switch is precipitated by maintaining a high-fat, low-carbohydrate (ketogenic) diet 
(Masino et al.  2011a ; Masino and Geiger  2008  ) , an established treatment for epi-
lepsy (Lee and Kossoff  2011  ) . However, the relationship between purinergic metab-
olism and neuronal excitability is complex. Suf fi cient adenosine kinase activity is 
likely crucial to providing metabolic precursors for ATP production. Overabundant 
adenosine kinase activity, however, will lower extracellular adenosine levels and 
drive neurons into a hyperexcitable state (Boison  2010  ) . We hope that future studies 
combining genetic manipulation of potential adenosine release pathways with high-
speed adenosine biosensors will shed new light on how metabolism and/or neuronal 
activity are linked to extracellular adenosine levels.  

    5.4   pH, Neuronal Excitability, and Extracellular Adenosine 

 pH has long been linked to neuronal excitability. Overall, pH is necessarily tightly 
regulated in vivo, and global deviations from physiological pH can have catastrophic 
clinical consequences. Nevertheless, neuronal activity has clearly been shown to 
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cause measurable intracellular acidosis and extracellular alkalosis (reviewed in 
(Chesler  2003  ) ), and changes in pH are certainly exaggerated in distinct microdomains 
of the neuron (Pantazis et al.  2006  ) . The detailed mechanisms by which activity 
alters pH are diverse, the subject of intense study, and fall outside of the scope of 
this review. Here we will highlight work that contributes to our understanding of the 
physiologic and metabolic relationship among pH, neuronal excitability, and extra-
cellular adenosine. 

 Overall, alkalosis can increase neuronal excitability and induce seizures (Aram 
and Lodge  1987 ; Helmy et al.  2011  ) , and acidosis can decrease neuronal excitability 
(Balestrino and Somjen  1988  )  and cause stupor and coma (Guisado and Arieff 
 1975  ) . Seizure-like events in vitro appear to begin when pH levels rise above a cer-
tain threshold and stop when pH drops (Xiong et al.  2000  ) . These studies suggest 
that excitability may be regulated directly by pH-dependent changes in mechanisms 
such as ion channels, enzymes kinetics, or metabolic balances. Manipulating pH 
has multiple effects on a wide variety of cellular processes; by no means do we 
 suggest that all changes in excitability are mediated by adenosine. For example, 
acidosis decreases NMDA receptor activation (Traynelis and Cull-Candy  1990  ) ; 
ASIC channels are activated by acidosis and regulate excitability (Ziemann et al. 
 2008  ) . A multitude of other cellular changes are linked to changes in pH. 

 In vivo, respiration and blood  fl ow are the most global regulators of pH. pH 
buffering is controlled largely by a bicarbonate buffering system strongly linking 
CO 

2
  levels and pH. pH is maintained locally by a family of carbonic anhydrases 

which catalyze the hydration of CO 
2
  (Supuran and Scozzafava  2007 ; Supuran  2007 ; 

Shah et al.  2005  ) . A long-used neurological tool has been to have patients suffering 
from absence epilepsy to hyperventilate (thereby decreasing blood CO 

2
  levels and 

increasing pH) to induce an absence seizure for EEG diagnosis. How this change in 
pH/CO 

2
  leads to altered excitability has long been enigmatic. In keeping with these 

historical observations, recent  fi ndings show that inhalation of an increased level of 
CO 

2
  (5 %) can act as a potent anticonvulsant in multiple species, including humans 

(Tolner et al.  2011  ) . As discussed in detail below, our work and others’ have sug-
gested that pH-dependent changes in extracellular adenosine may be involved. 

 After noting that many stimuli associated with adenosine release also alter pH, 
we postulated that changes in pH may be a proximal mechanism in regulating ade-
nosine, and may thus explain pH-induced changes in excitability. For example, as 
mentioned above, NMDA receptor activation was one of the  fi rst speci fi c examples 
of a stimulus that increases extracellular adenosine levels (Manzoni et al.  1994  ) . 
NMDA receptor activation also causes intracellular acidi fi cation via a calcium-
dependent process (Irwin et al.  1994  ) ; increased neuronal activity in general causes 
intracellular acidi fi cation and increases extracellular adenosine levels (Chesler 
 2003 ; Dale and Frenguelli  2009 ; Pankratov et al.  2006  ) . Hypoxia is known to 
increase extracellular adenosine levels (Dale et al.  2000  )  and also cause intracellular 
acidi fi cation (Diarra et al.  1999 ; Sheldon and Church  2002  ) . Finally, in hippocam-
pal slices, increased temperature increases extracellular adenosine (Masino and 
Dunwiddie  1999  )  and decreases intracellular pH (Swain  1983  ) . Taken together, this 
body of evidence suggested that pH and adenosine levels may be linked. 



96 C.G. Dulla and S.A. Masino

 We  fi rst tested the relationship between intracellular pH and adenosine by 
decreasing intracellular pH using a weak organic acid (Dulla et al.  2005  ) . This 
decrease in intracellular pH did not increase extracellular adenosine (measured 
using enzymatic adenosine biosensors) nor did it alter hippocampal fEPSPs consis-
tently. However, when we altered both intracellular and extracellular pH, by either 
increasing CO 

2
  (hypercapnia/acidi fi cation) or decreasing CO 

2
  (hypocapnia/

alkalinization) we did  fi nd signi fi cant concomitant changes in extracellular adenos-
ine and neuronal excitability (Dulla et al.  2005  ) . Speci fi cally, when CO 

2
  levels were 

increased (and thus intracellular pH decreased), extracellular adenosine increased 
and fEPSPs decreased in an A 

1
 R- and ATP receptor-dependent manner. Furthermore, 

CA3 network bursting in hippocampal slices (an in vitro model of epilepsy) was 
attenuated by hypercapnia in an A 

1
 R-dependent manner. This relationship among 

CO 
2
 , adenosine and excitability was bidirectional: when CO 

2
  levels were decreased, 

adenosine levels dropped and fEPSPs increased in an A 
1
 R- and ATP receptor-

dependent manner. In CA3, hypocapnia increased burst frequency, and this increase 
could be blocked by combined blockade of A 

1
 Rs and ATP receptors. These  fi ndings 

were reminiscent of clinical observations that CO 
2
  can modulate neuronal excitability; 

here the modulation was determined to be via adenosine and ATP receptors. 
 Based on previous work by Tom Dunwiddie and others, we investigated the 

role of extracellular ATP breakdown by ectonucleotidases in mediating these pH-
dependent changes in extracellular adenosine levels. Not surprisingly, we found 
that the blocking ectonucleotidases led to a decrease in extracellular adenosine lev-
els similar to that caused by hypocapnia. Importantly, pretreating slices with ARL-
67156, an ectonucleotidase antagonist, completely attenuated hypocapnia-induced 
decreases in extracellular adenosine. These experiments suggest that decreased CO 

2
  

increases extracellular pH, which inhibits ectonucleotidases and slows or blocks the 
conversion from ATP to adenosine. These results suggest a plausible mechanism by 
which changes in CO 

2
  mediates alterations in neuronal excitability, and may explain 

why hyperventilating can trigger seizures (Dulla et al.  2005  ) . 
 In the above series of experiments we did not, however, pinpoint the mechanism 

by which decreased pH leads to increased extracellular adenosine levels. Thus, there 
are many potential mechanisms which remain unexplored and deserve examination 
in future experiments. ATP production occurs mainly via mitochondrial oxidative 
phosphorylation (Nicholls and Budd  2000  ) . This process is driven by an electro-
chemical and proton gradient across the mitochondria membrane. Therefore, 
increased intracellular proton concentration may decrease the driving force for ATP 
production and lead to accumulation of intracellular adenosine (Whittingham et al. 
 1989  ) . As mentioned previously, increased intracellular adenosine can be translated 
into extracellular adenosine via the nucleoside transporter. Although this is a plau-
sible mechanism, evidence indicates that the electrochemical gradient, not the pH 
gradient, across the mitochondrial membrane is essential for rapid ATP production 
(Nicholls and Budd  2000  ) . Therefore, alterations in intracellular pH may not trans-
late into slowed ATP production. 

 Another plausible but uncon fi rmed possibility is the action of pH on adenosine 
kinase function. As previously mentioned, NMDA receptor activation causes 
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intracellular acidi fi cation and increases extracellular adenosine. In 2003 a group 
headed by Paul Rosenberg showed that NMDA receptor activation inhibited ade-
nosine kinase function as well as decreased intracellular ATP levels (Lu et al.  2003  ) . 
While they did not investigate the role of pH in their studies, it is a potential mecha-
nism by which NMDA receptor activation could be linked to changes in adenosine 
level and it suggests that adenosine kinase is a molecule which is modulated by pH, 
as other studies have shown (Yamada et al.  1980  ) . In this study, however, inhibition 
of adenosine kinase did not preclude NMDA receptor-dependent adenosine release, 
again indicating the complexity of adenosine regulatory pathways. 

 A potential but thus for unstudied mechanism by which adenosine levels could 
be linked to changes in pH is via proton-dependent modulation of the nucleoside 
transporter. If decreased pH inhibited equilibrative transport, adenosine could accu-
mulate extracellularly. While no speci fi c evidence exists in the brain to demonstrate this 
potential mechanism, it is known that binding of antagonists to the nucleoside trans-
porter can be pH-dependent, and a novel cardiac nucleoside transporter, CNT4, is 
activated at low pH (Barnes et al.  2006  ) . Blockade of equilibrative transport itself 
by protons is an untested but intriguing possibility. We hope that future experiments 
will be able to dissect the link between pH and extracellular adenosine in order to 
de fi ne speci fi c molecules which alter adenosine and might be targeted for therapeu-
tic uses.  

    5.5   pH i , pH e , and Neuronal Activity: What’s the Right 
Mix to Increase Extracellular Adenosine? 

 As mentioned above, changing intracellular pH alone using weak organic acids did 
not alter either extracellular adenosine levels or hippocampal fEPSPs consistently. 
However, we did  fi nd that intracellular acidi fi cation may be suf fi cient during speci fi c 
physiologic or metabolic conditions, such as increased neuronal activity. To deter-
mine this, we increased excitability in evoked fEPSPs in hippocampal slices (by 
blocking GABA 

A
  receptors with picrotoxin), and then applied a weak organic acid 

to cause intracellular acidi fi cation. Under these conditions intracellular acidi fi cation 
caused a signi fi cant increase in extracellular adenosine levels and caused A 

1
 R-

dependent inhibition of fEPSPs. Consistent with this interpretation, adenosine 
release and fEPSP inhibition caused by intracellular acidi fi cation during GABA 

A
  

receptor blockade were both attenuated by increasing intracellular bicarbonate buff-
ering capacity (Dulla et al.  2009  ) . 

 We further addressed the relationship between intracellular pH, excitability, and 
adenosine during a more physiological change in excitability—persistent bursting 
in CA3 induced via tetanic stimulation in a modi fi ed extracellular buffer. The fre-
quency of bursting is dependent on synaptic strength and neuronal excitability, and 
this approach using synaptic plasticity promotes increased excitability without 
blocking GABA 

A
  receptors. Intracellular acidi fi cation via application of weak 

organic acid increased extracellular adenosine levels and completely attenuated 
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spontaneous bursting; blocking A 
1
 Rs prevented effects of intracellular acidi fi cation 

on bursting (Dulla et al.  2009  ) . 
 Together these experiments indicated that changes in intracellular pH were 

speci fi cally mediating changes in adenosine and excitability. At the same time, these 
studies raise additional questions. Why does intracellular acidi fi cation alone cause 
adenosine release during increased excitability but not under control conditions? 
Are we establishing a global change in excitability in vitro that may happen locally 
in vivo to regulate adenosine? Certainly, there are a number of possibilities which 
could act either locally or globally. First, when activity increases, intracellular pH 
drops. Perhaps the combination of activity-induced acidi fi cation with weak organic 
acid-induced acidi fi cation causes a summated pH change which crosses a pH thresh-
old suf fi cient to induce adenosine release. Furthermore, because increased activity 
causes intracellular acidi fi cation, perhaps endogenous intracellular buffering capac-
ity is compromised. As additional possibilities, adenosine kinase is known to be 
pH-dependent (Yamada et al.  1980  ) ; perhaps combined activity-dependent and weak 
organic acid induced acidi fi cation drive enzyme activity to an extremely low level. 

 An equally plausible possibility is that a combination of activity-induced cal-
cium signaling and intracellular acidi fi cation is required to increase extracellular 
adenosine levels. It is known that blockade of GABA 

A
  receptors increases intracel-

lular calcium levels during stimulus-evoked excitation (Vogt et al.  2011  ) . Perhaps 
induction of a calcium-dependent process sensitizes metabolic pathways to release 
adenosine following intracellular acidi fi cation. As in picrotoxin experiments, spon-
taneous bursting of CA3 increases intracellular calcium levels (Takahashi et al. 
 2010  )  and likely induces activity-dependent intracellular acidi fi cation. 

 Alternatively, is there suf fi cient cross talk between calcium and proton signaling 
to establish a pH-dependent form of adenosine release that is not present under low 
calcium conditions? In skeletal muscle it is known that changes in pH can affect 
calcium binding and unbinding kinetics of processes that control muscle relaxation 
(Metzger and Moss  1990  ) . In vertebrate photoreceptors it is well known that protons 
modulate calcium release from internal stores (Krizaj et al.  2011  ) . A number of 
studies suggest direct links between proton and calcium signals, but intracellular 
acidi fi cation does not appear to potentiate activity-induced intracellular calcium 
transients in hippocampal neurons (Kelly and Church  2006  ) . This suggests that pro-
tons do not directly potentiate currents in neurons, but poses a complex and dif fi cult-
to-test possibility: that protons and calcium ions interact directly in shaping 
enzymatic properties which modulate adenosine metabolism.  

    5.6   Can Altered Metabolism Increase Adenosine? 

 As we try to understand the regulation and effects of adenosine in vivo, a body of 
work has found that global physiological changes can modulate adenosine levels 
(Fig.  5.2 ). These conditions include pathological conditions such as brain injury, 
seizures, stroke, and hypoxia (discussed in more detail below), as well as normal 
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circadian changes (Dunwiddie and Masino  2001  ) . Here we focus on physiological 
conditions that increase adenosine or adenosine-mediated inhibition primarily 
because of altered metabolism; therefore, the metabolic change translates to altered 
neuronal activity. For example, there is emerging evidence that conditions such as 
intense exercise (Dworak et al.  2007  ) , and more recently, a ketogenic diet (Masino 
et al.  2011b ), may alter adenosine levels or signaling. As a more global concept, 
these studies highlight a dynamic metabolic interplay between ATP and adenosine 
which affects synaptic transmission. This relationship is in addition to the clear 
signaling contributions of the rapid conversion of extracellular ATP to adenosine 
and the net dephosphorylation of ATP and adenosine ef fl ux found during a patho-
logical condition such as hypoxia or ischemia.  

 In general the relationship between metabolism and neuronal activity is generating 
a lot of interest. It is recognized increasingly that mitochondrial and metabolic dys-
function accompanies neuronal dysfunction (Knott et al.  2008  ) . Nevertheless, in 
most cases, the cause-and-effect relationship between neuronal and metabolic dys-
function has not been established. As one exception, the ketogenic diet is a meta-
bolic therapy used to treat epilepsy—a condition with concurrent neuronal and 
metabolic dysfunction (Pan et al.  2008  ) . In the case of the ketogenic diet the cause-
and-effect of the treatment is known: the diet’s high fat, low carbohydrate formula 
is effective at reducing seizures in the majority of patients; some patients become 
seizure-free (Lee and Kossoff  2011  ) . 

 With respect to metabolic regulation of adenosine, a ketogenic diet has been 
shown to increase mitochondrial gene expression (Bough et al.  2006  )  and increase 
ATP (Nakazawa et al.  1983  ) , and recent work suggests that A 

1
 R activation is a key 

component of the ketogenic diet’s anticonvulsant effects (Masino et al.  2011 b). 
Interestingly, initial evidence suggests that a ketogenic diet may also reduce adenos-
ine kinase (Masino et al.  2011 b). These data showing decreased adenosine kinase, 
coupled with previous evidence showing that a ketogenic diet increases ATP 

  Fig. 5.2    In vivo changes that have been shown to in fl uence adenosine. Diverse global changes in 
physiology, which occur on a regular or even a daily basis, have been shown to in fl uence adenosine 
or its actions at A 

1
 Rs. Tom Dunwiddie, PhD (1951–2001), shown here telemark skiing, published 

many seminal papers on adenosine       
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(Nakazawa et al.  1983  ) , ful fi lls conditions for maintaining extracellular adenosine 
levels alongside a capacity for activity-induced adenosine release. A full discussion 
of the ketogenic diet and adenosine is outside the scope of this chapter, but a dietary 
therapy or analogous metabolic strategies, such as those that enhance ATP levels, 
may yield insights into new cellular targets for the regulation of adenosine. 

 Exercise as a way to increase adenosine metabolically is an intriguing possibility 
which deserves further exploration. As noted above, previous work has shown that 
intense exercise increases adenosine. More recent studies have shown that exercise 
alters adenine nucleotide hydrolysis in brain (Siqueira et al.  2010  )  and heart (Roque 
et al.  2011  ) . Importantly, recent studies demonstrate that exercise not only increases 
mitochondria in muscle, but also precipitates mitochondrial biogenesis in brain 
(Steiner et al.  2011 ; Little et al.  2011  ) . In parallel, for years evidence has been grow-
ing steadily that exercise is protective, preventative or restorative in many neuro-
logical disorders. These recent brain-speci fi c  fi ndings may help explain some of the 
broad-based bene fi cial effects of exercise and, like the ketogenic diet, provide a 
therapeutic strategy for linking metabolism to neurological function. 

 If brain mitochondrial biogenesis can increase adenosine (which remains to be 
demonstrated directly) then this is likely a very relevant mechanism for the effects 
of the ketogenic diet as well as other burgeoning metabolic therapies which, like 
adenosine, could offer antiseizure and neuroprotective effects. The potential for 
disease-modifying metabolic therapies is enormous. Increased mitochondrial bio-
genesis and increased adenosine may be some of the key effects of ketogenic diet 
therapy, which is now being studied for a host of acute and chronic neurological 
conditions from brain injury to Alzheimer’s disease (Freeman and Kossoff  2010  ) . 
Metabolic strategies to increase bioenergetics and increase adenosine have the 
potential to prevent disease and restore homeostasis (Boison et al.  2011  ) .  

    5.7   Does Adenosine Release During Pathological Insult Give 
Insight into Release Mechanisms? 

 Throughout this chapter we have highlighted tools and concepts that have helped to 
parse apart the molecular pathways that control extracellular adenosine concentra-
tion. While enhanced adenosine detection techniques and genetic approaches to 
modulate speci fi c adenosine-metabolizing enzymes have been extremely useful, 
more traditionally a great deal of our insight into the regulation of adenosine levels 
comes from pathological states which produce signi fi cant increases in extracellular 
adenosine, such as ischemia and hypoxia. Here we focus brie fl y on studies that utilize 
hypoxia to identify sources of adenosine and discuss potential molecular candidates 
which these studies suggest might be important for controlling adenosine levels. 

 Overall, studies of hypoxia have been incredibly useful is understanding the 
modulation of extracellular adenosine, and during an insult like hypoxia, adenosine 
levels can increase over 100-fold—more than enough to abolish synaptic transmis-
sion. Adenosine levels rise progressively during brief episodes of hypoxia (Dale 
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et al.  2000 ; Dale and Frenguelli  2009 ; Pearson et al.  2001  ) , suggesting that adenosine 
is accumulating in the extracellular space due to (1) either a new steady-state 
production of adenosine without the equivalent presence of an “adenosine sink” 
(2) or the loss of an “adenosine sink” with the normal production of adenosine. 
Although extracellular adenosine levels surge following hypoxic insults (Pearson et al. 
 2006  ) , the mechanism of this surge is unknown; a remaining paradox is why gluta-
matergic transmission can return while extracellular adenosine levels remain high. 

 A recent study using hypoxia as an adenosine-releasing stimulus highlighted the 
importance of nucleoside transporter expression in controlling adenosine levels. 
Overexpression of the human nucleoside transporter, ENT1, reduced resting extra-
cellular adenosine levels and, unexpectedly, decreased the adenosine-mediated inhi-
bition caused by hypoxia (Zhang et al.  2011  ) . Based on these studies, the relative 
expression, and presumably activity, of nucleoside transporters can directly modu-
late extracellular adenosine levels. 

 The measurable release of extracellular adenosine becomes progressively less 
with repeated hypoxic episodes (Pearson et al.  2001  ) , and the progressive reduction 
in released adenosine does not appear to result from increased reuptake of extracel-
lular adenosine. This study suggests that there is a depletable pool of adenosine, and 
therefore, repeated hypoxic episodes evoke less adenosine-mediated inhibition of 
neurotransmission. Are there compartmentalized subsets of ATP (or adenosine) that 
have different access to the extracellular space? Are there mechanisms whereby 
cells can limit the amount of adenosine they release into the extracellular space to 
ensure suf fi cient precursors for ATP production? How does this relate to precondi-
tioning (an adenosine—based phenomenon whereby an initial modest insult offers 
neuroprotection against a subsequent insult) (Pugliese et al.  2003 ; Heurteaux et al. 
 1995  ) ? These are unanswered but tantalizing questions.  

    5.8   Conclusion 

 Understanding the regulation of adenosine is complex. Multiple molecular control 
sites control extracellular adenosine, and multiple physiologic and metabolic stim-
uli in fl uence adenosine—which itself has broad and interacting effects. Indeed, 
stimuli that classically evoke adenosine release (hypoxia and ischemia) consist of 
multiple changes that alter an enormous number of biological pathways. It may be 
naïve to think that single targeted perturbations will disrupt adenosine metabolism 
in a way suf fi cient enough to increase extracellular adenosine concentrations, as 
adenosine is designed to provide a dynamic feedback between metabolism and neu-
ronal activity. Conceptualizing adenosine more broadly as a homeostatic bioener-
getic network regulator (Boison et al.  2011  )  may be more relevant as we try to 
understand its concurrent regulation by physiology and metabolism. 

 With these caveats in mind, however, we are optimistic about the growing num-
ber of genetic tools to modulate biochemical pathways, an ever-evolving ability to 
quantify extracellular adenosine levels with high temporal resolution, and new 
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insights into bioenergetic regulation of adenosine. Perhaps new insights will also 
more clearly delineate the contributions of neurons versus glia during different con-
ditions. Together these approaches will make it possible to identify key aspects of 
the regulation of adenosine, and, more importantly, take advantage of its therapeutic 
potential.      
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  Abstract   Under physiological conditions the brain, via the  purine salvage path-
way , reuses the preformed purine bases hypoxanthine, derived from ATP degrada-
tion, and adenine (Ade), derived from polyamine synthesis, to restore its ATP pool. 
However, the massive degradation of ATP during ischemia, although providing 
valuable neuroprotective adenosine, results in the accumulation and loss of diffus-
ible purine metabolites and thereby leads to a protracted reduction in the post-
ischemic ATP pool size. In vivo, this may both limit the ability to deploy 
ATP-dependent reparative mechanisms and reduce the subsequent availability of 
adenosine, whilst in brain slices results in tissue with substantially lower levels of 
ATP than in vivo. In the present review, we describe the mechanisms by which 
brain tissue replenishes its ATP, how this can be improved with the clinically toler-
ated chemicals  d -ribose and adenine, and the functional, and potential therapeutic, 
implications of doing so.  
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    6.1   Introduction 

 The purine nucleoside adenosine plays a major role in the mammalian central 
nervous system ranging from the control of neurotransmitter release (Ribeiro and 
Sebastião  2010  )  to the regulation of cerebral blood  fl ow (Kulik et al.  2008 ; Pelligrino 
et al.  2011  ) , and from basal homeostatic functions, such as the regulation of sleep 
(Halassa  2011  )  to higher cognitive processes (Wei et al.  2011  ) . Accordingly, the 
mechanisms governing the production and release of adenosine into the extracellular 
space, where it interacts with its four G-protein coupled receptors (A 

1
 , A 

2A
 , A 

2B
 , A 

3
 ; 

(Fredholm et al.  2001  ) ), have come under increasing scrutiny for a number of 
 reasons, not least of which because of the recently appreciated importance of glial 
cells in purinergic signalling at neuronal synapses (Butt  2011 ; Dale and Frenguelli 
 2009 ; Fields  2011  ) . 

 There is a general consensus that there are two main pathways for the production 
and appearance of adenosine in the extracellular space: First, adenosine can be 
generated via degradation of extracellular precursors, mainly adenine nucleotides, 
including cAMP. Second, adenosine can be generated from intracellular sources 
such as ATP and be released per se. 

 Extracellular adenosine concentrations in the in vivo brain are in the nanomolar 
range (90–120 nM), suf fi ciently high enough to activate A 

1
  and A 

2A
  receptors 

(Dunwiddie and Masino  2001 ; Latini and Pedata  2001  ) . These tonic levels re fl ect a 
balance between the release, metabolism and uptake of adenosine and its precursors. 
In this regard, a substantial component may arise from ATP since inhibition of ecto-
ATPase results in a decrease in extracellular adenosine, as measured with adenosine 
sensors (Dulla et al.  2005 ; Frenguelli et al.  2007  ) , and which may derive from astro-
cytes (Pascual et al.  2005  ) . Adenosine may also arise from release and degradation 
of cAMP, by ecto-phosphodiesterase and 5 ¢ -nucleotidase, and this route may account 
for slow changes of extracellular adenosine levels (Brundege et al.  1997 ; Latini and 
Pedata  2001  ) . The removal of extracellular adenosine is mediated by equilibrative 
nucleoside (ENT), as well as Na + -dependent concentrative nucleoside (CNT), trans-
porters. ENTs transport adenosine in both directions depending on the concentra-
tion gradient (Podgorska et al.  2005  ) . Intracellular adenosine can be derived from 
 S -adenosylhomocysteine (SAH) in a reversible reaction catalysed by SAH-hydrolase 
(Fig.  6.1 , enzyme 7). This pathway is involved in transmethylation reactions and 
does not seem to contribute to adenosine release upon electrical stimulation or con-
ditions that mimic ischemia (Latini et al.  1996  ) .  

 The main focus of this review is on the degradation and restoration of intracel-
lular ATP levels and the implications for adenosine production and release. During 
periods of high energy demand or metabolic stress, such as ischemia, ATP is rapidly 
degraded resulting in production and release of adenosine (Folbergrova et al.  1997 ; 
Frenguelli et al.  2007 ; Latini et al.  1996 ; Whittingham et al.  1984  ) . Considering 
ATP as a primary source of intracellularly produced adenosine, any changes in the 
ATP pool size is likely to in fl uence adenosine production and release. We therefore 
(1) discuss conditions where reduced ATP levels, such as after ischemia, may be 
the basis for reduced adenosine release observed after subsequent ischemic periods, 
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(2) summarise our own results showing that it is possible to increase tissue ATP 
with  d -ribose and adenine and that this can result in enhanced activity-dependent 
adenosine release and (3) speculate as to the potential uses of  d -ribose and adenine 
in neurological conditions associated with reductions in cellular ATP.  

    6.2   Degradation of Intracellular ATP 

 Intracellular ATP levels are consumed by ATPases (Fig.  6.1 , enzyme 1) and restored 
by mitochondrial ATP-synthase (enzyme 2). Additionally ATP levels can be main-
tained by the activity of creatine kinase (enzyme 4), which transfers the phosphate 

  Fig. 6.1    Degradation/restoration of intracellular ATP levels: ATP is degraded to ADP by 
( 1 ) ATPases and ATP is synthesised from ADP by ( 2 ) ATP synthase in the mitochondria as well as 
from phosphocreatine (PCr) in a reaction catalysed by creatine kinase ( 4 ) yielding creatine (Cr). 
Adenine nucleotides (ATP, ADP and AMP) are interconverted by ( 3 ) adenylate kinase. AMP is 
degraded to adenosine by ( 5 ) cytosolic 5 ¢ -nucleotidase (c-N-I). Adenosine can be dephosphory-
lated by ( 6 ) adenosine kinase or deaminated to inosine by ( 8 ) adenosine deaminase. Adenosine can 
also be derived from  S -adenosylhomocysteine (SAH) in a reversible reaction catalysed by ( 7 ) SAH 
hydrolase. Inosine is degraded to the purine base hypoxanthine by ( 9 ) purine nucleoside phospho-
rylase and hypoxanthine can be either degraded to xanthine and uric acid by ( 10 ) xanthine oxidase 
or converted to IMP via the purine salvage pathway by hypoxanthine guanine phosphoribosyl-
transferase (HGPRT). Inosine can also be derived from IMP via dephosphorylation by 
( 11 ) 5 ¢ -nucleotides (c-N-II). Likewise AMP can be converted to IMP by ( 12 ) AMP deaminase and 
IMP can be reconverted to AMP via the intermediate adenylosuccinate in two reactions catalysed 
by ( 13 ) adenylosuccinate synthetase and ( 14 ) adenylosuccinate lyase. In the purine salvage path-
ways (shown in blue) the free purine bases hypoxanthine or adenine (Ade) are combined with the 
activated sugar donor 5-phosphoribosyl-1-pyrophosphate (PRPP), derived from Ribose-5-
phosphate in a reaction catalysed by ( 15 ) PRPP synthetase. This results in formation of the respec-
tive purine nucleotide IMP via HGPRT or AMP via adenine phosphoribosyl transferase (APRT). 
The pentose sugar  d -Ribose (Rib) can bypass the pentose phosphate pathway as it is directly phos-
phorylated to Ribose-5-phosphate by ( 16 ) ribokinase       
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group from phosphocreatine to ADP, yielding creatine and ATP. Creatine kinase 
can therefore buffer the local decline of ATP levels during increased metabolic 
demand. Creatine supplementation has been suggested as a cardio- and neuro-
protective therapy, via actions extending beyond regulation of cellular ATP (Beal 
 2011 ; Perasso et al.  2011  ) . However periods of metabolic stress, such as ischemia, 
result in a rapid degradation of ATP with a resulting increase in ADP levels (Gadalla 
et al.  2004 ; Phillis et al.  1996 ; Whittingham et al.  1984  ) . The accumulated ADP is 
converted to AMP and ATP by adenylate kinase (enzyme 3), resulting in an increase 
in AMP. AMP can be deaminated to inosine monophosphate (IMP) by AMP deami-
nase (enzyme 12), or dephosphorylated to adenosine by 5 ¢ -nucleotidase (enzyme 5). 
There are two cytosolic 5 ¢ -nucleotidases (c-N-I and c-N-II) speci fi c for purines as 
well as an ecto-5 ¢ -nucleotidase (e-N). c-N-I has a preference for AMP and c-N-II 
has been shown to hydrolyse GMP and IMP, resulting in guanosine and inosine 
formation, respectively (Hunsucker et al.  2005 ; Marques et al.  1998 ; Sala-Newby 
et al.  2000  ) . 

 Adenosine can also be rephosphorylated to AMP by adenosine kinase (ADK, 
enzyme 6), which plays an important role in maintaining an inward directed ade-
nosine gradient under physiological conditions (Boison  2006 ; Etherington et al. 
 2009  ) . However, ADK is rapidly downregulated within 20 min of oxygen-glucose 
deprivation in vitro (Lynch et al.  1998  ) , since it requires ATP as the phosphate donor 
and is inhibited by high intracellular adenosine concentrations (50 and 75 % inhibi-
tion at 5 and 50  m M adenosine, respectively) (Yamada et al.  1980  ) , concentrations 
that are certainly achievable given the mM quantities of intracellular ATP. 
Furthermore, ADK is also subject to inhibition by ADP and AMP (Mimouni et al. 
 1994  ) , the concentrations of which also rise during metabolic stress, whilst ADP 
may also induce aggregation of ADK (Sen et al.  2005  ) . 

 Therefore, during metabolic stress, when the ability of ADK to convert intracel-
lular adenosine to AMP is reduced, adenosine is either released to the extracellular 
space or irreversibly deaminated to inosine by adenosine deaminase (enzyme 8). 
Unlike adenosine, inosine cannot be rephosphorylated to IMP, due to the lack of a 
speci fi c kinase (Mascia et al.  2000  ) . Hence, inosine is either released or further 
degraded to the purine base hypoxanthine and the sugar moiety Ribose-1-phosphate 
by purine nucleoside phosphorylase (PNP, enzyme 9), whilst hypoxanthine can be 
reconverted to the purine nucleotide IMP via the purine salvage pathway, the main 
route for the brain to maintain its adenine nucleotide pool (Allsop and Watts  1980 ; 
Gerlach et al.  1971  )  (Fig.  6.1 ). Alternatively, hypoxanthine is released from cells or 
converted to xanthine and subsequently uric acid and hydrogen peroxide in two 
reactions catalysed by xanthine oxidase (enzyme 10). Unlike hypoxanthine, xanthine 
and uric acid cannot be reconverted to purine nucleotides and are therefore lost from 
the purine nucleotide pool. The conversion of IMP to AMP is catalysed by adenylo-
succinate synthetase (enzyme 13) and adenylosuccinate lyase (enzyme 14) via the 
intermediate adenylosuccinate. 

 It should be noted that the concentration of purine metabolites differs between 
various brain regions (Kovács et al.  2010  ) , due to a different expression/activity of 
purine metabolising enzymes, as well as nucleoside transporters. Indeed it has been 
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shown that nucleoside degrading pathways are more active in glial cells than in 
neurons (Ceballos et al.  1994  )  and that the degradation of adenosine, released from 
cultured neurons during metabolic stress, to inosine and hypoxanthine is signi fi cantly 
higher if astrocytes are present (Zamzow et al.  2008  ) . 

 From Fig.  6.1  it is obvious that AMP degradation to inosine can follow two 
distinct routes (via IMP or via adenosine). AMP deaminase (AMP → IMP; enzyme 
12) and cytosolic c-N-II (IMP → inosine; enzyme 11) are stimulated by ATP, and 
c-N-II is inhibited by Pi (Chapman and Atkinson  1973 ; Ipata et al.  2011 ; Van den 
Berghe et al.  1992  ) . Accordingly it has been shown that the AMP → IMP → inosine 
pathway is favoured in rat brain extracts at physiological ATP concentrations 
(5 mM) (Barsotti and Ipata  2004  ) . In contrast, at low ATP concentrations (<2 mM 
ATP), as might be found during ischemia, ATP is mainly degraded via the adenosine 
pathway with little IMP formation (Barsotti and Ipata  2004 ; Ipata et al.  2011  )  since 
cytosolic 5 ¢ -nucleotidase c-N-I, which favours AMP as substrate, is stimulated by 
ADP not ATP (Sala-Newby et al.  2000 ; Yamazaki et al.  1991  ) . Similarly, in primary 
neuronal cell cultures it has been shown that under physiological conditions the  fl ux 
through both pathways is equal, whereas upon inhibition of mitochondrial respira-
tion adenosine production is dominant (Brosh et al.  1996  ) . Likewise, the activity of 
myocardial cytosolic 5 ¢ -nucleotidase activity is increased by decreasing ATP levels 
(Itoh et al.  1986  ) , further showing that during metabolic stress ATP degradation is 
shifted towards adenosine formation. 

 These observations indicate that the metabolism of ATP and the production of 
adenosine are exquisitely geared to the prevailing metabolic status of the cell: physi-
ological conditions hinder the production of excessive quantities of adenosine, 
which would suppress synaptic function, whereas crises in energy production favour 
the production and release of adenosine to mediate a retaliatory suppression of 
energy-consuming neuronal activity. In this regard, adenosine may be regarded as 
the extracellular counterpart to AMP-activated protein kinase (AMPK), which sup-
presses energy-consuming pathways and mobilises energy-producing pathways 
during metabolic stress (Hardie  2007  ) .  

    6.3   Restoration of ATP 

 The two main pathways for restoring and maintaining a constant adenine nucleotide 
pool are the purine de novo synthesis and the purine salvage pathways. Whereas the 
purine de novo synthesis is an energy-dependent process where the purine base is 
built from low molecular weight precursors, the purine salvage pathway re-uses 
preformed purine bases to restore purine nucleotides. 

 The activated sugar donor for both pathways, 5-phosphoribosyl-1-pyrophosphate 
(PRPP) is derived from Ribose-5-phosphate, an intermediate of the pentose phos-
phate pathway (Fig.  6.1 ). Alternatively Ribose-1-phosphate, derived from PNP-
mediated metabolism of inosine (Fig.  6.1 , enzyme 9), can be isomerised to 
Ribose-5-phosphate by phosphopentomutase (Tozzi et al. 2006). 
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 In the brain only 1–3 % of the consumed glucose is metabolised via the pentose 
phosphate pathway (Gaitonde and Evans  1982 ; Gaitonde et al.  1983  )  and the rate 
limiting step is the  fi rst reaction of the oxidative branch, catalysed by glucose-6-
phosphate dehydrogenase, which converts glucose-6-phosphate to 6-phosphoglu-
conate (Kauffman et al.  1969  ) . Similarly, in heart tissue the activity of 
glucose-6-phosphate dehydrogenase has been shown to be rate limiting for purine 
de novo synthesis as well as purine salvage (Zimmer  1998  ) . This leaves both brain 
and heart especially vulnerable to ATP-depleting conditions. 

    6.3.1   Purine De Novo Synthesis 

 Purine nucleotide de novo synthesis is an energy-dependent process, which results 
in formation of IMP from simple precursors upon expenditure of six molecules of 
ATP. This process involves ten steps and six enzymes (three monofunctional, two 
bifunctional and one trifunctional enzyme) all of which are located in the cytosol 
and can form clusters (the purinosome) in response to increased purine de novo 
synthesis (An et al.  2008  ) . The availability of PRPP, various feedback inhibitions of 
purine de novo synthesis intermediates, as well as purine nucleotides are the main 
regulators of purine de novo synthesis (Watts  1983  ) . The purine ring is formed by 
amino acids, CO 

2
  and derivatives of tetrahydrofolate, whilst the ribose phosphate 

moiety is derived from PRPP (An et al.  2008  ) . 
 Purine de novo synthesis is dominant in the liver, which is responsible for the 

majority of circulating purine nucleosides and bases (Ipata et al.  2011  ) , whereas it 
has been shown to be slow and weak in the brain (Allsop and Watts  1980 ; Gerlach 
et al.  1971  ) .  

    6.3.2   Purine Salvage Pathway 

 In contrast to the energy-dependent reactions of purine de novo synthesis, preformed 
purine bases can be returned to the nucleotide pool by an energy saving pathway 
referred to as the purine salvage pathway. This is the predominant route for the brain 
to restore and maintain its adenine nucleotides (Allsop and Watts  1980 ; Barsotti and 
Ipata  2002 ; Gerlach et al.  1971 ; Mascia et al.  2000  ) . 

 Hypoxanthine-guanosine-phosphoribosyltranserfase (HGPRT) and adenine 
phosphoribosyl-transferase (APRT) are the central enzymes of this pathway 
(Fig.  6.1 ). HGPRT catalyses the transfer of ribose-5-phosphate from PRPP to 
hypoxanthine or guanine yielding PPi and IMP or GMP, respectively (Murray 
 1971  ) . Hypoxanthine and guanine are derived via PNP from inosine and guanosine, 
respectively, and the af fi nity of HGPRT for both is approximately equal (Manfredi 
and Holmes  1985  ) . HGPRT is expressed in all tissues, and is very abundant in the 
brain, a further indicator of the importance of the salvage pathway in this organ 
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(Adams and Harkness  1976 ; Allsop and Watts  1980 ; Murray  1966,   1971  ) . Puri fi cation 
of HGPRT from rat brain showed that most of the enzyme is present in the cytosol, 
although a small but signi fi cant fraction was found in synaptosomes (Gutensohn 
 1973  ) . It is worth noting that an X-linked neurological disorder, Lesch–Nyhan 
syndrome, which is associated with a complete or severe de fi ciency of HGPRT 
activity, results in mental retardation, chorea and compulsive/aggressive self injury 
(Nyhan  2005  ) . 

 APRT catalyses the PRPP-dependent phosphoribosylation of adenine to AMP 
and PPi. Like HGPRT, APRT is expressed in the brain, although its activity is lower 
compared to HGPRT (Allsop and Watts  1980  ) . The purine base adenine is derived 
from methylthioadenosine phosphorylase, which catalyses the cleavage of methyl-
thioadenosine, a by-product of polyamine synthesis, to adenine and methylthioribose-
1-phosphate (Della Ragione et al.  1986 ; Ipata et al.  2011  ) . Furthermore it has been 
shown that adenine can be derived from adenosine in primary rat neuronal cultures 
(Brosh et al.  1996  ) , although it has been previously suggested that purine nucleo-
side phosphorylase does not react with adenosine (Murray  1971  ) .   

    6.4   Modulation of Intracellular ATP Levels and the Effects 
on Adenosine Release 

    6.4.1   Incomplete Recovery of ATP After Ischemia May 
Contribute to the Reduced Adenosine Release 
During Subsequent Ischemic Periods 

 Since ATP degradation during metabolic stress, such as ischemia results in the 
accumulation and release of large quantities of adenosine, inosine and hypoxan-
thine (Kobayashi et al.  1998 ; Phillis et al.  1991  )  these substances can be washed out 
of the brain across the blood brain barrier into the systemic circulation via the activ-
ity of equilibrative nucleoside and nucleobase transporters (Ipata et al.  2011 ; 
Isakovic et al.  2008  ) . 

 The release of purine metabolites during ischemia/hypoxia has not only been 
observed in in vitro (Dale et al.  2000 ; Frenguelli et al.  2003 ; Frenguelli et al.  2007 ; 
Latini et al.  1996  )  and in vivo animal models (Dux et al.  1990 ; Hillered et al.  1989 ; 
Kobayashi et al.  1998 ; Phillis et al.  1996,   1991 ; Valtysson et al.  1998  )  but also in 
humans. Adenosine, hypoxanthine, xanthine and uric acid were detected in blood 
and cerebrospinal  fl uid of stroke patients (Laghi Pasini et al.  2000 ; Stover et al. 
 1997  ) . Adenosine was also detected in human plasma during moderate hypoxia 
(Saito et al.  1999  )  and in jugular venous blood of humans undergoing carotid 
endarterectomy with insuf fi cient collateral blood supply of the brain (Weigand et al. 
 1999  ) . These observations show that large quantities of purine metabolites are 
washed out from the brain and therefore unavailable for purine salvage pathway and 
subsequently lost from the adenine nucleotide pool. 
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 Accordingly, in in vivo models of stroke, ATP recovery during reperfusion 
depends on the duration and severity of the ischemic period (Hermann et al.  2001 ; 
Ljunggren et al.  1974 ; Lust et al.  2002 ; Onodera et al.  1986 ; Sims and Zaidan 
 1995 ; Yatsu et al.  1975  ) , can often undergo a secondary deterioration (Hata et al. 
 2000 ; Lust et al.  2002  ) , and full recovery of ATP levels can take up to 24 h (Kleihues 
et al.  1975 ; Kleihues et al.  1974 ; Levy and Duffy  1977 ; Lipton  1999  ) . 

 Additionally, repeated episodes of hypoxia and ischemia result in a reduced 
release of adenosine in vitro (Pearson et al.  2006 ; Pearson and Frenguelli  2004 ; 
Pearson et al.  2001  )  and in vivo (DiGeronimo et al.  1998 ; Dux et al.  1990 ; Valtysson 
et al.  1998  ) . This suggests a depletable pool of adenosine (Pearson et al.  2006 ; 
Pearson and Frenguelli  2004 ; Pearson et al.  2001  )  that the brain cannot replenish at 
a suf fi cient rate to support non-depleting adenosine release, which can also be 
observed during prolonged ischemia in vivo (Matsumoto et al.  1992  ) . Since adenos-
ine is neuroprotective during ischemia (Cunha  2001 ; Dunwiddie and Masino  2001 ; 
Ribeiro  2005 ; Ribeiro et al.  2003  )  any reduction in adenosine release may leave the 
brain more susceptible to excitotoxic damage (Pearson et al.  2003  ) . Indeed it has 
been shown that multiple sub-injurious ischemic insults at short intervals worsen 
brain damage in vivo (Kirino  2002  ) . It is possible that this arises, at least in part, 
from the reduced availability of extracellular adenosine. This acute exacerbation is 
in contrast to the tolerance which develops over a longer time period after a sub-
lethal ischemic insult, a phenomenon referred to as ischemic preconditioning, and 
which may involve adenosine release and the activation of adenosine receptors 
(Dirnagl and Meisel  2008  ) . 

 Considering the brain’s reliance on the purine salvage pathway, the loss of 
salvageable ATP degradation metabolites to the systemic circulation, as well 
as production of unsalvageable xanthine and uric acid by xanthine oxidase, 
might limit the potential recovery of post-ischemic total adenine nucleotide 
(TAN = ATP + ADP + AMP) and ATP levels (Onodera et al.  1986 ; Pearson et al. 
 2003  ) . Since the purine de novo synthesis in the brain is not up-regulated after isch-
emia (Gerlach et al.  1971  )  a complete restoration of normal nucleotide levels may 
only be achieved through de novo synthesis at a relatively slow rate, which may last 
several hours or days (Gerlach et al.  1971 ; Kleihues et al.  1974 ; Ljunggren et al. 
 1974  ) . This could explain the slow and incomplete recovery of ATP during short 
reperfusion periods, and, considering intracellular ATP as a primary source of ade-
nosine, the reduced adenosine release after subsequent ischemic/hypoxic periods. 
Therefore, enhancing the resynthesis of ATP by manipulating the purine salvage 
pathway offers a promising strategy to improve post-ischemic ATP levels and poten-
tially replenish the reduced adenosine release during subsequent ischemic periods. 
Indeed, in the next sections we will show that it is possible to increase basal ATP 
levels in brain slices upon addition of purine salvage metabolites and that this has 
measurable effects on the activity-dependent release of adenosine.  
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    6.4.2   Increasing Intracellular ATP Levels by Purine Salvage 
Metabolites: Brain Slices as a Model for Reduced 
ATP Levels in the Post-ischemic Brain 

 Rodent hippocampal brain slices are a widely used in vitro model for studies into 
synaptic transmission and plasticity. The fact that high energy phosphate levels 
(ATP, phosphocreatine) of brain slices have traditionally been registered as lower 
than their in vivo values (Schurr and Rigor  1989 ; Thomas  1957 ; Whittingham et al. 
 1984  )  has not diminished their popularity as model systems for the study of CNS 
function due to the accessibility to neurones and glia, and the possibility of imaging, 
electrophysiological, biochemical and pharmacological experiments. Furthermore, 
although levels of high-energy phosphates are lower, in our recent studies (zur 
Nedden et al.  2009,   2011  )  the energy charge (an index of the relationship between 
the adenine nucleotides where EC = ([ATP] + ½[ADP])/([ATP] + [ADP] + [AMP])) 
was in the region of 0.93 or higher, which is in close agreement with estimates 
obtained in vivo. In addition, provided tissue is incubated close to physiological 
temperatures (~34 °C), the activity of AMPK, which is activated by metabolic 
stress, is very low (zur Nedden et al.  2011  ) . These two lines of evidence suggest that 
given suf fi cient time and appropriate conditions after preparation, brain slices 
achieve a metabolic equilibrium not entirely dissimilar to that of the intact brain, 
despite lower absolute levels of adenine nucleotides. 

 Nonetheless, the reduction in tissue adenine nucleotides has similarities to that 
observed in the post-ischemic brain, and thus a model in which to study manipula-
tions that might affect tissue ATP levels, and to establish what in fl uence this may 
have on the release of adenosine. 

 We have recently shown that the reduced ATP levels of brain slices (typically 
15 nmol/mg protein as opposed to 33 ± 4.7 nmol/mg protein in vivo (zur Nedden 
et al.  2011  ) ) are primarily due to the loss of ATP precursor metabolites during the 
ischemic period during slice preparation, once the contribution of the protein 
content of the dead slice edges (~4 nmol/mg protein) is taken into account (zur 
Nedden et al.  2011  ) . 

 Having established the basis of the ATP de fi cit, which, by extension is likely to 
occur in the post-ischemic brain in vivo, we used hippocampal brain slices to test 
the effect of the purine salvage metabolites  d -Ribose (Rib, 1 mM) and adenine 
(Ade, 50  m M, see Fig.  6.1 ) on improving basal tissue ATP levels. Rib bypasses the 
rate limiting step of the pentose phosphate pathway as it can be directly phosphory-
lated to ribose-5-phosphate by ribokinase (Fig.  6.1 ; enzyme 16) and to PRPP by 
PRPP-synthase (Fig.  6.1 ; enzyme 15) (Zimmer  1996  ) . PRPP and Ade are subse-
quently used by APRT to produce AMP (Barsotti and Ipata  2002  ) . 

 The TAN content in slices incubated with Rib/Ade increased to 25.8 ± 0.7 nmol/
mg protein after 3 hour incubation (compared to 19.1 ± 1.2 nmol/mg protein in slices 
incubated in standard arti fi cial cerebrospinal  fl uid (aCSF); Fig.  6.2 ), with ATP 
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accounting for about 92 %. Furthermore, these elevated tissue TAN and ATP levels 
persisted when extracellular Rib/Ade was removed by transferring slices back to 
standard aCSF for 2 h (Fig.  6.2 ). Unlike ATP levels, the basal adenosine pool was 
not affected by Rib/Ade-supplementation (Fig.  6.2 ). This is in agreement with pre-
vious results, where addition of Ade increased adenine nucleotide but not adenosine 
levels in rat brain extracts (Barsotti and Ipata  2002  ) .  

 When corrected for the in fl uence of the protein content of the dead slice edges, 
basal TAN values of Rib/Ade-treated slices (~30 nmol/mg protein) are close to 
the values reported for in vivo tissue (33.6 ± 4.7 nmol/mg protein), showing that 
the traditionally reported lower brain slice ATP levels are due to the loss of ATP 
precursors, and not a generally compromised energetic state of the tissue. 
Furthermore these results provide evidence that the post-ischemic brain has a 
strong capacity, via the purine salvage pathway, to restore its ATP pool. 

  Fig. 6.2    The purine salvage metabolites  d -Ribose (Rib) and adenine (Ade) elevate intracellular 
adenine nucleotides in hippocampal brain slices: Incubation of brain slices with 1 mM 
 d -Ribose/50  m M Adenine for 3 h results in signi fi cant elevation of intracellular total adenine nucle-
otide (TAN = ATP + ADP + AMP) and ATP levels, without affecting adenosine (Ado) levels. TAN 
( left y  axis) or ATP ( left y  axis) levels in slices after 3 h incubation in standard aCSF (−,  black bars ) 
or aCSF supplemented with 1 mM  d -Ribose (Rib)/50  m M Ade (+,  grey bars ). Under these condi-
tions, and with the correction for dead tissue on the edge of slices, slice TAN levels (+*,  dotted 
grey bar ) are close to those reported in vivo ( horizontal grey area  represents the arithmetic mean 
( dotted line ) ± SD). Elevated TAN levels are maintained when Rib/Ade are washed out (w) of the 
tissue ( dashed grey bars ) by transferring the slices to standard aCSF for 2 h. Despite increased 
adenine nucleotide levels Rib/Ade does not affect basal adenosine levels (right  y  axis). Figure 
adapted from (zur Nedden et al.  2011  )        
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    6.4.2.1   Functional Implications of Improved Cellular ATP: 
Greater Activity-dependent Adenosine Release 
and Modulation of Synaptic Plasticity 

 The elevated tissue levels of ATP in Rib/Ade-treated slices had no discernable effect 
on basal synaptic transmission, paired-pulse facilitation or the handling/actions of 
extracellular adenosine in terms of activity of either adenosine A 

1
  receptors (A 

1
 R) 

or ENTs (zur Nedden et al.  2011  ) . Instead, long-term potentiation (LTP) induced by 
either tetanic stimulation (Fig.  6.3a ) or theta burst stimulation (TBS, Fig.  6.3d , e) 
was reduced by Rib/Ade across a wide range of stimulation parameters, as seen in 
the amount of LTP 60 min after various stimulation protocols (Fig.  6.3c , f). Indeed, 
at weaker stimulation protocols (Fig.  6.3a , d, 1× tetanus and 0.5× TBS, respec-
tively), persistent LTP was inhibited. This inhibition could be rescued by an A 

1
 R 

antagonist (Fig.  6.3b ), or by increasing the stimulation strength (1×, 2× or 3× TBS; 
Fig.  6.3e, f ). These data suggest the increased activity-dependent release of adenos-
ine in response to high-frequency stimulation in Rib/Ade-treated slices and the rais-
ing of the threshold for LTP induction.  

 This suggestion was con fi rmed by direct measurements of adenosine release 
using adenosine biosensors (Frenguelli et al.  2003  )  which revealed greater ade-
nosine release in Rib/Ade-treated slices. Analysis of the mechanism of release 
revealed a predominant contribution of release via ENTs as release was inhibited 
by ~50 % by ENT inhibitors, but not by the ecto-ATPase inhibitor POM-1 (zur 
Nedden et al.  2011  ) . 

 These data point to the release of adenosine upon electrical stimulation, which, 
via adenosine A 

1
 Rs, inhibits the induction of LTP in Rib/Ade-treated slices. 

Importantly, this LTP de fi cit can be overcome by additional stimulation suggesting 
that the elevated levels of tissue ATP translate into raising the threshold for LTP 
induction. Interestingly, a ketogenic diet, which is believed to elevate intracellular 
levels of ATP (Masino and Geiger  2008  ) , has recently been shown to result in 
reduced LTP in the dentate gyrus of freely moving rats (Koranda et al.  2011  ) . It is 
tempting to speculate that this arises from increased release of adenosine in a man-
ner analogous to that observed in Rib/Ade-treated hippocampal slices.    

    6.5   Therapeutic Implications of Rib/Ade 

    6.5.1   The Heart 

 The dramatic ability of Rib/Ade to normalise post-ischemic brain ATP levels 
(at least in these in vitro hippocampal slice models) is paralleled by a large body of 
work in the heart, which, like the brain, predominately utilises the purine salvage 
pathway to restore its levels of adenine nucleotides (Zimmer  1998  ) . As in brain, 
brief periods of ischemia produces a rapid depletion in myocardial ATP levels 
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  Fig. 6.3    Increasing tissue ATP levels by Rib/Ade-supplementation results in a raising of the thresh-
old for LTP induction by enhanced adenosine release: ( a ) LTP after tetanic stimulation (1× 100 
stimuli at 100 Hz) in slices incubated for 2 h in Rib/Ade-supplemented aCSF ( green dots ,  N  = 11) 
and slices incubated in standard aCSF ( black dots ,  N  = 9). ( b ) LTP after tetanic stimulation and in 
the presence of 8-CPT (8-cyclopentyltheophylline) in slices incubated for 2 h in Rib/Ade-
supplemented aCSF ( green dots ,  N  = 6) and slices incubated in standard aCSF ( black dots ,  N  = 5). 
( c ) The amount of LTP 55–60 min after tetanic stimulation is shown for control slices, incubated in 
standard aCSF ( black dots ) and slices which have been treated for 2 h with Rib/Ade ( green dots ). 
Under control conditions standard slices showed robust LTP (***  p  < 0.001 compared to baseline 
prior to LTP induction) whereas Rib/Ade-treated slices did not. Addition of the A 

1
  receptor antago-

nist 8-CPT (1  m M) rescued the decline in LTP in Rib/Ade-treated slices (***  p  < 0.001 compared 
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(Zimmer  1992  ) . Likewise, the restoration of post-ischemic ATP levels is slow, due 
to the heart’s dependence on the purine salvage pathway and the loss of salvageable 
purine metabolites to the systemic circulation (Zimmer  1992,   1998  ) . 

 Addition of Rib increases myocardial PRPP levels and ef fi ciently improves post-
ischemic recovery of myocardial ATP in rat hearts by enhanced purine salvage as 
well as de novo synthesis (Mauser et al.  1985 ; Zimmer  1992,   1996,   1998 ; Zimmer 
and Gerlach  1978  ) . Accordingly this metabolic approach has been utilised in different 
experimental in vivo models: for example during myocardial infarction in rats 
(Zimmer  1982 ; Zimmer et al.  1989  )  or after global myocardial ischemia in dogs 
(St Cyr et al.  1989  ) . The improved post-ischemic ATP recovery has been linked to 
an enhanced functional recovery of the heart, as seen in improved cardiac contractil-
ity (Lamberts et al.  2007 ; Pasque and Wechsler  1984 ; Schneider et al.  2008  ) . 

 Since Rib is known to be well tolerated in humans (Gross and Zollner  1991 ; 
Pauly et al.  2003 ; Salerno et al.  1999 ; Seifert et al.  2008  ) , this metabolic approach 
has been successfully translated into clinical trials. In patients with coronary artery 
disease Rib improved cardiac function, exercise tolerance and general quality of life 
(Maccarter et al.  2008 ; Omran et al.  2003  ) . Accordingly, Rib has been suggested as 
a supplement to improve cardiac energy metabolism (Pauly et al.  2003 ; Pauly and 
Pepine  2000 ; Shecterle et al.  2010  ) . Rib has also been given to a patient with 
 fi bromyalgia, a disease which is correlated with reduced ATP levels in muscles, 
where it decreased certain symptoms such as muscle pain, weakness or sleeping 
disturbances (Gebhart and Jorgenson  2004  ) .  

    6.5.2   The Brain 

 Considering our results, which show that brain slices have a strong capacity through 
the purine salvage pathway to restore their ATP levels, Rib/Ade might also be useful 
in improving the post-ischemic recovery of ATP levels after cerebral ischemia in 

Fig. 6.3 (continued) to baseline prior to LTP induction). ( d ) LTP after weak theta-burst stimulation 
(0.5× TBS = 5 trains of 4 pulses at 100 Hz, 200 ms interval, 20 pulses in total), in slices incubated 
for 2 h in Rib/Ade-supplemented aCSF ( green dots ,  N  = 4 from 3 animals) and slices incubated in 
standard aCSF ( black dots ,  N  = 3 from 2 animals). ( e ) LTP after stronger TBS (2× TBS = 10 trains of 
4 pulses at 100 Hz, 200 ms interval, repeated 5 min apart, 80 pulses in total;  N  = 6 for both) in slices 
incubated for 2 h in Rib/Ade-supplemented aCSF ( green dots ,  N  = 6) and slices incubated in stan-
dard aCSF ( black dots ,  N  = 7). ( f ) The amount of LTP after various TBS protocols (0.5× TBS; 1× 
TBS = 10 trains of 4 pulses at 100 Hz, 200 ms interval, 40 pulses in total; 2× TBS; 3 TBS = 3× 1 TBS 
delivered 10 s apart, 120 pulses in total and) in control slices, incubated in standard aCSF ( black 
dots ) and slices treated for 2 h with Rib/Ade ( green dots ). Shown is a plot of pulse number versus 
magnitude of LTP 55–60 min (20, 40, 80 pulses) or 30 min (120 pulses) after induction. Note that 
throughout the pulse number range Rib/Ade-treated slices give rise to lower LTP, which falls below 
signi fi cant LTP induction threshold at 20 pulses. Figure adapted from (zur Nedden et al.  2011  )        
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in vivo animal models, and potentially in stroke and traumatic brain injury patients. 
Indeed acetate therapy and the ketogenic diet, which both enhance ATP synthesis, 
have been shown to improve metabolism and neurological outcome after traumatic 
brain injury (Arun et al.  2010 ; Deng-Bryant et al.  2011  ) , indicating that the approach 
of improving ATP recovery can exert neuroprotective or neurorestorative effects. 

 Cell membranes are highly permeable to Rib, by an order of magnitude greater 
than the permeability of its diastereomers arabinose, lyxose and xylose, as indicated 
by recent work using arti fi cial fatty acid and phospholipid bilayers (Sacerdote and 
Szostak  2005 ; Wei and Pohorille  2009  ) . Furthermore, it has been shown that Rib 
can enter the mammalian brain (Agnew and Crone  1967  ) , cross the in vitro frog 
choroid plexus to the blood (Prather and Wright  1970  )  and that its uptake competes 
with that of glucose (Betz et al.  1975  ) . Administration of Rib to a patient suffering 
from adenylosuccinate lyase de fi ciency reduced seizure frequency (Salerno et al. 
 1999  ) , further suggesting that Rib is taken up by human brain. However, this effect 
on seizures was not replicated in another study (Jurecka et al.  2008  ) , which could 
re fl ect differences in dosing and dietary regime, or the basis and severity of the 
seizures in these individuals. Ade is taken up by the brain by a transport mechanism 
shared with hypoxanthine (Betz  1985 ; Redzic et al.  2001 ; Spector  1989  )  and the  K  

m
  

value of Ade transport across the blood brain barrier was estimated to be 0.027 mM 
(Cornford and Oldendorf  1975  ) . These studies indicate that the blood brain barrier 
is likely to permit the bioavailability of these agents as metabolic substrates in the 
post-ischemic brain. 

 Like Rib, Ade is tolerated in humans. However, during prolonged treatment it 
may have to be administered with allopurinol, an inhibitor of xanthine oxidase com-
monly used for the treatment of gout (Simmonds  1986 ; Watts et al.  1974  ) . Allopurinol 
prevents the conversion of Ade to the insoluble metabolite 2,8-dihydroxy-adenine, 
which can cause kidney stone formation. However, allopurinol may additionally 
have bene fi ts for the post-ischemic brain as it would reduce the metabolism of sal-
vageable hypoxanthine to non-salvageable xanthine, and thereby provide increased 
substrates for the purine salvage pathway (Phillis et al.  1995  ) . Indeed pretreatment 
of brain tissue with allopurinol has been shown to be neuroprotective in various 
in vitro and in vivo models of cerebral ischemia (Lin and Phillis  1991,   1992 ; Marro 
et al.  2006  ) . 

 In a wider context, the reduced tissue ATP levels observed in vivo after cerebral 
ischemia may, via reduced extracellular adenosine and reduced activation of the 
anticonvulsant A 

1
 R (Boison and Stewart  2009 ; Dale and Frenguelli  2009  ) , contrib-

ute to the development of acute seizures, which could promote entry into chronic 
post-ischemic epilepsy (Camilo and Goldstein  2004 ; Kadam et al.  2010  ) . Indeed, 
the in fl uence of intracellular ATP on extracellular adenosine and neuronal excit-
ability has recently been described (Kawamura et al.  2010  ) , whilst an increase in 
intracellular ATP with a concomitant increase in extracellular adenosine has been 
proposed of being the basis for reduced incidence of seizures during a ketogenic 
diet (Masino and Geiger  2008  ) . Signi fi cantly, this proposal has recently been 
experimentally veri fi ed: a ketogenic diet did not alleviate seizures in mice lacking 
the adenosine A 

1
 R (Masino et al.  2011  ) . Accordingly, Rib/Ade (and allopurinol) 
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may be of value in the post-ischemic brain in vivo and potentially in humans, since 
it is (a) safe, (b) clinically well-tolerated, (c) likely to improve the post-ischemic 
recovery of ATP and (d) thereby increase the pool of releasable neuroprotective 
adenosine.   

    6.6   Conclusions 

 The brain strikes a  fi ne balance between the maintenance of ATP and the production 
of adenosine. This is tightly regulated by several intracellular enzymes capable of 
responding to the prevailing metabolic conditions to either favour ATP synthesis 
during physiological conditions, or to deploy adenosine when energy demand 
outstrips the means to produce it. This balance is vulnerable to pathological pertur-
bations such as metabolic stress and ischemia where the ability to resynthesise ATP 
is compromised by the loss of salvageable purine metabolites, such as adenosine, 
inosine and hypoxanthine. Accordingly, re-establishing ATP homeostasis is slow 
and incomplete, and this in turn reduces the ability of the brain to activate restor-
ative mechanisms and protect itself from acute secondary insults. However, hope 
may be at hand: post-ischemic brain tissue has the capacity to utilise exogenous 
substrates of the purine salvage pathway, which serve to both restore ATP levels and 
the releasable pool of adenosine. Simple and clinically tolerated manipulations such 
as  d -ribose and adenine supplementation may provide the means to help the brain 
balance its energy expenditure with substrate income.      
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  Abstract   Adenosine belongs to the class of neuromodulators rather than 
neurotransmitters, since it is not stored in vesicles, nor released by exocytosis as a 
classical neurotransmitter. Moreover, it does not induce synaptic potentials but 
in fl uences the release and the action of neurotransmitters. This mostly occurs 
through interactions with other G protein-coupled receptors as well as of receptors 
for neurotrophic factors, ion channels, ionotropic receptors, and neurotransmitter 
transporters. The actions of adenosine are operated by four different G protein-
coupled membrane receptors (A 

1
 , A 

2A
 , A 

2B
 , A 

3
 ), which activate several downstream 

signaling pathways, the main focus of the present review. Cross talk between 
adenosine receptors and receptors for neurotransmitters or other neuromodulators 
may result from interactions between common signaling cascades, as well as through 
receptor–receptor interactions, including receptor heteromerization. The key receptor 
in this synaptic interplay appears to be the A 

2A
  receptor, whereas A 

1
  receptors mainly 

act as modulators of neurotransmitter release or by counteracting A 
2A

  receptor-
mediated actions. We herein review some of the most recent data on the regulation 
of adenosine availability, as well as on the consequences of adenosine actions in 
synapses and the corresponding downstream signaling pathways. Moreover, we 
discuss how activation of adenosine receptors and regulation of extracellular ade-
nosine levels is operated by combined mechanisms. It is highlighted that modula-
tion of neuronal activity by adenosine involves a diversity of enzymes, receptors 
and signaling cascades that act in a concerted way to  fi ne tune the activity of neu-
rons and glia, including astrocyte-to-neuron signaling.  
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    7.1   Introduction 

 Adenosine, due to the way it operates in the nervous system, belongs to the class of 
neuromodulators rather than neurotransmitters (for a review on these concepts see, 
for instance, Ribeiro and Sebastião  2010  ) . So, intracellular adenosine is not stored 
in vesicles, nor released by exocytosis as a classical neurotransmitter. Instead, ade-
nosine is released to the extracellular space through equilibrative nucleoside trans-
porters that function bidirectionally according to the gradient across the cell 
membrane. Adenosine is also formed in the extracellular space through degradation 
of released ATP. Once in the extracellular space, adenosine activates membrane 
located G protein-coupled receptors (GPCR) and through these receptors affects 
neuronal functioning at different levels, including changes in the ability to release 
or respond to neurotransmitters or even gliotransmitters, but so far, no neurotrans-
mitter-like actions for adenosine have been identi fi ed. 

 Adenosine also behaves as a retaliatory metabolite, in fl uencing and re fl ecting cell 
energy state, as well as metabolic demand and nutrient supply. More than 25 years 
have elapsed since it was  fi rst proposed that adenosine ef fi ciently connects synaptic 
activity, energy expenditure, and nucleic acid metabolism by acting as a sensor of the 
bioenergetic state of the cell (Newby et al.  1985  ) . Moreover, intracellular adenosine 
directly regulates transmethylation reactions, including DNA methylation (Boison 
et al.  2002  ) , which can lead to long-lasting epigenetic modi fi cations. Other than at 
the nerve tissue level, the in fl uence of adenosine upon cerebral blood  fl ow enables it 
to further act as an energy balancing metabolite. Thus, when metabolism is increased, 
the elevated ATP catabolism will produce higher amounts of adenosine, which 
through the activation of A 

2A
 R, (Phillis  1989  )  will induce vasodilation, allowing an 

improvement of oxygen and nutrient delivery via the cerebral vasculature. 
 In the present work we discuss some of the most recent data on the regulation of 

adenosine availability and its effects through adenosine receptors and how their 
activation is regulated by extracellular adenosine levels. Downstream mechanisms 
of receptor activation and receptor cross talk are then reviewed on the basis of 
recently published data, highlighting the functional outcomes of the subtle ways 
adenosine  fi ne-tunes neuronal activity.  

    7.2   Adenosine Formation 

 The main source of adenosine, in the central nervous system, is the dephosphorylation 
of 5 ¢ -AMP by 5 ¢ -nucleotidases (5 ¢ -NTs) (Meghji  1993  ) . These enzymes dephospho-
rylate noncyclic nucleoside monophosphate to nucleosides and inorganic phosphate. 
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So far, seven distinct nucleoside monophosphate phosphohydrolases or 5 ¢ -nucleotidases 
(EC 3.1.3.5 and EC 3.1.3.6) have been cloned. Five are localized in the cytosol; one 
is attached to the outer side of the plasma membrane and one in the mitochondrial 
matrix. Nucleotidases are responsible for both intracellular and extracellular synthesis 
of adenosine from the dephosphorylation of AMP. An alternative source of adenosine 
synthesis results from the hydrolysis of  S -adenylhomocysteine (SAH), which is 
catalyzed by SAH hydrolase (SAHH) (Palmer and Abeles  1979  )  (see Fig.  7.1 ).  

    7.2.1   Extracellular Formation of Adenosine 

 Adenosine found in the extracellular space can be released via equilibrative nucleotide 
transporters or be synthesized locally via ATP catabolism, which involves several 
enzymes, including the enzymes of ectonucleoside triphosphate diphosphohydrolase 
(E-NTPDase) family, ectonucleotide pyrophosphatase/phosphodiesterase (E-NPP) 
family, ecto-5 ¢ -nucleotidase/CD73, and alkaline phosphatases (Yegutkin  2008  ) . 
Through this cascade, adenine nucleotides are dephosphorylated into 5 ¢ -AMP, 

  Fig. 7.1    Adenosine metabolism. Adenosine can be synthesized intra- and extracellularly. Inside 
the cell adenosine is formed from AMP metabolism through endo-5 ¢ -nucleotidase (5 ¢ NT) or by the 
transmethylation reaction catalyzed by SAHH, which converts SAH into adenosine and homo-
cysteine. At the extracellular space, adenosine derives from the metabolism of ATP/ADP/AMP, 
being the last reaction catalyzed by the ectonucleotidase (Ecto 5 ¢ NT). The release of adenosine 
through equilibrative nucleoside transporters is an alternative source of adenosine. Regarding 
clearance of extracellular adenosine, in some cases it can be converted into inosine by ecto-adenosine 
deaminase (ecto-ADA) in the extracellular space, but in most cases adenosine is taken up by the 
equilibrative nucleoside transporter into cells where adenosine can be phosphorylated to AMP by 
adenosine kinase (ADK) or deaminated to inosine by adenosine deaminase (ADA)       

 



134 A.M. Sebastião et al.

which is then dephosphorylated by ecto-5 ¢ -nucleotidase into adenosine. The entire 
catalytic pathway is complete in a few hundred milliseconds, and the rate-limiting 
step being the dephosphorylation of AMP into adenosine by ecto-5 ¢ -nucleotidase 
(Dunwiddie et al.  1997  ) . 

    7.2.1.1   Ecto-5 ¢ -Nucleotidase 

 After the vesicular release of ATP (which is cosecreted with neurotransmitters or 
even released as a neurotransmitter), ATP is metabolized by a cascade of ectonucle-
otidases, including ecto-ATPase, ecto-ADPase (E-NTPDase family) and apyrase 
(E-NPP family) and  fi nally ecto-5 ¢ -nucleotidase, producing adenosine (Ribeiro and 
Sebastião  1987 ; Richardson and Brown  1987 ; Zimmermann et al.  1986  ) . Additionally 
cAMP can also be released into the extracellular space, by a probenecid-sensitive 
transporter (Rosenberg and Li  1995  )  in suf fi cient amounts to increase extracellular 
adenosine concentrations (Brundege et al.  1997 ; Dunwiddie et al.  1992  ) . 

 In neuronal cells, ectonucleotidases are able to convert most adenine nucleotides 
(except cAMP) into adenosine in less than a second (Dunwiddie et al.  1997  ) . Indeed, 
even stable ATP analogues can be converted into adenosine by ectonucleotidases 
(e.g., Cascalheira and Sebastião  1992 ; Cunha et al.  1998  ) . Several ectonucleoti-
dases, including alkaline phosphatase and nucleoside triphosphate diphosphohydro-
lase 2, are associated with subsets of progenitor cell populations in the mouse 
embryonic, postnatal, and adult neurogenic zones (Langer et al.  2007  ) . Knockdown 
of tissue nonspeci fi c alkaline phosphatase impairs neural stem cell proliferation and 
differentiation (Kermer et al.  2010  ) , highlighting their relevance in neurogenesis, 
including adult neurogenesis (see Zimmermann  2011  ) . 

 The ecto-5 ¢ -nucleotidase is a cell surface protein attached to the plasma mem-
brane by a glycosyl phosphatidylinositol (GPI) anchor at its C terminal (Misumi 
et al.  1990  ) . The hydrolysis of extracellular AMP is considered the main function of 
this enzyme, but 5 ¢ -nucleotidase is also involved in cell adhesion, as it also binds 
laminin and  fi bronectin (Mrhul et al.  1993 ; Olmo et al.  1992  ) . Ecto-5 ¢ -nucleotidase 
acts also as a coreceptor in T cell activation (see    Resta and Yamashita  1998  ) . 

 Ecto-5 ¢ -nucleotidase is highly expressed in the brain, where it is mainly associated 
with glial cell membranes, namely, astrocytes, oligodendrocytes, and also microglia 
(Kreutzberg et al.  1978 ; Naidoo  1962 ; Schoen and Kreutzberg  1995  ) . In fact, the 
predominant glial expression of ecto-5 ¢ -nucleotidase is related to an enhancement in 
the contribution of extracellular conversion of AMP into adenosine when astrocytes 
are cocultured with neurons (Zamzow et al.  2008a  ) . 

 Regarding localization in neurons, some initial cytochemical studies associated 
ecto-5 ¢ -nucleotidase with the surface of migrating and immature nerve cells and 
with subsets of synapses during part of their regeneration period as well as during 
synapse remodeling and regeneration (Schoen et al.  1991,   1993  ) . Later on, the ecto-
5 ¢ -nucleotidase expression by mature neurons was also demonstrated in the cerebel-
lum (Maienshein and Zimmermann  1996  )  and in hippocampal nerve terminals 
(Cunha et al.  2000  ) . More recently, it has been demonstrated that ecto-5 ¢ -nucleotidase 
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is expressed by nociceptive neurons in dorsal root ganglia and on terminals in 
substantia gelatinosa of spinal cord, where the conversion of AMP into adenosine 
promotes antinociception (Sowa et al.  2010  ) . 

 Functionally, there is some evidence that ectonucleotidases are in close physical 
proximity with presynaptic adenosine receptors (Cunha et al.  1996 ; Dunwiddie and 
Masino  2001  ) , so that recently formed adenosine becomes immediately available to 
the presynaptic receptors involved in modulation of neurotransmitter release. 
Topographical arrangement of membrane bound molecules involved in purinergic 
signaling may determine the type of receptor activated by adenosine, since there is 
evidence that adenosine formed from released ATP preferentially activates facili-
tatory receptors (Cunha et al.  1996  ) .   

    7.2.2   Intracellular Synthesis of Adenosine 

 For the net extracellular adenosine levels, intracellular synthesis of adenosine is at 
least as important as adenosine formation from breakdown of extracellular ATP 
(Lloyd and Fredholm  1995  ) . Intracellular synthesis of adenosine occurs mainly by 
AMP dephosphorylation, which is catalyzed by cytosolic nucleotidases. The pres-
ence of cytosolic 5 ¢ -nucleotidase in the brain was  fi rstly demonstrated in 1982 
(Montero and Fes  1982  ) . Although differential expression of 5 ¢ -nucleotidase among 
different brain areas has not been established so far, its ubiquitous role in the intracel-
lular synthesis of adenosine is well known. Additionally, the cytosolic nucleotidases 
participate in substrate cycles that regulate the cellular levels of ribo- and deoxyribo-
nucleoside monophosphates, regulating the intracellular pools of ribo- and deoxyri-
bonucleotides (Reichard  1988  )  which are crucial for DNA/RNA synthesis. 

 Furthermore, adenosine produced inside the cell contributes to restoring ATP 
levels by decreasing ATP utilization and increasing oxygen and nutrients supply via 
blood  fl ow (Newby  1984  ) . Thus, adenosine is commonly considered to be a retaliatory 
metabolite, since adenosine produced during cytosolic ATP degradation behaves 
as a metabolic stress sign promoting retaliatory effects against the stress-causing 
conditions (Newby  1984  ) . 

 Another source of adenosine is the transmethylation pathway, where adenosine 
results from the hydrolysis of  S -adenosylhomocysteine (SAH) catalyzed by SAH 
hydrolase (SAHH, EC 3.3.1.1), which also produces  l -homocysteine (Palmer and 
Abeles  1979 ; Schrader et al.  1981  ) . This enzyme was  fi rstly described in 1959, in 
rat liver. SAHH catalyzes a reversible reaction, that preferentially evolves towards 
 S -adenosylhomocysteine synthesis (de la Haba and Cantoni  1959  ) . In the heart, this 
pathway provides one-third of the total cardiac adenosine at normoxic conditions 
but generates undetectable levels under hypoxic conditions (Deussen et al.  1989  ) . 
SAHH expression is widespread in the brain, with higher expression levels present 
in cortex and cerebellum. Inside the cell, SAHH displays a nuclear expression where 
it is involved in transmethylation mechanisms. In detail, different methyltransferases 
convert  S -adenosylmethionine (SAM) into SAH, which is then metabolized into 
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adenosine and  l -homocysteine by SAHH. So, adenosine is an obligatory end product 
of SAM-dependent transmethylation reactions and because of that is able to inhibit 
methylation reactions. To avoid this inhibition, adenosine is phosphorylated into 
AMP by a long isoform of adenosine kinase (ADK), which was described as a 
nuclear ADK (Cui et al.  2009  ) . 

 Under normal conditions SAHH has low impact upon neuronal excitability 
(Pak et al.  1994  ) , suggestive of a minor role in the control of cytoplasmic levels of 
adenosine in neurons.   

    7.3   Nucleoside Transporters 

 The relevance of adenosine uptake by nucleoside transporters in terminating 
adenosine effects was  fi rst supported by different studies showing that the nucleo-
side transporter blockade produces vasodilation, potentiates the ability of adenosine 
to decrease locomotor activity (Crawley et al.  1983  ) , depresses neuronal activity 
(Motley and Collins  1983  ) , increases nociceptive thresholds (Yarbrough and 
McGuf fi n-Clineschmidt  1981  ) , and exerts anticonvulsive effects (Dragunow and 
Goddard  1984  ) . Therefore, nucleoside transporter inhibitors exacerbate the effects 
mediated by adenosine. 

 Nucleoside transporters can be divided in two main classes: the equilibrative 
(Na + -independent) nucleoside transporters (ENTs) and the concentrative (Na + -
dependent) nucleoside transporters (CNTs) (Baldwin et al.  1999  ) . Six isoforms of 
CNTs (CNT1–CNT6) and four isoforms of ENTs (ENT1–ENT4) have been cloned, 
to date. Equilibrative transporters mediate nucleoside transport in both directions, 
depending on the nucleoside concentration gradient across the membrane. The four 
transporters are widely distributed, and all of them are able to transport adenosine 
but they have different abilities to transport other nucleosides (   Baldwin et al.  2004 ). 
The transport mediated by concentrative transporters is independent of nucleoside 
gradient and is coupled to sodium gradient. As intracellular concentrations of ade-
nosine are kept low due to its conversion into AMP, and as catabolism of released 
nucleotides constitutes an additional and transporter-independent source of extra-
cellular adenosine, the extracellular concentrations of adenosine are usually higher 
than the intracellular ones. Therefore, the usual direction of equilibrative adenosine 
transport is uptake into cells, rather than release. Indeed, adenosine uptake in the 
brain occurs primarily by facilitated diffusion via equilibrative transporters, although 
some of it (10–20 %) can be mediated by concentrative transporters (Geiger and 
Fyda  1991 ; Parkinson et al.  1994  ) . 

 Equilibrative nucleoside transporters are crucial to regulate the levels of extracel-
lular adenosine, being the main entity responsible for removing adenosine from the 
extracellular space. They are thus responsible for restraining, both spatially and 
temporally, adenosinergic modulation. Due to the equilibrative nature of the adenosine 
transporters in neuronal cells, changes in the activity of enzymes involved in ADO 
metabolism will modify the transporters’ activity. Accordingly, transporter inhibitors 
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can either increase (Dunwiddie and Diao  1994 ; Phillis et al.  1989 ; Sanderson and 
Schol fi eld  1986  )  or decrease (Gu et al.  1995  )  extracellular adenosine levels, depend-
ing on the transmembrane adenosine gradient and consequently depending on trans-
port direction, into or out of the cell. However, because the extracellular synthesis 
of adenosine from catabolism of nucleotides constitutes an alternative source of 
adenosine, which is not affected by transport blockade, the transporters inhibitors 
usually lead to an increase in the extracellular levels of the nucleoside. 

 The amount of adenosine released by nucleoside transporters is enhanced under 
some circumstances such as hypoxia or ischemia, when a massive increase in extra-
cellular adenosine levels is observed, a process prevented by transporter blockade 
(Parkinson et al.  2002  ) . At the synaptic level, however, the rise in extracellular lev-
els of adenosine during hypoxia may increase rather than decrease upon inhibition 
of equilibrative nucleoside transporters (Frenguelli et al.  2007  ) . Furthermore, recent 
evidence (Zhang et al.  2011  )  showed that neuronal nucleoside transporters contribute 
to the removal of extracellular adenosine from the synaptic space even during 
hypoxic or ischemic insults. Therefore, evidence now available allows suggesting 
that the control of extracellular adenosine levels may differ in different microdomains. 
As highlighted recently (Sebastião  2011  ) , a deeper understanding of those microdo-
mains as well as of the relative contribution of the different cell types (i.e., neurons 
vs. astrocytes) for the net production of adenosine is required to better predict the 
direction of the changes in adenosine levels after pharmacologic or genetic manipu-
lation of adenosine transporters in pathological conditions. 

 Interestingly, adenosine release by nucleoside transporters is promoted by neu-
rotransmitters. For example, glutamatergic agonists such as NMDA and kainate 
increase, in a dose-dependent manner, adenosine release (Carswell et al.  1997 ; 
Delaney et al.  1998  ) . In fact, activation of NMDA receptors seems to promote 
release of adenosine itself instead of its precursor, ATP (Harvey and Lacey  1997 ; 
Manzoni et al.  1994  ) . This may be part of a protective feedback loop since adenos-
ine released through the transporters seems to preferentially activate adenosine A 

1
  

receptors (A 
1
 R; Cunha et al.  1996  )  and these are neuroprotective, namely, through 

inhibition of NMDA currents not only under normoxic (de Mendonça et al.  1995  )  
but also under hypoxic (Sebastião et al.  2001  )  conditions.  

    7.4   Intracellular Adenosine Clearance 

 After being taken up through nucleoside transporters, adenosine is inactivated 
either by deamination through adenosine deaminase or by phosphorylation through 
adenosine kinase (Fig.  7.1 ). It is accepted that the pathway responsible for intracel-
lular adenosine clearance is dependent on its concentration. As such, at low concen-
trations, adenosine is mainly inactivated by phosphorylation while at higher 
concentrations adenosine is predominantly deaminated by adenosine deaminase 
(Meghji and Newby  1990  ) , in accordance with the af fi nity for adenosine and 
enzymatic capacity of those two enzymes. 
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    7.4.1   Adenosine Kinase 

 ADK (EC 2.7.1.20) phosphorylates intracellular adenosine into AMP. Due to its 
low  K  

m
  for adenosine, it is the main enzyme responsible for intracellular adenosine 

catabolism, at least, for low adenosine concentration. ADK is therefore a key target 
whenever manipulation of the neuromodulatory actions of adenosine is desirable. 
By phosphorylating adenosine into AMP, ADK has a double role for maintaining a 
homeostatic energy  fl ux: (1) a direct ability to in fl uence the cellular energy pool 
(AMP, ADP, and ATP) and (2) an in fl uence upon intra- and extracellular levels of 
the homeostatic regulator, adenosine. The relevance of ADK for the homeostatic 
control (Boison et al.  2011  )  is supported by several lines of evidence, namely, 
(1) the release of higher amounts of adenosine by ADK-de fi cient  fi broblasts in cul-
tures, when compared to that released by ADA-de fi cient  fi broblasts (Huber et al. 
 2001  ) , (2) the ability of ADK inhibition to depress neuronal activity in hippocampal 
slices, in a way sensitive to A 

1
 R antagonists (Diógenes et al.  2004 ; Pak et al.  1994  ) , 

and (3) the suppression of seizure activity caused by ADK inhibition in various 
models for epilepsy (Kowaluk and Jarvis  2000  ) . 

 The immature brain is more vulnerable to seizure activity than the adult brain 
(Moshe  2000  ) , an action probably related to the higher expression of ADK at early 
developmental stages (Studer et al.  2006  ) . Interestingly, during maturation, there is 
a shift from neuronal to glial expression of ADK, suggestive of distinct functions of 
ADK and adenosine in immature and adult brain; thus, during neuronal development 
expression of ADK in neurons may provide a salvage pathway to utilize adenosine 
in nucleic acid synthesis, whereas in the mature brain predominant ADK expression 
in astrocytes contributes to maintenance of tonic adenosinergic inhibition in the 
central nervous system (Studer et al.  2006  ) . Overexpression of adenosine kinase in 
epileptic hippocampus contributes to epileptogenesis (Gouder et al.  2004  ) . 
Furthermore, there is a prominent upregulation of ADK in astrocytes after induction 
of status epilepticus (SE) in animals as well as in humans with temporal lobe epilepsy 
(Aronica et al.  2011  ) . Selective ADK downregulation in astrocytes almost completely 
abolishes spontaneous recurrent seizures in epileptic mice (Theo fi las et al.  2011  ) . 
Thus, ADK emerges as a key link in astrocyte-to-neuron communication, and its 
dysregulation after intense neuronal activity may contribute to epileptogenesis. 
Permanent changes in ADK expression in astrocytes will be re fl ected in decreases 
in ambient adenosine, leading to a further enhancement of neuronal activity and in 
such a way being part of a positive feedback loop to promote epileptogenesis. 
Accordingly, focal adenosine augmentation therapeutic strategies, mainly based in 
local manipulation of ADK activity, have been proposed as a useful strategy to 
control pharmacoresistant seizures (Boison et al.  2011  ) . 

 The regulation of ambient adenosine levels by ADK might also have a key role 
in the susceptibility of brain tissue to ischemic injury (Lynch et al.  1998 ; Pignataro 
et al.  2007 ; Shen et al.  2011  ) . Indeed, pharmacological inhibition of ADK in animal 
models is also an effective strategy to protect from stroke (Boison  2006 ; Kowaluk 
and Jarvis  2000  ) .  
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    7.4.2   Adenosine Deaminase 

 Adenosine deaminase (ADA, EC 3.5.4.4) catalyzes the hydrolytic deamination of 
adenosine into inosine. It has been known for several years that inhibition of ADA 
causes adenosine-like effects such as sedation (Major et al.  1981 ; Radulovacki et al. 
 1983  ) , reduction of the infarct area in the hippocampus and decrease in neuronal 
degeneration in animal models of global forebrain ischemia or focal ischemia (Lin 
and Phillis  1992 ; Phillis and O’Regan  1989  ) . Although ADA is expressed by both 
neurons and astrocytes (Haun et al.  1996 ; Nagy et al.  1984  )  it seems that it is in glial 
cells that this enzyme assumes a major role in the control of adenosine levels. This 
role is more relevant during stress conditions (like trauma or ischemia), when ade-
nosine levels rise and astrocytes became reactive, probably playing an important 
role in adenosine conversion to inosine (Zamzow et al.  2008b  ) . Inosine by itself can 
have a protective effect in stroke models (Shen et al.  2005  ) . However, neuroprotection 
conferred by inhibitors of ADA during hypoxia or ischemia (Lin and Phillis  1992  )  
mostly results from potentiation of the stress-induced increase in intracellular 
adenosine, which leads to enhanced adenosine release through transport reversal 
(Phillis and O’Regan  1989  ) . 

 Although the enzyme localization is mainly cytosolic, there is evidence of the 
existence of an ectoenzyme, bound to the extracellular side of the membrane (Franco 
et al.  1998  ) . The A 

1
 R may act as an anchoring protein for ecto-ADA, which through 

a nonenzymatic but allosteric interaction facilitates agonist and antagonist binding to 
A 

1
 R (Ciruela et al.  1996 ; Gracia et al.  2008 ; Ruíz et al.  2000 ; Saura et al.  1998  ) . Like 

A 
1
 R, A 

2B
 R was also found to be anchored to ADA in lymphocytes and cultured cells. 

Similarly, binding of enzymatically active or inactive ADA to this receptor increases 
its af fi nity and signaling by a protein–protein interaction (Herrera et al.  2001  ) .   

    7.5   Control of Extracellular Adenosine Levels by Astrocytes 

 In the brain, extracellular adenosine concentrations are normally kept in the range 
of 25–250 nM, therefore at concentrations that can tonically activate a substantial 
proportion of the high af fi nity A 

1
 R and A 

2A
 R (Dunwiddie and Masino  2001  ) . A major 

player in the steady-state levels of adenosine is ADK, which has high af fi nity for 
adenosine and is mostly expressed in astrocytes (see above and Boison et al.  2010  ) . 
ADA also predominates in astrocytes. Equilibrative nucleoside transporters are also 
expressed in astrocytes. Therefore, under physiological conditions astrocytes prob-
ably function as a major sink for adenosine, since its uptake is driven by the intracel-
lular activity of ADK. It is also likely that under conditions that prompt increases in 
intracellular adenosine, such as hypoxia or ischemia, astrocytes provide a major 
source of adenosine, which is released by reversal of transport direction, but direct 
evidence for a predominant astrocytic origin of extracellular adenosine during 
hypoxic/ischemic insults is still lacking. 
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 The levels of extracellular adenosine can be regulated by both A 
1
 R and A 

2
 R 

activity since A 
1
 R blockade increases extracellular levels of adenosine in cardiac 

 fi broblasts (Andresen et al.  1999  )  and activation of A 
2
 R promotes adenosine trans-

port in chromaf fi n cells (Delicado et al.  1990  ) . Furthermore, it has been shown that 
A 

2A
 R activation at nerve endings enhances the activity of nucleoside transporters, 

leading to a decrease in the availability of adenosine to activate A 
1
 R under high 

frequency neuronal  fi ring (Pinto-Duarte et al.  2005  ) . Again, information is still 
lacking regarding the role of astrocytes in this process. In astrocytes, A 

1
 R and A 

2A
 R 

form tetramers constituted by two A 
1
 R and two A 

2A
 R molecules bound to G 

i/0
  and 

G 
s
  proteins to regulate GABA transport in a deeply interactive and concerted way 

(Cristóvão-Ferreira et al.  2011  ) . Whether these A 
1
 R-A 

2A
 R tetramers control adenosine 

transporters is also unknown.  

    7.6   Purines and Intracellular Signaling 

 ATP acts upon different classes of membrane receptors, the ionotropic P2X and the 
metabotropic P2Y (for reviews see, for instance, Illes and Ribeiro  2004 ; Ralevic and 
Burnstock  1998  ) . Adenosine operates through activation of four distinct metabotro-
pic receptors: A 

1
 R, A 

2A
 R, A 

2B
 R, and A 

3
 R. All these receptors are expressed in the 

brain, where adenosine is involved in a variety of physiological and pathological 
processes, namely, regulation of sleep–arousal cycle, neuroprotection, epilepsy, 
pain,  fi ne control of movement,  fi ne-tuning of neurotransmission (see Boison  2006 ; 
Dunwiddie and Masino  2001 ; Ribeiro  2005 ; Sebastião and Ribeiro  2009a  ) .  

    7.7   Adenosine Receptors and Signaling Pathways 

 All four adenosine receptors have been cloned. Being GPCRs, adenosine recep-
tors are formed by a single peptide chain, with seven alpha-helical transmem-
brane domains, an intracellular C-terminal, and an N-terminal facing the 
extracellular space. The N-terminal usually contains one or more glycosylation 
sites. The C-terminal contains phosphorylation and palmitoylation sites, which 
are involved in regulation of receptor desensitization and internalization (Perez 
and Karnik  2005  ) . 

 Adenosine receptors are widely distributed throughout the body. In the brain 
they can be found pre-, post-, or nonsynaptically, in neurons as well as in glia. 
Their expression is not homogenous in the central nervous system (Fig.  7.2 ). 
Higher A 

1
 R expression levels are found in the cortex, hippocampus, cerebellum, 

thalamus, brain stem, and spinal cord (see Ribeiro et al.  2002  and references 
therein). Though at low density, A 

1
 Rs are also present in basal ganglia, both on 

dopaminergic nigrostriatal and glutamatergic corticostriatal terminals. Adenosine 
A 

2A
 Rs are mostly expressed in the basal ganglia and olfactory bulb. However, it is 
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possible to  fi nd mRNA encoding A 
2A

 Rs or the A 
2A

 R protein in other brain regions 
where they are weakly expressed, namely, in the hippocampus and the cortex (see 
Sebastião and Ribeiro  1996  ) . The A 

2B
 Rs are mainly expressed in peripheral organs, 

being weakly expressed in the whole brain (Dixon et al.  1996  ) . Finally, A 
3
 Rs have 

an intermediate expression level in the human cerebellum, and as A 
2B

 Rs, they 
display a low expression in the entire brain (see Fredholm et al.  2001  ) . The A 

1
 R 

and A 
2A

 R are high af fi nity receptors, with adenosine  K  
d
  values of 70 and 150 nM, 

for A 
1
 R and A 

2A
 R respectively, which allow their tonic activation by basal adenos-

ine levels. The A 
2B

 R and A 
3
 R are considered low af fi nity receptors, with adenosine 

af fi nity constant values around 5,100 and 6,500 nM, respectively (see Dunwiddie 
and Masino  2001  ) .  

 Classically, A 
1
 R and A 

3
 R inhibit adenylate cyclase (AC) through coupling to G 

i/0
 . 

A 
2A

 R and A 
2B

 R are coupled to G 
s
  or G 

olf
 , promoting AC activity. The A 

2B
 R subtype 

is also coupled to G 
q/11

 , through which it can activate phospholipase C (Ryzhov et al. 
 2006  ) . The A 

3
 R can also couple to G 

q/11
 , also activating phospholipase C (Fredholm 

et al.  2001  ) . The increase of cAMP mediated by AC leads to activation of cAMP 
dependent protein kinase (PKA), which then phosphorylates different targets such 
as ionotropic receptors or neurotransmitter transporters. On the other hand, activa-
tion of phospholipase C converts phosphatidylinositol 4,5-bisphosphate (PIP 

2
 ) into 

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 
3
 ). Then DAG activates 

protein kinase C (PKC), which phosphorylates different substrates, while IP 
3
  trig-

gers calcium release from intracellular stores. Then, elevation of cytosolic Ca 2+  can 
stimulate a variety of signaling pathways, including a family of phosphatidyl serine-
dependent serine/threonine-directed kinases collectively called protein kinase C 
(PKC), phospholipase A 

2
  (PLA 

2
 ), as well as Ca 2+ -dependent K +  channels, and nitric 

oxide synthase (NOS). IP 
3
  can also promote calcium in fl ux from extracellular 

sources if Ca 2+  intracellular stores are depleted due to previous activation of IP 
3
  

receptors (see Ralevic and Burnstock  1998  ) . 

  Fig. 7.2    Differential distribution of adenosine receptors (A 
1
 , A 

2A
 , A 

3
 ) among the brain (adapted 

from Ribeiro et al.  2002  ) . Higher expression corresponds to  larger text size        
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 The activation of G proteins can also directly modify the activity of several 
enzymes and ion channels that directly or indirectly in fl uence intracellular calcium 
levels. For example, A 

1
 R, via G 

i/0
  activation, leads to activation of several types of 

K +  channels and to blockade of N-, P-, and Q-type Ca 2+  channels (see Fredholm 
et al.  2001  ) . Direct evidence that A 

1
 R can inhibit calcium channels in nerve termi-

nals under hypoxic conditions has been reported (Coelho et al.  2002  ) . A 
3
 R are also 

able to modulate Ca 2+  levels, through the inhibition of AC. Both A 
2A

 R and A 
2B

 R can 
also modify the levels of intracellular calcium (see Fredholm et al.  2001  ) . 

 Aside from the involvement of AC/cAMP/PKA and PLC/IP 
3
 -DAG/PKC, other 

transduction pathways are associated with adenosine receptor activation, namely, 
the mitogen-activated protein kinase (MAPKs) (Schulte and Fredholm  2003  ) . The 
MAPK family is constituted by three main groups: extracellular regulated kinases 
(ERK) such as ERK1 and ERK2, stress-activated protein kinases (SAPK) such as 
p38, and jun-N-terminal kinase (JNK). These kinases are usually activated by 
receptors with tyrosine-kinase activity (Seger and Krebs  1995  ) , but GPCR can also 
signal through them (Gutkind  1998 ; Liebmann  2001 ; Marinissen and Gutkind 
 2001  ) . In fact, all adenosine receptors can affect the MAPK pathway. This was  fi rst 
shown in COS-7 cells transiently transfected with A 

1
 R, leading to activation of 

ERK1/2 via G 
i/0

  (Faure et al.  1994  ) . It was also early recognized that activation 
of A 

2A
 R can increase MAPK activity (Sexl et al.  1997  ) . Interestingly, the signal 

pathway used by A 
2A

 R to activate MAPK can vary, depending on the cellular 
machinery available. Thus, in CHO cells, A 

2A
 R-mediated ERK1/ERK2 activation 

involves G 
s
 -AC-cAMP-PKA-MEK1, while in HEK-293 cells, MAPK activation 

by A 
2A

 R involves PKC but not PKA, even though cAMP levels are found to be 
enhanced by G 

s
  activity (Seidel et al.  1999  ) . A 

2A
 R can also inhibit ERK phospho-

rylation (Hirano et al.  1996  ) . The activation of A 
2B

 R can trigger the three main 
branches of MAPK family (ERK1/2, p38, and JNK) (see Fredholm et al.  2001  ) . 
Finally, the A 

3
 R activate ERK1/2 in human fetal astrocytes (Neary et al.  1998  ) . 

Also, the phosphorylation of ERK1/2 was also clearly demonstrated in CHO cells 
transfected with A 

3
 R (see Schulte and Fredholm  2000  ) . 

 To conclude, MAPK activation by adenosine receptors is quite similar to that 
prompted by other GPCR (Gutkind  1998 ; Luttrell et al.  1999 ; Sugden and Clerk 
 1998  ) . Interestingly, ERK1/2 phosphorylation is promoted either by receptors 
coupled to G 

s
  (A 

2A
 /A 

2B
 ) or to G 

i/0
  (A 

1
 /A 

3
 ) proteins. The MAPK-mediated effects of 

adenosine receptors mainly impact modulation of DNA synthesis, cellular differen-
tiation, proliferation, and apoptosis (see Schulte and Fredholm  2003  ) . 

 Adenosine receptor activity is regulated by its expression at the membrane level 
which results from a balance between endocytosis and exocytosis rates. An enhance-
ment of the endocytosis rate, which restrains the intensity and duration of the signal, 
is often preceded by receptor phosphorylation and uncoupling from G proteins, a 
well-known process of receptor desensitization. Adenosine receptor subtypes desen-
sitize differently. A 

1
 R are slowly phosphorylated and internalized, a time frame of 

several hours being needed to complete the process. A 
2A

 R and A 
2B

 R desensitize in a 
faster way, with downregulation kinetics less than 1 h. The A 

3
 R have the fastest desen-

sitization pro fi le, a process often occurring within minutes (Klaasse et al.  2008  ) .  
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    7.8   Implications for Modulation of Neuronal Function 

 The variety of downstream pathways operated by adenosine receptors highly 
supports the pluripotential of this nucleoside to interfere with a multiplicity of intra-
cellular functions essential to regulate neuronal activity either directly or indirectly 
via interaction with several neurotransmitters and/or neuromodulators. These inter-
actions can occur within the same cell, in some cases involving receptor heteromer-
ization, or be a result of transcellular communication. Being a small and easily 
diffusible molecule, adenosine easily acts in a paracrine way, affecting cells away 
from the release point. Its role as a trans-synaptic modulator, involving neuron-
to-astrocyte communication at tripartite synapses is now well accepted (Fields and 
Burnstock  2006 ; Hamilton and Attwell  2010 ; Perea et al.  2009  ) . 

 Within the same cell there are many possibilities of cross talk between transduc-
tion pathways that have several kinases and other key molecules in common (see 
Fig.  7.3 ). GPCRs can interact at the G protein level, by sharing  b  g -subunits or common 
 a -subunits, affecting the activation kinetics of other GPCRs. This also applies to 
A 

1
 R and A 

2A
 R, and related mechanisms are most probably involved in the ability of 

adenosine receptors to interact with other receptors for neurotransmitters or neuro-
modulators (Sebastião and Ribeiro  2000  ) .  

  Fig. 7.3    Schematic representation of the different signaling pathways associated with adenosine 
receptors. Adenosine receptors are GPCRs. A 

1
 R and A 

3
 R couple to G 

i/0
 , inhibiting AC, which will 

reduce cAMP levels and consequently decrease PKA activity. A 
2A

 R and A 
2B

 R are coupled to G 
s
 , 

promoting AC activity and consequently PKA activity. A 
3
 R and A 

2B
 R can also couple to G 

q/11
 , 

enhancing PLC activity. PLC catalyzes PIP 
2
  into DAG and IP 

3
 . DAG will directly activate PKC, 

while IP 
3
  will increase intracellular Ca 2+  levels. Furthermore, all adenosine receptors can activate 

the MAPK pathway       
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 A 
1
 R and A 

2A
 R can form heteromeric complexes (Ciruela et al.  2006  ) . As clearly 

shown in astrocytes, A 
1
 R-A 

2A
 R heteromers appear as heteromers of homomers with 

a minimal structure consisting of an A 
1
 R-A 

1
 R-A 

2A
 R-A 

2A
 R complex (Cristóvão-

Ferreira et al.  2011  ) . The heterotetramer makes it possible to accommodate the two 
different G proteins, and the A 

1
 R-A 

2A
 R heteromer in astrocytes is clearly coupled to 

G 
i/0

  and G 
s
  proteins (Cristóvão-Ferreira et al.  2011  ) . Importantly, the blockade of a 

single partner in the A 
1
 R/A 

2A
 R/G 

i/0
 /G 

s
  complex leads to adjustments in the function-

ing of the whole unit (Cristóvão-Ferreira et al.  2011  ) . 
 Heteromerization between adenosine receptors and receptors of other neu-

rotransmitters/neuromodulators also occurs, being the A 
2A

 R-D 
2
 R heteromer the  fi rst 

to be recognized (Hillion et al.  2002  ) . Through this heteromer, adenosine restrains 
D 

2
 R-mediated effects. The relevance of dopaminergic signaling and dysfunction in 

several pathologies turns A 
2A

 R-D 
2
 R heteromers into promising therapeutic targets 

(Altamura et al.  2005 ; Ferré et al.  1997  ) . A close interaction between A 
1
 R and D 

1
 R 

was also described (Ginés et al.  2000  ) . Once again, adenosine, through the activa-
tion of A 

1
 R, inhibits D 

1
 R-mediated effects. In detail, A 

1
 R activation leads to uncou-

pling of D 
1
 R from AC (Ginés et al.  2000  ) , reinforcing the A 

1
 R-induced inhibition 

of D 
1
 R, which is mediated by G 

i/0
  activation (Ferré et al.  1994,   1998  ) . 

 Adenosine A 
2A

 R can also heteromerize with cannabinoid CB 
1
 R in the striatum 

(Carriba et al.  2007  ) , and this has putative implications for pharmacotherapy drug 
addiction (Ferré et al.  2010  ) . Psychomotor stimulation by A 

2A
 R antagonists also 

depends upon A 
2A

 R-CB 
1
 R cross talk (Lerner et al.  2010  ) . A 

1
 R also interact with 

CB 
1
 R receptor-mediated actions in the hippocampus, a process with implications 

for CB 
1
 R induced memory impairment, which is exacerbated by chronic caffeine 

consumption (Sousa et al.  2011  ) . 
 The predominant neuromodulatory action of adenosine, inhibition of neurotrans-

mitter release, is controlled by A 
1
 R and relates to presynaptic inhibition of calcium 

responses (Fredholm et al.  1990 ; Fossier et al.  1999 ; Ribeiro  1978  ) . However, A 
2A

 R 
can also modulate extracellular transmitter levels and they do so either by enhanc-
ing release and/or by in fl uencing uptake. Indeed, A 

2A
 R activation in the hippocam-

pus facilitates GABA release (Cunha and Ribeiro  2000  )  and GABA uptake into 
presynaptic terminals (Cristóvão-Ferreira et al.  2009  )  and astrocytes (Cristóvão-
Ferreira et al.  2011  ) . In the striatum, where A 

2A
 R expression is higher, the activation 

of these receptors leads to an inhibition of GABA uptake (Gonzalez et al.  2006  ) . 
Glutamate release from hippocampal (Lopes et al.  2002  )  and cortical (Marchi et al. 
 2002  )  synaptosomes is also enhanced by A 

2A
 R activation. The same occurs with 

acetylcholine release from hippocampal nerve terminals (Cunha et al.  1995  ) . 
 During excitotoxic conditions, such as hypoxia, the A 

1
 R-mediated presynaptic 

inhibition of calcium responses (Coelho et al.  2002  ) , together with inhibition of 
NMDA responses (Sebastião et al.  2001  )  confers protection against synaptic 
damage. In contrast, A 

2A
 R may facilitate ionotropic receptor activation, as it is the 

case of their ability to enhance AMPA receptor-mediated responses at the postsyn-
aptic and extrasynaptic level, affecting the reserve of the GluR 

1
 -containing AMPA 

receptors at the extrasynaptic pool, priming them for synaptic insertion and for 
reinforcement of synaptic strength (Dias et al.  2012  ) . This action is sustained even 
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after brief A 
2A

 R activation, involves cyclic AMP and PKA activation and leads to 
enhancement of long-term potentiation (LTP) in Schaffer collateral-CA1 synapses 
of the hippocampus (Dias et al.  2012  ) . LTP facilitation by A 

2A
 R is also evident in 

aged animals (Costenla et al.  2011  ) . Interestingly, A 
2A

 R blockade in vivo impairs 
conditional learning as well as potentiation of CA1 hippocampal potentials recorded 
concomitantly in freely moving animals (Fontinha et al.  2009  ) . A 

2A
 R localized post-

synaptically at synapses between mossy  fi bers and CA3 pyramidal cells are essen-
tial for a form of long-term potentiation (LTP) induced by short bursts of mossy 
 fi ber stimulation, which requires the activation of NMDA and metabotropic gluta-
mate receptors (mGluR 

5
 ) to increase cytoplasmic Ca 2+  levels (Rebola et al.  2008  ) . 

 A 
2A

 R seem to be devoted to interacting with other metabotropic receptors, not 
only of the GPCR family (Sebastião and Ribeiro  2000  )  but also with tropomyosin-
related kinase (Trk) receptors (Sebastião and Ribeiro  2009b  ) . A 

2A
 R are able to trans-

activate TrkB receptors in the absence of the neurotrophin (Lee and Chao  2001  ) . 
This transactivation requires long-term incubation with A 

2A
 R agonist and requires 

receptor internalization (Rajagopal et al.  2004  ) . Furthermore, adenosine A 
2A

 R activation 
is also a crucial step for the functioning of neurotrophic receptors at synapses, 
through a mechanism most probably different from TrkB transactivation, and which 
involves translocation of TrkB molecules to lipid rafts (Assaife-Lopes et al.  2010  ) . 
The A 

2A
 R-mediated gating and/or facilitation of the actions of neurotrophins, has 

been shown for the facilitatory actions of brain derived neurotrophic factor (BDNF) 
on synaptic transmission (Diógenes et al.  2004 ; Tebano et al.  2008  )  and on plasticity 
(Fontinha et al.  2008  )  at the CA1 area of the hippocampus. The actions of BDNF are 
blocked by either A 

2A
 R blockade or inhibition of Trk phosphorylation, but a Trk 

phosphorylation inhibitor does not prevent A 
2A

 R-mediated facilitation of synaptic 
transmission (Pousinha et al.  2006 , indicating that A 

2A
 R operate upstream of TrkB 

activation. Synaptic actions of other neurotrophic factors, such as glial derived 
neurotrophic factor (GDNF) are also under in fl uence of A 

2A
 R in the striatum (Gomes 

et al.  2006,   2009  ) . Adenosine A 
2A

 R and BDNF TrkB receptors can coexist in the 
same nerve ending since the facilitatory action of A 

2A
 R upon TrkB-mediated BDNF 

action is also visible at the neuromuscular junction (Pousinha et al.  2006  ) , a single 
nerve ending synapse model. Colocalization of A 

2A
 R and Ret, a component of the 

GDNF receptor complex, has also been shown in single axon terminals in the 
striatum (Gomes et al.  2009  ) . 

 The ability of BDNF to facilitate synaptic transmission and synaptic plasticity 
is dependent on the age of the animals (Diógenes et al.  2007,   2011  )  and this may 
be related to the degree of activation of adenosine A 

2A
 R by endogenous adenosine 

at different ages. Thus, to trigger a BDNF facilitatory action at synapses of infant 
animals it is necessary to increase the extracellular levels of adenosine, either by 
inhibiting ADK or by a brief depolarization (Diógenes et al.  2004 ; Pousinha et al. 
 2006  )  or even by high frequency neuronal  fi ring (Fontinha et al.  2008  ) . These 
adenosine-triggered BDNF actions are lost by blocking adenosine A 

2A
 R with 

selective antagonists. In adult animals, BDNF per se can facilitate synaptic trans-
mission, but this effect is also fully lost with blockade of adenosine A 

2A
 R (Diógenes 

et al.  2007  )  or in A 
2A

 R knockout mice (Tebano et al.  2008  ) . Interestingly, the 
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enhanced hippocampal synaptic plasticity in aged animals can be related not only 
to a higher in fl uence of adenosine A 

2A
 R (Costenla et al.  2011  )  but also to an 

enhanced BDNF TrkB-mediated facilitatory tonus also dependent from cross talk 
with A 

2A
 R (Diógenes et al.  2011  ) . Nicotinic alpha7 cholinergic currents in 

GABAergic hippocampal neurons are inhibited by BDNF, and this also requires 
coactivation of adenosine A 

2A
 R (Fernandes et al.  2008  ) . Inhibition of GABA 

transporters (GAT) by BDNF at nerve terminals does not fully depend upon 
coactivation of A 

2A
 R, since it is not abolished by A 

2A
 R blockade, though this 

inhibitory BDNF action can be exacerbated by A 
2A

 R coactivation (Vaz et al. 
 2008  ) . Interestingly, in astrocytes BDNF facilitates GABA transport, and this 
facilitation is fully dependent upon A 

2A
 R activation (Vaz et al.  2011  ) . Contrasting 

with A 
2A

 R which promote the actions of neurotrophic factors, A 
1
 R inhibit neurite 

outgrowth of cultured dorsal root ganglion neurons, both in the absence and in the 
presence of NGF (Thevananther et al.  2001  ) . 

 A 
2A

 R, due to their ability to enhance excitotoxic phenomena, including glutamate 
release (Lopes et al.  2002 ; Marchi et al.  2002  ) , are mostly regarded as promoters of 
neuronal death. However, in some cases, such as cultured retinal neurones, A 

2A
 R 

have been shown to protect neurones against glutamate-induced excitotoxicity 
(Ferreira and Paes-de-Carvalho  2001  ) . Whether this is due to the ability of A 

2A
 R to 

facilitate actions of neurotrophic factors, as it has been shown to occur in relation to 
A 

2A
 R-mediated neuroprotection of motor neurones (Wiese et al.  2007  ) , is not yet 

known. The pathophysiological implications of the cross talk between A 
2A

 R and 
receptors for neurotrophic factors have been discussed in detail elsewhere (Sebastião 
and Ribeiro  2009c  ) . 

 Adenosine receptor activation may also induce release of neurotrophic factors. 
Thus, the expression and/or release of NGF are enhanced by activation of A 

2A
 R in 

microglia (Heese et al.  1997  )  and by activation of A 
1
 R in astrocytes (Ciccarelli et al. 

 1999  ) . Adenosine A 
2B

 R in astrocytes are also able to enhance GDNF expression 
(Yamagata et al.  2007  ) . In the whole hippocampus, A 

2A
 R are required for normal 

BDNF levels (Tebano et al.  2008  ) . Interestingly, in a mouse model of Huntington’s 
disease, A 

2A
 R are also required to keep striatal BDNF levels close to those obtained 

in wild-type mice (Potenza et al.  2007  ) . 
 Finally, interactions among purinergic, growth factor, and cytokine signaling 

regulate neuronal and glial maturation as well as development. In neuronal-
dependent glial maturation both ATP and adenosine purinoceptors are involved 
(see, for instance, Fields and Burnstock  2006  ) . The extracellular adenosine levels 
during high frequency neuronal  fi ring are suf fi cient to stimulate adenosine receptors 
in oligodendrocyte ancestor cells inhibiting their proliferation and stimulating their 
differentiation into myelinating oligodendrocytes (Stevens et al.  2002  ) . In premyeli-
nating Schwann cells, A 

2A
 R activate phosphorylation of extracellular signal-

regulated kinases (ERKs), namely, ERK1/2, and inhibit Schwann cell proliferation 
without arresting differentiation (Stevens et al.  2004  ) . Contrasting with A 

2A
 R, which 

usually promote the actions of neurotrophic factors, adenosine A 
1
 R inhibit neurite 

outgrowth of cultured dorsal root ganglion neurons, both in the absence and in the 
presence of NGF (Thevananther et al.  2001  ) . 
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 Besides in fl uencing the activity of other neuromodulatory receptors, adenosine 
A 

2A
 R also affect the activity of equilibrative transporters, as in the case of adenosine 

transporters (Pinto-Duarte et al.  2005  ) . Thus, activation of A 
2A

 R with the selective 
agonist CGS 21680 facilitates adenosine uptake and enhances release of adenosine, 
which points to a direct effect of A 

2A
 R on nucleoside transporters, rather than an 

indirect action resulting from a modi fi cation of the adenosine gradient of concentra-
tions across the plasma membrane (i.e., a metabolic effect). Furthermore, high 
frequency neuronal  fi ring activates A 

2A
 R and concomitantly enhances nucleoside 

transporters. The main consequence of this A 
2A

 R-mediated enhancement of nucleo-
side transporters is a marked reduction of the tonic activation of inhibitory A 

1
 R 

upon high-frequency  fi ring. This action of A 
2A

 R on the activity of the adenosine 
transporters constitutes a clear demonstration that a neuromodulatory receptor is 
able to control the extracellular levels of its endogenous ligand and, hence, to 
in fl uence its ability to control neurotransmitter release (Pinto-Duarte et al.  2005  ) . 

 A 
2A

 Rs facilitate GAT-1 mediated GABA transport into nerve terminals, an effect 
that is mediated by AC activation, which restrains the inhibition of GAT-1 by PKC 
(Cristóvão-Ferreira et al.  2009  ) . Transport facilitation by A 

2A
 Rs is due to an increase 

in the membrane expression of GAT-1 molecules, re fl ected in increased maximum 
transport velocity (Cristóvão-Ferreira et al.  2009  ) . This A 

2A
 R-mediated facilitation 

of GABA transport into nerve endings, if coupled to an increase in the release of 
GABA (Cunha and Ribeiro  2000  ) , may contribute to faster neurotransmitter 
recycling, leading to an enhancement of phasic GABAergic signaling. 

 A 
2A

 Rs also facilitate GABA transport into astrocytes, by enhancing GAT-1 and 
GAT-3 mediated transport, an action under tight control of A 

1
 R, due to formation of 

A 
1
 R-A 

2A
 R heteromers (Cristóvão-Ferreira et al.  2011  ) . While the A 

1
  protomer of the 

heteromer inhibits GABA transport, the A 
2A

  protomer enhances it, the shift from 
inhibition to enhancement of GABA uptake probably occurring at low micromolar con-
centrations of extracellular adenosine (Cristóvão-Ferreira et al.  2011  ) . These 
concentrations are easily attained at a tripartite synapse, where astrocytes and neu-
rons release considerable amounts of ATP. The higher the release of ATP (as may 
occur at high neuronal  fi ring rates in reciprocal neuron-to-astrocyte communica-
tion) the higher the expected concentration of extracellular adenosine. It is therefore 
likely that sustained neuronal  fi ring promotes activation of the A 

2A
 R protomer of the 

A 
1
 R-A 

2A
 R heteromer leading to facilitation of GABA uptake. Activation of GABA 

uptake by astrocytes will lead to a decrease in ambient GABA and a subsequent 
depression of tonic GABAergic inhibition resulting in enhanced excitatory tonus. 
Conversely, at submicromolar adenosine concentrations, there is a preferential acti-
vation of the A 

1
  protomer of the heteromer and so, GABA uptake by astrocytes 

would be inhibited. Consequently, tonic inhibition by GABA would be enhanced. 
Thus, through an adenosine action upon A 

1
 R-A 

2A
 R heteromers, astrocytes might 

behave as dual ampli fi ers, facilitating excitation of intense astrocytic-to-neuronal 
signaling and increasing inhibition at low neuronal  fi ring rates. This switch in neural 
activity requires a highly ef fi cient control to avoid sudden state transitions, and this 
seems to be the main advantage of heteromerization of A 

1
 R and A 

2A
 R in astrocytes. 

Indeed, overstimulation of just one of the receptor protomers leads to internalization 
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of the whole functional unit (Cristóvão-Ferreira et al.  2011  ) , therefore allowing a 
double brake in the system and avoiding an abrupt inhibitory signaling and a sudden 
switch from excitation to inhibition as a consequence of desensitization of only the 
excitatory protomer.  

    7.9   Concluding Remarks 

 Operating on multiple downstream signaling pathways, adenosine receptors 
in fl uence the activity of other GPCRs as well as of receptors for neurotrophic factors, 
ion channels, ionotropic receptors, and neurotransmitter transporters. Modi fi cations 
of extracellular adenosine levels, due to changes in its metabolic pathways, lead to 
alterations in the degree of activation of adenosine receptors, which will impact 
their ability to enhance or restrain the action of other neurotransmitters or neuromodu-
lators. The cross talk between adenosine receptors and other membrane receptors 
results in part from intracellular cascade processes occurring between common 
transducing systems and through protein phosphorylation processes that involve 
PKC or PKA (Fig.  7.3 ). The key receptor in this synaptic interplay appears to be the 
A 

2A
 R, whereas the A 

1
 R can counteract A 

2A
 R mediated actions. 

 In summary, synaptic transmission is under tight control of endogenous extracel-
lular adenosine, which through pre- and postsynaptic actions interplays with other 
synaptic molecules involved in neurotransmission as well as with membrane 
proteins (receptors, and transporters) essential for transmission to harmonically 
in fl uence neuronal activity.      
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  Abstract   For all its complexity, the brain can be broadly divided into two major 
types of cells, neurons and glial cells. Glia are de fi ned as nonneuronal cells and 
function to maintain homeostasis, form myelin, and provide support and protection 
for neurons. Formerly thought to be passive support cells, we now know that astro-
cytes, the major subtype of glial cell in the brain, participate in signaling activities 
both with the vasculature and with neurons at the synapse. We have long known that 
astrocytes regulate neuronal signaling by controlling the ionic environment of the 
neuropil and controlling the supply of neurotransmitters to synapses, and evidence 
now exists for astrocytes directly signaling to neurons via regulated exocytic release, 
as well as signaling via gap junction mediated communication. The  fi rst indication of 
astrocytes actively signaling was via release of glutamate which acted to produce 
calcium signals in nearby neurons. Since this time astrocytes have also been shown 
to release  d -serine, TNF-alpha, ANP, and ATP. ATP and its metabolites are well 
known as important signaling molecules in the nervous system, and astrocytes may 
be the most widespread source of ATP release in the nervous system. Astrocytes 
express the machinery necessary for exocytic and gap junction mediated release of 
ATP, as well as purinergic receptors and associated signaling molecules. In vivo studies 
using molecular and genetic tools have also demonstrated that astrocytic release of 
ATP and other signaling molecules has a major impact on synaptic transmission in 
multiple brain regions and under different physiological contexts. Via these actions, 
astrocytes have now been shown to mediate complex functions in the whole organ-
ism, such as respiration and homeostatic control of the sleep–wake cycle.  
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    8.1   What Is an Astrocyte? 

 For all its complexity, the brain can be broadly divided into two major types of cells, 
neurons and glial cells. Glia are de fi ned as nonneuronal cells and function to 
maintain homeostasis, form myelin, and provide support and protection for neurons. 
While glial cells have long been thought to serve as simple supportive cells for 
neurons, glial cells have more recently gained attention as active participants in 
many brain processes. However, this concept is not entirely new, in 1895 Santiago 
Ramón y Cajal proposed that astrocytes, the major subtype of glial cell in the brain, 
control sleep and waking states (Araque and Navarrete  2010  ) . Cajal proposed that 
the processes of astrocytes act as electrical insulators that extend between neurons 
to facilitate sleep and retract to allow neuronal circuits to communicate thereby 
facilitating wakefulness (Garcia-Marin et al.  2007  ) . A century of research has indeed 
provided support for parts of Cajal’s original assertion. We now know that astrocytes 
do have both structural and functional links with neurons and are able to modulate 
complex behaviors including sleep and waking states (Halassa et al.  2009  ) .  

    8.2   Properties of Astrocytes 

 Cajal was the  fi rst to systematically study astrocytes from a structural standpoint 
(Garcia-Marin et al.  2007  ) , and until very recently, our view of astrocytic morphology 
has been based both on Cajal’s metal impregnation methods, and on glial  fi brillary 
acidic protein (GFAP) staining which both permit only static end point assessment 
of the actions of these cells. Advances in cellular labeling and imaging technologies 
have now demonstrated that astrocytic morphology is far more complicated than 
previously thought. By  fi lling single astrocytes with  fl uorescent dyes, researchers in 
one study showed that GFAP staining reveals only 15 % of the true astrocytic volume 
and that astrocytes extend  fi ne processes that occupy the surrounding neuropil 
(Bushong et al.  2002  ) . Astrocytes occupy nonoverlapping spatial territories in which 
a single astrocyte contacts hundreds of neuronal processes and multiple neuronal cell 
bodies, and in addition also contact the microvasculature (Bushong et al.  2002  ) . 

 Astrocytes are known to be intimately associated with the cerebral microvascu-
lature, which they line with their endfeet (Simard et al.  2003  ) . By being strategically 
positioned between neurons and blood vessels, astrocytes are thought to be media-
tors of neurovascular coupling, the process by which neuronal activity is coupled to 
cerebral blood  fl ow. Astrocytes also play essential roles in brain energy homeostasis 
and metabolism, mediated by their close link with the microvasculature, and 
astrocytes are known to express transporters that mediate the uptake of glucose 
from cerebral microvessels. 

 Astrocytes interact with neurons at multiple spatial and temporal scales. By control-
ling the ionic and metabolic environment of the neuropil, astrocytes can dramatically 
impact neuronal activity. The processes of one astrocyte can contact tens of thou-
sands of synapses (Fig.  8.1 ), and depending on the brain region being considered, 



1598 Astrocytic ATP Release

more than 50 % of excitatory synapses are thought to be closely opposed to an astro-
cytic process (Ventura and Harris  1999  ) . This close connection between the synapse 
and astrocytic process has been termed the tripartite synapse to recognize the struc-
tural and functional relationship between the astrocyte and the synaptic terminals 
(Araque et al.  1999  ) . Evidence now supports the concept that astrocytes act as both 
“listening” and “talking” participants in the tripartite synapse via regulated signal-
ing pathways (Haydon  2001  ) .   

    8.3   How Do Astrocytes Signal? 

 Much attention has been focused recently on de fi ning how astrocytes may also be 
sending signals in their complex relationships with neurons, as opposed to passively 
receiving the ongoing signaling activities of neurons. Although we have long known 
that astrocytes regulate neuronal signaling by controlling the ionic environment of 
the neuropil and controlling the supply of neurotransmitters to synapses, evidence 
now exists for astrocytes directly signaling to neurons via regulated release. Research 
has now shown that astrocytes signal via many chemical transmitters, including 
classical transmitters, peptides, chemokines, and cytokines, through a number of 
different release mechanisms. Astrocyte signaling through these various chemical 
compounds can have complex downstream effects on nearby neurons. For example, 
glutamate and  d -serine released from astrocytes can boost NMDA receptor–mediated 

  Fig. 8.1    Astrocytes and synapses have a close physical and functional relationship, and this close 
association has become known as the tripartite synapse. The electron micrograph on the left shows 
a hippocampal synapse with astrocyte end feet closely surrounding it. On the right, the colored 
overlay makes it apparent that the astrocytes (shown in  blue ) tightly surround the presynaptic 
(shown in  yellow ) and postsynaptic (shown in  green ) compartments, providing a tight seal around 
the sight of neurotransmission       

 



160 D.J. Hines and P.G. Haydon

current, resulting in an excitatory feedback to neurons (Esser et al.  2007 ; Franken 
et al.  1999  ) , whereas, the release of ATP from astrocytes leads to extracellular 
adenosine which then acts on adenosine A 

1
  receptors, ultimately resulting in inhibition 

of synaptic transmission (Haber and Murai  2006  ) . There are four types of enzymes 
that are capable of hydrolyzing ATP to adenosine. The four family ectonucleotidases 
are ectonucleoside triphosphate diphosphohydrolases, ectonucleotide pyrophosphate/
phosphodiesterases, alkaline phosphatases, and ecto-5 ¢ -nucleotidases. 

 Multiple release or signaling mechanisms have been proposed for astrocytes, all 
of which may operate under different physiological contexts or conditions. Studies 
have described connexin/gap junctions (Arcuino et al.  2002 ; Lazarowski et al.  2003 ; 
Stout et al.  2002  ) ; volume-regulated anion channels (Anderson et al.  2004 ; Queiroz 
et al.  1997  ) ; while other studies have focused on exocytotic release mechanism 
operating in astrocytes (Bal-Price et al.  2002 ; Coco et al.  2003 ; Pangrsic et al.  2007  ) . 
ATP-binding cassette transporters, such as multidrug resistance P-glycoproteins 
(Abraham et al.  1993  ) , or cystic  fi brosis transmembrane conductance regulators 
(Schwiebert et al.  1995  )  have been demonstrated in CHO and airway epithelial cells 
respectively, and represent possible signaling mechanisms in astrocytes as well. For 
the purposes of this chapter we focus on two of the most well-characterized mecha-
nisms, exocytosis and connexin/gap junction mediated release and signaling. 

    8.3.1   Exocytosis 

 Multiple cell types are known to release substances via the well characterized process 
of exocytosis. Regulated exocytosis is dependent on the docking and fusion of 
vesicles to the plasma membrane, which is orchestrated via the formation of the 
 s oluble  N SF ( N -ethylmaleimide-sensitive fusion) protein  a ttachment protein  re cep-
tor (SNARE) complex. SNARE proteins are small, abundant and are primarily 
bound to the plasma membrane. Although they vary considerably in structure and 
size, all SNARE proteins share a segment in their cytosolic domain called a  SNARE 
motif  that consists of 60-70 amino acids capable of assembly into tight, four-helix 
bundles called  “trans”-SNARE complexes . Astrocytes express the core machinery 
proteins involved in forming the SNARE complex, such as synaptobrevin II 
(Montana et al.  2004 ; Zhang et al.  2004b  )  and its homolog cellubrevin (Bezzi et al. 
 2004  )  and SNAP-23 (Montana et al.  2004 ; Zhang et al.  2004b  ) . Astrocytes also 
express ancillary proteins to this complex, such as Munc 18 (Montana et al.  2004 ; 
Zhang et al.  2004b  ) , complexin 2 (Montana et al.  2004 ; Zhang et al.  2004b  ) , and 
synaptotagmin IV (Zhang et al.  2004a  ) . 

 In addition to evidence from molecular biology, astrocytes have been shown to 
have vesicular structures. In cultured astrocytes, SNARE proteins have been shown 
to colocalize with a number of vesicular organelles, including small vesicles positive 
for vesicular glutamate transporters (VGlut 1–3)(Bezzi et al.  2004 ; Montana et al. 
 2004 ; Zhang et al.  2004a,   2004b  ) , ATP-storing vesicles (Coco et al.  2003 ; Zhang 
et al.  2007  ) , and  d -serine- containing vesicles (Mothet et al.  2005a  ) , suggesting the 
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involvement of vesicular mechanisms in the release of these transmitters. The size 
of these vesicular organelles ranges between 30 and 100 nm in diameter in cultured 
astrocytes. Electron microscopic studies from tissue sections have demonstrated the 
existence of clear astrocytic vesicles, 30 nm in diameter, opposed to presynaptic 
terminals (Jourdain et al.  2007  ) , which strongly supports the existence of a vesicular 
pathway of gliotransmission in the intact brain. 

 A signi fi cant advance in our understanding of astrocyte signals came in 1994 
when Parpura et al. used calcium imaging techniques to demonstrate that cultured 
astrocytes release glutamate, which leads to elevation of calcium in nearby neurons 
(Parpura et al.  1994  ) . Subsequent to this, several studies demonstrated that this 
process can also be observed in acute brain slices (Angulo et al.  2004 ; Fellin et al. 
 2004 ; Fiacco and McCarthy  2004 ; Kang et al.  2005 ; Pirttimaki et al.  2011 ; Porter 
and McCarthy  1996  )  and in vivo (Hirase et al.  2004  ) . Since this time, astrocytes 
have been shown to release a number of chemical transmitters, including ATP 
(Darby et al.  2003 ; Koizumi et al.  2003 ; Newman  2003  ) ,  d -serine (Henneberger 
et al.  2010 ; Panatier et al.  2006  )  (Mothet et al.  2005b  ) , TNF-alpha (Santello et al. 
 2011  ) , and ANP(Krzan et al.  2003  ) , in a process that is now collectively termed 
gliotransmission.  

    8.3.2   Gap Junctions 

 One important feature of astrocytes in their role as metabolic regulators is their 
extensive intercellular coupling, mediated mainly by connexin-containing gap 
junctions (Theis et al.  2005  ) . Gap junctions are specialized cell-to-cell contacts 
that provide exchange of the intracellular milieu and thereby communication of 
small molecules between cells. The estimated size is up to 1,200 Da which allows 
for the diffusion of glucose and other soluble factors among many astrocytes 
(Rouach et al.  2008  ) . 

 A single gap junction consists of two hemichannels, or connexons, each of which 
is composed of six connexin proteins. Connexins consist of four transmembrane 
domains, connected by two extracellular loops and one intracellular loop, and have 
intracellular N- and C termini. In mammals, more than 20 connexin genes have 
been identi fi ed and connexins are most commonly named according to the molecu-
lar mass (KD) of the protein (Odermatt et al.  2003 ; Sohl and Willecke  2003  ) . In the 
central nervous system, gap junctions occur between neurons, and glial cells includ-
ing astrocytes, oligodendrocytes, and microglia, as well as between these different 
cell types. When one connexon is unopposed, referred to as a hemichannel, exchange 
between the intracellular and extracellular contents occurs. Under normal physio-
logical conditions, gap junctions function in an open state, allowing free exchange 
of diffusible factors. In contrast, hemichannels are closed under normal physiologi-
cal conditions and are opened to allow the passage of substances (Decrock et al. 
 2009a,   b  ) . The connexin hemichannel has been reported to be maintained in the 
closed state by extracellular divalent cations such as calcium and magnesium 
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(Ebihara et al.,  2003  ) . It is also well known that low extracellular calcium solution 
triggers connexin-mediated ATP release (Arcuino et al.  2002 ; Stout et al.  2002  ) . 

 Of the connexin proteins identi fi ed connexin 43 (Cx43) is the most highly 
expressed and is enriched in astrocytes, activated microglia, the smooth muscle 
and endothelial cells of blood vessels, and developing neurons (Contreras et al. 
 2003 ; Contreras et al.  2002 ; Nagy et al.  1997 ; Rash et al.  2000 ; Zhu et al.  1991  ) . 
In astrocytes, Cx43 containing gap junctions are abundant at end-foot processes 
along blood vessels, as well as in astrocyte processes that surround synaptic con-
tacts (Danesh-Meyer and Green  2008 ; O’Carroll et al.  2008  ) . Localized at these 
key locations, astrocyte gap junctions form a functional syncytium to maintain the 
brain environment (Cronin et al.  2008  ) . Further, the diffusion of factors throughout 
astrocytic networks via gap junctions has been studied using  fl uorescent glucose 
analogs and has been shown to be a regulated process enhanced by neuronal 
activity (Rouach et al.  2008  ) .   

    8.4   Astrocytes Express Channels and Receptors 
for ATP Signaling 

 In addition to possessing the proteins essential for both exocytic and gap junction 
mediated release, astrocytes also express a compliment of receptors and channels 
important for ATP signaling (Fig.  8.2 ). Astrocytes may be the most widespread 
source of ATP release in the CNS, and astroglial ATP and its metabolite adenosine 
activate purine receptors located on astrocytes, neurons, microglia, oligodendrocytes, and 
blood vessels. Purine receptors are broadly divided into categories according to activa-
tion by adenosine (P1) or ATP (P2). Evidence suggests that both groups of receptors 
are expressed in glial cells (James and Butt  2002  ) . P2 receptors are further divided 
into ionotropic P2X and metabotropic P2Y receptors, both of which mediate 
intracellular calcium levels.  

    8.4.1   P1 Receptors 

 There are four subtypes of P1 receptors that respond to adenosine: A 
1
  and A 

3
  receptors 

inhibit cAMP via Gi/o, whereas A 
2A

  and A 
2B

  receptors stimulate cAMP via Gs. The 
expression of the different adenosine receptor subtypes has been described in astro-
cytes and microglia (Abbracchio et al.  2009 ; Ciccarelli et al.  2001 ; Stevens et al. 
 2002  ) . Adenosine is well known to be an important neuromodulator, and adenosine 
signaling from astrocytic sources has been shown to modulate glial development, 
alter synaptic A 

2A
  receptors, and mediate repulsive effects of ATP/adenosine on 

microglia, as well as participate in multiple pathological states (Butt  2006 ; Ciccarelli 
et al.  2001 ; Sperlagh and Illes  2007 ; Stevens et al.  2002  ) . 
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 Physiologically, adenosine levels increase in situations when there is an imbalance 
between rates of energy utilization and rates of energy delivery. Under conditions 
of high neuronal activity and particularly during hypoxia or ischemia, markedly 
elevated levels of adenosine have been noted (Newby  1991  ) . Adenosine has become 
known as a “retaliatory metabolite” due to its ability to adjust the energy supply and 
“retaliate” against the cellular environment (Newby et al.  1985 ; Sala-Newby et al. 
 1999  ) , as such its potential role as an endogenous protective agent both in ischemia 
and following seizures has been repeatedly emphasized (Dunwiddie and Masino 
 2001 ; Rudolphi et al.  1992  ) . However, these investigations focus primarily on the 
actions of adenosine on neurons, whereas glia are also important regulators and 
targets of adenosine signaling. 

 Adenosine can modulate astrocyte functions in multiple ways. Astrocytes are 
known to express all of the cloned and characterized subtypes of adenosine receptors, 
as well as other signaling systems required to mediate the effects of adenosine. The 
responses of astrocytes to varying environmental energy conditions depend on distinct 
signaling systems. For example, adenosine (and inosine)-mediated reduction of cell 
death in glucose deprived cultures of astrocytes relies upon intracellular formation of 
ribose-1-phosphate which in turn fuels intracellular production of ATP in astrocytes 
(Jurkowitz et al.  1998  ) . In contrast, adenosine mediated increases in astrocyte glyco-
genesis are mediated by A 

2B
  receptor signaling and induction of transcriptional 

changes in genes encoding energy metabolism proteins (Allaman et al.  2003  ) . 

  Fig. 8.2    Purinergic receptors are the site of action for ATP, and its metabolic products. ATP is 
converted to adenosine 5 ¢ -diphosphate (ADP), adenosine 5 ¢ -monophosphate (AMP), and adenos-
ine by multiple classes of ecto-enzymes. The nucleotide/nucleoside receptors include P2X, P2Y, 
and adenosine categories of receptors. ATP acts on P2X ligand gated cation channels, and some 
P2Y receptors, which are G-protein-coupled, seven transmembrane domain receptors. Other P2Y 
receptors are preferentially activated by ADP, and other signaling molecules. Adenosine acts at 
four G-protein-coupled adenosine receptors       
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 Under physiological conditions, where adenosine concentrations are approximately 
10 nM, adenosine signaling acts to inhibit glutamate uptake via GLT-1 transporters 
through an A 

2A
  receptor mediated pathway (Nishizaki et al.  2002  ) . At these con-

centrations, adenosine has also been shown to stimulate glutamate release from 
astrocytes via an A 

2A
  receptor/PKA pathway, independently of GLT-1. Thus, adenos-

ine action on glial cells rather than neurons might explain A 
2A

  receptor mediated 
potentiation of hippocampal glutamatergic transmission under physiological 
conditions (Endo et al.  2007 ; Kikkawa et al.  1984 ; Nishizaki et al.  2002  ) . 

 Under pathological conditions of traumatic or chemical brain injury, astrocytes are 
known to respond with both morphological and biochemical changes, including 
reactive gliosis and astrocytic swelling, both of which rely on adenosine signaling 
(Aschner  1998  ) . Reactive gliosis involves alterations in the size of existing astrocytes, 
and an increase in the number of astrocytes. This reactive process involves up-regulation 
of enzymes and cytoskeletal proteins, including GFAP and vimentin, and increased 
levels of transforming growth factor  b  (TGF- b ), nerve growth factor (NGF), basic-
 fi broblast growth factor (bFGF) and growth factor receptors, such as truncated froms 
of the neurotrophin receptor TrkB. Evidence suggests that these changes may be 
related to the elevated level of adenosine that follows brain injury. Following injection 
of the adenosine analog 5 ¢ -(N-cyclopropyl)-carboxamidoadenosine into rat cortex, 
increased numbers of GFAP-positive cells are observed (Hindley et al.  1994  ) . Further, 
this paper also demonstrated that this effect could be blocked by coinfusion of the 
A 

2A
  receptor antagonist 1,3-dipropyl-7-methylxanthine (DPMX), indicating a role 

for A 
2A

  receptors in regulating astrogliosis via adenosine. In another study it was 
shown that the A 

2A
  receptor antagonist SCH58261 reduced the formation of reactive 

astrocytes induced by bFGF treatment in culture (Brambilla et al.  2003  ) . Adenosine 
has also been shown to induce hypertrophic changes in the size (stellation) of cultured 
astrocytes via activation of adenosine receptors (Abe and Saito  1998  ) . 

 In addition to the involvement of A 
2
  receptors, A 

3
  receptors may also contribute 

to astrogliosis (Abbracchio et al.  2009  ) , whereas A 
1
  receptors appear to inhibit 

astrocyte proliferation (Ciccarelli et al.  1994  ) . Application of high levels of adenosine 
can induce cell death in cultured astrocytes, and has been shown to involve activa-
tion of the A 

3
  receptor and the internalization and metabolism of the excess adenosine 

(Di Iorio et al.  2002  ) . The apoptosis inducing action of excessive adenosine has 
been interpreted as a mechanism to limit excessive astrocyte proliferation due to 
uncontrolled reactive gliosis [(Ciccarelli et al.  2001  ).   

    8.4.2   P2X Receptors 

 In mammals, seven P2X subunits (P2X 
1–7

 ) have been identi fi ed, with functional 
receptors being formed by the assembly of three subunits in either homomeric 
and heteromeric combinations (Evans  2010 ; Khakh and Burnstock  2009  ) . P2X 
receptors are ligand-gated ion channels permeable to sodium, potassium and cal-
cium, and most are activated at low concentrations of ATP, with EC50’s of micro . 
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The properties of assembled receptors vary, and subtypes can be distinguished by 
their relative ion permeabilities, gating kinetics and sensitivity to ATP and a range 
of agonists and antagonists (Burnstock  2007  ) . For example, P2X 

7
  receptors are only 

activated at high concentrations of ATP (0.1–1 mM), and are capable of pore forma-
tion, resulting in sustained in fl ux of calcium (Burnstock  2007  ) . With these proper-
ties, P2X 

7
  receptors are known to mediate glial pathological responses and are 

implicated in astrogliosis, microglia reactivity, and the loss of oligodendrocytes and 
myelin in ischemia and demyelination (Bianco et al.  2009 ; Domercq et al.  2010 ; 
Nobbio et al.  2009  ) . Expression studies have detected P2X 

1
 –P2X 

4
  and P2X 

7
  sub-

units in astrocytes (Domercq et al.  2010 ; Matute  2008  ) . Some controversy exists as 
there is a lack of evidence from direct electrophysiological studies for astrocyte 
P2X receptors in the hippocampus (Jabs et al.  2007  ) . However, ATP-induced cur-
rents with properties of P2X 

7
  receptors (Oliveira et al.  2011  )  and P2X 

1/5
  heteromers 

have been described in cortical astrocytes (Palygin et al.  2010  ) .  

    8.4.3   P2Y Receptors 

 In mammals, eight subtypes of the P2Y receptor have been identi fi ed, and charac-
terization studies have shown that they exhibit differential sensitivity to adenine 
nucleotides ATP/ADP (P2Y 

1,11,12,13
 ), the uracil nucleotides UTP/UDP (P2Y 

4,6
 ), both 

(P2Y 
2
 ), or UDP-glucose (P2Y 

14
 ). All P2Y receptors are G-protein-coupled and can 

lead to: activation of phospholipase C/inositol triphosphate and calcium-release 
from the endoplasmic reticulum via G-alpha(q/11) (P2Y 

1
 , P2Y 

2
 , P2Y 

4
 , P2Y 

6
 , and 

P2Y 
11

 ), stimulating adenylyl cyclase via G-alpha(s), or inhibiting adenylyl cyclase 
via Galpha( i/o) (P2Y 

12
 , P2Y 

13
 , and P2Y 

14
 ) (Burnstock  2007  ) . P2Y receptors are 

broadly distributed in glia, although the speci fi c subtypes expressed by astrocytes 
have not been completely de fi ned (James and Butt  2002  ) . Immunohistochemical 
con fi rmation of P2Y 

1
  expression has been demonstrated in astrocytes, oligodendro-

cytes and microglia (Franke et al.  2007 ; Gallagher and Salter  2003 ; Moran-Jimenez 
and Matute  2000  ) . A role for P2Y 

1
  receptors has been identi fi ed in mediating ATP-

evoked calcium signals coupled to inositol triphosphate and intracellular calcium-
release (James and Butt  2002  ) , and P2Y 

2
  receptors mediate different modes of 

calcium signaling in astrocytes (Fam et al.  2003  ) . P2Y 
2
  and P2Y 

4
  receptors have 

been shown to be important for astrocyte calcium signals at the gliovascular 
interface (Simard et al.  2003  ) .   

    8.5   ATP Signaling Through Exocytic Release 

 ATP is a major extracellular messenger important for coordinating the function of 
astrocytes as well as for the cross talk between them and other cell types (Lazarowski 
et al.  2003  ) . The mechanisms of ATP release from astrocytes are not completely 
understood, but evidence is emerging to support the presence of an exocytotic 
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mechanism (Fig.  8.3 ) as discussed above. In particular, electrophysiological studies 
have shown calcium-dependent plasma membrane area changes in single astro-
cytes, directly re fl ective of calcium-regulated exocytosis. It has been suggested that 
ATP in astrocytes may be stored in vesicles along with glutamate or peptides (Bodin 
and Burnstock  2001  ) . Using quinacrine, which binds ATP in peptidergic vesicles, it 
was demonstrated that ATP is in fact stored in secretory vesicles together with pep-
tides, such as ANP within astrocytes (Pangrsic et al.  2007  ) . These studies also 
showed that a signi fi cant number of the  fl uorescent quinacrine vesicles were exocy-
tosed after ionomycin treatment, as an overall decrease in the total image  fl uorescence 
and in the number of quinacrine-stained vesicles was observed (Pangrsic et al. 

  Fig. 8.3    ATP signaling via exoctyic release from astrocytes, and gap-junction mediated transmis-
sion of ATP through astrocyte networks. Astrocytes integrate neuronal and glial networks via 
multiple signaling mechanisms. Neuronal activity evokes a calcium signal in a neighboring astro-
cyte, generally through the release of glutamate acting on multiple receptor types expressed on 
astrocytes. The stimulated astrocyte releases ATP through multiple mechanisms, including P2X 

7
  

receptors and vesicular release. Released ATP acts in both an autocrine fashion to amplify the ini-
tiating signal and in a paracrine fashion to propagate an intercellular wave       
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 2007  )  This result was further con fi rmed by total internal re fl ection  fl uorescence 
(TIRF) studies, showing a decrease in  fl uorescence of quinacrine-loaded vesicles 
upon stimulation with either ionomycin or glutamate. Using a sniffer cell method in 
heterologous cells other studies have also supported exocytic release of ATP from 
astrocytes (Pangrsic et al.  2007  ) . Transfection of HEK-293T cells with a mutated 
form of the purinergic receptor P2X 

3
  (D266A) has been shown to reduce receptor 

desensitization while retaining receptor af fi nity in the low micromolar range 
(Fabbretti et al.  2004  ) . Recordings from D266A expressing HEK-293T cells lying 
in close vicinity to astrocytes showed random, small, transient, inward currents 
(STICs) with kinetic properties suggestive of quantal origin (Pangrsic et al.  2007  ) . 
Further, following glutamate stimulation of astrocytes the average frequency of 
STICs in expressing HEK-293T cells signi fi cantly increased, as would be expected 
for regulated exocytic signaling. Because HEK293T cells do not respond to gluta-
mate directly, it is assumed that the increased frequency of recorded STICs resulted 
from vesicular release of ATP from astrocytes. STICs were reduced in both resting 
and glutamate-stimulated conditions in calcium-free solution, which is consistent 
with a role of calcium in SNARE mediated exocytosis. The release of ATP is also 
reduced by inhibitors of several anion channels (Anderson et al.  2004  ) , ATP-binding 
cassette proteins or cystic  fi brosis transmembrane conductance regulator (Schwiebert 
et al.  1995  ) , gap junctions (Stout et al.  2002  ) , and P2X 

7
  receptors, which suggests 

the involvement of multiple pathways in leading up to the release of ATP. In addi-
tion, data has also shown that the release of ATP is partly dependent on calcium and 
SNARE proteins (Pascual et al.  2005  ) , and can be inhibited by vesicular ATPase 
inhibitors (Jeremic et al.  2001  ) .  

 Although it had been known for quite some time that ATP hydrolysis leads to the 
accumulation of adenosine, the origin and mechanism of adenosine accumulation 
was not clearly revealed until the seminal study of Pascual et al.  (  2005  ) . In this 
study a molecular genetics approach was used to perturb gliotransmission via con-
ditional, astrocyte-speci fi c expression of the cytoplasmic tail of synaptobrevin 2. 
Previous studies have shown that this portion of synaptobrevin 2 acts as a dominant-
negative inhibitor of SNARE-dependent membrane fusion (dnSNARE). Functional 
studies performed at hippocampal Schaffer collateral-CA1 synapses in mice 
expressing dnSNARE revealed stronger synaptic transmission compared to wild-type 
littermates, or transgenic mice in which transgene expression was prevented by 
doxycycline in the diet Pascual et al.  (  2005  ) . These studies went on to show that 
astrocytes released ATP through a mechanism of exocytosis, and that the astrocytic 
ATP and its metabolite adenosine tonically suppressed synaptic transmission. These 
results strongly suggest that astrocytes release ATP through a mechanism of exocy-
tosis, which would be a key event for neuron–astrocyte communication. Recently, 
Sawada et al.  (  2008  )  have identi fi ed SLC17A9 (also known as VNUT), a novel 
member of an anion transporter family, as a vesicular nucleotide transporter that is 
essential for the storage of nucleotides within vesicles. Importantly, SLC17A9 is 
expressed in astrocytes, providing the mechanism by which ATP is transported into 
vesicles within astrocytes (Sawada et al.  2008  ) .  
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    8.6   ATP Signaling through Connexins 

 Evidence has also accumulated for a gap junction mediated system of ATP signaling 
in astrocytes (Fig.  8.3 ). The most highly characterized role for astrocyte ATP 
signaling through connexin gap junctions is in the propagation of calcium waves. 
Astrocytes respond to neuronal activity via intracellular calcium elevation, and astro-
cyte calcium elevations can be propagated to neighboring astrocytes in a wave-like 
manner both in cell culture (Cooper et al.  1990 ; Cornell-Bell et al.  1990 ; Nedergaard 
 1994  )  and in intact brain preparations (Dani et al.  1992 ; Newman and Zahs  1998 ; 
Schipke et al.  2002  ) . Two principal models exist for the conduction of calcium waves 
through networks of astrocytes: 1. Calcium waves are mediated by diffusion of cyto-
plasmic inositol (1,4,5)-trisphosphate (IP3) through gap junctions. 2. Calcium waves 
are mediated by ATP released through hemichannels. Evidence exists for both 
mechanisms, and research has now clari fi ed that both mechanisms of wave propaga-
tion can be observed in the same cells. A heterologous cell system, normally de fi cient 
of connexins, can be electrically coupled via transfection with eGFP-labeled 
connexins (Paemeleire  2002 ; Paemeleire et al.  2000  ) . Using this system, it was shown 
that waves mediated by an extracellular signal could be blocked hydrolyzing ATP, 
antagonism of purine-receptors, and inhibited by perfusion of medium; while waves 
mediated by an intracellular signal were not blocked by ATP breakdown or purine-
receptor antagonists (Paemeleire  2002 ; Paemeleire et al.  2000  ) . During waves initi-
ated by an extracellular signal, calcium levels  fi rst rise at the endoplasmic reticulum 
due to ATP-induced activation of a second messenger. It has also been demonstrated 
that intracellular Ins(1,4,5)P3 can induce release of ATP, meaning that ATP could act 
in a regenerative manner to propagate calcium waves (Braet et al.  2003a,   b  ) .  

    8.7   Functional Implications for Astrocytic Regulation of ATP 

 Despite the historical perspective that astrocytes are passive players in brain 
physiology, it is now widely accepted that these important cells play a functional 
role in complex behaviors. Release of ATP from astrocytes has now been shown to 
be important for modulation of multiple brain processes with implications for 
behavioral output. Three such examples that we discuss here involve astrocytic 
regulation of ATP and ATP signaling to impact synaptic transmission and the 
complex behaviors of respiration and sleep. 

    8.7.1   Astrocytes and ATP at the Synapse 

 For example, in hypothalamic slices, astrocytic release of ATP is both necessary and 
suf fi cient for noradrenaline-dependant synaptic potentiation (Gordon et al.  2005  ) . 
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This mechanism has been shown to involve  a 1-adrenergic receptors expressed on 
astrocytes of the hypothalamus, and following adrenergic stimuli the astrocytes 
release ATP onto nearby magnocellular neurosecretory neurons. ATP in turn acti-
vates P2X 

7
  receptors on these neurons, causing the enhancement of AMPA receptor 

surface expression and increased amplitude of miniature excitatory postsynaptic 
current (mEPSC). Other experiments conducted in the retina have shown a contrasting 
suppression of neuronal activity resulting from astrocytic purinergic (Kurth-Nelson 
et al.  2009 ; Newman  2001,   2005  ) . Using retinal whole mounts, stimulation of 
photoreceptors with light leads to glial calcium signaling (Newman  2004,   2005  )  
and subsequent ATP release from Müller cells (Newman  2003 ; Newman and Zahs 
 1998  ) . The resulting actions on ganglion cells of the retina are mediated by degrada-
tion of ATP to adenosine, which then acts on A 

1
  receptors to suppress neuronal 

activity. With similarity to the situation in the retina, suppressive actions of astrocyte-
derived adenosine have been observed in the hippocampus (Pascual et al.  2005 ; 
Zhang et al.  2003  ) . Hippocampal astrocytes release ATP, leading to adenosine 
production and A 

1
 R-dependent presynaptic inhibition of synaptic transmission. 

Because both neurons and astrocytes express common receptors and use similar 
signaling pathways, it is dif fi cult to use pharmacological manipulations to discern 
the speci fi c role of astrocytes in the modulation of neuronal physiology. However, 
the role of astrocyte-derived adenosine has been con fi rmed through the use of glia-
speci fi c toxins (Zhang et al.  2003  )  and astrocyte-selective loading of the calcium 
chelator BAPTA (Serrano et al.  2006  ) .  

    8.7.2   Astrocytes, ATP and Respiration 

 In a seminal study, Gourine et al. demonstrate that calcium rises elicit a depolariza-
tion of neurons in the primary locus for central respiratory chemosensitivity, which 
is evoked by vesicular release of ATP in neighboring astrocytes. The astrocytes in 
this case are stimulated to release ATP in response to the fall in extracellular pH. 
Speci fi cally the authors induce local pH changes in chemosensitive brainstem areas 
via stereotaxic infusion of lower pH solutions while recording from the phrenic 
nerve to measure central respiratory drive. Local pH changes under these conditions 
were accompanied by an increase of calcium and the excitation of astrocytes. 
Calcium induced excitation of astrocytes in the ventral medulla was further 
con fi rmed in vitro using acutely prepared brainstem slices (Gourine et al.  2010  ) . 
Using tetrodotoxin and muscimol to silence the chemosensitive neurons, the authors  
demonstrate the neuronal in fl uence on pH-induced internal calcium levels. Using 
enzyme based biosensors, it is also shown that propagation of pH-evoked calcium 
increases in ventral medullary astrocytes is mediated by exocytic release of ATP, 
and that the ATP-hydrolyzing enzyme, apyrase, blocks the pH-induced astrocytic 
calcium responses (Gourine et al.  2010  ) . Further, it has been demonstrated that 
carbon-dioxide dependent ATP release from brainstem astrocytes is independent of 
extracellular calcium and is likely mediated via the opening of a Cx26 hemichannel 
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(Huckstepp et al.  2010a,   b  ) . Huckstepp et al. went on to show that treatment with 
selective Cx26 blockers reduces hypercapnia-evoked ATP release and as such also block 
enhancement of breathing. Thus, brainstem astrocytes have the ability to sense changes 
in blood and brain CO 

2
  and pH directly, and in response to changes can control the 

activity of the respiratory neuronal networks leading to breathing regulation.  

    8.7.3   Astrocytes, ATP and Sleep 

 Astrocytic ATP signaling has also been linked to sleep regulation through a A 
1
  recep-

tor mediated mechanisms (Basheer et al.  2004  ) . The fundamental importance of 
sleep is well established, it is universal among multicellular animals (Greenspan 
et al.  2001 ; Tononi  2005  ) , and all animals with a nervous system must sleep (Tononi 
and Cirelli  2006  ) . Sleep is modulated by the circadian clock, which entrains multiple 
physiological processes to salient environmental cues, such as the light/dark cycle 
(Borbely  1982,   1987  ) . Sleep is also controlled by a distinct homeostatic process, also 
known as Process S, which can be completely separated from circadian regulation. 

 Sleep is a highly ordered and highly complex state of brain activity. During 
sleep speci fi c changes in brain activity occur (as measured by electroencephalog-
raphy—EEG) (Franken et al.  1991a  ) ; in addition, organisms also exhibit an 
increased threshold to sensory stimulation (Tononi and Cirelli  2006  ) . Based on 
combinations of these changes, mammalian sleep can be subdivided into rapid eye 
movement (REM) sleep and non-rapid-eye-movement (NREM) sleep. Slow 
rhythms (<5 Hz) dominate during NREM stages of sleep (Esser et al.  2007 ; Tononi 
and Cirelli  2006  ) , and with increasing sleep pressure, the larger and more frequent 
these slower rhythms become in subsequent sleep (Franken and Dijk  2009 ; Franken 
et al.  2007 ; Franken et al.  1991b,   1995 ; Tobler and Franken  1993  ) . This phenom-
enon is referred to as slow-wave activity and is thought to be an electrophysio-
logical indication of sleep pressure. 

 Early investigations into the mechanisms regulating sleep investigated whether 
cerebrospinal  fl uid (CSF) extracts and cerebral venous blood from sleep-deprived 
animals could initiate sleep. Although no speci fi c factors that induce sleep were 
identi fi ed from these early studies, gained the key understanding that factors regu-
lating sleep were generated locally within the brain (Krueger and Obal  2003 ; 
Krueger et al.  1999  ) . After many years of research, have now identi fi ed multiple 
factors that regulate the sleep wake cycle, one of which is adenosine. 

 Levels of adenosine are regulated throughout the sleep wake cycle, with adenosine 
progressively increasing during wakefulness, and subsiding during periods of sleep 
(Basheer et al.  2001 ; Porkka-Heiskanen et al.  2003 ; Stenberg et al.  2003  ) . Adenosine 
antagonists (both A 

1
  and A 

2A
  receptors) promote wakefulness (Basheer et al.  2001  )  

and infusion of adenosine or adenosine agonists into the brain promotes sleep 
(Porkka-Heiskanen et al.  2000  ) . It is also well known that caffeine can promote 
wakefulness (Huang et al.  2005  ) . Thus, in addition to being a sleep factor, adenosine 
may also be a key mediator of the homeostatic sleep mechanism. 
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 A role for astrocytic ATP release in sleep regulation was  fi rst indicated using 
genetic expression of the dominant-negative inhibitor of SNARE-dependent 
membrane fusion (dnSNARE) selectively in astrocytes. Expression of dnSNARE in 
astrocytes results in a blunting of NREM slow-wave activity and blocks the increase 
in total sleep time that typically follows a period of sleep deprivation (Halassa et al. 
 2009  ) . This study demonstrates that both the electrophysiological and behavioral 
manifestations of sleep pressure rely on gliotransmission. The reduced SWA and 
reduced behavioral responses to sleep deprivation induced by dnSNARE expression 
in astrocytes were phenocopied by intraceberoventricular infusion of the A 

1
  

receptor antagonist CPT into wild-type mice.       
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  Abstract   A very signi fi cant density of adenosine A 
2A

  receptors (A 
2A

 R) is present in 
the striatum, where they are preferentially localized postsynaptically in enkephalinergic-
GABAergic-medium spiny neurons (enkephalinergic MSN). In this localization, 
different subpopulations of A 

2A
 R with different functions exist. Their differential 

function seems to depend mostly on their ability to form heteromers with other 
G-protein-coupled receptors, such as dopamine D 

2
 , cannabinoid CB 

1
  and glutamate 

mGlu 
5
  receptors. Furthermore, striatal A 

2A
 R are also localized presynaptically, in 

corticostriatal glutamatergic terminals that contact dynorphinergic-GABAergic-
medium spiny neurons (dynorphinergic MSN). These presynaptic A 

2A
 R heteromerize 

with A 
1
  receptors and their activation facilitates glutamate release. Pharmacological 

tools are becoming available that allow the functional evaluation of some of these 
different subpopulations of A 

2A
 R, which can therefore provide selective targets for 

drug development in different basal ganglia disorders. In fact, alterations in the 
function of different A 

2A
 R subpopulations have recently been observed in Parkinson’s 

disease and in animal models of Huntington disease and Restless Legs Syndrome.  
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    9.1   Striatal Subpopulations of A 2A R: Functional Aspects 

    9.1.1   Postsynaptic Striatal Adenosine A 
2A

 R 

 Adenosine A 
2A

  receptors (A 
2A

 R) are more concentrated in the striatum than anywhere 
else in the brain (Rosin et al.  1998 ; Hettinger et al.  1998 ; Schiffmann et al.  2007 ; 
Quiroz et al.  2009  ) . Striatal A 

2A
 R are preferentially localized postsynaptically in the 

soma and dendrites of enkephalinergic-GABAergic-medium spiny neurons 
(enkephalinergic MSN) (Rosin et al.  1998 ; Hettinger et al.  1998 ; Schiffmann et al. 
 2007 ; Quiroz et al.  2009  ) . These neurons also show a high density of dopamine D 

2
  

receptors (D 
2
 R) with which A 

2A
 R establish two reciprocal antagonistic interactions 

(Ferré et al.  2008  ) . In one type of interaction, which we can call  A  
 2A 

  R–D  
 2 
  R interaction , 

stimulation of A 
2A

 R counteracts the D 
2
 R-mediated inhibitory modulation of NMDA 

receptor (NMDAR)-mediated effects, which include modulation of Ca 2+  in fl ux, 
transition to the up-state and neuronal  fi ring (Azdad et al.  2009 ; Higley and Sabatini 
 2010  )  (Fig.  9.1 ). This interaction depends on the ability of A 

2A
 R and D 

2
 R to heter-

omerize and seems to be mostly responsible for the locomotor depressant and 
activating effects of A 

2A
 R agonists and antagonists, respectively (Ferré et al.  2007, 

  2008  ) , which correlates with the results of behavioral experiments showing that 
A 

2A
 R activation or blockade decreases or increases, respectively, the motor effects 

elicited by D 
2
 R activation (Ferré et al.  2008  ) .  

 In the second type of interaction, which we can call  D  
 2 
  R–A  

 2A 
  R interaction , D 

2
 R 

stimulation impedes A 
2A

 R to signal through adenylyl cyclase (AC) (Kull et al.  1999 ; 
Chen et al.  2001 ; Hillion et al.  2002 ; Håkansson et al.  2006  )  (Fig.  9.1 ). This D 

2
 R–A 

2A
 R 

interaction takes place at the second messenger level, and stimulation of G 
i/o

 -coupled 
D 

2
 R counteracts the effects of G 

s/olf
 -coupled A 

2A
 R stimulation (Ferré et al  2007, 

  2008  ) . Due to a strong tonic effect of endogenous dopamine on striatal D 
2
 R, this 

interaction keeps A 
2A

 R from signaling through AC. However, under conditions of 
dopamine depletion or with pharmacological D 

2
 R blockade, A 

2A
 R-mediated signaling 

through the cAMP-PKA cascade may be unleashed. Antagonism of D 
2
 R is biochemi-

cally associated with a signi fi cant increase in the phosphorylation of PKA-dependent 
substrates, which increases gene expression and the activity of the enkephalinergic 
MSN, producing locomotor depression (reviewed in Ferré et al.  2008  ) . This appears 
to be the main mechanism responsible for the locomotor depression induced by D 

2
 R 

antagonists. Thus, the motor depressant and most biochemical effects induced by 
pharmacologic blockade of D 

2
 R may be counteracted by pharmacological blockade 

of A 
2A

 R (Chen et al.  2001 ; Håkansson et al.  2006  ) . 
 The two reciprocal antagonistic interactions, A 

2
 R–D 

2
 R and D 

2
 R–A 

2A
 R, take 

place simultaneously in the same cell, which suggests that they are most likely 
mediated by the existence of at least two different populations of postsynaptic striatal 
A 

2A
 R in the enkephalinergic MSN (Ferré et al.  2008  ) . One population would be 

forming heteromers with D 
2
 R and would determine that A 

2A
 R stimulation inhibits 

D 
2
 R-mediated signaling (A 

2A
 R–D 

2
 R interaction), while another population would 

not be forming heteromers with D 
2
 R and would determine that that D 

2
 R stimulation 
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inhibits A 
2A

 R-mediated signaling (D 
2
 R–A 

2A
 R interaction). This second population 

of postsynaptic A 
2A

 R would either not form heteromers or would form heteromers 
with other receptors, such as glutamate mGlu 

5
  receptors (mGlu 

5
 R) (Ferré et al.  2002  )  

(Fig.  9.1 ). Importantly, heteromerization of A 
2A

 R with mGlu 
5
 R is associated with a 

synergistic effect upon A 
2A

 R and mGlu 
5
 R coactivation at the level of AC and MAPK, 

providing a physiological mechanism by which A 
2A

 R can overcome the D 
2
 R-A 

2A
 R 

interaction (Ferré et al.  2002 ; Nishi et al.  2003  ) . Costimulation of A 
2A

 R and mGlu 
5
 R 

in vivo, with the central administration of selective agonists, allowed A 
2A

 R to get rid 
of the inhibitory effect of the D 

2
 R and signal through the cAMP-PKA cascade (Ferré 

et al.  2002  ) . Since this A 
2A

 R–D 
2
 R–mGlu 

5
 R interaction could be demonstrated in 

animal models of Parkinson’s disease (PD) (Popoli et al.  2001 ; Kachroo et al.  2005  ) , 
it was postulated that coadministration of A 

2A
 R and mGlu 

5
 R antagonists could be 

useful as a therapeutic strategy in this disease (Popoli et al.  2001  ) . 
 Still another subpopulation of postsynaptic A 

2A
 R would form heteromers with 

cannabinoid CB 
1
  receptors (CB 

1
 R) (Carriba et al.  2007  )  (Fig.  9.1 ). In this heteromer, 

activation of A 
2A

 R is necessary to allow CB 
1
 R-mediated signaling. Thus, in a human 

  Fig. 9.1    Schematic representation of the different subpopulations of striatal A 
2A

 R. Presynaptic 
A 

2A
 R are localized in glutamatergic terminals that contact the dynorphinergic MSN (DYN-MSN), 

where they form heteromers with A 
1
 R. Postsynaptic A 

2A
 R are localized in the enkephalinergic 

MSN (ENK-MSN), where they form heteromers with D2R, CB1R, and mGlu5R. DYN-MSN pref-
erentially express dopamine receptors of the D1 subtype.  AC  adenylyl cyclase,  GLU  glutamate       
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neuroblastoma cell line, CB 
1
 R-mediated inhibition of AC activity was found to be 

completely dependent on A 
2A

 R coactivation (Carriba et al.  2007  ) . Similarly, several 
biochemical effects of CB 

1
 R agonists in primary striatal cell cultures and striatal 

slices have been shown to depend on A 
2A

 R coactivation (Yao et al.  2003 ; Andersson 
et al.  2005  ) . Accordingly, Tebano et al.  (  2009  )  reported that the depression of 
synaptic transmission induced by a CB 

1
 R agonist in corticostriatal slices was 

prevented by A 
2A

 R antagonists and also by the conditional genetic blockade of 
striatal postsynaptic A 

2A
 R. The permissive effect of A 

2A
 R towards CB 

1
 R function 

did not seem to occur presynaptically, as the ability of the CB 
1
 R agonist to increase 

the R2–R1 ratio under a protocol of paired-pulse stimulation was not modi fi ed by 
an A 

2A
 R antagonist (Tebano et al.  2009  ) . These results would predict that A 

2A
 R 

antagonists should produce behavioral effects similar to CB 
1
 R antagonists, and in 

fact, pharmacological or genetic inactivation of A 
2A

 R reduces the motor depressant, 
cataleptic, and rewarding effects of CB 

1
 R agonists (Andersson et al.  2005 ; Soria 

et al.  2004 ; Carriba et al.  2007 ; Justinova et al.  2010  ) . 
 Although those studies indicate that the motor-depressant effects of CB 

1
 R 

agonists might depend on adenosine A 
2A

  receptor signaling, quite the opposite has 
also been suggested, that the locomotor activating effects of A 

2A
 R antagonists 

depend on CB 
1
 R signaling. Thus, pharmacological or genetic inactivation of CB 

1
 R 

was found to reduce the locomotor activation induced by an A 
2A

 R antagonist in 
mice habituated to the testing environment (Lerner et al.  2010  ) . We have recently 
reevaluated these  fi ndings by studying in detail the effects of pharmacological inter-
actions between A 

2A
 R antagonists and CB 

1
 R antagonists on the locomotor activity 

in rats not habituated to the testing environment (Orrú et al.  2011a  ) . We also found 
that a CB 

1
 R antagonist signi fi cantly decreases the locomotor effects induced by an 

A 
2A

 R antagonist. However, the CB 
1
 R antagonist produced a comparable decrease 

in locomotion in vehicle-treated animals and the statistical analysis indicated that 
the locomotor effects of A 

2A
 R and CB 

1
 R antagonists were not interrelated (Orrú 

et al.  2011a  ) . The use of habituated animals, which display very low locomotor 
activity in the testing environment, would have masked this depressant effect of 
CB 

1
 R antagonist in the vehicle-treated animals in the study by Lerner et al.  (  2010  ) . 

 In addition to the three subpopulations of postsynaptic striatal A 
2A

 R mentioned 
above, there is also experimental evidence for a potentially more complex picture, 
which includes the possibility of receptor heteromultimers. Thus, using a new bio-
physics-based technology, sequential resonance energy transfer, and bimolecular 
 fl uorescence complementation plus Bioluminescence Resonance Energy Transfer, 
evidence for A 

2A
 R–CB 

1
 R–D 

2
 R and A 

2A
 R–D 

2
 R–mGlu 

5
 R heteromers in transfected 

cells has been recently obtained (Carriba et al.  2008 ; Cabello et al.  2009 ; Navarro 
et al.  2010  ) . The stoichiometry of the different populations of postsynaptic striatal 
A 

2A
 R heteromers (and homomers) is not known, but taking into account the very high 

density of A 
2A

 R and D 
2
 R in the enkephalinergic MSM, we postulate that A 

2A
 R and 

D 
2
 R homomers and A 

2A
 R–D 

2
 R heteromers are the most common receptor popula-

tions, followed by combinations of those populations with CB 
1
 R and mGlu 

5
 R. 

 It is important to mention that there is evidence for the existence of A 
2A

 R receptors 
that also colocalized with D 

2
 Rs, in the somatodendritic and nerve terminal regions 
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of the cholinergic striatal interneurons and that their interactions modulate 
acetylcholine release (James and Richardson  1993 ; Jin et al.  1993 ; Preston et al. 
 2000 ; Tozzi et al.  2011  ) . The study by Jin et al.  (  1993  )  showed evidence for an 
antagonistic A 

2A
 R–D 

2A
 R interaction in the modulation of striatal acetylcholine 

release. Thus, A 
2A

 R stimulation counteracted the ability of D 
2
 R activation to inhibit 

acetylcholine release. Similarly, a recent study showed that A 
2A

 R blockade potenti-
ates D 

2
 R-mediated modulation of acetylcholine release (Tozzi et al.  2011    ), again 

indicating the existence of an antagonistic A 
2A

 R–D 
2
 R interaction and, probably, 

A 
2A

 R–A 
2A

 R homomers in striatal cholinergic interneurons.  

    9.1.2   Presynaptic Striatal Adenosine A 
2A

  Receptors 

 Striatal A 
2A

 R are not only localized postsynaptically but also presynaptically, in 
glutamatergic terminals, where they heteromerize with A 

1
  receptors (A 

1
 R) and 

where they perform a  fi ne-tuned modulation of glutamate release (Ciruela et al. 
 2006 ; Quiroz et al.  2009  )  (Fig.  9.1 ). Thus, A 

1
 R–A 

2A
 R heteromers seem to work as a 

concentration-dependent switch (Ferré et al.  2007  ) , with adenosine acting primarily 
at A 

1
 R at low concentrations, and at both A 

1
 R and A 

2A
 R at higher concentrations. 

Activation of the A 
1
 R in the A 

1
 R–A 

2A
 R heteromer produces inhibition of glutamate 

release, while the additional activation of the A 
2A

 R produces the opposite effect 
(Ciruela et al.  2006  ) . The mechanism by which A 

2A
 R stimulation shuts down the 

effects of A 
1
 R stimulation could involve an allosteric interaction in the A 

1
 R–A 

2A
 R 

heteromer. Thus, in membrane preparations from cotransfected mammalian cells 
and from rat striatum, stimulation of A 

1
 R decreases the af fi nity of the A 

2A
 R for ago-

nists (Ciruela et al.  2006  ) . Another possibility would be a switch in G-protein cou-
pling in the A 

1
 R–A 

2A
 R heteromer, with activation of A 

1
 R inducing a preferential 

coupling to G 
i
 , while coactivation of the A 

2A
 R causing a preferential coupling to G 

s
  

in the heteromer, as it has been recently shown for the D 
1
 -D 

3
  receptor heteromer 

(Fiorentini et al.  2008  ) . Interestingly, presynaptic A 
2A

 R are preferentially localized 
in glutamatergic terminals of corticostriatal afferents to the dynorphinergic MSN 
(Quiroz et al.  2009  ) , which preferentially express dopamine receptors of the D 

1
  

subtype (Fig.  9.1 ). Apart from morphological evidence provided by immunohis-
tochemical and electron microscopy experiments, patch-clamp experiments in 
identi fi ed enkephalinergic and dynorphinergic MSNs provided a functional demon-
stration of the segregation of striatal presynaptic A 

2A
 R. Thus, an A 

2A
 R agonist and an 

A 
2A

 R antagonist signi fi cantly increased and decreased, respectively, the amplitude 
of excitatory postsynaptic currents induced by the intrastriatal stimulation of gluta-
matergic afferents measured in identi fi ed enkephalinergic, but not dynorphinergic 
MSNs. Mean-variance analysis indicated a presynaptic locus for the A 

2A
 R-mediated 

modulation (Quiroz et al.  2009  ) . Thus, there seems to be a selective A 
2A

 R-mediated 
modulation of glutamate release to the dynorphinergic MSN. 

 The powerful modulatory role of presynaptic A 
2A

 R on striatal glutamate release 
was  fi rst demonstrated with in vivo microdialysis experiments by Popoli et al. 
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 (  1995  ) , who showed that the striatal perfusion of an A 
2A

 R agonist produced a very 
pronounced increase in the basal striatal extracellular concentrations of glutamate. 
Also intrastriatal perfusion of an A 

2A
 R antagonist through a microdialysis probe 

could signi fi cantly counteract striatal glutamate release induced by cortical electrical 
stimulation in the orofacial premotor cortex (Quiroz et al.  2009  ) . A striking unex-
pected  fi nding was that the counteraction of glutamate release was also accompa-
nied by a complete counteraction of the jaw movements induced by the cortical 
electrical stimulation, demonstrating the very important role of presynaptic A 

2A
 R in 

the control of corticostriatal glutamatergic neurotransmission. By combining 
cortical electrical stimulation and recording of EMG activity of the mastication 
muscles, a Power Correlation Coef fi cient (PCC) was established as a quantitative 
in vivo measure of corticostriatal neurotransmission (Quiroz et al.  2009  ) . PCC was 
shown to be signi fi cantly and dose-dependently decreased by the systemic adminis-
tration of an A 

2A
 R antagonist. PCC could therefore be used as a method to screen 

the presynaptic effect of A 
2A

 R antagonists (see below). 
 According to the widely accepted functional basal circuitry model (Obeso et al. 

 2002 ; DeLong and Wichmann  2007  ) , blockade of postsynaptic striatal A 
2A

 R in the 
A 

2A
 R-D 

2
 R heteromer, localized in the enkephalinergic MSN should potentiate 

spontaneous or psychostimulant-induced motor activation. On the other hand, 
according to the same model, blockade of presynaptic striatal A 

2A
 R localized 

in the corticostriatal glutamatergic terminals that make synaptic contact with the 
dynorphinergic MSN should decrease motor activity. The clear locomotor-
activating effects of systemically administered A 

2A
 R antagonists could be explained 

by the signi fi cantly higher density of postsynaptic  versus  presynaptic striatal A 
2A

 R 
and to a stronger in fl uence of a tonic adenosine and A 

2A
 R-mediated modulation of 

the enkephalinergic  versus  dynorphinergic MSNs under basal conditions. The 
results by Shen et al.  (  2008  )  about the differential effects of A 

2A
 R antagonists on 

psychostimulant-induced locomotor activation in conditional striatal postsynaptic 
A 

2A
 R KO mice  versus  forebrain-speci fi c A2AR KO mice (deleting A2AR in the 

neurons of striatum as well as cerebral cortex and hippocampus potentiation  versus  
counteraction, respectively) support this hypothesis. As previously suggested (Ferré 
et al.  2007  ) , activation of presynaptic A 

2A
 R seems to be highly dependent on the 

level of adenosine generated upon corticostriatal glutamatergic input. 
 Striatal D 

2
 Rs are also localized presynaptically, in dopaminergic and glutamatergic 

terminals (Higley and Sabatini  2010  ) , giving the frame for the existence of interactions 
with A 

2A
 R at least in those terminals establishing contact with the dynorphinergic 

MSN. The experimental evidence suggest that there is also a presynaptic D 
2
 R–A 

2A
 R 

interaction by which D 
2
 R activation tonically inhibits the ability of endogenous 

adenosine to produce an A 
2A

 R-mediated increase in the basal extracellular levels of 
glutamate. Thus, dopamine denervation signi fi cantly potentiates A 

2A
 R agonist-

mediated stimulation of glutamate release (Tanganelli et al.  2004  ) . This has the 
biochemical characteristics of an interaction between A 

2A
 R and D 

2
 R at the AC level 

and not forming heteromers. Furthermore, results from Rodrigues et al.  (  2005  )  
suggest the existence of mGlu 

5
 R in striatal (not known if cortical or thalamic in 

origin) glutamatergic terminals colocalized with A 
2A

 R and which facilitate 
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glutamate release in a synergistic manner. The interplay between adenosine- and 
dopamine-mediated actions at the presynaptic level is therefore affected by the 
occurrence of mGlu 

5
 R. 

 The presynaptic localization of CB 
1
 R in striatal (not known if cortical or thalamic 

in origin) glutamatergic terminals is well established, and therefore they can be 
colocalized with A 

2A
 R in terminals establishing contact with the dynorphinergic 

MSN (Ferré et al.  2010  ) . We have recently postulated that A 
2A

 R and CB 
1
 R could 

form heteromers in striatal glutamatergic terminals, which could be involved in the 
reinforcing effects of cannabinoids (Ferré et al.  2001 ; Justinova et al.  2010  ) . 
However, a recent study by Martire et al.  (  2011  )  indicates that cannabinoid–adenosine 
functional interactions result from an interaction at the second messenger level. 
In the frame of heteromerization A 

2A
 R activation should facilitate the Gi/o-mediated 

effect of CB 
1
 R activation measured, as inhibition of glutamate release. Nevertheless, 

Martire et al.  (  2011  ) , by recording extracellular  fi eld potentials in corticostriatal 
slices and superfused striatal nerve terminals, showed instead that A 

2A
 R activation 

prevents CB 
1
 R-mediated inhibition of glutamate release. These results indicate that 

regulation of glutamate release by cannabinoids is not dependent on presynaptic 
A 

2A
 R-CB 

1
 R heteromers. In summary, a great amount of available data indicates 

that, presynaptically, A 
2A

 R form heteromers mostly with A 
1
 R. In addition, there 

seems to be a population of A 
2A

 R not forming heteromers but establishing antago-
nistic interactions with D 

2
 R and CB 

1
 R and synergistic interactions with mGlu 

5
 R.   

    9.2   Targeting Different Subpopulations of Striatal A 2A R 

 In a recent study, we reported that several A 
2A

 R antagonists that were previously 
thought to be pharmacologically similar present different striatal pre- and postsyn-
aptic pro fi les (Orrú et al.  2011b  ) . Six compounds, known to be selective A 

2A
 R 

antagonists, were  fi rst screened for their ability to block striatal pre- and postsynap-
tic A 

2A
 R with in vivo models. Locomotor activation was used to evaluate postsyn-

aptic activity while PCC reduction was used to determine presynaptic activity (see 
above). The A 

2A
 R antagonists SCH-442416 and KW-6002 showed preferential 

pre- and postsynaptic pro fi les, respectively. Combining in vivo microdialysis with 
cortical electrical stimulation was used as an additional in vivo evaluation of pre-
synaptic activity. Thus, SCH-442416 signi fi cantly counteracted striatal glutamate 
release induced by cortical stimulation at a dose that strongly decreased PCC but 
did not induce locomotor activation. On the other hand, according to its preferential 
postsynaptic pro fi le, KW-6002 did not modify striatal glutamate release induced by 
cortical stimulation at a dose that produced a pronounced locomotor activation but 
did not decrease PCC. 

 An additional  fi nding of that study was that at least part of these pharmacological 
differences between A 

2A
 R antagonists could be explained by the ability of pre- and 

postsynaptic A 
2A

 R to form different receptor heteromers, with A 
1
 R and D 

2
 R, respec-

tively (Orrú et al.  2011b  ) . Radioligand-binding experiments were performed in cells 



186 S. Ferré et al.

stably expressing A 
2A

 R, A 
2A

 R–D 
2
 R heteromers, or A 

1
 R–A 

2A
 R heteromers to determine 

possible differences in the af fi nity of A 
2A

 R for A 
2A

 R antagonists in these different 
cell lines. The most dramatic difference was observed with SCH-442416. The 
af fi nity of A 

2A
 R for SCH-442416 in cells expressing A 

2A
 R–D 

2
 R heteromers was 

markedly reduced (40 times higher B 
50

  values in competitive-inhibition experiments 
with [3H]ZM-241385 in cells expressing A 

2A
 R–D 

2
 R than A 

1
 R–A 

2A
 R heteromers). 

On the other hand, KW-6002 showed the best relative af fi nity for A 
2A

 R–D 
2
 R heteromers 

of all A 
2A

 R antagonists tested, which could at least partially explain its preferential 
postsynaptic pro fi le. It must, however, be pointed out that to say that SCH-442416 
is a selective presynaptic A 

2A
 R antagonist is an oversimpli fi cation. In fact, the 

in vitro data indicated that SCH-442416 binds equally well to the A 
2A

 R that do not 
form heteromers as to those that form A 

1
 R–A 

2A
 R heteromers. Therefore, according 

to the previous description of the different subpopulations of striatal A 
2A

 R, SCH-
442416 should also be effective at counteracting D 

2
 R antagonist-induced motor 

depression. In fact, at doses that do not produce locomotor activation, but that 
reduce PCC, SCH-442416 signi fi cantly counteracts the locomotor depression 
induced by the D 

2
 R antagonist raclopride (Orrú et al.  2011a  ) . On the other hand, 

KW-6002 produced the same locomotor activation with or without coadministra-
tion with raclopride, in agreement with its ability to block the three populations of 
A 

2A
 R studied so far in vitro, A 

2A
 R, A 

2A
 –D 

2
 R, and A 

1
 R–A 

2A
 R. Importantly, KW-6002 

also produced the same locomotor activation when coadministered with the A 
2A

 R 
agonist CGS-21680, while SCH-442416, at the same dose that counteracted the 
depressant effect of raclopride, did not signi fi cantly counteract the depressant effect 
of CGS-21680. These results, therefore agree with the hypothesis that the subpopu-
lation of postsynaptic A 

2A
 R that form heteromers with D 

2
 R, are mainly responsible 

for both the locomotor activation and depression induced by A 
2A

 R antagonists and 
agonists, respectively. In summary, SCH-442416 can be considered as a compound 
that at relatively low doses binds not only preferentially to presynaptic A 

2A
 R local-

ized in corticostriatal glutamatergic terminals (Orrú et al.  2011b  )  but also to the 
subpopulation of postsynaptic A 

2A
 R not forming heteromers with D 

2
 R (Orrú et al. 

 2011a  ) . Interestingly, [ 11 C]SCH-442416 has been used in rats, monkeys, and humans 
as a PET radioligand and shown to nicely label striatal A 

2A
 R (Moresco et al.  2005 ; 

Schiffmann et al.  2007 ; Brooks et al.  2010  ) . The low doses used in PET experiments 
indicate that [ 11 C]SCH-442416 is mostly labeling presynaptic A 

2A
 R and postsynaptic 

A 
2A

 R that do not form heteromers with D 
2
 R. The use of [ 11 C]SCH-442416 and other 

less selective radioligand in combination with cold SCH-442416 could allow the 
identi fi cation of the different populations of A 

2A
 R in the human brain. The picture is 

still incomplete, and a further evaluation of the af fi nity of A 
2A

 R antagonists for 
A 

2A
 R–mGlu 

5
 R and A 

2A
 R–CB 

1
  heteromers (and of heterotrimers) is needed. 

Nevertheless, the information so far available can be very valuable to attempt the 
design of more ef fi cient A 

2A
 R antagonists to be used in basal ganglia disorders. 

 Our studies support the notion that receptor heteromers may be used as selective 
targets for drug development (Ferré et al.  2009  ) . Particularly signi fi cant are the very 
speci fi c neuronal localization of receptor heteromers (even more speci fi c than receptor 
subtypes themselves), and a differential ligand af fi nity of a receptor depending on 
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its partner (or partners) in the receptor heteromer. Striatal A 
2A

 R-containing heteromers 
become particularly interesting targets, eventually useful for a variety of neuropsy-
chiatric disorders. Blocking postsynaptic A 

2A
 Rs in the enkephalinergic MSN should 

be bene fi cial for PD because it would decrease the activity of the indirect striatal 
efferent pathway. On the one hand, one bene fi t would come from potentiating the 
effect of  l -dopa or other dopamine receptor agonists on the D 

2
 R-mediated signaling 

in the A 
2A

 R–D 
2
 R heteromer. On the other hand, blockade of A 

2A
 R not forming 

heteromers with D 
2
 R, but antagonistically interacting with D 

2
 R at the AC level, 

should counteract the effects of the disinhibited A 
2A

 R signaling (see below). 
However, blocking presynaptic A 

2A
 R in glutamatergic terminals that are contacting 

dynorphinergic MSN (either forming or not heteromers with A 
1
 R) should decrease 

glutamatergic transmission through the direct striatal efferent pathway, thus decreasing 
motor activity and, therefore, decreasing the antiparkinsonian ef fi cacy of A 

2A
 R 

antagonists. The most appropriate A 
2A

 R antagonist to treat PD patients should have 
more af fi nity for postsynaptic than for presynaptic receptors. Additionally, a selective 
blockade of presynaptic A 

2A
 Rs should be useful in dyskinetic disorders such as 

Huntington disease (HD) and could also be useful in obsessive-compulsive disorders 
and drug addiction. Effective treatment of  l -dopa-induced dyskinesia using presyn-
aptic A 

2A
 R antagonists would also be a possibility to explore (see below).  

    9.3   Striatal A 2A R and Parkinson’s Disease 

 Striatal adenosine A 
2A

 R are becoming the focus of interest for the treatment of PD. 
Thus, a series of clinical studies indicate that an A 

2A
 R antagonist (KW-6002) can 

improve the therapeutic index of  l -dopa (Hauser et al.  2003 ; LeWitt et al.  2008 ; 
Mizuno et al.  2010 ; Factor et al.  2010 ; Fernandez et al.  2010  ) . In 1992, we hypoth-
esized that A 

2A
 R antagonists associated with  l -dopa or D 

2
 R agonists could represent 

a new therapeutic approach for PD based on the A 
2A

 R–D 
2
 R interactions demon-

strated in radioligand binding and behavioral experiments (Ferré et al.  1992  ) . 
We further elaborated on that original hypothesis that A 

2A
 R–D 

2
 R heteromers could 

constitute a main target for antiparkinsonian drugs (Ferré et al.  2001  ) . This would in 
fact be the most logical explanation when considering the different subpopulations 
of A 

2A
 R and their interactions with D 

2
 R. Thus, A 

2A
 R blockade would enhance D 

2
 R 

function in the A 
2A

 R–D 
2
 R heteromer and we already mentioned that those A 

2A
 R 

seem to be responsible for the locomotor activating effects of A 
2A

 R antagonists 
(A 

2A
 R–D 

2
 R interaction). However, the role of A 

2A
 R not forming heteromers in 

Parkinson’s disease cannot be underestimated. 
 As with D 

2
 R blockade, dopamine depletion leads to the loss of the D 

2
 R-mediated 

inhibition of the function of A 
2A

 R that are not forming heteromers with D 
2
 R. As mentioned 

before, unleashed A 
2A

 R function leads, biochemically, to overexpression of PKA-
dependent phosphorylation of several substrates and to the consequent increase in 
the expression of several genes, such as the gene for preproenkephalin, which is the 
precursor of enkephalin. Behaviorally, unleashed A 

2A
 R function leads to motor 
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depression. In the experimental animal both biochemical and behavioral effects can 
be counteracted by A 

2A
 R antagonists (reviewed in Ferré et al.  2008  ) . It seems therefore 

that this subpopulation of A 
2A

 Rs plays an important physiopathological role in the 
symptomatology of PD. Furthermore, postmortem studies indicate that there is an 
overexpression of A 

2A
 Rs in the putamen of Parkinson’s disease patients, which cor-

relates with the severity of the disease and with the presence of  l -dopa-induced 
dyskinesia (Calon et al.  2004 ; Varani et al.  2010  ) . Similar results have been recently 
found in vivo using PET and [ 11 C]SCH442416 (Ramlackhansingh et al.  2011  ) . In 
this study, patients with PD and  l -dopa-induced dyskinesia showed an increase in 
A 

2A
 R availability in the putamen, which most probably represents an increase in the 

expression of the subpopulation of postsynaptic A 
2A

 Rs not forming heteromers with 
D 

2
 Rs, in view of the very low af fi nity of this ligand for A 

2A
 R–D 

2
 R heteromers (see 

above). In fact, the experiments by Orrú et al. described before (Orrú et al.  2011b  )  
were performed with transfected human A 

2A
 R cDNA. 

 In summary, the subpopulation of striatal postsynaptic A 
2A

 R not forming heter-
omers with D 

2
 Rs seems to play an important pathophysiological role in at least 

advanced stages of PD. As mentioned by Calon et al.  (  2004  ) , the increased A 
2A

 R 
expression could be involved in the increased preproenkephalin expression, which 
is well documented in MPTP-induced parkinsonian monkeys that develop  l -dopa-
induced dyskinesia (Morissette et al.  1997 , Calon et al.  2000 , Zeng et al.  2000  ) . 
Those experiments show that the increase in enkephalin expression induced by 
dopamine depletion is not counteracted by dopamine agonists in the population of 
animals experiencing dyskinesia, suggesting a causal link between A 

2A
 Rs, enkephalin 

and  l -dopa-induced dyskinesia. In fact, Calon et al.  (  2002  )  have also demonstrated 
an increase in preproenkephalin expression in PD patients with  l -dopa-induced 
dyskinesia. Unfortunately, although A 

2A
 R antagonist administration in MPTP-

treated monkeys was reported to improve the antiparkinsonian and dyskinetic 
pro fi le of  l -dopa (Grondin et al.  1999 ; Kanda et al.  2000  ) , clinical studies in PD 
patients have failed to demonstrate a signi fi cant dyskinetic effect of the A 

2A
 R antag-

onist KW-6002 (Hauser et al.  2003 ; LeWitt et al.  2008 ; Mizuno et al.  2010 ; Factor 
et al.  2010 ; Fernandez et al.  2010  ) . More clinical studies with other A 

2A
 R antago-

nists are on the way, which might bring more signi fi cant results, maybe related to 
their preferential selectivity for speci fi c A 

2A
 R subpopulations. It is possible that a 

compound like SCH-442416 might have a more signi fi cant effect on  l -dopa-induced 
dyskinesia, not only because of its selectivity for the postsynaptic A 

2A
 R that are not 

forming heteromers with D 
2
 R, but also because of its presynaptic effect of decreas-

ing glutamatergic neurotransmission to the dynorphinergic MSN.  

    9.4   Striatal A 2A R and Huntington Disease 

 Huntington disease (HD) is a neurodegenerative disorder characterized by progres-
sive chorea, cognitive impairments and emotional disturbances. HD is caused by 
expansion of a CAG repeat within exon 1 of the huntingtin gene on chromosome 4. 
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The mechanism by which the mutant huntingtin may cause neurodegeneration is 
unknown and even controversial (Wellington et al.  2000 ; Yang et al.  2002 , Ravikumar 
et al.  2004  ) . The most vulnerable neurons in HD are the enkephalinergic MSN 
(Popoli et al.  2007  ) . We have recently used the in vivo approach to study pre- and 
postsynaptic subpopulations of striatal A 

2A
 Rs in different ages of a transgenic rat model 

of HD (Orrú et al.  2011c  ) . This transgenic rat bears a human HD mutation with 51 
CAG repeats and shows progressive neurological, neurochemical and neuropatho-
logical features similar to the slowly progressing disease (von Hörsten et al.  2003 ; 
Nguyen et al.  2006  ) . According to previous studies (von Hörsten et al.  2003 , Nguyen 
et al.  2006  ) , at 10 months of age HD rats may start showing some cognitive decline 
signs and it is not until the age of 10 to 15 months that progressive motor impairment 
and striatal atrophy appear. Consequently and based on these studies, 3 and 6 months 
of age can be considered as presymptomatic stages, although some anxiety-related 
symptoms could be observed already at 2 months of age (Nguyen et al.  2006  ) . 

 We found that both heterozygous and homozygous HD rats developed insensitivity 
to the locomotor activating effects of the A 

2A
 R antagonist KW-6002 sometime 

between 3 and 6 months of age (Orrú et al.  2011c  ) . This insensitivity was still 
observed in 12-month-old rats, and the effect was not observed in wild-type animals 
at any age. On the other hand, the ability of the A 

2A
 R antagonist SCH-442416 to 

reduce PCC was preserved across at least 12 months of age and regardless the 
different genotype, with similar reductions in homozygous, heterozygous, and 
wild-type HD rats (Orrú et al.  2011c  ) . These results indicate that the HD rats develop 
a signi fi cant and selective impairment of striatal postsynaptic A 

2A
 R function, which 

agrees with the possibility of a selective impairment of the GABAergic striatopal-
lidal neuronal function long before overt motor symptoms of HD appear (Popoli 
et al.  2007  ) . In fact, A 

2A
 R density has been found to be signi fi cantly decreased in 

early stages of HD (Glass et al.  2000  ) . Interestingly, a genetic variation of the A 
2A

 R 
has been shown to decrease the age of onset in HD (Dhaenens et al.  2009 ; Taherzadeh-
Fard et al.  2010  ) . Furthermore, an aberrant A 

2A
 Rs signaling has been found in an 

in vitro model of the disease and in peripheral circulating cells of HD patients 
(Varani et al.  2001,   2003  ) . 

 Previous results on a mouse model of HD (R6/2 mice) have been controversial, 
and both a downregulation and an upregulation of A 

2A
 Rs have been reported during 

early presymptomatic stages (Cha et al.  1999 ; Tarditi et al.  2006  ) . Cha et al.  (  1999  )  
reported a signi fi cant decrease of the striatal density of A 

2A
 Rs, while Tarditi et al. 

 (  2006  )  found a transient A 
2A

 R upregulation associated with an increased biochemical 
response (cAMP accumulation) to A 

2A
 R agonists. Our recent study showed that a 

striatal A 
2A

 R dysfunction is also present in the transgenic HD rat model, which is 
believed to be a more appropriate animal model of HD than R6/2 mice (see von 
Hörsten et al.  2003  ) . Our results  fi t better with those by Cha et al.  (  1999  )  and indicate 
that there is a permanent functional downregulation of postsynaptic striatal A 

2A
 Rs. 

In a previous study, a signi fi cant reduction in the density of A 
2A

 Rs was found in the 
striatum of 2-year old HD transgenic rats, but correlating with degeneration of the 
GABAergic striatopallidal neurons (Bauer et al.  2005  ) . Additional biochemical 
studies in this model should provide a better understanding of a putative A 

2A
 R 
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dysfunction in the presymptomatic stages of the disease. Importantly, the fact that 
in our study presynaptic A 

2A
 R function seems not to be impaired (at least up to 12 

months of age), still makes possible to think of this receptor as a target for the 
symptomatic treatment of the disease.  

    9.5   Striatal A 2A R, Iron De fi ciency, and Restless Legs Syndrome 

 Restless Legs Syndrome (RLS) is a common sensory-motor disorder that affects 
about 7.5% of the population (Allen et al.  2005  ) . The core feature of the syndrome 
is an overwhelming urge to move the legs that is triggered by rest and relieved with 
movement (Allen et al.  2003  ) . Iron de fi ciency was  fi rst noted by Nordlander in the 
1950s to be associated with symptom development and by treating the iron de fi ciency 
symptoms would improve or completely resolve (Nordlander  1954  ) . Subsequent 
studies using cerebrospinal  fl uid analysis of iron proteins (Earley et al.  2000  ) , MRI-
determined brain iron levels (Earley et al.  2006  )  and autopsy studies (Connor et al. 
 2004  )  have all indicated the presence of low brain iron in RLS subjects, even in 
those with normal blood levels of iron. The most effective treatment for RLS has 
been the use of  l -dopa, and based on this  fi nding, the dopaminergic system has been 
implicated in RLS pathology along with iron de fi ciency (Allen  2004  ) . 

 One of the most consistent and best characterized functional abnormalities 
associated to postweaning iron de fi ciency in the rodent is altered dopaminergic 
neurotransmission. In fact, the distribution of dopamine and iron in the brain are 
closely correlated, with particularly high concentrations of both in the adult 
striatum (Beard and Connor  2003  ) . In the experimental animal, iron de fi ciency has 
been associated with a decrease in the striatal density of the dopamine transporter 
and dopamine D 

1
  and D 

2
  receptors and with an increase in striatal dopamine levels 

and nigral tyrosine hydroxylase (Youdim et al.  1983 ; Nelson et al.  1997 ; Erikson 
et al.  2000,   2001 ; Unger et al.  2008 ; Connor et al.  2009  ) . As a con fi rmation of the 
predictive nature of the iron-de fi ciency rodent model as a tool for exploring the 
iron-dopamine relation in RLS, a recent autopsy study in RLS and control cases 
showed decreases in D 

2
  receptor density and increases in the putaminal and nigral 

tyrosine hydroxylase (Connor et al.  2009  ) . However, the mechanisms linking 
brain iron de fi ciency and the alterations in the dopaminergic function still need to 
be determined. 

 In SH-SY5Y cells in culture, a step-wise decrease in iron induced by progres-
sively increased concentrations of desferroxamine led to an inversely proportional 
increase in A 

2A
 R density (Gulyani et al.  2009  ) . Dietary iron-de fi ciency in mice also 

led to a decrease in striatal iron and an increase in striatal A 
2A

 R density (Gulyani 
et al.  2009  ) . Furthermore, when mice strains were selected on the basis of their 
natural variation in striatal iron concentration, strains with the lower striatal iron 
concentrations had signi fi cantly higher striatal A 

2A
 R density (Gulyani et al.  2009  ) . 

More recently we have also found an increase in the density of striatal A 
2A

 R induced 
by brain iron de fi ciency in rats, which was accompanied by a functional upregulation 



1919 Role of Striatal A 
2A

 Receptor Subpopulations in Neurological Disorders

of both pre- and postsynaptic A 
2A

 R, as demonstrated by the increased ef fi cacy of an 
A 

2A
 R antagonist to produce locomotor activation and its increased potency at 

decreasing PCC (Quiroz et al.  2010  ) . Altogether, the results from cell lines, mice 
and rats subjected to iron de fi ciency strongly suggest the idea that A 

2A
 R upregulation 

is a general cellular response to iron-de fi ciency which can potentially develop in 
any cell that can express A 

2A
 R. Exploratory activity was signi fi cantly decreased in 

iron-de fi cient rats, compared to controls (Quiroz et al.  2010  ) , suggesting that a 
stronger tonic effect of endogenous adenosine on functionally upregulated postsyn-
aptic A 

2A
 R is involved in the well-documented decrease in exploratory activity 

induced by iron de fi ciency (Weinberg et al.  1980 ; Beard  2003 ; Lozoff and Georgieff 
 2006  ) . We therefore postulated that the same mechanism could be involved in the 
reported reduced activity of iron-de fi cient infants when exposed to unfamiliar envi-
ronments (Angulo-Kinzler et al.  2002 ; Lozoff and Georgieff  2006  ) . 

 The functional upregulation of striatal presynaptic A 
2A

 R induced by iron 
de fi ciency leads to both a stronger tonic facilitatory effect of endogenous adenosine on 
corticostriatal glutamatergic neurotransmission and to a reduction of corticostriatal 
 fi ltering (Quiroz et al.  2009  ) . It is therefore possible that functionally upregulated 
presynaptic A 

2A
 R are involved in the alterations that iron-de fi cient infants show on 

executive function tasks, which depend on prefrontal-striatal circuit function (Lozoff 
and Georgieff  2006  ) . It is also possible that functional upregulation of striatal 
presynaptic A 

2A
 Rs could be involved in the alterations in corticostriatal processing 

that has been described as part of the pathophysiological mechanisms of RLS 
(Tergau et al.  1999  ) . RLS symptomatology could in fact depend on a disruption of 
the normal balanced activity of the direct and indirect striatal efferent pathways, 
with an increased glutamatergic signaling in the dynorphynergic MSN of the direct 
pathway, which is due to the presynaptic upregulation of A 

2A
 R, and a decreased 

dopaminergic signaling in the enkephalinergic MSN of the indirect pathway, which 
is due to the postsynaptic upregulation of A 

2A
 Rs. The ef fi cacy of  l -dopa in RLS 

could be in part due to an amelioration of such imbalance, and the present results 
suggest that selective presynaptic A 

2A
 R antagonists could be bene fi cial in RLS.  

    9.6   Conclusion 

 It is becoming clear that different subpopulations of A 
2A

 R exist in the striatum, 
which can be differentiated by their ability to form heteromers with different GPCR, 
which endows A 

2A
 R with different biochemical properties, including different 

ligand recognition. In fact, pharmacological dissection of these subpopulations can 
be achieved by using different A 

2A
 R antagonists. These subpopulations of A 

2A
 R are 

strategically localized in different striatal neuronal elements in the striatum, playing 
altogether an important role in the modulation of striatal function. Furthermore, 
these subpopulations of A 

2A
 R are differentially altered in different animal models of 

PD, HD, and RLS (Table  9.1 ), which implies that they can be used as targets for 
these basal ganglia disorders.       
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  Abstract   Adenosine, through A 
1
  receptors, acts as an inhibitory neuromodulator in 

the central nervous system. It is also directly linked to the energy metabolism of 
cells. It codes for energy depletion: adenosine levels increase as sign of problems in 
energy balance. Extracellular adenosine levels increase as response to prolonged 
wakefulness, starting locally in the basal forebrain area and later in the cortex. The 
increased extracellular adenosine concentrations increase signaling through A 

1
  

receptors on the waking-active cells, inhibit their  fi ring and thus promote sleep. 
 Human studies also indicate a connection between adenosine metabolism and 

sleep regulation. There are functional polymorphisms in adenosine transporters and 
adenosine deaminase, which will increase extracellular adenosine concentrations. 
Individuals with the adenosine deaminase variant have more and deeper slow 
wave sleep as well as more alpha activity in their waking EEG. Interestingly, their 
vigilance level and performance during waking are compromised. 

 Caffeine, a nonspeci fi c adenosine receptor blocker, modulates effectively vigi-
lance level and sleep in humans. Sensitivity to caffeine is modulated by an adenosine 
2a receptor polymorphism: carriers of the different variants respond differently, 
both behaviorally and in EEG records, to caffeine. Prolonged wakefulness deterio-
rated performance more in caffeine-sensitive individuals, but their performance 
also bene fi tted more from caffeine intake. 

 Sleep problems predispose to depression, and as adenosine is one of the regula-
tors of sleep, changes in adenosine metabolism can be expected also in depressed 
patients. Indeed, a suggestive  fi nding is that a polymorphism in the adenosine 
transporter gene SLC29A3 was associated with depressive disorder. Interestingly, 
this association was found only in women but not in men. 
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 In summary, both animal and human experiments evidence that low brain 
adenosine concentrations are associated with high vigilance levels and wakeful-
ness, while increases in adenosine levels associate with increased sleep propensity 
and promotion of sleep.  

  Keywords   Adenosine transporters  •  Depression  •  Microdialysis  •  Sleep  •  Sleep 
deprivation      

    10.1   Adenosine and Sleep: General Concept 

    10.1.1   What Is Sleep and How Can We De fi ne It? 

 Sleep is more than absence of wakefulness: it is an active brain state with physio-
logical function(s) and accurate regulation. Sleep as a behavioral state is featured 
by lack of consciousness, decreased reactivity for environmental signals, and 
characteristic sleep posture (in humans, lying) as well as closed eye lids. Sleep 
and wakefulness as behavioral states are mutually exclusive: a person is either 
sleeping or awake. 

 This is the classic view when the state of sleep is de fi ned through electroen-
cephalography (EEG), which is the gold standard to de fi ne sleep (see  Box ). Sleep 
initiation is characterized through the emergence of slower waves in the EEG 
recording. Based on EEG, the de fi nition of sleep gets also more complicated. The 
de fi nition is made by subjective evaluation of the wave forms and the appearance/
disappearance of certain features in the recording that is obtained simultaneously 
from several electrodes attached to head. 

 Usually there is a short transition state from both wakefulness to sleep and also 
between sleep states where the de fi nition of the state is not self-evident. After the 
transition, the de fi nition of the vigilance state is regarded reliable and conclusive, 
including the entire, global brain. Recently, however, convincing evidence has 
shown that this is not entirely true: during behavioral sleep, waking EEG wave-
forms as well as neuronal activity can be recorded at local cortical loci (Nir et al. 
 2011 ; Nobili et al.  2011 ; Rector et al.  2009  ) , providing evidence that separate 
parts of the cortex “sleep” and “wake” within the opposite behavioral state. This 
brings forth a need to de fi ne global sleep and local sleep separately. In this think-
ing global sleep would represent the classical, behaviorally evident state of sleep 
while local sleep could be de fi ned as appearance of slow waves at local EEG 
recording sites and corresponding to local metabolic events. Sleep thus appears to 
have both local and global aspects, which most probably have at least partially 
different regulatory mechanisms. Adenosine may play a role in regulation  of both 
of these aspects.     



20310 Sleep and Adenosine: Human Studies

    10.2   Sleep Homeostasis 

       One of the key features of sleep is its homeostatic regulation: the duration and 
intensity of previous waking period is re fl ected as sleep duration and intensity 
during the subsequent sleep period. This means that in the brain there is a mecha-
nism that can keep count of the duration (and intensity) of the waking period, i.e., 
keep that information and use it to modulate subsequent sleep. One suggestion as to 
the nature of this process is the concept of “sleep substance”―a molecule that 
would accumulate during waking and when in appropriate concentration, would 
force the brain to the state of sleep. 

 The oscillations, referred to as SWA, re fl ect sleep need and sleep intensity. The 
amount of SWA is homeostatically regulated. It is enhanced after sleep loss and 
declines during sleep. Animal studies suggested that sleep need is also genetically 
controlled (Cirelli  2002  ) , yet the molecular level mechanisms remain unknown.  

  Measurement of Sleep Using EEG 

   Vigilance States 

 Waking (W) and REM sleep (REM) are characterized by a high-frequency but 
low-amplitude waveform, similarly. REM and W can be distinguished by 
muscle tone; muscle tone is high in W and very low in REM. 

 Non-REM (NREM) sleep is divided into stages N1–3, with deepening 
of sleep from stage 1 to N3. N3 is also referred to as  slow wave sleep , or 
 slow-wave activity  (SWA).  

   Frequency Analysis 

 The EEG signal can be analyzed by dividing the signal into frequency bins, 
usually in range 0.1–25 Hz. 

 The low frequencies (0.1–4 Hz) are called  delta waves , and they are typical 
for N3. Frequency from 4 to 8 Hz is called  theta frequency , which is typical 
for REM sleep, but is expressed also during W. In rodents theta activity during 
W corresponds to exploratory behavior. 

 The higher frequencies are typical for W. 
 The signal from the frequency analysis can, through mathematical processing, 

be further developed to determine “power.” Power can be expressed either as total 
power throughout all frequencies or as power in a speci fi c frequency band, e.g., 
delta power. The delta power is used to describe the intensity of sleep.  



204 T. Porkka-Heiskanen

    10.2.1  Regulation of Global Sleep  

 Waking is actively promoted by speci fi c brain nuclei in the brainstem, the basal 
forebrain, and the hypothalamus. These “waking nuclei” secrete neurotransmitters―
cholinergic, noradrenergic, serotonergic, histaminergic, and orexinergic―that 
reach cortex through long projections from the nuclei. Both the anatomy and the 
function of these nuclei are strikingly similar: They are most active during wake-
fulness and decrease their activity during slow wave sleep. During rapid eye 
movement (REM) sleep their activity decreases further, except for the cholinergic 
cells, which during REM sleep are activated to the same level as in wakefulness 
(Stenberg  2007  ) . When the waking promoting nuclei are active, sleep cannot be 
initiated, meaning that one important aspect in regulation of sleep is the silencing 
of the activity of the waking nuclei. 

 Another important regulating system of the global state of sleep is the GABAergic 
sleep-active cells in the hypothalamus (Sherin et al.  1996  ) . Their activity is higher 
during sleep than during wakefulness (Szymusiak et al.  1998  ) , and their lesion 
decreases sleep (Lu et al.  2000  ) . 

 Thus, adenosine at this level could promote sleep by either inhibiting the waking 
active cells through A 

1
  receptors (Basheer et al.  2004 ; Porkka-Heiskanen and 

Kalinchuk  2011  )  or activating sleep active cells, presumably through A 
2A

  receptors, 
or disinhibiting the sleep active cells (Strecker et al.  2000  ) .  

    10.2.2   Sleep Regulation at a Local Level 

 The local aspect of sleep has particularly been addressed in experiments where local 
brain areas have been stimulated during waking either by natural stimuli or instru-
mentally, forcing these areas to excessive neural activity as compared to neighboring 
brain areas or respective brain areas in the other brain half (Huber et al.  2006 ; Kattler 
et al.  1994  ) . During subsequent sleep, more SWA has then been measured over the 
stimulated brain area. These experiments show that the production of slow waves 
during sleep is preceded by local neuronal activation during waking. In rodents the 
activation that induces more SWA is speci fi c to high frequency theta range and is 
induced through activation of the NMDA receptors (Wigren et al.  2007  ) . 

    10.2.2.1   Neuronal Activation and Energy Consumption 

 Neuronal activity consumes energy, which in neurons is provided either as ATP or 
lactate (Magistretti  2006  ) . During wakefulness neuronal activity is at higher level 
that during sleep, and thus also energy consumption is increased, although local vari-
ations are large. Extracellular ATP levels increase during sleep (Dworak et al.  2010  ) , 
possibly re fl ecting decreased consumption of energy substrates during sleep.   
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    10.2.3   Function of Sleep 

 Present evidence suggests that the functions of sleep are related to synaptic down 
scaling (Liu et al.  2010  )  and memory and learning (Diekelmann and Born  2010 ; 
Stickgold and Walker  2007  ) . It has been suggested that slow oscillations at delta 
frequency range may be a sign of synaptic plasticity that takes place during sleep 
(Tononi and Cirelli  2006  ) . Studies on molecular mechanisms of sleep homeostasis 
have introduced adenosine as a key player in regulation of sleep recovery (see below). 
As adenosine signals for shortage of energy, we have proposed that its emergence in 
speci fi c brain areas is a warning signals that, when reaching a certain level, will initi-
ate sleep. It can be noted that these theories are not mutually exclusive―sleep can, 
and most probably does serve more than one physiological function.   

    10.3   Adenosine 

 Adenosine triphosphate (ATP) is the core molecule of energy metabolism through 
which the majority of energy is introduced for cell metabolism. The molecule consists 
of adenosine core linked to one to three phosphate groups, which represent the 
energy contents of the molecule. The maximum energy content is available when 
three phosphates are bound to adenosine, while adenosine without phosphates is 
void of energy. Thus, increased adenosine concentration in the cell (and extracellu-
larly, through equilibrative transporters) represents a state of low energy availability 
and signals of bad energy balance. 

 Adenosine, working through A 
1
  receptors, is an inhibitory neurotransmitter. 

This route forms an ultrashort negative feedback loop: in an actively functioning 
cell, when energy level declines and adenosine concentration increases, there is 
increased signaling through A 

1
  receptors on the cell surface slowing down the activ-

ity of the cell. This simple regulatory mechanism is functional at local level and is 
thought to form the basis of homeostatic sleep regulation. 

 Animal experiments have shown that indeed, adenosine levels increase in the 
brain during prolonged wakefulness, particularly in the basal forebrain cholinergic 
area as well as in cortex (Porkka-Heiskanen et al.  1997,   2000  ) . On the other hand, 
experimental induction of energy depletion using molecules that disrupt the 
mitochondrial electron transfer in the basal forebrain induces sleep and increase 
adenosine levels (Kalinchuk et al.  2003  ) . 

 The results of these experiments can be interpreted to provide evidence for a 
role for energy depletion and adenosine in the regulation of sleep at both global 
and local levels, through inhibition of the waking active cholinergic cells in the 
basal forebrain as well as by contributing to development of sleep propensity at 
local level in the cortex. 

 Sleep in most, if not all, species appears to be in fl uenced by adenosine metabolism. 
So far direct experimental evidence can be introduced from rodents, cats, and fruit 
 fl ies (Kalinchuk et al.  2003 ; Porkka-Heiskanen et al.  1997 ; Shaw et al.  2000  ) . 
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In humans many targets in adenosine’s metabolism modify sleep and wakefulness―
and perhaps most importantly, the adenosine receptor antagonist, caffeine. 

    10.3.1   Enzymes of Adenosine Metabolism 

    10.3.1.1   Adenosine Deaminase 

 Adenosine deaminase is an enzyme that metabolizes adenosine to inosine removing 
it from the energy circulation. Increases in adenosine deaminase activity are thus 
expected to decrease adenosine levels. 

 Animal studies have shown that although sleep deprivation does not affect the 
activity of adenosine deaminase (Mackiewicz et al.  2003  ) , it has a signi fi cant circadian 
variation (Chagoya de Sanchez et al.  1993 ; Mackiewicz et al.  2003  ) . 

 However, in humans the c.22 G > A polymorphism (rs73598374) in adenosine 
deaminase is a physiologically active variant, reducing the conversion of adenosine to 
inosine. Consequent increases in adenosine concentrations in brain are likely to induce 
increases in SWA during sleep. In a human experimental study it was found that an 
individual with the G > A genotype had higher amplitude and prevalence of EEG delta 
oscillations in N3 sleep in than an individual with the G > G genotype (Retey et al. 
 2005  ) , consistent with previous results from animal work that higher adenosine levels 
would promote sleep (Porkka-Heiskanen et al.  1997  ) . Later work con fi rmed that in 
individuals with the G > A polymorphism, EEG low oscillations had higher ampli-
tude. Importantly, during waking these individuals showed higher alpha activity in 
EEG recordings, and they were more fatigued and sleepy, and their attention level was 
lower. Also, their saliva alpha-amylase concentration was elevated (Bachmann et al. 
 2012  ) . These  observations further support the view that adenosine levels are important 
regulators of sleep, sleep propensity, and waking behavior. A recent epidemiological 
study found that individuals carrying the G > A variant of the adenosine deaminase 
gene have higher sleep ef fi cacy and more REM sleep compared to the G > G variant 
carrier, but this effect is evident only if they use caffeine (Mazzotti et al.  2011  ) . 

 This observation would be in line with an earlier study where the responses of 
caffeine-sensitive and caffeine-insensitive subjects for sleep restriction were com-
pared. Performance was more impaired in caffeine-sensitive individuals, but when 
both groups ingested caffeine during the sleep restriction, the caffeine-sensitive 
individuals’ performance improved more (Retey et al.  2006  ) . However, the caffeine 
sensitivity observed in this study was later associated with an adenosine 2A receptor 
polymorphism (Retey et al.  2007  ) .  

    10.3.1.2   Adenosine Kinase 

 Adenosine kinase metabolizes adenosine to adenosine monophosphate, returning it 
to the energy circulation. Thus, the activity/increased concentration of this enzyme 
is also expected to reduce the concentration of adenosine. 
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 No direct studies on the effect of adenosine kinase modulation on human sleep 
are available. Studies on animals show that modulation of the basal level of adenos-
ine has effects on sleep. Also adenosine kinase shows clear diurnal variation (Alanko 
et al.  2003a ; Chagoya de Sanchez et al.  1993  ) , but no activity or increased expres-
sion during sleep deprivation (Alanko et al.  2003a ; Mackiewicz et al.  2003  ) . 
However, genetically engineered mice with overexpression of the cytoplasmic iso-
form of the adenosine kinase enzyme (but lacking the nuclear isoform) evidence a 
reduction in EEG low frequency power in all vigilance states. Also theta activity 
was reduced during REM sleep and waking. The mice spent also more time in wak-
ing. In addition, sleep homeostasis was affected as evidenced by more modest 
increase in slow wave activity during recovery sleep in the genetically engineered 
mice (Palchykova et al.  2010  ) . Also these studies are consistent with the idea that 
lower adenosine concentrations promote an increase in wakefulness.   

    10.3.2   Adenosine Receptors 

    10.3.2.1   Caffeine 

 Caffeine, a nonselective adenosine receptor antagonist, is a powerful modulator of 
sleep also in humans. The common effects are prolonged sleep latency, reduced 
total sleep time, and decreased slow wave sleep. Subjective sleep quality is also 
worsened. 

 Caffeine ingested either in the morning or shortly before bedtime induces dose-
dependent decrease in total sleep time, increase in sleep latency, and decrease in 
slow wave sleep (Karacan et al.  1976 ; Landolt et al.  1995b ; Nicholson and Stone 
 1980  ) , as well as decreased power in delta frequency range, but increased power in 
spindle frequency range (Landolt et al.  1995a  ) . The caffeine-induced EEG changes 
in non-REM sleep were evident in both rested and sleep deprived subjects (Landolt 
et al.  1995b  ) . Previous caffeine use also modulates the effects of caffeine on sleep: 
low consumers express more prolonged sleep latency, shortened total sleep time, 
and disturbances in different sleep phases than heavy users (Colton et al.  1968 ; 
Curatolo and Robertson  1983  ) .  

    10.3.2.2   Adenosine A 2A  Receptor 

 The inhibitory A 
1
  receptor has traditionally regarded the main target for caffeine: by 

preventing the action of A 
1
 -mediated neural inhibition, cortical activity would be 

increased. Recent research has, however, provided strong evidence that the effects 
of caffeine, in fact, would be predominantly mediated through A 

2A
  receptors (Huang 

et al.  2005  ) . Studies in humans also give support to this view. 
 Humans have different sensitivity for the effect of caffeine: individuals who rate 

themselves as caffeine-sensitive also report reduced sleep quality as compared to 



208 T. Porkka-Heiskanen

those who report themselves as caffeine-insensitive (Retey et al.  2007  ) . Indirect 
evidence suggests that this sensitivity is at least partially genetically predicted by a 
variation in the    adenosine A 

2A
  receptor gene: the c.1083T4C T > C polymorphism: 

the distribution of distinct c.1083T4C genotypes of the adenosine A 
2A

  receptor gene 
differs between caffeine-sensitive and -insensitive individuals (Retey et al.  2007  ) . 
EEG recordings provided objective differences in brain electrical activity between 
the variants: caffeine induced a lesser increase in EEG power density in the beta 
frequency in individuals carrying the T/T variant as compared to those carrying 
either the T/C or C/C variants (Retey et al.  2007  ) . 

 Interestingly, caffeine sensitivity is re fl ected in the individual responses for pro-
longed wakefulness. In one experiment, sleep deprivation impaired performance 
(PVT) more in caffeine-sensitive than in caffeine-insensitive men. This difference 
was counteracted by caffeine, particularly in the caffeine-sensitive individuals 
(Retey et al.  2006  ) .   

    10.3.3   Adenosine Transporters 

 Adenosine transporters regulate the balance between intra- and extracellular 
adenosine concentrations. Equilibrative transporters carry adenosine across the 
cell membrane according to the concentration gradient while concentrative trans-
porters concentrate adenosine intracellularly. Only few studies have been performed 
on the relationships between sleep and adenosine transporters. One animal study 
indicated decreased adenosine transport by an equilibrative transporter (ENT1) in 
the basal forebrain during prolonged wakefulness, which may have contributed to 
the increased extracellular adenosine level in the basal forebrain during sleep 
deprivation (Alanko et al.  2003b  ) . Another study found decreased expression of a 
concentrative transporter (CNT2) in the cortex after sleep deprivation (Guillen-
Gomez et al.  2004  ) . 

    10.3.3.1   Adenosine and Depression 

 Major depression is one of the most frequent psychiatric disorders with a remark-
able component of heritability: 25–29 % for males and 42–49 % for female (Kendler 
et al.  2006 ; Orstavik et al.  2007  ) . Sleep disturbances among these patients are fre-
quent, including reduced amount of slow wave sleep, increased REM sleep amount 
and shortened REM sleep latency (Berger et al.  2003 ; Mendlewicz  2009  ) . Also, 
early morning awakenings are characteristic of depression (Kiloh and Garside 
 1965  ) . In a longitudinal study conducted on twins we showed that disturbed sleep 
predisposes to depression: subjective quality of sleep and life satisfaction (a com-
monly used indicator of depression) were assessed in both mono- and dizygotic 
twin pairs. Six years later the study was repeated. Those who reported problems 
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with sleep at the earlier time point had elevated risk for depression measured at the 
later time point, but those who were depressed at the earlier time point did not have 
elevated risk for sleep problems at the later time point, suggesting a one-way causal 
relationship between sleep problems and elevated risk for depression (Paunio et al. 
 2009  ) . As adenosine is one of the core regulators of sleep, we became interested in 
the possible role for adenosine in development of depression. 

 In a study conducted on 1,423 human individuals, polymorphisms in adenosine-
related genes were associated with sleep disturbances and depression. Polymorphism 
rs12256138 in the adenosine transporter gene SLC29A3 was associated with depres-
sive disorder. Interestingly, this association was found only in women but not in 
men (Gass et al.  2010  ) . This may be one of the factors contributing to the fact that 
depressive disorder is more prevalent in women than in men. 

 SLC29A3 encodes equilibrative nucleoside transporter ENT3. The gene is 
expressed in multiple tissues, and the protein localizes intracellularly and may be 
involved in nucleoside transport from the lysosomes (Baldwin et al.  2005  ) . As the 
function of this polymorphism presently remains to be determined, further specula-
tion of the mechanism by which it could contribute to induction of depression 
remains futile.   

    10.3.4   Other Human Studies on Adenosine and Sleep 

 In vivo microdialysis has proved an excellent method to probe extracellular 
adenosine concentrations in behaving animals. These studies have established the 
role of increased extracellular adenosine concentrations in the basal forebrain in 
the regulation of sleep homeostasis. However, this invasive technique is rarely avail-
able in human studies. However, in some cases microdialysis probes have been 
implanted in human brain as part of diagnostic or curative treatments, and in some 
cases samples for adenosine measurements have also been collected. 

 One early study, conducted on trauma patients, showed that during jugular 
venous oxygen desaturation interstitial brain adenosine and lactate levels 
increased up to threefold, experimentally establishing a relationship between 
oxygen desaturation and adenosine concentrations in the brain and suggesting 
that adenosine is increased during periods of enhanced glycolytic metabolism 
(Bell et al.  2001  ) . 

 In another study, deep electrodes with microdialysis probes were installed into 
different brain areas of epileptic patients (amygdala, hippocampus, cortex). 
Microdialysis samples were collected for adenosine analysis during sleep, waking, 
and prolonged wakefulness (40 h). No increases of extracellular adenosine were 
found in any of the probes during prolonged wakefulness. Interestingly, the epilep-
tic brain activity did not affect adenosine levels in these patients. The authors con-
cluded that adenosine increases during prolonged wakefulness are local, as shown 
previously in animal studies (Zeitzer et al.  2006  ) .   
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    10.4   Conclusions 

 Both animal and human studies consistently support the view that adenosine has 
an important role in modulation of sleep: low brain adenosine concentrations are 
associated with high vigilance levels and wakefulness, while increases in adenosine 
levels associated with increased sleep propensity and promotion of sleep. The nature 
of adenosine as a ubiquitous energy metabolite and neuromodulator makes it 
dif fi cult to evaluate whether adenosine modulates sleep directly at cellular level 
affecting neurons in its immediate vicinity, or whether it modulates global sleep-
regulating neuronal networks. Experimental evidence can be produced to support 
both views.      
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  Abstract   The circadian oscillator plays an important role in behavior and metabolic 
physiology. In turn, adenosine occupies a unique position as both a fundamental 
neuromodulator and a basic building block of cellular metabolism. Multiple connec-
tions exist between the two, both through the direct actions of adenosine and 
through the cellular signaling cascades regulating and regulated by its availability. 
Speci fi cally, we show that the circadian clock is connected to adenosine and other 
purinergic products on three levels. At the level of circadian signaling, the adenosine-
derived signaling molecule cAMP is itself a circadian clock component that 
indirectly induces transcription of many circadian genes, as well as in fl uencing 
cell cycle timing. At the level of metabolism, AMP kinase, a cellular energy sensor 
dependent upon AMP, can phosphorylate multiple clock proteins. It phosphory-
lates cryptochromes and thereby enhances the activity of the inhibitory clock pro-
tein complex that contains them. The histone and clock protein deacetylase SIRT1 
is also phosphorylated and upregulated by AMPK, leading to increased clock pro-
tein degradation and chromatin repression. SIRT1 activity is also regulated by 
NAD +  cofactors, whose levels are themselves under both circadian and metabolic 
control. Finally, multiple adenosine receptor subtypes can control clock function. 
A3 receptors in fl uence mammalian temperature control and therefore possibly the 
circadian oscillator. A1 receptor transcription can be induced indirectly via gluco-
corticoids which are under circadian control. In addition, A1 receptors modulate 
light responsiveness of the circadian clock. Taken together, this intricate regulatory 
web likely permits a complex dialogue between metabolism and diurnal behavior 
and physiology that allows organisms to exploit their circadian geophysical environ-
ment optimally.  
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 In this chapter, we not only outline the existing connections between adenosine and 
the circadian oscillator de fi ned by research of numerous different laboratories, but 
also show the vast potential for therapeutically relevant connections whose mecha-
nisms remain to be elucidated. These connections are bidirectional: on the one hand, 
the circadian clock controls adenosine and its downstream products, which are also 
important signaling molecules; on the other, adenosine and related molecules 
directly regulate the circadian oscillator. The drama of this interrelationship plays at 
the level of both the single cell and the whole organism, in both brain and peripheral 
tissues. Below, after a general introduction to the circadian oscillator in which we 
brie fl y mention these connections, we discuss each of these links in detail, looking 
 fi rst at adenosine itself, and then at several of its products, with a focus on the phos-
phorylated nucleotides ATP and AMP. 

 Of course, no discussion of this topic would be complete without a consideration 
of the important role that adenosine also plays in sleep–wake behavior, the major 
behavioral output of the circadian clock. This complex and fascinating topic is the 
subject of a separate chapter. 

    11.1   Introduction to the Circadian Clock 

 Most life on earth is governed by 24 h light–dark changes. An internal clock has 
evolved in both unicellular and multicellular organisms in order to perceive diurnal 
environmental cues of light, temperature, and nutrients and to control behavioral 
and physiological output in order to anticipate these environmental changes. This 
“circadian” clock (from the Latin  circa diem , “approximately a day”), is found in 
nearly all cells of multicellular organisms. 

 In complex organisms, the multitude of circadian oscillators in peripheral cells 
is controlled by a superior clock in the brain. Transplantation experiments in the 
late 1980s by Lehman et al. using Syrian hamsters revealed the suprachiasmatic 
nucleus (SCN) of the hypothalamus as the master circadian clock: animals with 
lesions in the SCN completely lost rhythmic daily behavior, and implantation of 
fetal SCN tissue was able to restore this circadian locomotor activity entirely 
(Lehman et al.  1987  ) . 

 In order to be functionally useful, the circadian clock must be able to do more 
than just oscillate with a period of approximately 24 h. It should also be able to 
sense environmental cues and changes, and further to transmit this information on a 
behavioral and physiological level. Conceptually, the molecular circuitry responsi-
ble for each of these processes is separable. Thus, the circadian clock mechanism in 
general can be divided in three parts: an input part, where incoming stimuli are 
processed and passed on, a core part with a ticking molecular clock, and an output 
part, which transmits information to all target pathways of the circadian oscillator 



21511 Adenosine and Other Purinergic Products in Circadian Timing

throughout the body. As we shall see, adenosine and its metabolites can in fl uence 
all three of these parts independently. In turn, the levels of these compounds are 
in fl uenced both directly and indirectly by the circadian oscillator.  

    11.2   How the Rising Sun Stimulates Signal Transmission 
in the Brain: The Morphology of Clock Input 

 In mammals, the most important and potent “zeitgeber” or timing cue from the 
environment, is light. After light is perceived in the retina by both conventional rods 
and cones and specialized retinal ganglion cells containing the alternative photopig-
ment melanopsin (Berson et al.  2002 ; Drouyer et al.  2007  ) , it is signaled glutamater-
gically directly via the retinohypothalamic tract (RHT) to the SCN (Castel et al. 
 1993  ) . The SCN itself is a heterologous tissue consisting of at least two regions: a 
core and a shell. While the latter is thought to be primarily an oscillator, the former 
shows weak intrinsic oscillation but signi fi cant induction by RHT stimulation, and 
is believed to be crucial to clock input (Foley et al.  2011 ; Moore et al.  2002  )  

 Brain region-speci fi c lesion experiments in rats could show that in addition to the 
SCN at least two other nuclei in the brain are important for input processing: the 
intergeniculate lea fl ets (IGL) and the dorsale raphe nuclei (DRN). Although light 
signals are transmitted directly to the SCN by the RHT, all other nonlight signals are 
thought to proceed indirectly by  fi rst reaching the DRN (Moga and Moore  1997  ) . 
The IGL seems to have a more general control function: light signals from the RHT 
and nonphotic input from the DRN are projected to the IGL before the information 
is passed on again to SCN neurons, giving rising evidence for an integrative function 
of the IGL for all environmental cue signaling. Nevertheless, its detailed function 
remains to be elucidated. 

 As discussed more completely below, one obvious way in which adenosine 
affects the circadian oscillator is via its actions as an inhibitory neurotransmitter that 
modulates the activities of these brain nuclei.  

    11.3   The Ticking Molecular Core Clock in the SCN 

 In mammals, the circadian clock mechanism itself depends upon a set of regulatory 
feedback loops containing both transcriptional and posttranslational components. 
The CLOCK/BMAL DNA binding complex enhances initially the transcription of 
Period genes ( Per1 ,  Per2 , and  Per3 ) and Cryptochromes ( Cry1  and  Cry2 ). The PER 
and CRY proteins are translocated back to the nucleus and inhibit their own tran-
scription by binding to the nuclear CLOCK/BMAL complex. Since both PER and 
CRY protein and RNA are unstable, the nuclear mRNA and protein level of both 
proteins drop as soon as this inhibition occurs. When their levels drop low enough, 
inhibition ceases and transcription of  PER  and  CRY  starts again (for review see 
Reppert and Weaver  2001  ) . 
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 Several mechanisms stabilize the oscillation of this core loop. For example, a 
second interlocked feedback loop is formed by the action of REV-ERB a , the orphan 
nuclear receptor and repressor, via inhibition of  Bmal1  transcription. Posttranslational 
modi fi cation of PER proteins,  fi rst to stabilize and then to destabilize them, likely 
also plays a key role via a number of kinases such as casein kinase 1 e  (CK1 e ) 
(Ripperger and Merrow  2011  ) . A host of accessory factors involved in chromatin 
modi fi cation (WDR5, NONO, SFPQ, MLL) also participate (Brown et al.  2005 ; 
Duong et al.  2011 ; Katada and Sassone-Corsi  2010  ) . Among these are the sirtuins, 
which are sensitive to cellular redox potential via their use of NAD +  cofactors (Imai 
et al.  2000  )  (Fig.  11.1 ).  
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  Fig. 11.1    Mechanistic overview of the circadian clock. The mammalian molecular clock responsible 
for diurnal behavior consists of several interlocked feedback loops of transcription and translation. 
A cycle begins with the enhanced transcription of Period ( Per1 ,  Per2 , and  Per3 ) and Cryptochrome 
( Cry1  and  Cry2 ) by binding of the CLOCK/BMAL heterodimer to DNA. The PER and CRY pro-
teins are translated and then translocated back to the nucleus to inhibit their own transcription. 
Meanwhile, posttranslational modi fi cations by casein kinase 1 e  (CK1 e ) and other kinases modify 
these proteins and target them for ubiquitination and proteosome-mediated degradation. As a 
result, the nuclear mRNA and protein level of both proteins drop to a level at which inhibition is 
reversed and transcription of PER and CRY starts again. A second interlocked feedback loop is 
formed by the action of REV-ERB a , the orphan nuclear receptor and repressor. Its transcription is 
enhanced by CLOCK/BMAL, but its protein product inhibits  Bmal1  transcription. Opposing it is 
ROR a , whose transcription is also enhanced by CLOCK/BMAL, but whose activity activates 
 Bmal1  transcription. Metabolic feedback possibly occurs at the level of SIRT1, whose NAD + -
dependent histone deacetylation activity can associate with CLOCK proteins to deacetylate chro-
matin, BMAL, or PER. Adapted from Fu and Lee  (  2003  )        
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 Recently, a separate independent circadian mechanism based upon redox 
modi fi cation of proteins has also been discovered. Its mechanism is as yet unknown. 
Because it is completely independent of either transcription or of known clock 
proteins, and in addition induces cyclic oscillations of a number of proteins impor-
tant in buffering cellular redox capacity, it could prove important for many aspects 
of circadian metabolism (O’Neill et al.  2011  ) . Hence, a second general way in which 
adenosine affects the circadian oscillator is via its effects upon cellular redox 
mechanisms. Since these mechanisms also affect adenosine levels, this pathway is 
bidirectional. 

 Although the SCN is the seat of the master circadian clock in the brain, the 
molecular clock mechanisms described above are in fact present in all of the cells of 
the body. First evidence for extra-SCN clocks came from experiments with retinal 
clocks identi fi ed in  X. laevis  (Besharse and Iuvone  1983  )  and in rabbits (Brandenburg 
et al.  1983  ) . Light-induced entrainment of these oscillators could also be demon-
strated (Tosini and Menaker  1996  ) . These retinal clocks are independent of SCN 
rhythms and are important for proper photoreceptor metabolism (Besharse and 
Dunis  1983  )  and rod and cone shedding (Green and Besharse  2004  ) . Adenosine 
plays a key role in the regulation of this process (Ribelayga and Mangel  2005  ) .  

    11.4   Clock Output, from SCN to Behavior and Physiology 

 Subsequently, clocks were discovered in nearly all cells of the body, and therefore 
peripheral tissue like  fi broblasts are often used as cellular models to monitor oscillator 
function (Cuninkova and Brown  2008  ) . More directly, however, one way that the 
SCN controls circadian physiology is through the synchronization of these periph-
eral oscillators. Interestingly, the signals by which it does this are a mixture of direct 
and indirect ones: neural control of circadian behavior affects food intake and body 
temperature, both of which synchronize circadian clocks; SCN control of endocrine 
function provides hormonal synchronizing stimuli; and the sympathetic nervous 
system can also provide synchronizing cues (reviewed in Dibner et al.  2010 ; 
Hastings et al.  2007 ; Schibler et al.  2003  ) . 

 In order to control behavior like rest–wake activity (Moore  2007  )  or memory 
consolidation (Eckel-Mahan and Storm  2009 ; Ruby et al.  2008  )  the SCN was shown 
to have several efferents to the diencephalon, into distinct nuclei in the hypothala-
mus like the supraventricular zone or the preoptic zone, as well as thalamic regions 
and the pineal gland (for review see Card  2000  ) . Second, the SCN innervates several 
organs through the autonomic nervous system (reviewed in Bartness et al.  2001  )  by 
which it controls physiological aspects such as heart rate or liver activity (for review 
see Rüger and Scheer  2009 ; Shibata  2004  ) . The adrenal cortex (for review see 
Dickmeis  2009  )  and glucocorticoid secretion (reviewed in Kalsbeek et al.  2012  )  is 
under direct SCN control via the hypothalamic pituitary adrenal gland axis and can 
furthermore be directly in fl uenced by light (Ishida et al.  2005  ) . Several other 
hormones like melatonin or luteinizing hormone are also under circadian control 
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(Lucas et al.  1999  ) . Since adenosinergic modulation of neurotransmission occurs at 
most brain loci, it is plausible that adenosine might in fl uence a number of these 
regulatory points. 

 The neural and hormonal pathways discussed above are directly responsible for 
a portion of circadian physiology. Another portion, however, is indirectly regulated 
by food intake. Even though it is tightly controlled, the circadian clock is still a 
 fl exible system. Light is known to be the strongest synchronizer, which means 
concretely that the clock can adjust to changes in seasonal light availability, but 
food also has a quite strong impact on circadian timing, especially upon peripheral 
oscillators. Normally, feeding time is controlled by behavior, which is SCN-
governed in keeping with light. Thus, it is a potent timing cue from SCN to peripheral 
clocks. If feeding time is constrained, however, peripheral circadian physiology will 
adjust to match (Damiola et al.  2000 ; Stokkan et al.  2001  )  and in the absence of 
dominant light cues, behavior will follow. Feeding experiments with different diet-
forms, high caloric, hypocaloric, or normocaloric, showed that the locomotor 
behavior adapted to the new Zeitgeber time (Challet  2010  ) . It remains unclear what 
exactly in food in general has this strong shifting ability, and how this feedback 
reaches the clock. On the one hand, hormonal or neural signals in response to food 
probably play an essential role (Mistlberger  2011  ) . On a cellular level, there is also 
rising evidence that factors from the sirtuin family link metabolism and therefore 
probably feeding to the circadian clock (for review see Asher and Schibler  2011 ; 
Bellet and Sassone-Corsi  2010  ) , mainly by acting posttranslationally upon histones 
or clock proteins to modify transcription. All sirtuin families require nicotinamide 
adenine dinucleotide (NAD + ) as cofactor for their enzymatic activities of ADP-
ribosylation and deacetylation (Imai et al.  2000  ) . As mentioned earlier in the context 
of the core oscillator, the sirtuin SIRT1 interacts directly with clock proteins (Asher 
et al.  2008  ) . The fact that SIRT1 is dependent on NAD +  makes it a sensor of the 
metabolic state of the cell similar to ATP.  

    11.5   The Many Faces of Adenosine 

 Adenosine is well established as one of the principal inhibitory neuromodulators of 
the central nervous system. Numerous studies establish that it is critical in maintaining 
the delicate neurochemical balance that permits conscious thought, rest, and the 
maintenance of physiological equilibrium. Equally importantly, it is a precursor of 
intracellular purinergic signaling pathways and a basic building block of ATP, the 
energy currency of the cell (reviewed in Dunwiddie and Masino  2001  ) . The functions 
of adenosine are therefore ubiquitous on both cellular and systemic levels. 
Interestingly, all of the aforementioned processes―energy regulation and metabolism, 
physiology, rest and activity, and memory consolidation―are regulated in mammals 
by the circadian oscillator via a complex bidirectional web of both intra- and inter-
cellular signaling pathways. Not surprisingly, as we discuss below, adenosine  fi gures 
prominently within these pathways. 
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 Both the functions of adenosine and its sources in the CNS vary widely. Research 
in the past 30 years revealed many different functions and aspects of adenosine 
activity in the cell as well as in the extracellular matrix, be it in the form of a direct 
neuromodulator or as modi fi er of the activity of other receptors like D1 or NMDA 
(Manzoni et al.  1994 ; Popoli et al.  1996  ) , to mention two examples. Due to its wide 
functionality, the metabolism of adenosine is a well-studied topic, and all precursors 
and breakdown products are known. Extracellular adenosine is dependent on two 
main processes,  fi rst on the degradation of extracellular AMP to adenosine by ecto-
5 ¢ nucleotidase and second on the secretion of intracellular adenosine, which itself 
has two different origins. The intracellular adenosine level depends on the degradation 
of ATP to AMP and  fi nally to adenosine via the cytoplasmic 5 ¢ nucleotidase as well 
as on the hydrolysis of S-adenosylhomocysteine (SAH). Interestingly the ATP-AMP 
dephosphorylation process is highly concentration-dependent and therefore changes 
in intracellular adenosine levels can re fl ect changes in metabolic rate. More 
speci fi cally, the formation of adenosine from AMP occurs as the concentration of 
ATP changes in a physiological range, most likely due to the activity of a speci fi c 
subtype of cytoplasmic 5 ¢ nucleotidase (for review see Latini and Pedata  2001  )  
(Fig.  11.2 ). However, as ATP is not the only source of adenosine, the relationship 
between adenosine and ATP concentration is most probably not a linear one.  

 On the contrary, to reduce levels of adenosine two major reactions can occur, 
either via phosphorylation of adenosine by adenosine kinase (ADK) resulting in 
raising concentrations of 5 ¢ AMP, or via the generation of inosine and later on 
inosine monophosphate (IMP) by an irreversible reaction of adenosine with adenos-
ine deaminase (ADA). Both reactions are necessary tools to stabilize intra-and 
extracellular pools of adenosine (for review see Dunwiddie and Masino  2001  ) .  

    11.6   From Bottom to Top: Adenosine as Regulator 
of the Circadian Clock 

    11.6.1   Adenosine Receptors 

 The  fi rst adenosine agonist experiments more than 15 years ago were carried 
out with hamsters, where application of the selective adenosine agonist 
N6-cyclohexyladenosine (CHA) revealed a regulative aspect of adenosine for the 
clock (Watanabe et al.  1996  ) . In particular, phase advances induced by changed 
light settings were diminished after CHA application to the SCN (Elliott et al.  2001  ) . 
Administration of the adenosine antagonist caffeine did not affect the circadian 
clock, though it did diminish sleep and stimulate arousal (Antle et al.  2001  ) . 

 Surprisingly, subsequent experiments in mice showed that the observed changes 
in phase-shifting were regulated by A1 adenosine receptors (Sigworth and Rea 
 2003  ) . It was already known that relatively few adenosine A1 receptor mRNAs are 
present in the hypothalamus or SCN, so it remained unclear how A1 receptor 
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signaling acts on SCN clock activity. Work by Hallworth and coworkers was able to 
show that A1 receptors located in the retinohypothalamic tract play an important 
role in attenuation of the release of glutamate and therefore regulate the transmis-
sion of light information to the SCN (Hallworth et al.  2002  ) . 

 The A2a and A2b receptors are both expressed in the brain―A2a rather ubiqui-
tously, and A2b in speci fi c regions―and both are also expressed in somatic tissue 
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  Fig. 11.2    Adenosine metabolism. Adenosine is formed by the sequential breakdown of ATP into 
 fi rst ADP and then 5 ¢ AMP via the enzymatic activity of a cytosolic 5 ¢ nucleotidase. To a lesser 
extent, S-adenosylhomocystein (SAH) derived from S-adenosylmethionine (SAM) also serves as 
a source of cellular adenosine. Adenosine kinase (ADK) and adenosine deaminase (ADA) instead 
promote the breakdown reaction of adenosine. ADK activity leads to the production of 5 ¢ AMP by 
adenosine phosphorylation. ADA converts adenosine to inosine in an irreversible reaction. 
Subsequent hydrolyis of inosine results in inosine monophosphate (IMP), an intermediate of 
purine metabolism. In addition to sequential breakdown to form adenosine, ATP is also a substrate 
for adenylate cyclase, whose activation by G-coupled receptors promotes the formation of the 
signaling molecule cAMP, which can itself be transformed into 5 ¢ AMP. The “energy metabolites” 
of the cell (ATP, ADP, and AMP) can bind to AMP kinase (AMPK) to regulate its activity. AMPK 
is itself a sensor of the cellular energy status and can promote ATP formation       
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(for details see review Dunwiddie and Masino  2001  ) . For both of them, agonists 
show no effects upon the circadian clock and there is no further indication that they 
might play a role in controlling the transmission of input cues to or within the SCN 
(Fredholm et al.  2000 ; Hallworth et al.  2002 ; Latini and Pedata  2001  ) . The A3 
receptor was also tested with several different agonists but light-induced phase 
advances were not observed (Elliott et al.  2001  ) .  

    11.6.2   Adenosine Monophosphate 

 The  fi rst metabolic product of adenosine by adenosine kinase (ADK) is AMP, and 
in subsequent enzymatic steps ADP and ATP are produced. Together with adenos-
ine deaminase, ADK is the principal regulator of intracellular adenosine availability. 
AMP levels themselves, or more speci fi cally the cellular ratio of AMP–ATP, is 
highly controlled. AMP protein kinase (AMPK) is a direct sensor for changed 
AMP–ATP ratios, or better, energy levels in the cell in general (reviewed in Hardie 
 2007  ) . Due to the fact that the adenylate kinase enzyme keeps the catalysis of 
2ADP → 1ATP + 1AMP near to equilibrium, the ATP–AMP ratio varies approxi-
mately as the square of the ATP–ADP ratios, which makes the AMP–ATP ratio a 
reliable index for metabolic processes in the cell (Kahn et al.  2005  ) . Moreover, 
AMP has the ability to activate AMPK through three different mechanisms―allosteric 
activation, phosphorylation, and inhibition of dephosphorylation―AMPK is there-
fore a very sensitive sensor for changes in cellular energy status (reviewed in Hardie 
 2007  ) . In its turn, through phosphorylation of a diversity of targets, AMPK can 
organize metabolic pathways depending upon hormonal inputs like leptin or adi-
ponectin, as well as coordinate the response to stress-induced depletion of ATP 
(Kemp et al.  1999  ) . 

 What does this have to do with the regulation of circadian clocks? In fact, one 
of the targets of AMPK is the circadian clock! In 2009 Lamia and coauthors dem-
onstrated nicely by using the agonist aminoimidazole carboxamide ribonucleotide 
(AICA), that AMPK phosphorylates the circadian repressor protein CRY1, thereby 
stabilizing its binding to PER2 while decreasing its degradation. As a result, the 
transcription normally induced by the CLOCK/BMAL complex is suppressed, 
and the “trigger” for a new clock cycle is inactivated (Lamia et al.  2009  ) . In a 
related story 2 years before, another group showed that AMPK phosphorylates 
CK1 e , which itself controls the degradation of PER2 (Um et al.  2007  ) . The same 
group published data this year about tissue- and isoform-speci fi c activity of AMPK 
and concluded that AMPK controls expression of peripheral clock genes (Um 
et al.  2011  ) . Beside this direct interaction of AMPK on the circadian clock, it has 
been observed in muscle tissue that AMPK also triggers the activation of SIRT1 
(Cantó et al.  2009,   2010  ) . SIRT1, as discussed previously, deacetylates PER2 
in order to degrade PER2 protein and create the environment for a new cycle 
(Asher et al.  2008  ) .  
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    11.6.3   Adenosine Triphosphate 

 Recent research shows that adenosine in the form of ATP also seems to be an important 
factor to link metabolism to clock function. In the simplest existing circadian oscil-
lator, found in the cyanobacterium  Synechococcus elongates , the protein products 
of the  KaiABC  locus, together with ATP, are themselves suf fi cient to generate a 24 h 
rhythm, even in vitro. One of those proteins, KaiC, has two ATP binding sites 
(Ishiura et al.  1998  )  and was later on found to display ATPase activity under the 
control of KaiA (Pattanayek et al.  2009  ) . In fact, the rate of ATP hydrolysis is cru-
cial to set clock speed (Rust et al.  2011  ) . 

 Even if the KaiABC clock is not conserved directly in mammalian cells, ATP 
hydrolysis equally provides timing and directionality to circadian processes in 
mammals. For example, diurnal modulation of a Na + /K + -ATPase in rat neurons 
directly in fl uences  fi ring rate (Wang and Huang  2004  ) . Highest ATPase enzyme 
activity was found during the subjective day, when calcium concentrations were 
also increased. In fact, the membrane potential and  fi ring of rat SCN neurons is 
highly dependent on the actual activity status of the Na + /K + -ATPase (Wang and 
Huang  2006  ) . Similar regulation of  fi ring could explain the spontaneous circadian 
electrical activity of SCN neurons. 

 Although the ATPase of the previous paragraph was governed by circadian 
mechanisms, ATP itself is mostly regulated by metabolic function and energy con-
sumption. Brie fl y, ATP is generated or (more accurately) recycled in several cata-
bolic subprocesses during glycolysis or in the respiration chain reaction in 
mitochondria. In the same process in which ATP is synthesized, NAD +  is oxygen-
ated and vice versa. In the context of circadian clocks, it has been suggested that 
food/energy uptake modulates ATP and NAD +  levels (Ishikawa and Shimanzu  1976 ; 
Mistlberger  2011  )  thereby regulating clock function. The effects of this energy input 
on clock output are discussed in the next paragraph. Apart from these metabolic 
considerations, however, ATP may directly affect clock function via P2X7 puriner-
gic receptors, a class of ligand-gated ion channel whose ATP-dependent activation 
results in subsequent upregulation of  Per1  clock gene expression in some tissues 
(Nakazato et al.  2011  ) .   

    11.7   Metabolism and Clock Output: NAD +  as a Linker 

 The ability of food to entrain the circadian clock has itself hinted repeatedly at a 
long-suspected connection between metabolism and circadian function (reviewed in 
Asher and Schibler  2011  ) . Nevertheless, the molecular currency of this link is not 
clear. Beside ATP, nicotinamide adenine dinucleotide (NAD + ) is a second potent 
linker between energy metabolism and the circadian clock. As stated above, recent 
data has shown that the histone acetylase SIRT1 is able to counterbalance the activity 
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of CLOCK on a chromatin level (Nakahata et al.  2009  ) , and also to modulate PER 
protein function (Asher et al.  2008  ) . In turn, SIRT1 activity is directly modulated by 
intracellular levels of NAD + . (As explained below, because NAD +  salvage is itself 
under circadian control via the CLOCK/BMAL-controlled transcription of nicotin-
amide phosphoribosyltransferase (NAMPT) (Nakahata et al.  2009 ; Revollo et al. 
 2004  ) , this pathway is bidirectional.)  

    11.8   From Top to Bottom: Diurnal Regulation of Adenosine 
and Adenosinergic Factors 

 As discussed above, adenosine levels in the retinohypothalamic tract are critical to 
regulating light-induced phase-shifting in the SCN. In studying these adenosine-
dependent currents, however, Ribelayga found in a rabbit retinal model system 
additionally a strong direct dependency upon light and darkness (Ribelayga and 
Mangel  2005  ) . Thus, adenosine levels in the extracellular matrix of the rabbit retina 
are highly sensitive to light, and this sensitivity is more pronounced during the sub-
jective night than day (Brandenburg et al.  1983  ) . The authors therefore suggested a 
threshold light intensity for the modulation of adenosine as a function of the circa-
dian clock. Concretely, this double regulation means that extracellular baseline 
levels of adenosine are circadian, with high levels at the subjective night and lower 
levels during the day. The underlying mechanism is still not fully understood, but it 
appears that not only less adenosine is transported to the intracellular compartment 
but also the intracellular purinergic fraction is increased. Both factors lead to an 
extracellular accumulation of adenosine in the observed circadian pattern (Ribelayga 
and Mangel  2005  ) . The physiological effects of this regulation upon neural activity 
remain unclear. Of course, adenosine is also an important regulator of sleep–wake 
behavior―the most important behavioral output of the circadian system―but this 
topic is treated in a separate chapter. 

 Metabolic products of adenosine are also regulated in circadian fashion, most 
notably ATP, in many examined tissues. For example, Womac et al. reported circa-
dian ATP  fl uctuations in brain, with highest levels at night. The authors suggest that 
one consequence of this oscillation would be a circadian modulation of intracellular 
signaling between astrocytes and neurons in the brain (Womac et al.  2009  ) . In this 
context, ATP serves as an auto- as well as a paracrine factor, which is thought to 
regulate intracellular calcium waves, the interconnection between astrocytes and 
neurons, and even brain metabolism in general (Bernardinelli et al.  2004 ; Haydon 
 2001 ; Womac et al.  2009  ) . 

 More generally still, metabolomic analysis of cultured human or mouse cells 
(R. Dallmann, personal communication) shows circadian levels of ATP as well as 
most redox molecules. This suggests a global circadian regulation of mitochondrial 
function, which in turn affects ATP and adenosine levels.  
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    11.9   Outlook: The Extending Front of Circadian Adenosine 
Regulation 

    11.9.1   Adenosine and cAMP Signaling Pathways 
in the Central Nervous System 

 So far, we have considered the circadian effects of adenosine and the metabolic 
products whose production is directly dependent upon it―AMP and ATP. However, 
these products are themselves the source of signaling molecules crucial to circadian 
function. ATP is not only a source of adenosine, but also cAMP, which is a cellular 
signaling molecule for both the circadian oscillator and other processes. For exam-
ple, a study focusing on melatonin synthesis in the pineal gland revealed a special 
role for cAMP in controlling the circadian expression of genes (Kim et al.  2005  ) . 
Melatonin synthesis requires (S)-Adenosylmethionine (SAM) activity, which in 
turn is dependent on methionine adenosyltransferase II (METII), an enzyme with 
increased activity during the night. It is clear that the circadian expression of METII 
is directly under the control of cAMP signaling pathways, though various mecha-
nisms have been proposed (Chik et al.  2007 ; Ho et al.  2007 ; Kim et al.  2005  ) . 
A study some years later was even able to show that the adrenergic/cAMP signaling 
pathway controls more than 600 genes in the pineal gland and drives their nocturnal 
expression (Bailey et al.  2009  ) . Another study published comparable results, show-
ing that a homeobox gene with strong circadian expression in the pineal gland itself 
serves as a transcription factor in the adult pineal gland. Interestingly, the authors as 
well postulated adrenergic/cAMP signaling mechanisms as mediators of the circa-
dian oscillator (Rath et al.  2009  ) . 

 A completely different aspect of clock-controlled cAMP is its direct interference 
in glucogenesis. The impact of the circadian pacemaker on liver glucogenesis is 
generally accepted, but Zhang et al. recently showed that CRY1, a core clock pro-
tein, is able to block cAMP increase and as a consequence pCREB-induced gene 
expression. CRY1 inhibition interferes upstream of cAMP synthesis by repression 
of the Gs alpha subunit from activated G protein-coupled receptors and therefore 
inhibits the activity of the adenylate cyclase (Zhang et al.  2010  ).  

 At the same time, cAMP is an important regulator of circadian function. Indeed, 
inhibitors of cAMP signaling disrupt circadian oscillations at a cellular level and 
cAMP levels themselves oscillate in circadian fashion. Thus, purinergic signaling 
in the form of cAMP forms an auxiliary feedback loop within the circadian clock 
itself (O’Neill et al.  2008  ) . Similarly, Amelio et al. discovered in 2007 a NONO-
TORC2 complex which activates CREB targets dependent on cAMP levels 
(Amelio et al.  2007  ) . NONO itself plays a crucial part of the internal circadian 
clock (Brown et al.  2005  )  and might therefore be a clock output transmitter to 
transcription via cAMP.   
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    11.10   Feedback Loops from Adenosine to the Clock and Back 

 In the case just described, cAMP is both an effector of circadian output, and itself a 
regulator of clock function. Such a feedback loop forms a mechanism by which 
pathways controlled by the clock can themselves in fl uence clock timing, and has 
become a common theme in the circadian regulation of physiology. It is possible 
that two evolutionary bene fi ts are obtained by this strategy. First, by coupling 
multiple feedback loops of cellular signaling, additional resilience is achieved. Very 
simply, two interlocked feedback loops are more robust to perturbation than just 
one. In this way, at a cellular level the timing of the circadian oscillator even with-
stands cell division (Nagoshi et al.  2004  ) . Second, through clock control of a given 
pathway, an organism can anticipate an environmental change and induce signaling 
cascades to respond appropriately. By linking some output of this change back to 
clock timing, repeatedly mistimed inductions can change the phase of the clock to 
better anticipate these changes. In this way, for example, the circadian clock regu-
lates feeding behavior, but repeatedly mistimed feeding resets the phase of the clock 
(Damiola et al.  2000 ; Stokkan et al.  2001  ) . 

 For all of the cases above, it is likely that adenosine and the purinergic signaling 
that it governs form parts of such clock-controlled feedback loops. In the case of 
cAMP, which is one of the most important signaling metabolites in the CNS and 
peripheral tissues, the case is clear. On the one hand, it shows circadian expression, 
with highest concentrations in the subjective night. The effects of this are wide-
ranging, as we discuss above. Not only is it responsible for different types of 
indirect circadian signaling (An et al.  2011 ; Atkinson et al.  2011  ) , but it also acti-
vates transcription at  Per  clock gene promoters themselves and is itself therefore 
necessary for robust clock oscillations (Hastings et al.  2007  ) . 

 Adenosine itself occupies a similar central position. For example, in retinal cells, 
its levels vary directly with light (Ribelayga and Mangel  2005  ) . At the same time, 
however, its abundance affects the ability of the circadian oscillator to be phase-
shifted by light (Sigworth and Rea  2003  ) . The elegant result is that the more light 
there is in the environment, the less the clock is systematically affected by it! Adding 
additional complexity, an alternative promoter of the A1 receptor itself is induced 
by glucocorticoids themselves (Ren and Stiles  1999  ) . The physiological implications 
of this further feedback are as yet unclear. 

 A  fi nal and more complex example is furnished by AMP and ATP in metabolism. 
Both extracellular and intracellular ATP levels vary in circadian fashion, both in 
brain regions including the SCN and in retina (Burkeen et al.  2011 ; Womac et al. 
 2009  ) , and in cultured astrocytes (Marpegan et al.  2011  ) . Similarly, there exists a 
global circadian regulation of redox molecules like NAD +  (Nakahata et al.  2009  ) . 
Extracellular ATP acts as a signaling molecule for glia, and is thought to play a role 
in the regulation of brain metabolism (Womac et al.  2009  ) . Meanwhile, as discussed 
earlier, the AMP–ATP ratio is a cellular “thermometer” for energy levels and regu-
lates mitochondrial function. Lastly, AMP (via AMPK) and NAD +  (via SIRT1) 
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directly regulate circadian function (Asher et al.  2008 ; Lamia et al.  2009 ; Nakahata 
et al.  2009 ; Um et al.  2011  ) . Circadian entrainment to feeding is additionally 
regulated via NAD +  through the activity of poly-ADP ribose polymerase 1 (PARP1) 
(Asher et al.  2010  ) , and AMPK itself regulates SIRT1 (Cantó et al.  2009,   2010  ) . 
These interconnections form in effect another feedback loop (Fig.  11.3 ). Since ATP 
signaling also regulates intracellular Ca 2+  waves, this loop might have more than 
just metabolic implications: it could also be an important factor for synaptic plastic-
ity and long-term potentiation, regulated in parallel by the homeostatic process of 
sleep itself (Tononi and Cirelli  2006  ) .   
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  Fig. 11.3    Adenosine and the circadian clock: a model. In this review, we propose that the circadian 
clock and adenosine are connected on three levels. (1) Circadian signaling pathways. cAMP is 
itself a circadian signaling molecule and induces transcription of several circadian genes, as well 
as in fl uencing cell cycle timing. (2) Metabolic clock feedback. AMP kinase, a cellular energy sen-
sor, phosphorylates CRY and thereby enhances the activity of the PER/CRY inhibitory clock pro-
tein complex. Moreover, SIRT1 deacetylase activity is upregulated by AMPK, leading to increased 
PER degradation and chromatin repression. SIRT1 activity is also regulated by NAD+ cofactors, 
whose levels are themselves under both circadian and metabolic control. (3) Adenosine receptor 
control of clock function. A3 receptor subtypes in fl uence mammalian temperature control and 
therefore possibly the circadian oscillator. A1 receptor subtype transcription can be induced indi-
rectly via glucocorticoids which are under circadian control. In addition, A1 receptors modulate 
light responsiveness of the circadian clock       
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    11.11   The Tip of the Iceberg 

 As discussed extensively elsewhere in this book, adenosine receptors exist in many 
brain tissues that are also enervated by the SCN, including the hypothalamus, thala-
mus, or the amygdale. Thus, in the brain alone, the potential exists for many more links 
between the circadian clock and adenosine that await discovery. For example, the 
adenosine A3 receptor plays an important role in thermoregulation in mammals (Yang 
et al.  2010  ) . In fact, however, mammalian body temperature varies slightly in circadian 
fashion, probably via rest–activity regulation, and these  fl uctuations are suf fi cient to 
entrain and phase-shift peripheral circadian oscillators (Brown et al.  2002  ) . Since circadian 
body temperature is one of the cues by which the SCN entrains peripheral circadian 
oscillators, adenosine might play an important unexplored role in this process. 

 Peripheral tissues also express a variety of adenosine receptors, like A2a, A2b or 
A3. Some tissues, like muscle, are able to link adenosine metabolism to PER2 deg-
radation via SIRT1 activation (Cantó et al.  2009  ) . In cells throughout the body, the 
molecular basis of circadian clocks is mostly the same. Thus, where it exists, adren-
ergic input/output could in fl uence many diverse aspects of circadian physiology. 

 A variety of pathophysiologies have been directly linked to circadian dysfunc-
tion, and in parallel to purinergic signaling dysfunction. It is possible that these 
correlations are marks of the interplay of circadian clocks with adenosine. Circadian 
disruption from night shiftwork, for example, has been linked to metabolic syn-
drome (Knutsson et al.  1999 ; Pietroiusti et al.  2010  ) . Metabolic disorders have also 
been tied to adenosinergic dysfunction (Figler et al.  2011 ; Westermeier et al.  2011  ) . 
Additionally, many psychiatric disorders are linked to a circadian context―for 
example bipolar disorders (Mansour et al.  2005  )  or schizophrenia (Lamont et al. 
 2010 ; Moons et al.  2011  ) . Similarly, some depressive disorders have been proposed 
to arise as consequences of manipulations in the adenosine neuromodulatory system 
(reviewed in Gomes et al.  2011  ) . Of course, experimental evidence is still missing 
that directly links the circadian clock to purinergic signaling in any major disease, 
but the plethora of molecular connections between these pathways makes it likely 
that such connections exist. 

 To conclude, research in the past 40 years has discovered more and more connec-
tions between adenosine, its downstream products, and the circadian oscillator, in 
the brain as well as in peripheral tissues. The mechanism of this interaction seems 
to vary from tissue to tissue, and many interesting connections remain to be found.      
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  Abstract   Adenosine is an endogenous purine nucleoside, which is produced during 
metabolic stress, including in fl ammatory insults and tissue injury, and its extracel-
lular level robustly increases in response to tissue damage. Extracellular adenosine 
orchestrates immune/in fl ammatory responses by activating adenosine receptors on 
the surface of innate and adaptive immune cells. The four adenosine receptors, A 

1
 , 

A 
2A

 , A 
2B

 , and A 
3
 , are G protein-coupled membrane receptors and can be expressed 

by every immune cell. This book chapter summarizes our knowledge about the 
immune modulatory effect of adenosine on immune/in fl ammatory responses by 
focusing on its effects on various immune cell populations.  

  Keywords   Asthma  •  Atherosclerosis  •  Caffeine  •  Cancer  •  Metabolic syndrome  
•  Theophylline  •  Vascular      

    12.1   Introduction 

 The purine nucleoside adenosine is an endogenous modulatory molecule, and its 
physiologic role has been intensively examined for decades because of the plethora 
of its actions on different organ functions. Under physiological conditions, adenosine 
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is constantly present in the tissues at low concentration, mostly as a by-product of 
ATP degradation. However, in response to cellular stress and damage, its extracel-
lular level robustly increases (up to 200-fold), and elevated levels of adenosine are 
found in conditions of ischemia, hypoxia, in fl ammation, trauma, and sepsis (Hasko 
and Cronstein  2004 ; Hasko et al.  2002,   2004 ; Latini et al.  1999 ; Linden  2001 ; 
Martin et al.  2000 ; Sottofattori et al.  2001 ; Sperlagh et al.  2000  ) . The bioavailability 
of adenosine depends on its production, release, cellular uptake, and enzymatic 
degradation, the processes which are strictly controlled. Under pathophysiological 
conditions, such as hypoxia and ischemia, intracellular dephosphorylation of ATP to 
adenosine is increased because of intensive energy demand. Adenosine, when reaching 
a critical intracellular concentration, is carried into the extracellular space via nucle-
oside transporters. The other dominant pathway of extracellular adenosine accumu-
lation becomes activated during metabolic stress, when ATP and ADP are released 
from intracellular pools to the surrounding tissues, and extracellular adenosine is 
formed from ATP and ADP by a cascade of ectonucleotidases, including CD39 
(nucleoside triphosphate diphosphohydrolase, [NTPDase]) and CD73 (5 ¢ -ectonu-
cleotidase, [Ecto5 ¢ NTase]) (Eltzschig et al.  2004 ; Linden  2001 ; Thompson et al.  2004 ; 
Zimmermann  2000  ) . These metabolic enzymes are abundant on both leukocytes 
and endothelial cells. Adenosine-converting enzymes such as adenosine deaminase 
and adenosine kinase also regulate the availability of the adenosine (Fredholm et al. 
 2001b ; Pastor-Anglada et al.  2001  ) . After being formed, adenosine diffuses to the 
cell membrane of adjacent cells where it binds its speci fi c G-protein-coupled 
receptors, termed adenosine receptors (Fredholm et al.  2001 b,  2011 ; Ralevic and 
Burnstock  1998  ) . There are four different subtypes of adenosine receptor, A 

1
 , A 

2A
 , 

A 
2B

 , and A 
3
  (Fredholm et al.  2001 a,  2000  ) , and adenosine receptors are expressed 

on a wide range of immune cell types. A remarkable body of evidence has con fi rmed 
the role of adenosine as an endogenous immune modulator acting through its recep-
tors (Hasko et al.  2008  ) . Consequently, adenosine and adenosine receptors recently 
have become eminent therapeutic targets in various in fl ammatory diseases. In this 
chapter, we provide a general overview about the role of extracellular adenosine in 
immunity and in fl ammation by focusing on its effects on various immune cell 
populations.  

    12.2   Effect of Adenosine on the Innate Immune System 

 The innate immune system comprises the  fi rst line of defense against infectious 
agents. Adenosine is recognized for controlling numerous innate immune functions, 
and adenosine receptors are abundant on the surface of the various innate immune 
cell types. In this section, we focus on the numerous roles of adenosine in modulat-
ing the functions of the prominent cell types of the innate immune system, including 
neutrophils, monocytes/macrophages, dendritic cells (DC)s, mast cells, and natural 
killer (NK) cells. 
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    12.2.1   Adenosine and Neutrophils 

 During the acute phase of in fl ammation, which can be a result of infection or injury, 
neutrophils are recruited to the site of infection or injury, respectively, within min-
utes. These immune cells are essential players in the destruction of pathogens and 
are important for an appropriate immune response. Stringent regulation of neutro-
phil function is critical, and adenosine is a potent modulator of virtually every neu-
trophil function (Cronstein  1994 ; Fredholm  1997  ) . Neutrophils express all four 
adenosine receptors (Bouma et al.  1997 ; Gessi et al.  2002 ; Martini et al.  1991 ; 
Salmon et al.  1993  ) , and their expression pattern changes during neutrophil activa-
tion (Fortin et al.  2006  ) . Importantly, neutrophils release ATP and adenosine during 
their endothelial transmigration, and endothelial cells express CD39 and CD73, 
which sequentially generate adenosine from ATP and ADP (Eltzschig et al.  2004  ) . 
Neutrophil migration is facilitated by the adenosine generated, and A 

3
  receptors that 

have been found abundantly at the leading edge of neutrophils appear to mediate the 
effect of adenosine in promoting migration (Chen et al.  2006  ) . 

 In addition to A 
3
  receptors, adenosine binds to A 

2A
  receptors, and activation of 

A 
2A

  receptors on neutrophils reduces collateral damage caused by neutrophil activa-
tion, and the protective mechanisms include inhibition of the generation of reactive 
free radicals, production of cytokines and leukotriene B4, and expression of adhe-
sion molecules (Cronstein et al.  1985 ; Krump et al.  1997  ) . In 1983 an in fl uential 
study by Cronstein et al.  (  1983  )  revealed that adenosine inhibited the generation of 
superoxide anion by neutrophils. The adenosine A 

2A
  receptor turned out to be 

responsible for this effect (Cronstein et al.  1985  ) . Additionally, contributions of the 
A 

2B
  and A 

3
  receptors to downregulating the release of microbicidal compounds have 

also been described (Bouma et al.  1997 ; van der Hoeven et al.  2011 ; Visser et al. 
 2000  ) . Neutrophils produce a variety of in fl ammatory cytokines and chemokines 
and neutrophil A 

2A
  receptors are able to decrease the synthesis of a range of these 

factors including tumor necrosis factor (TNF)- a , CCL3, CCL4, CXCL2, and CCL20 
(McColl et al.  2006 ; Thiel and Chouker  1995  ) . 

 The effect of adenosine on neutrophil adhesion is controversial. Adenosine at 
low concentration enhances adhesion but the effect may be due to endothelial A 

1
  

receptors. On the contrary, higher levels of adenosine, mainly acting via A 
2A

  recep-
tors, inhibit neutrophil recruitment to the endothelium probably by decreasing neu-
trophil integrin expression that mediates vascular cell adhesion molecule 
(VCAM)-1-dependent adhesion (Sullivan et al.  2004  ) . A 

2B
  receptors on neutrophils 

also have an impact on the adhesion of neutrophil granulocytes to endothelial cells, 
as it has been documented that A 

2B
  receptor activation diminishes production of 

vascular-endothelial growth factor (VEGF), and reduces the ability of neutrophil 
leukocytes to transmigrate through endothelial membranes (Wakai et al.  2001  ) . 
Furthermore, the involvement of endothelial A 

2B
  receptors in regulating neutrophil 

transmigration is also well documented. Namely, A 
2B

  receptors on endothelial cells 
inhibit leukocyte adhesion and are important in regulating barrier function to leuko-
cyte migration (Yang et al.  2006  ) .  
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    12.2.2   Adenosine and Monocytes/Macrophages 

 Macrophages are a heterogeneous population of mononuclear phagocytes that exist 
in various tissues as resident macrophages or can be found in the circulation as 
monocytes. After their recruitment into infected or damaged tissues, monocytes 
become macrophages through a variety of differentiation processes. The functions 
of activated macrophages are diverse. These cells are professional phagocytes and 
during Fc g  receptor-mediated phagocytosis macrophages ingest, degrade and present 
peptides derived from pathogens. Macrophages are a major source of various 
pro- and anti-in fl ammatory mediators and are master regulators of immune and 
in fl ammatory responses. Moreover, macrophages have pivotal roles in the resolu-
tion of in fl ammation and restriction of excessive tissue injury (Gilroy et al.  2004  )  
and there is growing evidence that adenosine can interfere with these responses 
(Csoka et al.  2007  ) . 

 All four types of adenosine receptors are expressed on both monocytes (Merrill 
et al.  1997 ; Munro et al.  1998 ; Nguyen et al.  1999 ; Suzuki et al.  2000  )  and mac-
rophages (Eppell et al.  1989 ; McWhinney et al.  1996 ; Salmon et al.  1993  ) . The cell 
surface pattern of adenosine receptors changes during maturation, and these changes 
can determine the effect of adenosine on this cell population. One classic example 
of this effect is the regulation of Fc g  receptor-mediated phagocytosis by adenosine; 
as in undifferentiated monocytes the dominant stimulatory in fl uence of A 

1
  receptors 

is replaced by A 
2
  receptor-mediated inhibitory effect on phagocytosis, as reviewed 

by Hasko et al. (Csoka et al.  2007  ) . Macrophages produce reactive nitrogen and 
oxygen species during phagocytosis and adenosine potently diminishes the secre-
tion of these molecules. The  fi rst evidence of the inhibitory role of adenosine on 
respiratory burst by fMLP-activated human monocytes was demonstrated by 
Leonard et al.  (  1987  ) . Subsequent reports indicated the inhibitory role of A 

3
  receptors 

in respiratory burst by human monocytes/macrophages (Nguyen et al.  1999 ; Thiele 
et al.  2004  ) . Nitric oxide (NO) is another product produced during the respiratory 
burst of macrophages and inducible NO synthetase (iNOS) is the main producing 
enzyme of NO. Our group has demonstrated that A 

1
  and A 

2A
  receptor agonists 

diminished NO generation (Hasko et al.  1996  ) . Subsequently, A 
2B

  receptors have 
also been shown to decrease iNOS expression (Xaus et al.  1999  ) . Conversely, other 
studies demonstrated the increasing effect of adenosine or various adenosine 
analogues on NO production by macrophages (Hon et al.  1997 ; Min et al.  2000  ) , 
highlighting that further studies are warranted in deciphering the involvement of the 
different adenosine receptors in regulating NO release. 

 The involvement of adenosine in regulating of monocyte/macrophage cytokine 
production has drawn major interest, because these macrophage-derived 
in fl ammatory mediators are critical orchestrators of in fl ammatory responses. 
Pioneering studies demonstrated employing adenosine receptor analogues, that 
adenosine acting probably via A 

2A
  or A 

2B
  receptors diminishes TNF- a  release by 

human monocytes (Bouma et al.  1994 ; Le Vraux et al.  1993  ) . We and others found 
that adenosine receptors suppressed TNF- a  production by lipopolysaccharide 
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(LPS)-stimulated mouse macrophages (Hasko et al.  1996 ; Martin et al.  2006  ) ; 
however, the receptor subtypes were poorly characterized. Recent studies utilizing 
adenosine receptor knock-out (KO) animals have helped to solve the question of 
which adenosine receptors were involved in decreasing TNF- a  production. Our 
results with A 

2A
 R KO mice con fi rmed the contribution of A 

2A
  receptors in the inhi-

bition of TNF- a  production by LPS-challenged macrophages (Hasko et al.  2000  ) , 
and later A 

2A
  receptor-independent—A 

2B
  receptor-mediated—effect of adenosine 

was also con fi rmed (Chen et al.  2009 ; Kreckler et al.  2006  ) . 
 Fewer studies have been performed to assess the role of adenosine receptors in 

the regulation of interleukin (IL)-12 production by monocytes/macrophages. Our 
laboratory documented that adenosine acting via both A 

2A
  receptors and indepen-

dently of them is able to suppress IL-12 release by LPS-induced murine macrophages 
(Hasko et al.  2000  ) . More recently, the contribution of A 

3
  receptor activation in 

downregulating IL-12 production has been documented in human monocytes 
(la Sala et al.  2005  ) . 

 In addition to suppressing proin fl ammatory cytokine production by monocytes/
macrophages, adenosine augments the production of anti-in fl ammatory cytokine 
IL-10. In human monocytes stimulated by LPS, TNF- a  or H 

2
 O 

2
 , adenosine upregu-

lated IL-10 production (Le Moine et al.  1996  ) . The enhancing effect of adenosine 
on IL-10 release in LPS-stimulated mouse macrophages was con fi rmed in our 
laboratory in the same year (Hasko et al.  1996  ) . Subsequent studies employing 
selective adenosine receptor agonists and antagonists documented the predominant 
role of A 

2A
  and A 

2B
  receptors in mediating the stimulatory effect of adenosine on 

LPS-elicited IL-10 production by human monocytes (Link et al.  2000  )  or by murine 
RAW 264.7 macrophages (Nemeth et al.  2005  ) . Additionally, Koscso and colleagues 
have documented the stimulatory role of A 

2B
  receptor activation on LPS- or 

peptidoglycan-activated IL-10 production by murine microglial cells (Koscso et al. 
 2012  ) . The augmenting effect of adenosine receptor activation on whole bacteria-
induced IL-10 production has been investigated in detail. Khoa and coworkers using 
speci fi c adenosine receptor agonists found that A 

2A
  receptor speci fi c agonist 

2- p -(2-carboxyethyl)phenethyl-amino-5 ¢ - N -ethyl-carboxamido-adenosine 
(CGS21680) enhanced  Staphylococcus aureus -induced IL-10 production by human 
monocytes (Khoa et al.  2001  ) . Recently, our group has con fi rmed the dominant role 
of A 

2A
  receptor activation in enhancing bacteria-stimulated IL-10 production by 

murine macrophages, as CGS21680 augmented heat-killed  Escherichia coli -elicited 
IL-10 production, and the stimulatory effect of adenosine was abolished in A 

2A
 R 

KO peritoneal macrophages (Csoka et al.  2007  ) . 
 Unlike classical macrophage activation, alternative macrophage activation takes 

place in a Th2 cytokine -IL-4 and IL-13-rich environment, and imparts immuno-
modulatory and anti-in fl ammatory properties on macrophages (Van Ginderachter 
et al.  2006  )  with enhanced expression of speci fi c genes, including  arginase-1 ,  Ym1 , 
and the tissue inhibitor of metalloproteinase ( TIMP)-1 . Alternative activated 
macrophages (aaM j )s possess high tissue repairing capacity and promote the 
resolution of in fl ammation by supporting angiogenesis and removing damaged tis-
sue debris. The term “aaM j ” sometimes is more widely used and includes various 
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anti-in fl ammatory macrophage phenotypes induced by as diverse stimuli as immune 
complexes, IL-10, glucocorticoids, and apoptotic cells. As we detailed above, the 
role of adenosine receptors in regulating classical macrophage activation has been 
studied extensively, while the role of adenosine receptors in governing alternative 
macrophage activation still is less well understood. We have recently observed that 
adenosine stimulates alternative macrophage activation, as it upregulated IL-4 and 
IL-13-induced arginase-1 and TIMP-1 expression via A 

2A
  and A 

2B
  adenosine recep-

tor activation (Csoka et al.  2012  ) .  

    12.2.3   Adenosine and Dendritic Cells 

 DCs are professional antigen-presenting immune cells with a specialized func-
tion to trigger the activation of naïve T lymphocytes and thereby initiate adaptive 
immune responses. These heterogeneous cells reside in the peripheral tissues or 
in the bloodstream in an immature state. In response to infection, DCs are able to 
sense the invaders and to take up antigens, which processes are then followed by 
the maturation and migration of these cells to the lymph nodes in order to acti-
vate T cells. 

 Adenosine has been shown to regulate both immature and mature DC functions 
and the effect of adenosine depends on the maturation level of DCs. The pattern of 
adenosine receptor expression on DCs changes during their development. Immature 
human myeloid DCs (mDC)s express dominantly A 

1
  and A 

3
  receptors, while mature 

mDCs predominantly express A 
2A

  receptors (Fossetta et al.  2003 ; Panther et al. 
 2001  ) . Similarly, human immature plasmacytoid DCs (pDC)s expressed only func-
tional A 

1
  receptors, and upon their maturation, the level of A 

1
  receptor was decreased 

and the expression of A 
2A

  receptor was robustly increased (Schnurr et al.  2004  ) . In 
harmony with these expressional changes throughout DC maturation, the effect of 
adenosine on these cells is bidirectional. Adenosine enhanced chemotaxis of imma-
ture human mDCs and pDCs via their A 

1
  receptors (Panther et al.  2001 ; Schnurr 

et al.  2004  ) . Besides the promoting effect on DC chemotaxis, adenosine increased 
intracellular calcium levels (Fossetta et al.  2003  )  and antigen uptake by immature 
DCs (Panther et al.  2003  ) . Altogether, it seems that stimulation of A 

1
  and A 

3
  adenos-

ine receptors on immature DC population promotes their migration to the site of 
infection or tissue injury. On the other hand, mature human DCs expressing domi-
nantly A 

2A
  receptors and adenosine acting on this receptor subtype acts as a negative 

regulator of DC functions. Adenosine A 
2A

  receptor activation on mature DCs 
changes their cytokine expression, shifting their pro fi le toward an anti-in fl ammatory 
type, with reduced IL-12, IL-6, IFN- a , and TNF- a  release and enhanced IL-10 
production (Panther et al.  2003,   2001 ; Schnurr et al.  2004  ) . Additionally, adenosine 
also affects the chemokine pro fi le of mature DCs; it decreases the production of 
type 1 lymphocyte chemokine CXCL10 and augments the level of type 2 lympho-
cyte chemokine CCL17, thereby skewing DCs toward a T helper (Th)2 phenotype 
(Panther et al.  2003  ) . 
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 Recently, A 
2B

  adenosine receptors have emerged as a dominant regulator of DCs. 
Novitskiy and colleagues have demonstrated that A 

2B
  receptor activation shifts the 

differentiation of DCs to a unique cell population that shows both DC and mac-
rophage characteristics (Novitskiy et al.  2008  ) . The ability of this cell population to 
induce T-cell proliferation was signi fi cantly decreased, but they expressed high 
levels of VEGF and IL-8, suggesting increased angiogenic activity of these cells. 
Moreover, this cell population induced by adenosine also showed an anti-
in fl ammatory cytokine pro fi le with elevated IL-10 and transforming growth factor 
(TGF)- b  secretion. In another set of studies, the nonselective adenosine receptor 
agonist adenosine-5 ¢  N -ethylcarboxamide (NECA) was found to decrease IL-12 and 
TNF- a  release by LPS-stimulated DCs (Wilson et al.  2009  ) . NECA was able to 
augment the stimulatory effect of LPS on IL-10 production; moreover, NECA-
treated DCs expressed lower level MHC II and CD86, and the effect of NECA 
disappeared in A 

2B
 R KO DCs (Wilson et al.  2009  ) . 

 In recent years, a prominent role of A 
2B

  receptors in governing DC function in 
hypoxic conditions has also become well documented. Matrix metalloproteinase 
(MMP)-9 is important during DC migration across extracellular matrix and Zhao 
et al.  (  2008  )  showed that hypoxia diminished the production of MMP-9 by human 
monocyte-derived DCs, and since this effect was abolished by the A 

2B
  receptor 

antagonist  N -(4-Cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-
1 H -purin-8-yl)phenoxy]-acetamide (MRS1754), it was suggested that A 

2B
  receptors 

mediated the effect of hypoxia. Moreover, the same group found that MRS1754 
potently increased the production IL-12p70 and TNF- a  by hypoxic mDCs (Yang 
et al.  2010  ) . 

 Finally, very recently, a study from Ernst and coworkers demonstrated that A 
2B

  
receptor activation on DC shifted the differentiation of naïve Th cells toward 
the Th17 phenotype in a coculture system where naïve T cells were cultured 
together with DCs and were activated by CD3 engagement (Wilson et al.  2011  ) . 
Mechanistically, NECA robustly increased the production of IL-6 by DCs, and this 
increased IL-6 forced naïve T cell differentiation toward the Th17 phenotype 
(Wilson et al.  2011  ) .  

    12.2.4   Adenosine and Mast Cells 

 Mast cells are tissue resident innate immune cells that contain many granules, which 
are rich in histamine and heparin. Although best known for their role in allergy and 
anaphylaxis, mast cells play an important tissue protective role as well, being inti-
mately involved in wound healing and defense against pathogens. During activa-
tion, mast cells rapidly release the contents of their granules into the surrounding 
tissue. There is a large body of evidence that mast cell mediators, such as histamine 
and in fl ammatory cytokines are key components in the airway constricting effect of 
adenosine that occurs in chronic airway in fl ammation. All four types of adenosine 
receptors are present on mast cells, but it is still not clear which adenosine receptor 
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is responsible for the increased mast cell activation in response to adenosine (Polosa 
and Holgate  2006  ) . Adenosine by activating A 

1
  and A 

2A
  adenosine receptors on 

mast cells decreases the release of histamine and other in fl ammatory mediators 
(Spicuzza et al.  2003 ; Yip et al.  2011  ) . However, adenosine enhances degranulation 
and in fl ammatory mediator production of human mast cells by acting via A 

2B
  and A 

3
  

receptors (Feoktistov and Biaggioni  1995 ; Feoktistov et al.  2003 ; Ramkumar et al. 
 1993 ; Ryzhov et al.  2004,   2008  ) . Recently, Ryzhov and colleagues (Ryzhov et al. 
 2004  )  have shown that A 

2B
  receptor stimulation on human mast cells induces the 

production of IL-4, which is a well-known inducer of chronic airway in fl ammation. 
Additionally, they have documented that adenosine through A 

2B
  receptor activation 

increases the secretion of IL-13, another key asthma-promoting cytokine by murine 
mast cells (Ryzhov et al.  2008  ) . These observations together suggest a strong 
connection between mast cell adenosine A 

2B
  receptor activation and the pathogen-

esis of asthma.  

    12.2.5   Adenosine and NK Cells 

 NK cells have common progenitor cells with T cells, but unlike progenitor T cells 
that acquire appropriate T cell characteristics in the thymus, NK cells develop in the 
bone marrow. NK cells are a type of cytotoxic lymphocyte that constitutes a major 
component of the innate immune system. NK cells play a major role in the rejection 
of tumors and cells infected by viruses. They destroy malfunctioning cells by releas-
ing small cytoplasmic granules of proteins including perforin and granzyme that 
cause the target cell to die by apoptosis. These cells are a prominent source of vari-
ous cytokines and chemokines, such as TNF- a , IFN- g , macrophage in fl ammatory 
protein (MIP)-1 a , MIP-1 b , and regulated on activation T cells expressed (RANTES); 
that are released by NK cells in response to pathogens, such as viral or parasitic 
infection. 

 Adenosine A 
1
 , A 

2A
 , and A 

2B
  receptor expression has been detected on murine NK 

cells (Raskovalova et al.  2005  )  and the possible presence of functional A 
3
  receptor 

was suggested based on observations that selective A 
3
  receptor agonists were 

ef fi cacious in modulating NK cell functions (Harish et al.  2003 ; Jeffe et al.  2009  ) . 
Upon stimulation with cytokines, such as IL-2 and IL-12, NK cells develop into 
lymphokine-activated killer (LAK) cells, and adenosine is able to modify the activ-
ity of LAK cells. A 

2A
  adenosine receptor agonists decrease the cytotoxic activity of 

these cells (Lokshin et al.  2006 ; Miller et al.  1999 ; Raskovalova et al.  2006 ; Williams 
et al.  1997  ) , while A 

1
  and A 

3
  receptor agonists have promoting effects on NK and 

LAK cell functions (Harish et al.  2003  ) . Both the stable adenosine analogue 
2-chloro-adenosine and adenosine were able to suppress the killing of lung carci-
noma cells by mouse LAK cells dominantly through activation of A 

2A
  receptors 

(Raskovalova et al.  2005  ) . Furthermore, a marginal involvement of A 
2B

  receptors 
was also suggested in the adenosine-regulated killing activity, but the role of A 

1
  and 

A 
3
  receptors were excluded, because adenosine and 2-chloro-adenosine-treated 
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LAK cells generated from A 
1
  and A 

3
  KO mice showed similar killing activity when 

compared to LAK cell obtained from WT littermates (Raskovalova et al.  2005  ) . 
Conversely, oral administration of the A 

3
  receptor agonist 2-chloro- N 6-(3-

iodobenzyl)-adenosine-5 ¢ - N -methyluronamide (Cl-IB-MECA) enhanced the cytotoxic 
activity of NK cells against B16-F10 melanoma cells in mice (Harish et al.  2003  ) . 
Moreover, Cl-IB-MECA augmented the systemic level of IL-12 and suppressed the 
growth of B16-F10 melanoma cells. Additionally, another A 

3
  receptor agonist,  N  6 -

(3-Iodobenzyl) adenosine-5 ¢ - N- methyluronamide (IB-MECA) synergistically 
increased IFN- a -induced IFN- g  production by human NK cells in vitro (Jeffe et al. 
 2009  ) . In addition to the stimulatory effect of A 

3
  receptor agonists, adenosine pre-

dominantly via A 
2A

  receptor activation has an overall suppressive effect on NK cell 
activity, indicating that extracellular adenosine can also be a potent inhibitor of 
tumor cell killing initiated by NK cells.   

    12.3   Effect of Adenosine on the Adaptive Immune System 

 The adaptive immune system is composed of highly specialized cells that eliminate 
or prevent pathogenic infection or cancer. The adaptive immune response has an 
ability to recognize and remember speci fi c pathogens, and to mount stronger attacks 
each time the pathogen is encountered. The characteristic cells of the adaptive 
immune system are B and T lymphocytes. B cells and T cells are derived from the 
same multipotent hematopoietic stem cells and are morphologically indistinguish-
able from one another until after they are activated. B cells play a major role in the 
humoral immune response, whereas T cells are intimately involved in cell-mediated 
immune responses. In an adult organism, the peripheral lymphoid organs contain a 
mixture of B and T cells in at least three stages of differentiation. Naïve cells are 
mature cells that have left the bone marrow or thymus and entered the lymphatic 
system but have not yet met with antigen. Effector cells are antigen-activated mature 
cells that are involved in defeating pathogens; and memory cells are survivors of 
past infections with preserved “memory.” The members of the adaptive immune 
system express adenosine receptors and myriad lines of evidence have shown that 
adenosine, via mainly A 

2A
  adenosine receptor occupation, regulates the function of 

these cells. 

    12.3.1   Adenosine and T Lymphocytes 

 T lymphocytes are composed of a heterogeneous population of cells, including 
CD4 +  (Th), CD8 +  cytotoxic T lymphocytes (CTL)s, memory T cells, regulatory 
(Treg) cells, Natural Killer T (NKT) cells, and  g  d T cells. Professional antigen 
presenting cells, such as dendritic cells present processed antigens to naïve T lym-
phocytes. In the presence of appropriate costimulatory signals, T cells differentiate 
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into various subtypes directed by a speci fi c cytokine/chemokine milieu. CD4 +  
T cells can differentiate into divergent classes of Th cells, including Th1, Th2, 
Th17, or Treg cells. Th1 cells produce IFN- g , a potent inducer of macrophage acti-
vation that promotes cell-mediated immunity and in fl ammation. Th2 cells produce 
IL-4 and IL-13, cytokines that induce humoral immunity against extracellular 
pathogens and which are able to skew macrophage activation toward an alterna-
tively activated state that is involved in resolving chronic in fl ammatory conditions. 
T cells express A 

2A
 , A 

2B
 , and A 

3
  receptors, but the level of A 

1
  receptor on these cells 

is very low (Huang et al.  1997 ; Koshiba et al.  1997,   1999 ; Mirabet et al.  1999  ) . 
Ample evidence has been presented in the literature that A 

2A
  receptors are the domi-

nant receptors in fl uencing CD4 +  cell functions. Studies employing A 
2A

 R KO ani-
mals have shown a major inhibitory effect of A 

2A
  receptor activation on IL-2 

production and proliferation of naïve CD4 +  cells after T cell receptor engagement 
(Naganuma et al.  2006 ; Sevigny et al.  2007  ) . A 

2A
  receptor activation also suppresses 

the synthesis of both Th1 and Th2 cytokines by naïve CD4 +  (Lappas et al.  2005 ; 
Naganuma et al.  2006  ) , as well as polarized Th1 and Th2 lymphocytes (Csoka et al. 
 2008  ) . These recent studies have questioned a previous hypothesis that lymphocyte 
A 

2A
  receptors skew immune cell responses in the direction of Th2 dominance. A 

2A
  

receptors downregulate expression of the positive costimulatory protein CD40L and 
augment expression of the negative costimulatory molecules cytotoxic T-lymphocyte 
antigen (CTLA)-4 and programmed cell death (PD)-1 (Sevigny et al.  2007  ) . TCR 
reactivation of previously activated mature T cells by an antigen or mitogen causes 
activation-induced cell death, which is mediated by the induction of the expression 
of Fas ligand (FasL) and its interaction with Fas. Recent results from our laboratory 
have demonstrated that A 

2A
  receptor activation suppresses the activation-induced 

cell death of peripheral T cells via inhibiting the extrinsic apoptotic pathway and 
Fas/FasL mRNA accumulation (Himer et al.  2010  ) . 

 It is now well accepted that in addition to Th1 and Th2 cells, Th17 cells represent 
functionally unique cells that develop from a common naive precursor, and recent 
evidence suggests a role of adenosine in regulating the differentiation and function 
of these cell populations. Zarek and colleagues demonstrated that A 

2A
  receptor acti-

vation led to a marked inhibition of IL-2 production, which then limited the genera-
tion of Th1 and Th17 cells in vivo (Zarek et al.  2008  ) . In contrast, as alluded to 
earlier in the text, a subsequent study revealed that adenosine preferentially pro-
moted Th17 polarization with a characteristic cytokine and transcription factor sig-
nature, including IL-17, IL-22, IL-23R, and retinoic acid receptor (RAR)-related 
orphan receptor (ROR) g  (Wilson et al.  2011  ) . In this case, DC A 

2B
  receptors were 

necessary to upregulate IL-6 production by DCs, and this IL-6, in turn, promoted 
the Th17 polarization of naïve T cells. 

 CTLs destroy virally infected cells and tumor cells, and are also implicated in 
transplant rejection. Adenosine generally inhibits a wide variety of CTL responses, 
including their adhesion to tumor cells. Adenosine diminished IL-2 and TNF- a  
release by murine type 1 (Tc1) and type 2 (Tc2) CTLs through A 

2A
  receptors, but the 
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production of IFN- g  or IL-4 and IL-5 were not affected by A 
2A

  receptor engagement 
(Erdmann et al.  2005  ) . By inhibiting IL-2 production by T cells in the tumor envi-
ronment, adenosine blocks the clonal expansion of activated CTLs and this phe-
nomenon together with the decreased TNF- a  levels results in an anergic, 
anti-in fl ammatory milieu at the surrounding cancerous tissue. In agreement with 
these results, pharmacological A 

2A
  receptor blockade or siRNA-mediated A 

2A
  recep-

tor downregulation increased the ability of CTLs to  fi ght against cancerous cells 
(Ohta et al.  2006  ) . Based on recent studies, A 

2A
  receptor activation actually allows 

the expansion of CTLs, but it prohibits their activation thereby preventing collateral 
damage of the surrounding tissue. This protective effect occurs by a strong inhibi-
tion of the cytotoxic and cytokine producing activity of T cells (Ohta et al.  2009  ) . In 
another compelling study, Clayton and colleagues found that cancer cells release 
exosomes that express CD39 and CD73, and these exosomes effectively suppress 
T cell cytotoxicity by their adenosine generating activity (Clayton et al.  2011  ) . 

 Treg cells can produce adenosine and thereby regulate immune cell function. 
The  fi rst evidence that adenosine might be involved in Treg functions was derived 
from an in vivo experimental colitis study, where Tregs failed to control colitis by 
effector T cells that lacked the A 

2A
  receptor, suggesting that adenosine contributed 

to the anti-in fl ammatory effect conferred by Tregs (Naganuma et al.  2006  ) . In sub-
sequent studies, murine Tregs were shown to express CD73 and CD39 and that 
Tregs can regulate in fl ammation in an adenosine-dependent manner (Borsellino 
et al.  2007 ; Deaglio et al.  2007  ) . Furthermore, Tregs from CD73 de fi cient mice 
were unsuccessful in preventing gastritis when compared with Tregs derived from 
WT animals (Alam et al.  2009  ) . Tregs express A 

2A
  receptors and A 

2A
  receptor acti-

vation augments the level of (forkhead box P) FOXP3 transcription factor, which 
is a key Treg-inducing factor, in Tregs (Zarek et al.  2008  ) . Additionally, FOXP3 
upregulates CD39 expression thereby creating a positive feedback circle for 
amplifying adenosine signaling by Tregs (Borsellino et al.  2007  ) . Altogether, 
these data strongly support the concept that adenosine is a crucial mediator of 
Treg responses. 

 Invariant NKT (iNKT) cells are specialized lymphocytes that bridge the innate 
and adaptive immune systems. These cells express an invariant type of T cell receptor 
(TCR) (V a / b  TCR) alongside the NK cell marker NK1.1. iNKT cells, unlike con-
ventional T cells, sense pathogen- or injured tissue-derived glycolipid antigens that 
are presented on the MHCI-related molecule CD1d. In response to antigenic activa-
tion, iNKT cells rapidly become activated and produce various cytokines. iNKT 
cells express all four types of adenosine receptors, but the level of A 

2A
  receptors is 

highest (Nowak et al.  2010  ) . A 
2A

  receptor activation abolishes  a -galactoceramid-
elicited IFN- g  release by iNKT cells, but the production of IL-10, IL-4, and TGF b  
is upregulated (Nowak et al.  2010  ) . These initial results suggest that A 

2A
  receptors 

on iNKT cells could become a therapeutic target, as activation of these cells is 
involved in the progression of many diseases, including arthritis, type 1 diabetes, 
and atherosclerosis (Yamamura et al.  2007  ) .  
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    12.3.2   Adenosine and B Lymphocytes 

 Mouse B cells possess abundant A 
2A

  receptor mRNA, but very low levels of A 
2B

  and 
A 

3
  receptor mRNA, and do not express A 

1
  mRNA (Lukashev et al.  2003  )  In contrast, 

the A 
2A

  receptor is not detectable at the protein level on peripheral human B lympho-
cytes (Koshiba et al.  1999  ) , and there is no evidence for the expression of the other 
three types of adenosine receptors on human B cells. Adenosine was shown to 
suppress the proliferation and antibody production of mitogen-activated murine 
B cells three decades ago (Seegmiller et al.  1977  ) . Subsequent studies found that 
adenosine affects B cell functions through inhibiting antigen- or TNF- a -induced 
I k B a  phosphorylation/degradation and consequently the activation of the NF- k B sys-
tem (Majumdar and Aggarwal  2003 ; Minguet et al.  2005  ) . Finally, adenosine has been 
shown to protect human B cells from B cell receptor-induced apoptosis mostly via A 

2A
  

and A 
2B

  receptors and by downregulating caspase-3 activation (Sakata et al.  2000  ) .   

    12.4   Conclusion 

 In fl ammatory responses can be categorized into three overlapping phases, including 
(1) initiation of in fl ammation, (2) modulation of ongoing immune responses, and 
(3) downregulation of immune responses and tissue repair. Adenosine acting on the 
different immune cell populations  fi ne-tunes various pro- and anti-in fl ammatory 
responses mainly in the second and third stages. These immunomodulatory effects 
of adenosine protect the tissue from collateral damage and shift the activation of 
various immune cells toward the resolution of in fl ammation. These protective 
effects of adenosine are important for the preservation of tissue homeostasis. During 
the second phase of in fl ammatory processes, adenosine, which is produced through 
enzymatic metabolism of ATP by surrounding tissue and immune cells, ef fi ciently 
downregulates excessive neutrophil responses, inhibits lymphocyte effector and 
helper functions, and contributes to the skewing of macrophage activation toward an 
alternatively activated pro fi le with high tissue repairing capacity. These suppressive 
effects of adenosine are generally attributable to A 

2A
  and A 

2B
  receptor activation on 

innate and adaptive immune cells. In the  fi nal phase of in fl ammation, adenosine 
activates A 

2A
  and A 

2B
  receptors and enhances the tissue restoring capacity of mac-

rophages by promoting angiogenesis and removing damaged tissue debris (Macedo 
et al.  2007  ) . It should be noted that this protective action of adenosine is operative 
mostly under acute in fl ammatory conditions. In contrast, in certain chronic patho-
logical conditions, including asthma and chronic obstructive pulmonary disease, 
adenosine acting via A 

2B
  receptors can aggravate organ dysfunction by promoting 

mast cell activation,  fi brosis, and skewing T cell responses (Polosa and Blackburn 
 2009 ; Sun et al.  2006 ; Zaynagetdinov et al.  2010 ; Zhou et al.  2009  ) . Moreover, in 
certain scenarios, such as sepsis when excessive immunosuppression could be 
harmful for the host in  fi ghting against invading pathogens, the activation of the 
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adenosine system through A 
2A

  receptor engagement can be deleterious (Belikoff 
et al.  2011 ; Nemeth et al.  2006  ) . 

 Advances during the last few decades in deciphering the regulatory role of 
adenosine receptors in different diseases have raised the potential for new pharma-
cological therapies to certain pathophysiological conditions, such as asthma, arthritis, 
sepsis, and in fl ammatory bowel disease. However, the broad tissue/organ distribution 
of adenosine receptors may limit the applicability of targeting adenosine receptors 
directly with agonists or antagonists in the treatment of immune-related illness. As 
an emerging alternative strategy, compounds that modify the function of adenosine 
metabolizing enzymes and action of adenosine transporter systems at the site of 
injury may turn out to be more useful to treat immune system related disorders.      
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     Abstract   Adenosine is a homeostatic bioenergetic network regulator that plays a 
fundamental role in energy homeostasis through biochemical, bioenergetic, and 
receptor dependent processes. Hibernation, torpor, and sleep are integral to energy 
homeostasis. Here we review evidence that adenosine receptor dependent signaling 
as well as biochemical and bioenergetic in fl uences of adenosine are essential to all 
three of these processes placing adenosine at the core of mammalian energy homeo-
stasis. Central A 

1
  adenosine receptor (A 

1
 R) dependent signaling is necessary for 

onset of hibernation and fasting-induced torpor in ground squirrels, hamsters, and 
mice. Activation of A 

1
 R within the central nervous system is suf fi cient to induce 

hibernation. A seasonally mediated change in sensitivity to central A 
1
 R stimulation 

is necessary for A 
1
 R agonist-induced hibernation in ground squirrels and may 

underlie the distinction between sleep and hibernation. One function of sleep is to 
restore brain energy homeostasis, while the primary function of hibernation and 
torpor is to restore or protect somatic energy homeostasis. Where in the brain A 

1
 R 

agonists act to induce torpor and how central A 
1
 R dependent signaling reduces 

metabolic rate to 1–2 % of resting metabolic rate in hibernating animals is a topic 
for further research. Understanding mechanisms of energy homeostasis may have 
implications for treatment of stroke, cardiac arrest, and other conditions where 
delivery of blood fails to meet demand.  
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    13.1   The Bioenergetic Network of Adenosine 
in Hibernation, Sleep, and Thermoregulation 

 Adenosine has been termed a homeostatic bioenergetic network regulator because it 
plays a fundamental role in energy homeostasis (Boison et al.  2011  ) . Adenosine 
regulates energy homeostasis through biochemical, bioenergetic, and receptor 
dependent processes (Fig.  13.1 ). Hibernation, torpor and sleep are phenomena inte-
gral to systemic energy homeostasis (Berger and Phillips  1995  ) . Electrophysiological 
and thermoregulatory continuities between slow wave sleep (SWS), hibernation and 
daily torpor argue for common regulatory mechanisms (Florant et al.  1978  ) . Here 
we review evidence that adenosine receptor dependent signaling as well as bio-
chemical and bioenergetic in fl uences of adenosine are essential to all three of these 
processes placing adenosine at the core of mammalian energy homeostasis.  

    13.1.1   Energy Homeostasis in Hibernation 

 Hibernation conserves energy through an adaptive transformation in physiology and 
behavior that allows survival during seasonal de fi ciencies in food supply that are 
often associated with extreme environmental challenges. Hibernation consists of 
prolonged torpor bouts during which animals decrease metabolic rate (MR) to as 
low as 1–2 % of basal metabolic rate (BMR) (Buck and Barnes  2000 ; Geiser  1988  ) . 
This decrease in metabolic demand allows animals to survive without food for 
5–8 months despite ambient temperatures that can fall to −20 °C (Barnes  1989 ; 
Sheriff et al.  2010  ) . During prolonged torpor in hibernating ground squirrels core 
body temperature ( T  

b
 ) decreases and is regulated to within 1–2 °C above ambient 

temperature ( T  
a
 ) (Buck and Barnes  2000  ) . 

 Prolonged torpor is interrupted by brief (12–24 h) periods of euthermic  T  
b
  and 

MR known as interbout arousals. These events occur when  T  
a
  and thus torpid  T  

b
  falls 

below 30 °C, (Barnes  1989 ; Dausmann et al.  2004  ) . Arousal from torpid  T  
b
  requires 

signi fi cant energy expenditure (Karpovich et al.  2009 ; Toien et al.  2001  )  suggesting 
that interbout arousals are essential for successful hibernation. Interbout arousals 
are associated with the accumulation of metabolic waste and the need for glucose 
(Galster and Morrison  1970,   1975 ; Serkova et al.  2007  )  and serve multiple functions 
such as restoration of synaptic spines (Magarinos et al.  2006 ; Popov and Bocharova 
 1992 ; von der Ohe et al.  2007  ) , gluconeogenesis (Galster and Morrison  1975  ) , and 
biomolecular synthesis (Epperson et al.  2011 ; French  1985  ) . 

 Torpor bouts last from a few days in species such as the Syrian hamster 
( Mesocricetus auratus ) to 2–3 weeks in larger rodents such as the Arctic ground 
squirrel (AGS;  Urocitellus parryii ) (Carey et al.  2003 ; Dausmann et al.  2004 ; Geiser 
 2004 ; Heldmaier et al.  2004  ) . Black bears ( Ursus americanus ), the largest hiberna-
tors for which metabolic data are available, display many of the same attributes of 
hibernation as smaller mammalian hibernators including a decrease in metabolic 
rate, reduced heart rate, and long periods of aphagia and adipsia (Toien et al.  2011  ) . 
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  Fig. 13.1    Adenosine is a purine nucleoside, comprising a purine base, adenine, and a ribose sugar 
moiety. Adenosine is the precursor for and metabolite of 5 ¢ AMP (AMP), 3 ¢ 5 ¢ -monophosphate 
(cyclic AMP; cAMP), and ATP and is thus central to energy charge as well as a host of signaling 
pathways involved in energy homeostasis. One pathway involves activation of AMP-activated pro-
tein kinase (AMPK) via several mechanisms including allosteric activation of AMPK kinase 
(AMPKK), an enzyme that phosphorylates AMPK. Many of these activating effects are antago-
nized by ATP making the system highly responsive to changes in cellular energy charge. AMPK 
regulates energy balance at both the cellular and whole-animal level. Activated AMPK generally 
stimulates catabolic pathways (glycolysis, fatty acid oxidation, and mitochondrial biogenesis) and 
inhibits anabolic pathways (gluconeogenesis, and glycogen, fatty acid, and protein synthesis). 
AMPK also enhances feeding and nutrient uptake. AMP is a precursor to cAMP which activates 
protein kinase A (PKA) and other signaling molecules that in fl uence multiple aspects of energy 
homeostasis. Examples include leptin resistance (Fukuda et al.  2011  )  and triglyceride hydrolysis 
(Zimmermann et al.  2004  ) . In addition, adenosine in fl uences cAMP levels directly through activa-
tion of four types of G-protein coupled receptors (A 

1
 , A 

2A
 , A 

2B
 , A 

3
 ). Adenosine receptors distrib-

uted throughout the body including the central and peripheral nervous systems in fl uence multiple 
processes including immune function, lipolysis, rate and force of cardiac contraction, lung mast 
cells and neuronal excitation (Fredholm et al.  2011 ; Wilson  2009  ) . Within the brain, A 

1
 R and A 

2A
 R 

are expressed in high density. Activation of A 
1
 R hyperpolarizes neurons and decreases presynaptic 

neurotransmitter release by increasing gK +  and decreasing gCa 2+  (Latini and Pedata  2001  ) . 
Adenosine may also in fl uence energy homeostasis through gene expression via S-adenosylhomocysteine-
mediated inhibition of transmethylation reactions (Garcia et al.  2011  ) . Inosine is the product of 
adenosine deamination. Although its role in energy homeostasis in mammals is not well under-
stood, inosine serves as a sink for adenine nucleotides under fermentative conditions and thus 
plays an essential role in energy homeostasis in yeast (Walther et al.  2010  )        
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MR in hibernating bears is about 47 % of resting metabolic rate and remains low for 
weeks at the end of the hibernation season even after  T  

b
  returns to normothermic 

levels. Lower levels of thermal conductance, due in part to larger body size, prevent 
 T  

b
  in hibernating bears from decreasing to below about 30 °C. Hibernating bears do 

not show spontaneous, episodic arousals like smaller hibernators consistent with 
evidence that  T  

b
  needs to fall below 30 °C to produce a pattern of periodic arousals 

that are often considered to be an attribute of true hibernation. 
 The hibernation phenotype is typically identi fi ed by a series of torpor bouts that 

repeat at predictable intervals (Barnes  1989 ; Drew et al.  2007 ; Russell et al.  2010  ) . 
In some hibernating species, termed obligate hibernators, the hibernation season 
runs on a circannual rhythm that persists in constant photoperiods and with food 
provided ad libitum and at high ambient temperatures (Lee and Zucker  1991 ; 
Pengelley et al.  1976  ) . Ground squirrels are obligate hibernators and therefore 
display aspects of the hibernation phenotype according to an endogenous circannual 
cycle that is affected little by environmental variables. By contrast, other hibernat-
ing species such as the Syrian hamster are called facultative hibernators. Facultative 
hibernators express the hibernation phenotype in response to changing environmen-
tal variables such as decreasing day length, limited food or water availability, and 
decreases in ambient temperature (Hoffman et al.  1968  ) . In both obligate and facul-
tative hibernators a single torpor bout consists of three phases: onset, maintenance, 
and arousal. Evidence suggests that each phase is regulated by distinct mechanisms 
(Tamura et al.  2005  ) . Other small mammals display daily torpor that is expressed 
during acute periods of food or water deprivation. Daily torpor differs from hiberna-
tion in limited duration, by less extreme decreases in MR and  T  

b
 , and by more 

immediate expression in response to environmental challenge (Geiser  2004  ) . Torpor 
onset in all cases, however, involves pronounced decreases in oxygen consumption 
that precedes a decline in  T  

b
 . Here we review evidence that A 

1
 R signaling may be a 

common mediator of torpor in hibernation and daily torpor. 
 Torpor onset during obligate and facultative hibernation as well as fasting-

induced torpor involves an initial decrease in MR that is followed by a more gradual 
decrease in  T  

b
 . Proposed mechanisms for suppressing MR fall into three general 

categories. One proposed mechanism includes inhibition of thermogenesis within 
the CNS and a subsequent decrease in the brain temperature that stimulates thermo-
genesis (Heller et al.  1977  ) . Much evidence supports this hypothesis and is discussed 
below. A second mechanism involves thermodynamic effects of cooling on meta-
bolic rate described by the Arrhenius equation. In biological systems temperature 
effects are often referred to as Q 

10
  effects where reaction rates generally double or 

triple with every 10 °C increase in temperature (Atkins and De Paula  2006 ; Schmidt-
Nielsen  1997  ) . A third set of mechanisms involves “active” suppression of cellular 
processes such as ion channel arrest (Hochachka  1986  )  or inhibition of cellular 
respiration (Muleme et al.  2006  ) . In mammals evidence is largely lacking for ion 
channel arrest or inhibition of cellular respiration (Staples and Brown  2008  ) . 
However, in nonmammalian “hibernation” such as winter dormancy of freshwater 
turtles, adenosine mediated downregulation of ion channels contributes to energy 
homeostasis (Pek and Lutz  1997  ) . 
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    13.1.1.1   Adenosine Signaling in Hibernation and Torpor 

 Recent evidence points towards A 
1
 R dependent signaling within the CNS as a means 

to inhibit thermogenesis and induce hibernation. Using the seasonal aspect of 
hibernation in arctic ground squirrels (AGS) as a clue we found that A 

1
 R activation 

within the CNS meets all of the necessary requirements for an endogenous mediator 
of torpor. However, A 

1
 R activation is effective only in the winter season (Jinka et al. 

 2011  ) . The A 
1
 R antagonist cyclopentyltheophylline (CPT), but not the A 

2A
 R antago-

nist (MSX-3), delivered into the lateral ventricle (icv) reverses spontaneous torpor 
(Fig.  13.2a ). The A 

1
 R agonist, N 6 -cyclohexyladenosine (CHA), delivered icv to 

AGS during the summer season produces a moderate (~4 °C) decrease in  T  
b
  and a 

moderate (~30 %) decrease in the rate of O 
2
  consumption ( V

.
 O 

2
 ) with a maximal 

decrease in  T  
b
  and  V

.
 O 

2
  at about 1 h (Jinka et al.  2011  ) . When administered to the 

same animals later in the year, after these animals had begun to show spontaneous 
torpor but were not yet at the midpoint of the hibernation season, CHA produced a 
summer-like response in four of the six animals and induced a torpor-like response 
in the remaining two animals. When administered in the middle of the hibernation 
season the same dose of CHA (0.5 nmol, icv) induced torpor in all six animals tested 
(Fig.  13.2b ). Importantly the  T  

b
  and  V

.
 O 

2
  decline after CHA in winter followed the 

same temporal pro fi le as during onset of spontaneous torpor (Fig.  13.2c ) and 
contrasted with a rapid, short-lived hypothermic-like CHA-induced decrease in  T  

b
  

and  V
.
 O 

2
  noted in summer. Vehicle, the A 

3
 R agonist Cl-IB MECA and the somno-

genic pentobarbital failed to induce torpor regardless of season (Jinka et al.  2011  ) . 
Thus, A 

1
 R dependent signaling within the CNS is both necessary and suf fi cient to 

induce and sustain the onset of torpor in AGS, an obligate hibernator.  
 The progressive increase in the sensitivity of AGS to A 

1
 R mediated signaling 

described above parallels the seasonal transition into hibernation. In obligate hiberna-
tors the hibernation season is characterized by the display of short (3–7 day long) 
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  Fig. 13.2    Central A 
1
 R stimulation is necessary and suf fi cient to induce torpor in AGS. Spontaneous 

torpor ( a ) is reversed by cyclopentyltheophylline (CPT; 3 nmol, icv), an A 
1
 R antagonist ( n  = 6). 

N 6 -cyclohexyladenosine (CHA), an A 
1
 R agonist, (0.5 nmol, icv) delivered during the mid-hibernation 

season induces torpor ( n  = 6) ( b ). The same dose of CHA delivered to the same AGS during the 
summer season fails to induce torpor ( not shown ). CHA-induced torpor resembles the temporal 
pro fi le characteristic of spontaneous torpor in representative AGS where the rate of oxygen 
consumption ( V

.
 O 

2
 ) decreases prior to a decrease in  T  

b
  ( c ). Redrawn from Jinka et al.  (  2011  )        
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bouts of torpor that progressively increase to longer (2–3 week long) bouts. Long 
torpor bouts continue to occur through midwinter until bout length begins to gradually 
shorten in the spring. Ground squirrels are more resistant to arousal early in a torpor 
bout than late in the bout and resistance to arousal is greatest in midwinter (Twente 
and Twente  1968  ) . When ground squirrels are housed at warm ambient temperatures 
such as 18–21 °C torpor bouts occur less regularly and torpor bout length is less con-
sistent than when animals are housed at cooler ambient temperatures (Drew et al., 
unpublished observations). Nonetheless, torpor does occur at warm ambient tempera-
tures (Russell et al.  2010  ) . Under these housing conditions seasonal changes in sleep 
and  T  

b
  can be observed with less interference from spontaneous bouts of torpor and 

seasonal changes in sensitivity to adenosine signaling remains evident. Golden man-
tled ground squirrels sleep more during the hibernation season (Walker et al.  1980  ) . 
In AGS, resting, euthermic  T  

b
  is lower during the hibernation season than during the 

summer season. A trough in resting  T  
b
  in AGS predicts spontaneous torpor and a 

larger CHA-induced decrease in resting  T  
b
  (Olson et al., submitted). In addition, the 

Eastern chipmunk ( Tamias striatus ), another obligate hibernator, shows a seasonal 
change in the thermoregulatory response to hypoxia (Levesque and Tattersall  2009  ) . 

 In facultative hibernators, such as the Syrian hamster ( Mesocricetus auratus ), 
A 

1
 R dependent signaling is also necessary for torpor onset. The A 

1
 R antagonist CPT 

reverses spontaneous torpor when administered during torpor onset in Syrian 
hamsters (Shiomi and Tamura  2000  ) . Interestingly, CPT has no effect when delivered 
icv later in the torpor bout demonstrating that onset, maintenance, and interbout 
arousal are regulated by distinct mechanisms. Whether A 

1
 R activation is suf fi cient to 

induce torpor in facultative hibernators is less clear. This uncertainty stems from a 
lack of data on the effects of A 

1
 R agonists in hamsters showing spontaneous torpor 

vs. those not showing spontaneous torpor. Uncertainty is exacerbated by relying 
solely on  T  

b
  to identify torpor when the characteristic temporal pro fi le in decline of 

 T  
b
  and MR is a more de fi nitive marker of torpor. With these caveats in mind, evi-

dence suggests that A 
1
 R activation is suf fi cient to induce torpor in Syrian hamsters. 

CHA induces a torpor-like decline in  T  
b
  in Syrian hamsters and the rate of fall in  T  

b
  

after CHA is similar to the rate of fall in  T  
b
  during spontaneous torpor (Shiomi and 

Tamura  2000 ; Tamura et al.  2005  ) . The question remains then as to whether an 
increase in sensitivity to A 

1
 R signaling is necessary for hibernation in hamsters and 

whether environmental cues such as shortened day length and food restriction 
increase sensitivity to central A 

1
 R signaling in these animals. 

 Daily torpor also depends on central A 
1
 R activation despite several differences 

between daily torpor and hibernation. Daily torpor is induced by fasting in many 
strains of mice and lasts for less than 48 h. During daily torpor  T  

b
  falls from around 

37 °C to between 15 and 25 °C, while during hibernation  T  
b
  follows ambient 

temperature down to near 0 °C (Geiser  2004  ) . MR during daily torpor in the house 
mouse ( Mus musculus ) ,  weighing 45 g, decreases from a BMR of about 1.5 mLg −1  h −1  
to a torpid MR (TMR) of 0.3 mLg −1  h −1 , while  T  

b
  decreases from 37 to 19 °C. By 

contrast MR during hibernation in a Western Jumping Mouse ( Zapus princeps ) 
weighing 33 g decreases from a BMR of 1.5 mLg −1  h −1  to a TMR of 0.04 mLg −1  h −1  
while  T  

b
  decreases from 37 °C to 5 °C (Geiser  2004  ) . Some of the differences in 

torpid metabolic rates may be due to colder torpid  T  
b
 s. Mice do not tolerate ambient 
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temperatures below about 15 °C. Consequently study of daily torpor is usually at 
ambient temperatures of 20–21 °C while study of hibernation is usually at ambient 
temperatures of 2–5 °C. C57BL mice display fasting induced torpor within 6–7 h 
when food is withheld during the dark period when mice eat. MR falls prior to a fall 
in temperature during onset of fasting-induced torpor and, as with hibernation, it is 
this slow rate of cooling that distinguishes torpor from hypothermia. 

 Like torpor in obligate and facultative hibernation, inhibition of A 
1
 R within the 

CNS reverses fasting-induced torpor. Intracerebroventricular delivery of the hydro-
philic adenosine receptor antagonist 8-(p-sulfophenyl)theophylline (8-SPT) reverses 
fasting-induced torpor in C57BL mice. Systemic delivery (sc) of this same drug that 
does not cross the blood–brain barrier does not reverse torpor (Swoap and Lliff 
 2011  ) . These results suggest that central adenosine receptor activation is necessary 
for fasting induced torpor. Similar to the effects of fasting, AMP, ADP, or ATP 
decrease  T  

b
  to about 25 °C when delivered ip to fed mice. This effect was originally 

attributed to activation of AMPK (Zhang et al.  2006  )  but later found to depend on 
an adenosine receptor dependent mechanism (Swoap et al.  2007 ; Zhang et al.  2006  ) . 
Adenosine-induced suppression of  T  

b
  to torpor-like levels differs from torpor 

because the rate of cooling induced by AMP, ADP or ATP is greater than fasting-
induced torpor (Swoap et al.  2007  ) . It remains to be determined if a short-term fast 
sensitizes adenosine receptor dependent signaling or if an increase in sensitivity is 
necessary for torpor or distinguishes torpor from A 

1
 R-induced hypothermia. 

 Adenosine via A 
1
 R signaling within the CNS is essential for all three types of torpor 

(obligate, facultative, and fasting-induced), since in all cases torpor is reversed by cen-
tral application of an A 

1
 R antagonist. It does not necessarily follow, however, that A 

1
 R 

activation is a common means to induce torpor. A 
1
 R agonists mimic the decline in  T  

b
  

characteristic of torpor but in some cases it is unclear if animals enter torpor or simply 
cool to torpor-like  T  

b
 . In general, hypothermia is distinguished from torpor by a faster 

rate of cooling that precedes or parallels a decrease in MR. Although not tested in all 
three types of torpor a change in A 

1
 R signaling within the CNS during preparation for 

hibernation or torpor may alter the thermoregulatory response to central A 
1
 R agonists 

and transform a hypothermic response into torpor. In addition, other mechanisms 
downstream to A 

1
 R signaling may modulate the rate of cooling. Vasoconstriction regu-

lates heterogeneous warming during arousal and is reversed by phentolamine, an 
 a -adrenergic antagonist (Osborne et al.  2005  ) . Onset of daily torpor requires intact 
noradrenergic signaling to decrease circulating leptin. Sympathetic activation may also 
modulate the rate of cooling during torpor onset as it does during rewarming (Braulke 
and Heldmaier  2010 ; Swoap et al.  2006 ; Swoap and Weinshenker  2008  ) . 

 H 
2
 S-induced “suspended animation” could also involve an A 

1
 R dependent mech-

anism. Exposing mice to H 
2
 S, an inhibitor of cellular respiration, decreases MR 

(measured as CO 
2
  output) to about 30 % of pretreatment values, similar to daily torpor. 

Gradually decreasing ambient temperature during H 
2
 S exposure causes  T  

b
  to decrease 

gradually so that the subsequent temporal pro fi le of metabolic suppression and  T  
b
  

mimics torpor (Blackstone et al.  2005  ) . Evidence discussed above begs the question, 
does H 

2
 S-induced chemical hypoxia suppress metabolism via an A 

1
 R dependent 

mechanism? Hypoxia and ischemia increase adenosine release (Dunwiddie and 
Masino  2001  ) . Hypoxia suppresses MR (termed the hypoxic metabolic response) 
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(Tattersall and Milsom  2003  )  and  T  
b
  (termed hypoxia-induced anapyrexia). Hypoxia-

induced decrease in  T  
b
  depends on central adenosine receptors (Barros and Branco 

 2000 ; Steiner and Branco  2002  ) , and chemical hypoxia induced by cyanide sup-
presses neuronal activity via adenosine (Zhu and Krnjevic  1997  ) . Although not 
studied directly, A 

1
 R activation when combined with a controlled decrease in  T  

a
 , 

remains a viable mechanism for H 
2
 S-induced suspended animation.  

    13.1.1.2   Central Site of Adenosine Signaling in Hibernation and Torpor 

 It is unknown where in the brain adenosine acts to induce torpor. A 
1
 R are ubiquitous 

throughout the CNS and periphery. In brain, A 
1
 R density is highest in hippocampus 

(dentate gyrus and CA3), cerebral cortex (layers III and V), throughout the thalamus 
and habenula and in basket cells of the cerebellum. A 

1
 R immunoreactivity is also 

evident, albeit less dense, in basal forebrain and many hypothalamic nuclei including 
the magnocellular preoptic area, supraoptic nucleus, premammillary nucleus, lateral 
mammillary nucleus, and the lateral hypothalamic area (Rivkees et al.  1995  ) . In the 
Columbian ground squirrel whole brain adenosine levels are lower in brains of 
torpid hibernators than in animals during the nonhibernating season. By contrast, 
density of A 

1
 R is higher in many brain regions including the solitary and vagus 

motor nuclei during torpor (Lee et al.  1993  ) . 
 Brain regions involved in A 

1
 R mediated torpor onset must be identi fi ed before 

changes in adenosine levels or A 
1
 R receptor function within these regions can be 

studied. Sleep and thermoregulatory regions within the CNS are likely sites of 
action of adenosine during torpor onset. The ventrolateral medial preoptic area, a 
nucleus involved in thermoregulation, is active during onset of torpor (Bratincsak 
et al.  2007  )  although A 

1
 R density is not increased in the medial preoptic nucleus of 

torpid hibernators (Lee et al.  1993  ) . Figure  13.3  illustrates areas in the brain where 

Fig. 13.3 (continued) neurons of the perifornical-lateral hypothalamus (PF-LH), and histaminergic 
(HA) neurons of the tuberomammillary nucleus (TMN).  Negative signs  indicate a hyperpolarizing 
in fl uence. Cholinergic BF neurons and hypocretin/orexin neurons originating in the PF-LH provide 
excitatory, wake-promoting in fl uences on the CNS indicated by the color green and a (+)CNS. One 
means by which A 

1
 R agonists promote sleep is via direct inhibition of these wake-active neuronal 

populations. The POAH GABAergic neurons promote sleep by inhibiting the wake-active hypo-
cretin/orexin neurons in the PF-LH as well as wake-active histaminergic neurons in the TMN. This 
inhibitory in fl uence is indicated by the color  red . To promote sleep via the POAH, an A 

1
 R agonist 

must stimulate these POAH GABAergic neurons that then inhibit wake-promoting effects of the 
PF-LH and TMN. A stimulatory in fl uence is achieved by inhibiting an unknown intermediate 
inhibitory pathway indicated by ( question mark ). Because these pathways are known to contribute 
to sleep drive they are hypothesized to be involved in A 

1
 R-mediated torpor. The POAH is also of 

interest because it plays a role in thermoregulation. Within the POAH, the ventrolateral medial 
preoptic area, a nucleus involved in thermoregulation, is active during onset of torpor. ( c ) A single 
bout of torpor in hibernating mammals includes three processes: onset, maintenance, and arousal 
that are regulated by distinct mechanisms. Torpor is induced by a central A 

1
 R dependent mechanism. 

An unknown mechanism drives TMR below BMR and maintains TMR until a signal associated 
with accumulation of metabolic wastes and depletion of glucose induces arousal       
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  Fig. 13.3    ( a ) Cycle of sleep, torpor, and wake expressed during a single torpor bout that includes 
torpor onset, maintenance, and interbout arousal as shown in ( c ). ( b ) Where adenosine acts in the 
brain to induce torpor is unknown. However, because characteristics of the EEG during onset of 
torpor are an extension of characteristics of NREM sleep, torpor onset is hypothesized to result 
from increased sensitivity of A 

1
 R dependent signaling within neural pathways known to promote 

sleep. These sleep-promoting pathways include GABAergic neurons of the preoptic anterior hypo-
thalamus (POAH), cholinergic (ACh) neurons of the basal forebrain (BF), hypocretin/orexin (H/Ox) 
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A 
1
 R agonists promote sleep and where enhanced sensitivity of A 

1
 R signaling could 

play a role in torpor. Brainstem nuclei controlling thermoregulatory effectors such 
as brown adipose tissue (Cano et al.  2003  )  and other nuclei involved in thermoregu-
lation (Nakamura  2011  )  are also potential sites of action.   

    13.1.1.3   Central A 1 R Dependent Signaling and Metabolic Suppression 

 How does A 
1
 R dependent signaling within the CNS decrease MR? Activation of 

A 
1
 R within the preoptic area of the hypothalamus decreases  T  

b
  (Barros and Branco 

 2000  )  presumably by inhibiting thermogenesis. Ablating thermogenesis will 
decrease metabolism to BMR, but how might A 

1
 R dependent signaling within the 

CNS decrease MR to as low as 1–2 % of BMR? BMR is de fi ned as energy expended 
by animals at rest, in the post-absorptive state, at an ambient temperature that 
requires the minimum amount of energy to maintain  T  

b
 . By de fi nition BMR excludes 

energy consumed for thermogenesis. BMR varies primarily as a function of body 
mass and ambient temperature (Gillooly et al.  2001  )  and is considered to represent 
the energy required only for the functioning of vital organs including the heart, 
lungs, nervous system, kidneys, liver, intestine, gonads, muscles, and skin. BMR in 
AGS is estimated to be 0.40–0.61 O 

2
 g −1  h −1 , and TMR in AGS is 0.01–0.02 mLO 

2
 g −1  h −1  

(Buck and Barnes  2000  ) . To decrease BMR to TMR central A 
1
 R signaling must, in 

theory, decrease organ speci fi c MR. This might be achieved via in fl uence on 
autonomic nervous system control of energy consuming processes. It could also be 
achieved by thermodynamic effects of cooling secondary to inhibition of thermo-
genesis. Inhibiting thermogenesis would cause animals to cool and as  T  

b
  declines 

thermodynamic effects on rates of chemical reactions (or a “Q10 effect”) could 
decrease oxygen consumption to torpid metabolic rates, as described previously 
(Geiser  2004  ) . In this way, A 

1
 R-induced inhibition of thermogenesis may lower 

 T  
b
  and the decrease in  T  

b
  may then account for torpid metabolic rates. However, if 

torpid MR depends on  T  
b
  then TMR would be higher at warmer  T  

b
  than at lower  T  

b
  

and this is not the case. Indeed in AGS changes in  T  
b
  parallel changes in ambient 

temperature ( T  
a
 ) between 0 and 20 °C while TMR does not. For example, at ambient 

temperatures between 4 and 12 °C,  T  
b
  increases by about 8 °C while TMR remains 

constant at about 0.02 mLO 
2
 g −1  h −1  (Buck and Barnes  2000  ) . Inhibition of thermo-

genesis with a subsequent temperature dependent decline in MR is therefore unlikely 
to be the primary mechanism by which central A 

1
 R activation suppresses metabo-

lism during onset of torpor. 
 An alternative means by which central A 

1
 R activation suppresses metabolism 

may involve a change in thermal conductance. In addition to suppressing thermogen-
esis, Jinka et al.  (  2011  )  show that A 

1
 R-induced cooling during onset of torpor is 

strikingly slower than A 
1
 R-induced cooling in summer when animals do not enter 

torpor. Slower rate of cooling is consistent with a decrease in thermal conductance 
which is lower for torpid animals than for euthermic animals (Snyder and Nestler 
 1990  ) . Can the relationship between  T  

a
 ,  T  

b
  and TMR reported by Buck and Barnes 

 (  2000  )  be explained by a decrease in thermal conductance rather than reduced 
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metabolic demand at the systemic cellular level? If torpid AGS are assumed to reach 
and sustain minimal thermal conductance at and below an ambient temperature of 
16 °C, TMR estimated from the results illustrated in Buck and Barnes  (  2000  )  approx-
imates MR calculated as a function of thermal conductance (C) and the difference 
between  T  

a
  and  T  

b
 ; [MR =  C ( T  

b
  −  T  

a
 ) (Snyder and Nestler  1990  ) ] (Fig.  13.4 ). Central 

A 
1
 R activation could in fl uence thermal conductance via postural adjustments, vaso-

constriction, piloerection, and other heat conserving behavior and physiology. 
Findings in a small (25 g) marsupial, however, do not support the hypothesis that a 
decrease in thermal conductance accounts for TMR. Exposing torpid stripe-faced 
dunnarts ( Sminthopsis macroura ) to He-O 

2
  increases thermal conductance but 

decreases or has no effect on TMR (Geiser et al.  1996  ) . More research is required to 
determine how central A 

1
 R stimulation regulates suppression of systemic energy 

consumption beyond what can be explained by a decrease in thermogenesis.  
 Adenosine clearly plays a fundamental role in energy homeostasis in hibernation 

and torpor and as illustrated in Fig.  13.1  adenosine is poised to contribute to other 
aspects of hibernation via biochemical pathways. Activation of AMPK stimulates 
feeding and prevents torpor in marmots (Florant et al.  2010 ; Lim et al.  2010  ) . 
Quantities of stored lipid that may be under in fl uence by AMPK and/or peripheral 
effects of adenosine in fl uence when hibernation begins (Pulawa and Florant  2000  ) . 
Hibernation consists of a suite of physiological adaptations associated with energy 
homeostasis in addition to metabolic suppression and cold body temperature (Drew 
et al.  2001  ) . Hibernating animals switch metabolic fuel use from carbohydrates to fat 
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  Fig. 13.4    Torpid  T  
b
  and metabolic rate in AGS were measured at  T  

a
  between 20 °C and −16 °C 

(Buck and Barnes  2000  ) . Torpid  T  
b
  was found to decline in parallel with  T  

a
  down to about 0 °C after 

which it remained at approximately 0 °C. Torpid metabolic rate, by contrast, was found to fall 
within a range of minimal values between 0 and 16 °C showing that torpid metabolic rate does not 
depend on  T  

b
 . Here MR is calculated as a function of thermal conductance [MR =  C ( T  

b
  −  T  

a
 )] esti-

mated from data illustrated in Buck and Barnes  (  2000  ) . The calculated minimum for  C  of 
0.02 mLO 

2
 g −1  h −1  °C −1  was used to calculate TMR at  T  

a
  less than 16 °C. When  C  is assumed to be 

minimal at  T  
a
 ’s below 16 °C the data generated approximates the affect of  T  

a
  on  T  

b
  and TMR 

reported by Buck and Barnes  (  2000  )        
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(Andrews  2004 ; Andrews et al.  2009  ) , dramatically suppress immune responsiveness 
(Bouma et al.  2010,   2011  ) , suppress cellular division (Kruman  1992 ; Popov et al. 
 2011  )  and inhibit protein synthesis (Frerichs et al.  1998  ) . Although this chapter 
addresses the central effects of adenosine on torpor in hibernating animals other 
aspects of hibernation may also be governed by adenosine. Adenosine has wide 
ranging in fl uence over processes involved in energy homeostasis (Fredholm et al. 
 2011  )  and is clearly poised to regulate many aspects of the hibernation phenotype.   

    13.1.2   Energy Homeostasis and Sleep 

 Prolonged torpor in hibernating animals is in several aspects an extension of sleep 
suggesting that adenosine may share a regulatory role in sleep, hibernation and tor-
por (Berger and Phillips  1995  ) . Slow wave sleep precedes entry into torpor and 
immediately follows arousal (Kilduff et al.  1993 ; Pastukhov  1997 ; Strijkstra and 
Daan  1997 ; Walker et al.  1977  ) . During slow wave sleep, the hypothalamic tempera-
ture threshold for initiating metabolic heat production is decreased similar to altered 
thermoregulation and metabolism seen in torpor (Glotzbach and Heller  1976  ) . 
Moreover, like torpor, sleep involves adenosine receptor-dependent signaling. 

    13.1.2.1   Adenosine Signaling in Sleep 

 Extracellular adenosine promotes homeostatic sleep and may originate from an imbal-
ance in brain energy homeostasis. Sleep deprivation leads to an increase in homeo-
static sleep drive and once sleep ensues, a rebound increase in EEG delta power, a 
measure of NREM sleep. Adenosine induces sleep (Benington et al.  1995 ; Porkka-
Heiskanen and Kalinchuk  2011 ; Scharf et al.  2008  )  and may restore brain energy 
homeostasis (Benington and Heller  1995 ; Porkka-Heiskanen and Kalinchuk  2011  ) . 
Benington and Heller  (  1995  )  rationalized that only adenosine mediated increase 
in gK +  could explain the increased delta power characteristic of rebound sleep and 
predicted that sleep deprivation would be associated with an increase in extracellu-
lar adenosine. Experimental evidence supports this theory. The A 

1
 R agonist N 6 -

cyclopentyladenosine administered systemically or icv mimics the EEG effects of 
sleep deprivation (Benington et al.  1995  ) . Moreover increasing extracellular ade-
nosine with a transport inhibitor induces sleep (Porkka-Heiskanen et al.  1997  ) . 
Extracellular adenosine progressively increases in basal forebrain and cortex during 
sleep deprivation and in these and other brain regions extracellular adenosine levels 
decline during sleep (Porkka-Heiskanen et al.  2000  ) . The increase in adenosine is 
associated with local energy de fi cits as indicated by increases in levels of pyruvate and 
lactate and increased phosphorylation of AMPK (Porkka-Heiskanen and Kalinchuk 
 2011  ) . Adenosine contributes to homeostatic sleep by suppressing cortical arousal 
through inhibition or disinhibition of cell groups that promote arousal or sleep. In this 
way, adenosine that originates from an imbalance in brain energy homeostasis may 
restore homeostasis through biochemical and hyperpolarizing in fl uences. 
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 Although adenosine accumulates with sleep need higher levels of adenosine do 
not persist throughout NREM sleep (Porkka-Heiskanen et al.  2000  )  as predicted by 
Benington and Heller  (  1995  ) . However, viewing adenosine as a bioenergetic network 
regulator illustrates how adenosine may restore brain energy homeostasis through 
in fl uence that extends beyond receptor dependent signaling. Activated AMPK gener-
ally stimulates catabolic pathways (glycolysis, fatty acid oxidation and mitochon-
drial biogenesis) and inhibits anabolic    pathways (gluconeogenesis and glycogen, 
fatty acid, and protein synthesis) (Hardie  2008 ; Lim et al.  2010  ) . AMPK is activated 
during sleep deprivation (Chikahisa et al.  2009  )  and inactivated during sleep (Dworak 
et al.  2010  ) . During sleep ATP increases within silent, wake-active neurons (Dworak 
et al.  2010  ) . In this way, sleep restores energy balance in these wake-active neurons 
through biochemical and bioenergetic in fl uences of adenosine. Thus, while receptor 
dependent signaling may contribute to homeostatic sleep drive, the biochemical 
in fl uence of adenosine mediated through activation of AMPK restores ATP and bio-
synthetic processes during sleep. ATP is an important source of adenosine 
(zur Nedden et al.  2011  )  and is released from astrocytes to give rise to adenosine 
during sleep deprivation (Florian et al.  2011  ) . In a reciprocal fashion, infusion of 
adenosine into basal forebrain increases tissue levels of ATP that may then facilitate 
anabolic processes during sleep (Dworak et al.  2010  ) . Likewise, sleep expressed 
prior to and after arousal from torpor may restore biosynthetic processes. 

 Understanding the biochemical in fl uence of adenosine in sleep may guide under-
standing of the biochemical in fl uence of adenosine in hibernation and torpor with the 
caveat that although sleep precedes and follows torpor the function of sleep differs 
from the function of hibernation. Sleep lowers MR and  T  

b
  and leads to some somatic 

energy savings principally due to a decrease in MR during NREM sleep (Heller  2005 ; 
Katayose et al.  2009  ) . However, comparison between sleep and quiet rest suggests 
that sleep plays a greater role in restoration of brain energy and synaptic homeostasis 
than in somatic energy homeostasis (Benington and Heller  1995 ; Bushey et al.  2011  ) . 
As such, through affects on the CNS, sleep deprivation disrupts cognitive function and 
CNS coordination of energy balance (St-Onge et al.  2011  )  which may in fl uence 
somatic energy homeostasis and lead to metabolic syndrome (Beccuti and Pannain 
 2011  ) . By contrast, hibernation and torpor are means of somatic energy conservation 
that through a direct in fl uence on MR prevent starvation and dehydration when food 
and water availability is limited. Although torpid animals do not eat or drink and heart 
rate, blood pressure, and respiratory rates decrease to 1–2 % of resting levels, torpid 
animals show no sign of energy deprivation (Lust et al.  1989  ) . Indeed, O 

2
  saturation 

and other indices of cellular stress are less in the brains of torpid AGS than in the 
brains of summer euthermic or interbout euthermic AGS (Ma et al.  2005  ) . 

 Adenosine receptor dependent signaling contributes to homeostatic sleep 
through a global inhibition of cortical arousal (Benington et al .   1995  )  and through 
focal affects on sleep–wake neurons. By contrast to torpor, effects of adenosine on 
homeostatic sleep drive are mediated through both A 

1
 R and A 

2A
 R dependent pro-

cesses (Huang et al.  2005,   2007 ; Oishi et al.  2008 ; Porkka-Heiskanen et al.  1997  ) . 
A 

1
 R inhibit wake-active cholinergic and noncholinergic neurons in basal fore-

brain (Arrigoni et al.  2006 ; Porkka-Heiskanen et al.  1997  ) , histaminergic neurons 
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in the tuberomammillary nucleus (Oishi et al.  2008  ) , and hypocretin (orexin) 
neurons in the lateral hypothalamus (Liu and Gao  2007  ) . Just dorsal to the cholin-
ergic zone of the basal forebrain, in the A 

2A
 R rich ventral striatum, A 

2A
 R agonists 

promote sleep by disinhibition of sleep active neurons within the ventrolateral 
preoptic area (VLPO) of the hypothalamus (POAH) (Huang et al.  2007 ; Satoh 
et al.  2006 ; Sherin et al.  1996 ; Strecker et al.  2000  ) . In addition, both A 

1
 R and 

A 
2A

 R activation in the POAH promote sleep. Postsynaptic activation of A 
2A

 R in 
the VLPO excites sleep active neurons (Gallopin et al.  2005  )  and A 

1
 R activation 

within the POAH removes inhibition of sleep-active neurons (Ticho and 
Radulovacki  1991  ) .  

    13.1.2.2   Distinctions Between Hibernation and Sleep 

 Involvement of A 
2A

 R and differences in the regulated rate of cooling distinguishes 
sleep from torpor. Onset of sleep is normally coupled to an increase in the rate of 
heat loss, and a subsequent fall in body temperature as well as a decrease in MR 
(Heller  2005  ) . By contrast, hibernating animals decrease the rate of heat loss. This 
decrease in the rate of heat loss during onset of torpor is evident from differences in 
the rate of cooling in AGS induced by CHA in summer and winter (Jinka et al. 
 2011  ) . Differences in the rate of heat loss are consistent with vasodilatation during 
onset of sleep and vasoconstriction during hibernation (Hampton et al.  2010 ; Heller 
 2005 ; Lyman and O’Brien  1960  ) . Nonetheless, both sleep and hibernation involve a 
change rather than a loss in thermoregulation. The capacity to thermoregulate 
distinguishes hibernation and sleep from hypothermia.   

    13.1.3   Adenosine and Thermoregulation 

 Adenosine receptor dependent signaling contributes to thermoregulation and 
maintains core body temperature ( T  

b
 ) in part via A 

1
 R activation in the POAH (Barros 

et al.  2006 ; Fredholm et al.  2011  ) . During both NREM sleep and torpor (Glotzbach 
and Heller  1984 ; Heller et al.  1977  )  thermoregulatory mechanisms are intact but 
body temperature is regulated at lower levels than during wakefulness or euthermy. 
Altered CNS control of thermoregulatory processes during torpor (Heller et al .  
 1977  )  mirror similar processes that occur during sleep (Walker et al.  1977,   1980  )  
except, as mentioned above, these processes slow the rate of cooling during torpor 
onset and enhance the rate of cooling during onset of sleep. Given the role of adenosine 
in sleep and hibernation differences in adenosine modulation of thermoregulation 
inherent to these two processes may underlie fundamental differences in the 
function of sleep and torpor. Adenosine also regulates metabolism and body 
temperature via receptor dependent and biochemical branches of the bioenergetic 
network outside of the CNS (Asakura  2004 ; Bauwens et al.  2011 ; Fredholm et al. 
 2011 ; Mulligan et al.  2007  ) .  
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    13.1.4   Therapeutic Signi fi cance of Adenosine Mediated Torpor 

 The capacity to translate reduced metabolic demand displayed during hibernation 
as well as daily torpor to humans could have therapeutic applications for patients 
suffering from disruptions in blood  fl ow and oxygen delivery (Drew et al.  2001  ) . 
We have begun to explore the effects of dietary restriction on sensitivity to A 

1
 R 

agonists as a means to suppress metabolic demand in nonhibernating species. 
Dietary restriction lowers  T  

b
  and enhances longevity presumably through a decrease 

in oxidative metabolism (Contestabile  2009 ; Ungvari et al.  2008  ) . Dietary restric-
tion-induced modi fi cation of thermoregulation is associated with changes in com-
ponents of the purinergic neuromodulatory system. Dietary restriction imposed by 
every other day feeding sensitizes rats to the cooling and metabolic depressant 
effects of CHA and is associated with increased surface expression of A 

1
 R in the 

hypothalamus (Jinka et al.  2010  ) . These data suggest that dietary restriction sensi-
tizes A 

1
 R and in this way contributes to the decline in  T  

b
  and MR during dietary 

restriction. It is interesting to speculate that ketogenic diets may have similar effects; 
however, ketogenic diets are not known to affect  T  

b
  in the same way as dietary 

restriction. 
 In summary, adenosine plays a fundamental, regulatory role in mammalian 

hibernation, sleep, and thermoregulation all of which are integral to systemic energy 
homeostasis. Regulatory in fl uence of adenosine in these processes has been 
described best in terms of central A 

1
 R dependent signaling. However, adenosine 

also in fl uences energy homeostasis through biochemical and bioenergetic signaling 
pathways within and outside of the CNS.       
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  Abstract   The concentration of adenosine in the brain increases dramatically 
during ischemia, and adenosine has long been known to act predominantly as a 
neuroprotectant during ischemia. In agreement, adenosine infusion into the ischemic 
striatum signi fi cantly ameliorates neurological outcome and reduces the infarct 
volume after transient focal cerebral ischemia. Despite the neuroprotective effect of 
adenosine through A 

1
  receptors during ischemia, the use of selective A 

1
  agonists is 

hampered by unwanted peripheral effects such as sedation, bradycardia, and 
hypotension. An alternative therapeutic approach may consist of using agents that 
elevate the local concentration of adenosine at areas of injury-induced adenosine 
release, thus minimizing undesirable peripheral and central effects mediated by A 

1
  

receptors. Adenosine-potentiating agents at injury sites may act by (1) inhibiting its 
metabolism by adenosine kinase or adenosine deaminase, (2) preventing its transport 
through equilibrative membrane transporters (ENTs), (3) enhancing hydrolysis of 
extracellular ATP by use of nucleoside triphosphate diphosphohydrolases 
(NTPDases) and ecto-5 ¢ -nucleotidase (e5 ¢ -NTs). The role of A 

2A
  receptors also is 

important for neuroprotection during ischemia. Evidence suggests that low doses of 
A 

2A
  antagonists (that do not modify hemodynamic parameters) provide protection 

via centrally mediated control of precocious excessive excitotoxicity, while A 
2A

  
agonists provide protection by controlling massive cell in fi ltration in the hours after 
ischemia. Information suggests that A 

2A
  receptors are a potentially attractive thera-

peutic target in ischemia. In perspective of using adenosine A 
2A

  active drugs to 
protect against brain ischemia, attention should be given to the dose and administra-
tion time after injury. Although much is still to be learned about the function of the 
A 

3
  receptor, at the present time it can be speculated that A 

3
  receptor selective ligands 

may be useful in the treatment of ischemic conditions involving in fl ammation.  

    F.   Pedata   (*) •     A.  M.   Pugliese   •     F.   Corti   •     A.   Melani  
     Department of Preclinical and Clinical Pharmacology , 
 University of Florence ,   Viale Pieraccini 6 ,  Florence   50139 ,  Italy    
e-mail:  felicita.pedata@uni fi .it   
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    14.1   Introduction 

 Ischemic stroke is the third leading cause of death in major industrialized countries, 
with a mortality rate of around 30 %, and the major cause of long-lasting disabili-
ties. Ischemic stroke results from a transient or permanent reduction in cerebral 
blood  fl ow which is, in most cases, caused by the occlusion of a major brain artery, 
either by an embolus or by local thrombosis. There still is no good therapy for this 
pathology. Neuroprotective drugs that have been developed and have shown thera-
peutic potential in animal stroke trials have failed to be ef fi cacious during clinical 
trials (De Keyser et al.  1999  ) . Because the extracellular adenosine concentration 
increases dramatically during ischemia (Hagberg et al.  1987 ; Dux et al.  1990 ; 
Matsumoto et al.  1992 ; Sciotti et al.  1992 ; Phillis et al.  1994a,   1996 ; Melani et al. 
 1999,   2003 ; Latini and Pedata  2001  ) , numerous authors have indicated adenosine 
and its receptors as a target for therapeutic implementation in the treatment of 
stroke (see Fig.  14.1 ).  

 Adenosine is a naturally occurring nucleoside that is distributed ubiquitously 
throughout the body as a metabolic intermediary. Extracellular adenosine acts 
through multiple G-protein coupled receptors (adenosine receptor subtypes A 

1
 R, 

A 
2A

 R, A 
2B

 R, and A 
3
 R) to exert a variety of physiological effects (Fredholm et al. 

 2001  ) . During ischemia, extracellular adenosine levels increase and adenosine 
has long been known to act predominantly as a neuroprotectant endogenous 
agent (Ongini et al.  1997 ; Cunha  2001 ; Ribeiro et al.  2002 ; Schwarzschild et al. 
 2002 ; Fredholm et al.  2003 ; Pedata et al.  2007  ) . Adenosine infusion into the 
ischemic striatum has been shown to signi fi cantly ameliorate neurological out-
come and reduce infarct volume after transient focal cerebral ischemia (Kitagawa 
et al.  2002  ) . 

 In this chapter, we summarize recent developments that have contributed to cur-
rent understanding of how adenosine receptors modulate tissue damage in brain isch-
emia models. Adenosine receptors are expressed at signi fi cant levels in neurons and 
glial cells and in peripheral in fl ammatory cells (such as lymphocytes and neutro-
phils) (Fiebich et al.  1996 ; Peterfreund et al.  1996 ; Brodie et al.  1998 ; Svenningsson 
et al.  1999 ; Hettinger et al.  2001 ; Yu et al.  2004a  ) . The wide distribution is consistent 
with the multifaceted neurochemical and molecular effects of adenosine receptor 
activation and suggests that the role of adenosine in ischemia is the consequence of 
interplay among different receptor activation in neuronal, glial and in fl ammatory 
cells, which may vary depending on the time-related development of the patho-
logical condition.  
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    14.2   Roles of A 1  Receptors 

    14.2.1   A 
1
  Receptors Are Protective 

 The increase in extracellular adenosine during ischemia may be an endogenous 
neuroprotective response (Latini and Pedata  2001  ) . One of the prime adaptive 
mechanisms in response to hypoxia–ischemia is the cellular activation of A 

1
 R which 

inhibits excitatory synaptic transmission as demonstrated in vitro (Fowler  1989, 
  1990 ; Gribkoff et al.  1990 ; Latini et al.  1999a ; Dale et al.  2000 ; Sebastião et al. 
 2000  )  and in vivo (Gervitz et al.  2001,   2003 ; Fowler et al.  2003  ) . 

 Protective effects are greatly attributed to A 
1
 R activation due to reduced Ca 2+  

in fl ux, thus lowering presynaptic release of excitatory neurotransmitters (Corradetti 
et al.  1984 ; Dunwiddie  1984 ; Zetterstrom and Fillenz  1990 ; Pedata et al.  1993 ; 
Andiné  1993 ; Kitagawa et al.  2002  )  and in particular glutamate which exerts an 

  Fig. 14.1    Adenosine receptors and enzymes involved in adenosine metabolism. Putative protective 
drugs in ischemia include: (1)  A  

 1 
  R agonists ; (2)  A  

 2A 
  R antagonists or agonists ; (4)  A  

 3 
  R agonists or 

antagonists ; (5)  ADA inhibitors ; (6)  ADK inhibitors ; (7) ETN  inhibitors ; (8)  NTPDases ;  
  ADA  adenosine deaminase,  ADK  adenosine kinase,  ADO  adenosine,  ADP  adenosine diphosphate, 
 AMP  adenosine monophosphate,  ATP  adenosine triphosphate,  E5 ¢ -NT  ecto-5 ¢ -nucleotidase,  ENT  
equilibrative nucleoside transporter,  NT  neurotransmitter,  NTPDase  nucleoside triphosphate 
diphosphohydrolase       
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excitotoxic effect during ischemia mainly by overstimulation of NMDA receptors 
(Choi  1990  ) . In addition, by directly increasing the K +  and Cl −  ion conductances, 
adenosine stabilizes the neuronal membrane potential, thus reducing neuronal excit-
ability (Choi  1990  ) . Consequent reductions in cellular metabolism and energy 
consumption (Greene and Haas  1991  )  and moderate lowering of the body/brain 
temperature (Gourine et al.  2004  )  protect against ischemia. A 

1
 R agonists have been 

shown to attenuate ischemic or excitotoxic neuronal damage in both in vitro and 
in vivo models of cerebral ischemia. In in vitro hypoxia/ischemia models, it was 
demonstrated that both adenosine and selective A 

1
 R agonists reduce neuronal 

damage following hypoxia and/or oxygen-glucose deprivation (OGD) in primary 
cortical or hippocampal cell cultures (Goldberg et al.  1988 ; Daval and Nicolas  1994 ; 
Logan and Sweeney  1997  )  and brain slices (Mori et al.  1992 ; Newman et al.  1998  ) . 
A 

1
 R agonists decrease reactive oxygen species (ROS) production and increase 

survival in anoxia and anoxia/reoxygenation, while A 
1
 R blockade increases ROS 

release and cell death in primary neuronal cultures (Milton et al.  2007  ) . Marcoli and 
coworkers  (  2003  )  demonstrated that the selective A 

1
 R antagonist, 1,3-dipropyl-8-

cyclopentyladenosine (DPCPX) (Weyler et al.  2006  ) , increases OGD-evoked aspar-
tate and glutamate ef fl ux in rat cerebrocortical slices. In accordance, the A 

1
 R 

-mediated OGD-induced depression of synaptic transmission is reversed by admin-
istration of selective A 

1
 R antagonists to rat hippocampal slices (Pedata et al.  1993 ; 

Latini et al.  1999a ; Tanaka et al.  2001  ) . A 
1
 R antagonists reduce inhibition of synap-

tic transmission, impair the recovery of synaptic potentials (Sebastião et al.  2001  ) , 
and shorten the onset of anoxic depolarization (AD) induced by hypoxia in the CA1 
region of hippocampal slices (Lee and Lowenkopf  1993  ) . A depression of excit-
atory synaptic transmission such as that brought about by adenosine A 

1
 Rs during 

hypoxia/ischemia is neuroprotective and crucial for the functional recovery of hip-
pocampal circuits upon reoxygenation (Johansson et al.  2001 ; Sebastião et al.  2001 ; 
Arrigoni et al.  2005  ) . Furthermore, activation of A 

1
 R, by endogenous adenosine, 

transiently enhances inhibitory synaptic transmission in CA1 pyramidal slices from 
rats exposed to transient forebrain ischemia (Liang et al.  2009  ) . Therefore, it is 
likely that A 

1
 R activation can protect CA1 pyramidal neurons and delay the process 

of neuronal death after cerebral ischemia. Studies using A 
1
 R knockout (KO) mice 

support the neuroprotective role of A 
1
 R receptor stimulation. Hippocampal slices 

from A 
1
 R KO mice showed a markedly reduced and delayed protective response to 

hypoxia compared to slices from wild-type mice (Johansson et al.  2001  ) . In astro-
cytes prepared from A 

1
 R KO mice more pronounced hypoxic cytotoxicity was 

observed (Bjorklund et al.  2008  ) . However, Olsson et al.  (  2004  )  reported that hip-
pocampal slices from A 

1
 R KO mice subjected to hypoxia show a small, though not 

statistically signi fi cant decrease in damage to neurons in the CA1 region. 
 Although the mechanisms that underlie A 

1
 R-mediated effects are unclear, it is 

likely that desensitization of A 
1
 R after ischemia might be critical in interfering with 

maintaining the neuroprotective ef fi ciency of adenosine. In rat hippocampal slices, 
hypoxia leads to a rapid (<90 min) desensitization of A 

1
 R -mediated inhibition of 

synaptic transmission that is likely due to an internalization of A 
1
 R in nerve termi-

nals (Coelho et al.  2006  ) , a process that may result in hyperexcitability and increased 
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brain damage. One recent interesting observation is that DPCPX reversed cannabidiol 
(CBD)-induced neuroprotection after hypoxic/ischemic insult in forebrain slices 
(Castillo et al.  2010  ) , demonstrating that A 

1
 R are involved in cannabinoid protec-

tion during ischemia. 
 In in vivo animal models of global cerebral ischemia, it has been demonstrated 

that local administration of an adenosine analogue, 2-chloroadenosine (CADO), 
and of a nonselective A 

1
 R agonist, N6-(L-2-phenylisopropyl) adenosine (L-PIA), 

attenuates neuronal loss in the CA1 region of the rat hippocampus (Evans et al. 
 1987 ; Domenici et al.  1996  )  and that acute systemic or intracerebroventricular 
injection of the A 

1
 R agonists cyclohexyladenosine (CHA) and R-phenylisopropyl-

adenosine (R-PIA) improves neurological de fi cits (Von Lubitz and Marangos  1990 ; 
Heron et al.  1994 ; Zhou et al.  1994  ) , protects the CA1 region of the hippocampus 
(Von Lubitz et al.  1988  ) , and prevents the reduction of A 

1
 R (Daval et al.  1989  )  in 

rats or gerbils. Similarly, acute administration of the A 
1
 R agonists 

N6-cyclopentyladenosine (CPA) and 2-chloro-N(6)-cyclopentyladenosine (CCPA) 
reduces mortality and loss of neurons after global forebrain ischemia in the gerbil 
(Von Lubitz et al.  1994a  ) . Administration of the A 

1
 R agonist adenosine amine con-

gener (ADAC), which induces fewer undesirable effects, after global ischemia in 
the gerbil, increased survival, protected neuronal morphology, induced preservation 
of microtubule associated protein 2 (MAP-2) and of spatial memory and learning 
ability (von Lubitz et al.  1996 ; Phillis and Goshgarian  2001  ) . In accordance, A 

1
 R 

antagonists given acutely exacerbate the changes induced by global ischemia. 
A nonspeci fi c A 

1
 R antagonist, theophylline, increased mortality (Jarrott and Domer 

 1980  )  and ischemic cell damage (Rudolphi et al.  1987,   1989  )  after global ischemia 
in gerbils. Similar detrimental effects were also observed after acute administration 
of the selective A 

1
 R antagonists DPCPX and 8-cyclopentyl-1,3-dimethylxanthine 

(CPT) (Boissard et al.  1992 ; Von Lubitz et al.  1994a ; Phillis  1995  ) . Interestingly, a 
reverse effect appeared after chronic administration of adenosine receptor antago-
nists. Both caffeine and DPCPX given chronically weeks before an ischemic insult 
reduced the neuronal injury assessed by magnetic resonance imaging and histo-
pathological examination in rats and gerbils (Rudolphi et al.  1989 ; Sutherland et al. 
 1991 ; Von Lubitz et al.  1994a  ) . It has been suggested that the bene fi cial effects seen 
after chronic administration of adenosine antagonists may be due to upregulation of 
A 

1
 R (Jacobson et al.  1996  ) . In agreement and unlike acute treatment, chronic admin-

istration of A 
1
 R agonists worsened survival and increased neuronal loss (Jacobson 

et al.  1996  ) , a phenomenon thought to depend on A 
1
 R desensitization. 

 Plastic changes in A 
1
 Rs are critical to understand the effects of A 

1
 R agonists/

antagonists but also to understand whether adenosine maintains its neuroprotective 
ef fi ciency after ischemia. In this regard, several studies have shown that short peri-
ods of focal    or global ischemia produced a long-lasting decrease in the density of 
A 

1
 Rs (Nagasawa et al.  1994 ; Onodera et al.  1987  ) . On the contrary, an increase 

in the mRNA level of A 
1
 R was reported in the cerebral cortex after global ischemia 

in rats and normalization under reperfusion (Lai et al.  2005  ) . Relevantly, it was 
reported that A 

1
 R KO mice, when exposed to global ischemia, do not show 

increased neuronal damage in the CA1 region of the hippocampus, in the cortex, or 
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in the  striatum compared to wild-type controls (Olsson et al.  2004  ) . These 
 discrepancies may re fl ect development of compensatory mechanisms after genetic 
deletion (Wei et al.  2011  ) . 

 Unlike in adult rodents, pharmacologic A 
1
 R stimulation in immature brain exac-

erbates rather than attenuates ischemic injury (Turner et al.  2002  ) . It should be 
remembered that in the formation of the central nervous system, A 

1
 R activation 

potently inhibits the development of axons and can lead to leukomalacia (Rivkees 
et al.  2001  ) . Leukomalacia is the most common ischemic brain injury in premature 
infants and it is characterized by the death or damage and softening of the white 
matter near the lateral ventricules. Consistent with this result, genetic deletion of 
A 

1
 R was neuroprotective in immature mice under hypoxic conditions under which 

adenosine ectracellular levels are increased (Turner et al.  2003  ) . 
 Recent studies show that sublethal anoxic/ischemic insults may “precondition” 

and protect the brain from subsequent insults and adenosine, by stimulating A 
1
 Rs, 

plays a crucial role in this phenomenon. In fact, an A 
1
 R agonist, CADO, markedly 

enhanced (Perez-Pinzon et al.  1996  )  and A 
1
 R antagonists completely prevented 

(Perez-Pinzon et al.  1996 ; Pugliese et al.  2003 ; Lange-Asschenfeldt et al.  2004  )  the 
protective effect of ischemic preconditioning in rat hippocampal slices. In accor-
dance with in vitro data, the selective A 

1
 R antagonist, DPCPX, attenuated the neu-

roprotective effect of ischemic preconditioning in models of global (Heurteaux 
et al.  1995  )  and focal (Nakamura et al.  2002 ; Yoshida et al.  2004  )  cerebral ischemia. 
A list of selectivity of different ligands of adenosine receptors cited in the text is 
reported in Table  14.1 .  

 Although data demonstrate a neuroprotective effect of adenosine through A 
1
 Rs 

during ischemia, the use of selective A 
1
 R agonists is hampered by undesirable 

peripheral effects such as sedation, bradycardia, and hypotension (White et al.  1996 ; 
Fredholm et al.  2005  ) .  

    14.2.2   Elevation of Local Adenosine Levels in Injured Areas 

 An alternative therapeutic strategy may include use of agents that enhance local 
concentration of adenosine at areas of injury-induced adenosine release, thus mini-
mizing unwanted peripheral and central effects mediated by A 

1
 Rs (von Lubitz et al. 

 1996  ) . Adenosine-potentiating agents at injury sites may act by (1) inhibiting its 
metabolism by adenosine kinase (ADK) or adenosine deaminase (ADA), (2) preventing 
its transport through equilibrative membrane transporters (ENTs), (3) enhancing 
hydrolysis of extracellular ATP by use of nucleoside triphosphate diphosphohydro-
lases (NTPDases). Both inhibitors of adenosine deaminase or kinase or agents pre-
venting its transport have been shown to offer protection against ischemic neuronal 
damage in different in vivo ischemia models. 

 Adenosine levels are regulated mainly by ADK, an enzyme that is responsible for 
removal of adenosine via phosphorylation to AMP (Boison  2006  ) , both in basal 
conditions and during energy depletion due to ischemia (Lloyd and Fredholm  1995  ) . 
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The ADK inhibitors, 5 ¢ -deoxyiodotubercidin (Miller et al.  1996 ; Jiang et al.  1997  )  
and GP683 (Tatlisumak et al.  1998  ) , signi fi cantly reduced cerebral ischemic damage 
after middle cerebral artery occlusion (MCAo). Pignataro and coworkers  (  2008  )  
have recently demonstrated that focal cerebral ischemia induces acute transient down 
regulation of ADK and increased extracellular adenosine levels within hours after 
MCAo (an innate self-repair neuroprotective mechanism). Transgenic mice with 
increased ADK expression in the striatum and reduced ADK expression in the cortex 
have an increased striatal infarct volume and almost complete protection in cortex 
after MCAo (Shen et al.  2011  ) . The regional changes in ADK expression correlate 
positively with adenosine levels, suggesting that the degree of acute brain injury 
directly depends on ADK expression levels and on the resulting tone in adenosine 
(Shen et al.  2011  ) . These  fi ndings con fi rm that adenosine-dependent acute neuropro-
tection depends on local rather than systemic responses (Shen et al.  2011  ) . 

 ADA is another enzyme that regulates adenosine levels in the CNS (Phillis et al. 
 1979  ) . The activity of ADA is unevenly distributed in the brain (Geiger and Nagy 
 1986 ; Patel and Tudball  1986 ; Schrader et al.  1987  )  and becomes important in regu-
lating adenosine levels when they are increased by energy depletion (Lloyd and 
Fredholm  1995  )  and complete ischemia (Kobayashi et al.  1998  ) . Numerous papers 
have demonstrated that the treatment with ADA inhibitor, deoxycoformycin, reduces 
brain injury in different rat models of cerebral ischemia (Phillis and O’Regan  1989 ; 
Phillis et al.  1991 ; Lin and Phillis  1992 ; Gidday et al.  1995  ) . 

 Adenosine is a hydrophilic molecule and the transport across cell membranes is 
mediated by nucleoside transporters: bidirectional equilibrative transporters (ENTs), 
driven by chemical gradients, and unilateral concentrative transporters (CNTs), 
driven by sodium electrochemical gradients (Parkinson et al.  2011 ; King et al. 
 2006  ) . In the brain these transporters have the potential to regulate synaptic levels 
of neuroactive purines such as adenosine and thereby modulate physiological and 
pathophysiological responses (King et al.  2006  ) . Several studies show that different 
adenosine uptake inhibitors, propentofylline (DeLeo et al.  1988 ; Andiné et al.  1990 ; 
Dux et al.  1990 ; Park and Rudolphi  1994 ; Kano et al.  1994 ; Gidday et al.  1995 ; 
Matsumoto et al.  1996 ; Kawahara et al.  1998 ; Johnson et al.  1998 ; Turcáni and 
Turèáni  2001  ) , dipyridamole (Seif-el-Nasr and Khattab  2002 ; Parkinson et al. 
 2005  ) , indomethacin (Phillis et al.  1994b  ) , and nitrobenzylmercaptopurine ribonu-
cleoside (NBMPR) (Parkinson et al.  2005  )  reduce brain ischemic injury in rat 
cerebral ischemia models. The neuroprotective effect of adenosine uptake inhibitors 
is attributed to increased extracellular adenosine levels and thereby to stimulation of 
A 

1
 Rs. It was recently demonstrated that transgenic mice overexpressing neuronal 

human ENT1 show a reduced hypoxia- and ischemia-induced increase in extracel-
lular adenosine levels (Zhang et al.  2011  ) . The higher uptake led to decreased A 

1
 R 

signaling and decreased adenosine neuroprotective effect (Zhang et al.  2011  ) . 
 It is well known that, during ischemia, mitochondria consume ATP reducing it by 

about 30 % 15 min after focal ischemia induction (Latini et al.  1995  ) . Under these 
conditions the equilibrium is toward AMP that, due to the lack of oxygen and glucose, 
cannot be reconverted to ATP by nucleotide kinase enzyme (Latini and Pedata  2001  ) . 
ATP and ADP levels go below the threshold that inhibits the enzyme 5 ¢ -nucleotidase 
and intracellular formation of adenosine from AMP occurs as demonstrated in vitro 
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(Latini et al.  1995  )  and in vivo (Madrigal et al.  2003  ) . Under these conditions 
adenosine is formed and may escape cells by ENTs. However, during ischemia 
adenosine might be produced in the synaptic cleft also from ATP hydrolysis via the 
concerted action of two enzymes: NTPDase and e5 ¢ -NT. In vitro evidence suggests 
that released ATP does not substantially contribute to the adenosine concentration 
in the extracellular milieu following an ischemic-like event in hippocampal slices 
(Frenguelli et al.  2007  ) . On the contrary, in a rat model of focal cerebral ischemia 
in vivo, Melani and coworkers  (  2012  )  demonstrated that, in the  fi rst minutes after 
cerebral ischemia, the extracellular adenosine concentration mainly derives from 
extracellular ATP hydrolysis and thereafter as adenosine per se from inside cells. 
NTPDases have a dual function in modulating purinergic neurotransmission: (1) they 
rapidly interrupt ATP-mediated signaling by degrading extracellular nucleotides 
and (2) they give rise to extracellular adenosine, which activates purinergic P1 
receptors. During ischemia, both NTPDases and e5 ¢ -NT are upregulated in the brain 
(Braun et al.  1998 ; Chitolina Schetinger et al.  1998 ; Frassetto et al.  2000  ) . Braun 
and coworkers  (  1997  )  observed upregulation of e5 ¢ -NT on astrocytes and micro-
glial cells in the infarcted brain. In agreement, Parkinson et al.  (  2005  )  observed that 
the e5 ¢ -NT inhibitor, alpha,beta-methylene ADP, inhibited the increase in extracel-
lular adenosine concentration evoked by ischemic-like conditions from primary cul-
tures of rat forebrain astrocytes, but not from cultured neurons. In rat stroke models, 
treatment with SolCD39, a soluble form of human NTPDase1, reduced cerebral 
infarct, improved neurological de fi cit, and restored postischemic cerebral perfusion 
(Pinsky et al.  2002 ; Belayev et al.  2003 ; Marcus et al.  2003  ) . 

 Conversion of ATP to adenosine by ectonucleotidases represents an important 
mechanism regulating extracellular ATP and adenosine levels during ischemia. 
Degradation of ATP in ischemia might be important as a mechanism of removal of 
any cytotoxic effect mediated by ATP (Melani et al.  2006a ; Burnstock  2007  ) . 
NTPDase and e5 ¢ -NT upregulation after ischemia might be another innate self-
repair neuroprotective mechanism involving purinergic signaling (Braun et al.  1998 ; 
Chitolina Schetinger et al.  1998 ; Frassetto et al.  2000  ) . In its turn, the extracellular 
catabolism of adenine nucleotides is associated with adenosine formation. The 
understanding of the contribution of extracellular ATP to adenosine during ischemia 
is important because such information might constitute the basis for devising a cor-
rect putative purinergic strategy aimed at protection from ischemic damage.   

    14.3   Roles of A 2A  Receptors 

    14.3.1   A 
2A

  Receptor Antagonists Are Protective 
Against Ischemic Brain Injury 

 More recently, the role of A 
2A

 Rs in ischemic neuroprotection has been studied. Gao 
and Phillis  (  1994  )  demonstrated for the  fi rst time that the nonselective A 

2A
 R antago-

nist, 9-chloro-2-(2-furanyl)-[1,2,4] triazolo[1,5-c]quinazolin-5-amine (CGS15943), 
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reduces cerebral ischemic injury in the gerbil following global forebrain ischemia. 
Thereafter many reports have con fi rmed the neuroprotective role of A 

2A
 R antagonists 

in different models of ischemia. The selective A 
2A

 R antagonist 8-(3-chlorostyryl)
caffeine (CSC), as well as the less selective antagonists CGS15943 and 4-amino 
[1,2,4] triazolo [4,3a] quinoxalines (CP66713), protect against hippocampal cell 
injury during global forebrain ischemia in gerbils (Phillis  1995 ; Von Lubitz et al. 
 1995  ) . Similarly, the selective A 

2A
 R antagonist 7-(2-phenylethyl)-5-amino-2-(2-

furyl)-pyrazolo-[4,3-e]-1,2,4,triazolo[1,5-c]pyrimidine (SCH58261) reduces isch-
emic brain damage in a rat neonatal model of hypoxia/ischemia (Bona et al.  1997  )  
and in an adult rat model of focal cerebral ischemia (Monopoli et al.  1998 ; Melani 
et al.  2003  ) . The same antagonist, administered subchronically, was protective 
against both brain damage and neurological de fi cit (Pedata et al.  2005 ; Melani et al. 
 2006b  )  and disorganization of myelin (Melani et al.  2009  )  in the adult rat model of 
focal cerebral ischemia. The selective A 

2A
 R antagonist, 4-(2-[7-amino-2-(2-furyl)

[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-yl-amino]ethyl)phenol (ZM241385), reduced 
hippocampal injury and improved performance in the Morris water maze after four-
vessel occlusion in the rat (Higashi et al.  2002  ) . Studies in A 

2A
 R KO mice provided 

support to the noxious role played by A 
2A

 Rs during ischemia induced by focal 
cerebral ischemia (Chen et al.  1999  ) . 

 The selective A 
2A

 R antagonist SCH58261 is a signi fi cant protective agent in the 
MCAo model at a low dose that does not have cardiovascular effects. This low dose 
does not affect motor behavior in naive animals but decreases contralateral turning 
after unilateral focal ischemia induced by the mono fi lament technique (Melani et al. 
 2003,   2006b  ) . At a higher dose, in the range that is effective in different models of 
Parkinson’s Disease, the same drug signi fi cantly increases motility and rearing in 
the rat (Svenningsson et al.  1997  ) . 

    14.3.1.1   A 2A  Receptors Modulate Glutamate Extracellular Concentrations 

 Major protective effects of A 
2A

 R antagonists in stroke are attributed to reduced 
glutamate out fl ow (Marcoli et al.  2003 ; Pedata et al.  2001,   2003,   2005,   2007  ) . 
Adenosine, by A 

2A
 R stimulation, promotes glutamate release under normoxic and 

ischemic conditions (O’Regan et al.  1992 ; Simpson et al.  1992 ; Popoli et al.  1995 ; 
Corsi et al.  1999,   2000  ) . In rat hippocampal slices, the selective A 

2A
 R agonist CGS 

21680 clearly reduces the depression of synaptic activity brought about by OGD 
(Latini et al.  1999b  ) . Such an effect is attributable to stimulation of glutamate 
out fl ow that counteracts depression brought about by A 

1
 Rs. In agreement, selective 

A 
2A

 R antagonists ZM241385 and SCH58261 protect from CA1 death and delay the 
appearance of AD, a phenomenon strictly related to cell damage and death (Somjen 
 2001 ; Gáspárová et al.  2008 ; Pugliese et al.  2009  ) . This suggests that after acute 
ischemia A 

2A
 Rs regulate excitatory transmission. The increased out fl ow of excit-

atory amino acids soon after ischemia, presumably mediated by A 
2A

 Rs, is thought 
to prime an excitotoxic cascade which ultimately results in cell death (Bruce-Keller 
 1999  ) . In vivo, the low dose of SCH58261 that protects against tissue damage 
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induced by MCAo or quinolinic acid excitotoxicity, also reduces glutamate out fl ow 
(Popoli et al.  2002 ; Melani et al.  2003  ) . This result is consistent with the observation 
that A 

2A
 R KO mice are protected from an excess of striatal glutamate out fl ow and 

damage induced by transient MCAo (Chen et al.  1999 ; Gui et al.  2009  ) . In agreement, 
in the traumatic brain injury model, protective effects are dictated by local glutamate 
concentrations; antagonists are protective 15 min after trauma when CSF extracel-
lular glutamate rises (Dai et al.  2010  ) . The A 

2A
 R antagonist ZM241385 injected 

directly intra hippocampus is protective against excitotoxicity induced by kainate 
(Jones et al.  1998a  )  and by the combinations of quinolinic acid and IL-1beta (Stone 
and Behan  2007  ) . These data suggest that the neuroprotective properties of A 

2A
 R 

antagonists largely reside in control of central excitotoxicity. 
 A 

2A
 Rs are highly concentrated in the striatum where most receptors are present 

on GABA-enkephalin neurons (Schiffmann et al.  1991  )  but are also located presyn-
aptically on glutamatergic terminals (Hettinger et al.  2001 ; Rosin et al.  2003  )  where 
they can directly regulate glutamate out fl ow (Marcoli et al.  2003,   2004  ) . A de fi nite 
overexpression of A 

2A
 Rs was found in neurons in the striatum and cortex 24 h after 

focal ischemia (Trincavelli et al.  2008a  ) . A 
2A

 Rs located on glial cells mediate inhibition 
of glutamate uptake transporter GLT-1 and stimulate glutamate out fl ow (Nishizaki 
et al.  2002 ; Pintor et al.  2004  ) . However, 24 h after focal ischemia, A 

2A
 Rs are not 

overepressed on astrocytes (Trincavelli et al.  2008a  ) . Evidence indicates that 
protective effects of low doses of A 

2A
 R antagonists early after brain ischemia are 

largely due to reduced glutamate out fl ow from neurons. 
 A further protective effect of A 

2A
 R antagonism may be attributed to the capability 

of A 
2A

 R antagonists to increase GABA out fl ow during ischemia. The major part of 
excitatory glutamatergic innervation is modulated by inhibitory GABA-releasing 
interneurons. Potentiation of GABAergic synaptic transmission has neuroprotective 
effects in several experimental models of cerebral ischemia (Schwartz-Bloom and 
Sah  2001  ) . GABA is strongly increased in the cortex and striatum during ischemia 
(O’Regan et al.  1992 ; Melani et al.  1999  )  and evidence shows that selective A 

2A
 R 

stimulation decreases ischemia-evoked GABA out fl ow (O’Regan et al.  1992 ; 
Saransaari and Oja  2005  ) .  

    14.3.1.2   A 2A  Receptor Antagonists Protect from Mitogen-Activated 
Protein Kinase Activation 

 All members of the mitogen-activated protein kinase (MAPK) family are activated 
up to 24 h after ischemia (Irving et al.  2000 ; Wu et al.  2000  ) . Whereas p38 and 
ERK1/2 are activated in neurons and in microglia (Irving et al.  2000 ; Takagi et al. 
 2000 ; Piao et al.  2003 ; Melani et al.  2009  )  JNK is activated in neurons and mainly 
in oligodendrocytes (Melani et al.  2009  ) . Twenty-four hours after MCAo, A 

2A
 Rs are 

overexpressed on microglia (Trincavelli et al.  2008a  ) . Subchronic administration of 
the A 

2A
 R antagonist SCH58261 reduced phospho-p38 in microglia (Melani et al. 

 2006b  )  and phospho-JNK in neurons and oligodendrocytes, whereas it did not affect 
ERK1/2 activation (Melani et al.  2009  ) . It is known that soon after early excitotoxic 
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phenomena, microglial cells initiate a rapid change in their phenotype that is referred 
to as microglial cell activation (Bruce-Keller  1999  ) . These cells start to proliferate 
and migrate toward the site of damage (Stoll et al.  1998 ; Marks et al.  2001  )  and by 
producing cytotoxic substances and cytokines may contribute to the in fl ammatory 
response that follows ischemic insult, further exacerbating brain damage (Dirnagl 
et al.  1999  ) . An inhibitor of p38 activation has direct neuroprotective effects in hip-
pocampal brain slices after OGD (Barone et al.  2001  ) . Therefore, a control of p38 
activation by A 

2A
 R antagonist might account for protection against secondary dam-

age induced by ischemia. Subchronic administration of the A 
2A

 R antagonist 
SCH58261 also reduces phospho-JNK in oligodendrocytes (Melani et al.  2009  ) . 
Interestingly activation of JNK has been described in oligodendrocytes in multiple 
sclerosis lesions where oligodendrocytes are major targets of the disease (Bonetti 
et al.  1999  ) . Activation of JNK is involved in oligodendrocyte death (Howe et al. 
 2004 ; Jurewicz et al.  2006  ) . A speci fi c peptide inhibitor of JNK protects against cell 
death induced by OGD in vitro (Hirt et al.  2004  )  and by MCAo in vivo (Borsello 
et al.  2003 ; Hirt et al.  2004  ) . JNK2/3 KO mice are protected from damage following 
cerebral ischemia (Kuan et al.  2003 ; Gelderblom et al.  2004  ) . Therefore, we must 
assume that JNK activation in oligodendrocytes and neurons represents a noxious 
event after ischemia that can damage both adult and precursor oligodendrocytes. 
Phospho-JNK is in fact expressed mainly by oligodendrocyte precursor cells (OPC: 
stained by NG2 antibodies) (Melani et al.  2011  ) . Therefore, by reducing JNK acti-
vation, the A 

2A
 R antagonist not only may protect from demyelination but also might 

stimulate OPC differentiation to mature cells. Such a possibility is suggested by the 
observation that the A 

2A
 R antagonist reduces Olig2 which is a transcription factor 

expressed mostly by OPC whereas mature oligodendrocytes are characterized by 
lower levels of Olig2 (Kitada and Rowitch  2006  ) . 

 We should consider that since SCH58261 reduces glutamate out fl ow in the initial 
hours after ischemia (Melani et al.  2003  ) , reduced MAPK activation might be 
secondary to an overall reduction in the excitotoxic cascade that in turn primes JNK 
activation (Kawasaki et al.  1997  ) . Oligodendroglia are extremely sensitive to gluta-
mate receptor overactivation and ensuing oxidative stress (Matute et al.  1997,   2002 ; 
McDonald et al.  1998  )  as well as to cytokines and adenosine (Back  2006  ) . However, 
we cannot exclude a direct effect of the A 

2A
 R antagonist on oligodendrocytes. A 

2A
 Rs 

have been identi fi ed also in oligodendrocytes (Stevens et al.  2002  ) . No data are pres-
ent regarding a direct action of A 

2A
 Rs in regulating MAPK activation in microglia or 

oligodendrocytes. We have recently observed that in OPC in culture, selective stim-
ulation of A 

2A
 Rs inhibit K +  currents that have characteristics of K +  “delayed recti fi er” 

channels (unpublished observations). Interestingly, inhibition of these channels 
inhibits proliferation and differentiation of OPC to mature oligodendrocytes, pre-
venting myelin deposition (Shrager and Novakovic  1995 ; Attali et al.  1997  ) . 

 Twenty-four hours after permanent MCAo, the A 
2A

 R antagonist also reduces 
gene c-fos expression in glial cells (Petroni et al.  2002  ) . Products of the Fos family 
are players in inducing in fl ammatory gene expression in glial cells (Lewis and 
Manning  1999  ) . Data indicate that regulation of proteins involved in transcriptional 
or posttranslational mechanisms plays an important role in the neuroprotective 
effect of A 

2A
 R antagonism in ischemia.   
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    14.3.2   A 
2A

  Receptor Agonists Are Protective Against Ischemic 
Brain Injury 

 Several studies show that A 
2A

 R agonists systemically administered are protective in 
the global ischemia model in the gerbil (Von Lubitz et al.  1995 ; Sheardown and 
Knutsen  1996  )  and A 

2A
 R KO neonatal mice show aggravated hypoxic/ischemic 

injury in comparison to wild-type mice (Adén et al.  2003  ) . Recently, in immature 
brain forebrain slices, it was demonstrated that cannabinoids induce robust neuro-
protection through both CB(2) receptors and A 

2A
 R (Castillo et al.  2010  ) . 

 While many data support that A 
2A

 R antagonists protect against central excitotox-
icity, the protective effect of A 

2A
 R agonists appears unrelated to glutamate. In the 

traumatic brain injury model, A 
2A

 R agonists and antagonists were administered 
systemically and their effect was related to extracellular concentration of glutamate 
(Dai et al.  2010  ) . An A 

2A
 R antagonist administered repeatedly i.p. in the 12 h after 

trauma was protective 15 min after trauma when CSF extracellular glutamate rose; 
conversely, an A 

2A
 R agonist administered repeatedly i.p. in the 12 h after trauma 

was protective 3 h after trauma when CSF glutamate concentrations were down 
(Dai et al.  2010  ) . 

 Evidence indicates that the protective mechanisms of A 
2A

 R agonists are attribut-
able in part to peripheral effects. Jones and coworkers  (  1998a  )  showed that peripheral 
administration of the A 

2A
 R agonist, CGS21680, protects the hippocampus against 

kainate-induced excitotoxicity. However, the direct injection of CGS21680 into the 
hippocampus failed to afford protection (Jones et al.  1998b  ) . Similar results were 
obtained after spinal cord trauma where the A 

2A
 R agonist CGS21680 protected from 

damage when injected systemically but not when centrally injected in the injured 
spinal cord (Paterniti et al.  2011  ) . Li et al.  (  2006  )  demonstrated that the protective 
effect of A 

2A
 R agonists systemically administered after spinal trauma against motor 

de fi cits is lost in mice lacking A 
2A

 Rs on bone marrow-derived cells (BMDCs), but 
is restored in A 

2A
 R KO mice reconstituted with A 

2A
 Rs on BMDCs. This suggests 

that BMDCs are targets of A 
2A

 R agonist protective effects after spinal cord injury 
(SCI). 

 A 
2A

 Rs located on BMDCs reduce production of cell adhesion factors, reduce 
platelet aggregation and neutrophil activation, thereby exerting antithrombotic, 
antioxidant, and antiin fl ammatory effects (Sitkovsky et al.  2004  ) . Most studies have 
reported that selective activation of A 

2A
 Rs inhibits proin fl ammatory responses 

directly in BMDCs, including platelets, monocytes, some mast cells, neutrophils 
and T cells (Mirabet et al.  1999 ; Lappas et al.  2006 ; Naganuma et al.  2006 ; Haskó 
et al.  2008  ) . Consistent with its antiin fl ammatory and immunosuppressive role, the 
protective effects of A 

2A
 R stimulation have been observed in various models of 

autoimmune disease, such as rheumatoid arthritis (Odashima et al.  2005  ) , colitis 
(Choukèr et al.  2008 ; Genovese et al.  2010  ) , and hepatitis (Howe et al.  2004  ) . 
Protection due to A 

2A
 R agonists systemically administered after brain ischemia is 

most probably exerted at peripheral BMDCs resulting ultimately in reduced leukocyte 
in fi ltration and in fl ammatory cascade at the central level. 
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 The notion that A 
2A

 Rs on BMDCs are the target of the protective effects of A 
2A

 R 
agonists should be reconciled with the fact that inactivation of A 

2A
 Rs on BMDCs 

attenuates ischemic brain injury, inhibits in fl ammatory cytokine production, and 
increases the expression of antiin fl ammatory cytokines 22 h after focal ischemia. 
This neuroprotection however did not relate to in fi ltration of circulating BMDCs 
into brain infarct areas since >90 % of the microglial cells present in the brain infarct 
area, originated from local brain microglia (Yu et al.  2004b  ) . 

 Besides effects related to a control of excitotoxicity or in fl ammation, we must 
remember that adenosine is also a potent vasodilator implicated in cerebral blood 
 fl ow regulation, acting on A 

2A
 R on endothelial cells (Phillis  2004  ) . It has been sug-

gested that adenosine has an autoregulatory role on blood  fl ow during hypotension 
through not only A 

2A
 R but also A 

2B
 R. The A 

2A
 R antagonist (A 

2A
  > A 

2B
 :10–85 > 1), 

ZM241385, systemically administered, attenuates autoregulation in A 
2A

 R KO mice, 
and treatment with dipyridamole (which increases extracellular concentrations of 
adenosine) improved autoregulation in A 

2A
 R KO mice (Kusano et al.  2010  ) . 

 In A 
2A

 R KO mice, severe demyelination-related damage, proliferation of glia, 
and increased levels of proin fl ammatory cytokines were observed, and working 
memory was seriously affected from 7 to 30 days after chronic cerebral hypoperfu-
sion induced by the two vessel occlusion (2VO) (Duan et al.  2009  ) . In the model of 
2VO, infusion of dipyridamole, improved spatial working memory (Melani et al. 
 2010  ) . An important autoregulatory role of adenosine through A 

2A
 Rs is also sug-

gested during hypotension: autoregulation is signi fi cantly impaired in A 
2A

 R KO 
mice and the A 

2A
 R antagonist ZM241385, in a dose-related manner, attenuated 

autoregulation in wild-type mice (Kusano et al.  2010  ) . 

    14.3.2.1   A 2A  Receptor and Neuroin fl ammation 

 In view of the evidence that A 
2A

 R agonists protect through peripheral effects acting 
on BMDCs, we might consider that protection by A 

2A
 R agonists after ischemia is 

due to control of in fi ltration and ensuing neuroin fl ammation. An early phenomenon 
after ischemia is a massive increase in extracellular glutamate that can prime an 
excitotoxic cascade which in turn activates immune cells and produces mediators of 
in fl ammation (Dirnagl et al.  1999  ) . After transient (1 h) focal ischemia induced by 
MCAo, de fi nite microglial activation is present after 12 h; thereafter macrophages 
in fi ltrate (Gelderblom et al.  2009  )  (Fig.  14.2 ). Activated immune cells probably exert 
an important role in promoting neutrophil accumulation by producing proin fl ammatory 
cytokines that upregulate cell adhesion molecules (Stoll et al.  1998 ; Huang et al. 
 2006  ) . In fi ltration is maximal at 3 days when the majority of immune cells are neu-
trophils and to a lesser extent, lymphocytes (Gelderblom et al.  2009  ) . Changes in 
blood–brain barrier (BBB) permeability are responsible for cell in fi ltration. The 
nature of BBB permeability is dependent on the duration of ischemia, the degree of 
reperfusion, and the animal stroke model. After transient MCAo, initial BBB perme-
ability is associated with reperfusion, followed by a biphasic increase at 5 and 72 h 
(Kuroiwa et al.  1985 ;    Sandoval and Witt  2008  ) . Studies in the human brain after 
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ischemic stroke con fi rm that neutrophils intensively accumulate in the regions of 
cerebral infarction (Akopov et al.  1996 ; Dirnagl et al.  1999  ) . Neutrophil accumula-
tion correlates with the severity of brain tissue damage and poor neurological 
outcome (Akopov et al.  1996 ; Dirnagl et al.  1999  ) . Neuroin fl ammation is now 
recognized as a predominant mechanism of secondary progression of brain injury 
after ischemia.  

 Interestingly, neuroin fl ammation results in inhibition of adult neurogenesis 
(Ekdahl et al.  2003  ) . Very little is known about the effects of adenosine on adult 
neurogenesis, but there is evidence about its involvement: enzymes involved in 
extracellular ATP metabolism such as alkaline phosphate (Langer et al.  2007  )  and 
e5 ¢ -NT (Lie et al.  1999  )  are expressed in the neurogenetic areas (olfactory bulb and 
subventricular zone); functional adenosine receptors are expressed in neurosphere 
cells (cultured neuronal stem cell aggregates) (Migita et al.  2008  ) ; and caffeine 
depresses adult hippocampal neurogenesis (Han et al.  2007 ; Wentz and Magavi 
 2009  ) . Because A 

2A
 Rs are involved in control of neuroin fl ammation they might 

have a potential for in fl uencing neurogenesis (Ekdahl et al.  2009 ; Gomes et al. 
 2011  )  and    reparative neurogenetic processes after ischemia. 

 A 
2A

 R agonists have undergone clinical trials as antin fl ammatory agents (Fredholm 
et al.  2011  ) . A problem is that they show hypotensive effects in relation to dose. 
There are still major problems in this  fi eld, including side effects, low brain penetra-
tion (for the targeting of CNS diseases), short half-life, or lack of in vivo effects. 
The design and development of new A 

2A
 R ligands is an area of intense research 

activity (Cristalli et al.  2009  ) .   

  Fig. 14.2    Schematic drawing of events during brain ischemia. Immediately after ischemia, adenosine 
levels increase reaching extracellular concentrations able to stimulate all adenosine receptor 
subtypes. Adenosine receptors are present on neurons, astrocytes, microglia and oligodendrocytes. 
After ischemia, blood–brain barrier (BBB) breakdown allows massive in fi ltration of leukocytes 
into brain ischemic areas. All adenosine receptors subtypes are present on leukocytes. In fi ltrating 
leukocytes, together with resident activated microglial cells, are responsible for the formation of 
in fl ammation products. Neuroin fl ammation is responsible for secondary ischemic damage       
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    14.3.3   A 
2A

  Receptor-Based Protection in Ischemia? 

 Because the activation of resident immune cells and the spatial–temporal in fi ltration 
of immune cell populations vary according to ischemic model, the time-course of 
in fl ammation markers needs to be considered for any approach using antiin fl ammatory 
treatment in patients with acute ischemic stroke. A careful characterization of 
immune cell in fi ltration is therefore essential in clinical settings of new therapies in 
stroke. Thus, stimulation or antagonism of A 

2A
 Rs might be a protective strategy 

secondary to the time-related development of phenomena typical of trauma and 
ischemia. Altogether, evidence suggests that low doses of A 

2A
 R antagonists (that do 

not modify hemodynamic parameters) in brain ischemia provide protection cen-
trally by moderating excitotoxicity, whereas A 

2A
 R agonists provide protection by 

controlling massive in fi ltration in the hours after SCI. When considering use of 
A 

2A
 R active drugs to protect against brain ischemia, attention should be given to the 

dose and administration time after injury. A novel therapeutic strategy could involve 
early treatment by an antagonist in what is called the therapeutic window of 4–6 h 
followed by A 

2A
 R agonist treatment for the control of later secondary injury. These 

observations highlight that a therapeutic strategy in different cerebrovascular 
pathologies should be carefully evaluated in terms of time.   

    14.4   A 2B  Receptors 

 Because of an apparent paucity of A 
2B

 R selective agonists and antagonists (see 
Müller and Jacobson  2011  )  there have been few relatively studies indicating a 
putative role for A 

2B
 R during brain ischemic damage. In the stratum radiatum of 

CA1 hippocampal slices, the number and immunostaining density of immunoreac-
tive cells for A 

2B
 Rs after ischemic preconditioning were increased (Zhou et al. 

 2004  ) . Some evidence suggests that A 
2B

 Rs are involved in the in fl ammatory 
response to ischemia. For example, in human astroglial cells, N-(4-acetylphenyl)-
2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl) henoxy]acetamide 
(MRS1706), a selective A 

2B
 R antagonist, completely prevents elongation of astro-

cytic processes, which is classi fi ed as a morphological hallmark of in vivo reactive 
astrogliosis, induced by selective stimulation of A 

2B
 R (Trincavelli et al.  2004  ) . 

Short-term TNF-alpha treatment that simulates the acute phase of cerebral dam-
age, which is characterized by both cytokine and adenosine high release, induces 
A 

2B
 R desensitization in human astroglial cells (Trincavelli et al.  2008b  ) . The 

results may indicate that A 
2B

 R functional impairment is a cell defense mechanism 
to counteract the A 

2B
 R-mediated effects during the acute phase of brain damage, 

underlying A 
2B

 Rs as a target for modulation of early in fl ammatory responses 
(Trincavelli et al.  2008b  ) .  
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    14.5   Roles of A 3  Receptors 

 A 
3
 R mRNA was detected in the rat and mouse brain by RT-PCR (Dixon et al.  1996  )  

and radioligand binding (Jacobson et al.  1993  )  at relatively low levels in comparison 
to A 

1
 R and A 

2A
 R. This receptor is widespread in the rat and mouse brain (see Gessi 

et al.  2008  ) . Compared to A 
1
 R and A 

2A
 R, A 

3
 Rs have less af fi nity for adenosine 

(10–30 nM versus 1  m M). However, because extracellular adenosine concentrations 
increase dramatically during ischemia (see Latini and Pedata  2001  ) , evidence now 
indicates that all three adenosine receptors are potential targets for therapeutic 
treatment of stroke. 

 The studies currently in the literature concerning the role of A 
3
 R in the 

pathophysiology of cerebral ischemia are rather contradictory and have been a 
matter of intense debate (Jacobson  1998 ; Jacobson et al.  1999 ; Abbracchio and 
Cattabeni  1999 ; von Lubitz  1999 ; von Lubitz et al.  1999 ; Baraldi et al.  2000 ; Borea 
et al.  2009 ; Pedata et al.  2010  ) . An early in vivo study in the model of global fore-
brain ischemia in the gerbil showed that a selective agonist of A 

3
 R, IB-MECA, 

acutely administered 15 min prior to global ischemia, impaired postischemic blood 
 fl ow, increased mortality and exacerbated the loss of hippocampal neurons (von 
Lubitz et al.  1994b  ) . IB-MECA administration 20 min prior to transient middle 
cerebral ischemia also resulted in a signi fi cant increase in infarct size (von Lubitz 
et al.  2001  ) . In agreement with a possible noxious role of A 

3
 R in ischemia, it has 

been shown that several different selective antagonists of A 
3
 R consistently abolish 

or delay the occurrence of AD and signi fi cantly prevent the irreversible failure of 
excitatory neurotransmission caused by a severe (7 min) ischemic episode in rat 
hippocampal slices (Pugliese et al.  2006,   2007a ; Colotta et al.  2007,   2008,   2009  ) . 
Moreover, in a model of in vitro ischemic preconditioning, the selective A 

3
 R antag-

onist, 5-propyl-2-ethyl-4-propyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-5-
carboxylate (MRS1523), facilitated the full recovery of CA1 hippocampal 
neurotransmission after a severe (7 min) irreversible OGD period (Pugliese et al. 
 2003  )  when applied before and during OGD. The block of A 

3
 R, by removing A 

3
 R-

mediated impairment of the feedback inhibition of glutamate release exerted by 
speci fi c metabotropic glutamate receptor subtypes (Macek et al.  1998  ) , may reduce 
the participation of glutamate in triggering AD. 

 Contrary to the above information, Hentschel and colleagues  (  2003  )  demon-
strated that under hypoxic conditions (5 min 95 % N2–5 % CO 

2
 ) in vitro, selective 

activation of A 
3
 R by a brief (5 min) application of IB-MECA, inhibits excitatory 

neurotransmission on cortical neurons. These data indicate that A 
3
 R, similar to A 

1
 R, 

may sustain inhibition of synaptic activity during hypoxia, a phenomenon that is 
considered neuroprotective. 

 Con fl icting results on the excitatory or inhibitory role of A 
3
 R on synaptic activity 

in hypoxia/ischemia may be reconciled by data reported by Pugliese et al.  (  2007a  ) . 
Although the selective A 

3
 R antagonists, MRS1523 and LJ1251, applied before a 

severe (7 min) OGD stimulate a recovery of neurotransmission, application of the 
antagonist before a brief (2 min) OGD reduces the depression of fEPSP in the CA1 
hippocampal area. The latter  fi nding indicates an inhibitory role of A 

3
 Rs on synaptic 
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transmission during brief OGD. These results suggest A 
3
 Rs may have a synergistic 

role with A 
1
 Rs in decreasing synaptic transmission and exert a protective effect in 

ischemia. Prolonged ischemic conditions could play a pivotal role in switching the 
effects of A 

3
 R stimulation from A 

1
 R-like inhibition to potentiation of an excitotoxic 

glutamate effect. Rat cortical neurons exposed to hypoxia in vitro show an increase 
in activation of protein kinase C (PKC) after selective A 

3
 R stimulation (Nieber and 

Hentschel  2006  ) . If OGD is applied long enough to be considered severe, PKC 
activation induced by A 

3
 R could account for an increase in intracellular calcium, 

which may participate in increasing tissue excitability and thus lead to irreversible 
synaptic failure. We may speculate that A 

3
 R-mediated effects would become par-

ticularly deleterious during ischemia, when high extracellular levels of adenosine 
are reached and detrimental effects of A 

3
 R activation may be due, at least in part, to 

sustained stimulation. We must take into account that during ischemic conditions in 
hippocampal slices, adenosine progressively increases, reaching concentrations up 
to 30  m M after 5 min OGD (Latini et al.  1998 ; Pearson et al.  2006  ) . 

 A protective role of A 
3
 Rs in ischemia is supported by the observation that 

IB-MECA acutely administered 20 min after transient (30 min) focal cerebral isch-
emia decreases the infarct volume (von Lubitz et al.  2001  )  and mice deleted for A 

3
 R 

showed more pronounced hippocampal pyramidal neuron damage following 
repeated episodes of moderate hypoxia (Fedorova et al.  2003  )  and an increase in 
cerebral infarction after transient ligation of the MCA (Chen et al.  2006  ) . 

 Plastic changes in A 
3
 Rs following ischemia might be relevant to the effects of 

A 
3
 R agonists/antagonists in ischemia. Both human and rat A 

3
 Rs are desensitized 

within a few minutes after agonist exposure (Palmer et al.  1995 ; Trincavelli et al. 
 2000,   2002 ; Baines et al.  2011  )  and A 

3
 Rs are very sensitive to prolonged stress 

in vitro (von Arnim et al.  2000,   2006  ) . 
 In an in vitro OGD model in hippocampal slices, it was found that a long applica-

tion (before and during OGD) of Cl-IB-MECA and of new selective A 
3
 R agonists 

(Volpini et al.  2002,   2007  )  have effects similar to those of antagonists upon the 
OGD-induced depression of synaptic transmission and on the appearance of AD 
after the severe (7 min) OGD period (Pugliese et al.  2007a  ) . These effects may be 
attributed to desensitization of A 

3
 Rs. A stimulation as massive as that reached in the 

presence of endogenous adenosine plus exogenous A 
3
 R agonists might induce sub-

stantial A 
3
 R plastic adjustments such as desensitization. These in vitro results agree 

with the observation that chronic administration (10-day preischemic) of IB-MECA 
improves postischemic cerebral  fl ow circulation, survival and neuron preservation 
in the global forebrain ischemia model in the gerbil (von Lubitz et al.  1994b,   1999  )  
and that repeated intravenous administration of Cl-IB MECA before MCAo 
increases locomotor activity and decreases cerebral infarction (Chen et al.  2006  ) . 

 Altogether these data suggest that the outcome of A 
3
 R stimulation on synaptic 

transmission during hypoxic/ischemic phenomena depends on the severity and 
duration of the ischemic episode. Initially, massive excitotoxicity may be controlled 
by A 

3
 Rs but later, an ensuing cascade of neuroin fl ammatory events could be poten-

tiated by prolonged A 
3
 R stimulation. Moreover, A 

3
 R desensitization may account 

for the different effects of acute versus chronic agonist treatments reported in differ-
ent studies. 
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    14.5.1   A 
3
  Receptor and Neuroin fl ammation 

 The evidence summarized in the previous section suggests that A 
3
 R may control 

ischemic brain injury by controlling excitotoxicity. Although excitotoxicity is 
invoked in the pathophysiology of most neurodegenerative central diseases, the 
putative involvement of A 

3
 Rs in modulation of brain injury remains unclear. 

However, recent evidence suggests that central A 
3
 Rs affect not only neurons but 

also glia, and control important intracellular signaling pathways involved in 
neuroin fl ammation (Daré et al.  2007 ; Gessi et al.  2008 ; Luo et al.  2010  ) . A 

3
 R mRNA 

has been identi fi ed by Northern blot analysis in mouse astrocytes (Zhao et al.  1999  )  
and A 

3
 R mRNA is expressed in microglia (Fiebich et al.  1996  )  and in oligodendro-

cytes (Stevens et al.  2002  ) . 
 Early evidence indicated that A 

3
 Rs on astrocytes mediate both protection and cell 

death, depending on A 
3
 R agonist concentration (Abbracchio et al.  1997 ; Yao et al. 

 1997 ; Jacobson et al.  1999 ; Di Iorio et al.  2002  ) . Recently, in human D384 astrocy-
toma cells, Cl-IB-MECA at relatively low concentration (0.8  m M), reduced ATP 
depletion and apoptosis caused by hypoxic conditions (Bjorklund et al.  2008  ) . 
Furthermore, primary astrocytes prepared from A 

3
 R KO mice were more affected by 

hypoxia than those prepared from WT mice (Bjorklund et al.  2008  ) . In the in vivo 
model of global forebrain ischemia in the gerbil, chronic preischemic administration 
of IB-MECA results in enhancement of the expression of glial  fi brillary acidic pro-
tein (GFAP) and depression of nitric oxide synthase in ischemic brain tissue (von 
Lubitz  1999  ) , whereas in the ischemia model of MCAo (transient, 30 min occlu-
sions), IB-MECA administered after ischemia proved to decrease the intensity of 
reactive gliosis involving microglia and astrocytes as evaluated 7 days after isch-
emia (von Lubitz et al.  2001  ) . Injury-induced plasticity in A 

3
 R may be relevant in 

modulation of intracellular pathways and cell safety (von Arnim et al.  2000,   2006  ) . 
 The state of the art of the role of A 

3
 Rs in in fl ammatory responses appears 

con fl icting also because exposure of blood peripheral cell lines to selective A 
3
 R 

agonists results in both anti- and proin fl ammatory effects (see Fishman and Bar-
Yehuda  2003 ; Gessi et al.  2008 ; Borea et al.  2009 ; Luo et al.  2010  ) . Although much 
is still to be learned about the function of the A 

3
 R, at the present time it can be specu-

lated that A 
3
 R selective ligands might be helpful in the treatment of ischemic condi-

tions in which in fl ammation is a feature. At present, oral active A 
3
 R agonists are 

being tested in in fl ammatory diseases (Haskó et al.  2008 ; Fredholm et al.  2011  ) .  

    14.5.2   A 
3
  Receptor-Based Protection in Ischemia? 

 Results raise the question of the time-related utility of A 
3
 R antagonists/agonists for 

treatment of ischemia. It may be speculated that after ischemia, prolonged treatment 
with A 

3
 R agonists  fi rst protects by reducing glutamate-mediated excitotoxicity. This 

supports a depression of neuronal activity and saves cellular energy. After ischemia, 
desensitization of A 

3
 Rs may then avoid late onset of any deleterious A 

3
 R in fl uences. 
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A protective effect of drugs acting on A 
3
 R receptors is still controversial and needs 

to be examined further (see Jacobson and Gao  2006  ) . Further studies aimed at 
verifying the effect of agonists versus antagonists at different times after in vivo 
ischemia will help clarify the utility of this class of drugs.   

    14.6   Conclusions and Perspectives 

 Under neurodegenerative conditions involving ischemia, excitotoxicity is a  fi rst 
phenomenon. Thereafter, the interplay of resident glial cells with in fi ltrating periph-
eral BMDCs produces neuroin fl ammation. Presently, the understanding of postisch-
emic in fl ammation and the functions of regulatory immune cells in ischemia is very 
limited. Understanding the dynamics of postischemic in fl ammation, i.e., the 
de fi nition of temporal and spatial activation and in fi ltration of immune cell popula-
tions, is a prerequisite for therapeutic intervention in this fragile system to prevent 
harmful side effects. The state of art of a putative adenosinergic strategy as protective 
in ischemia foresees that a  fi rst approach could be that of minimizing excitotoxicity. 
This can be achieved by increasing adenosine at the site of injury with the aim of 
obtaining A 

1
 R-mediated protection and of avoiding undesirable peripheral and cen-

tral effects of A 
1
 R agonist administration. A 

2A
 R antagonists at doses that do not 

modify heart frequency and blood pressure are ef fi cacious at the central level in 
decreasing early excitotoxicity and ensuing tissue damage. A 

2A
 R agonists appear 

ef fi cacious in control of later secondary injury due to massive cell in fi ltration in 
terms of hours and days after ischemia. A possible protective effect of adenosine in 
ischemia through activation of A 

3
 R is still controversial. At present, orally adminis-

tered A 
3
 R agonists are being tested in patients with in fl ammatory diseases. This 

leaves A 
2A

 Rs as a potentially attractive target for therapeutic exploitation.      
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  Abstract   Many secondary mechanisms regulate the evolution of damage and repair 
after traumatic brain injury (TBI). Bench-to-bedside studies from our team have shown 
that adenosine plays a key role in several secondary injury pathways in the brain, 
namely, excitotoxicity, neuroin fl ammation, and cerebral blood  fl ow (CBF) dysregu-
lation. Studies of adenosine A 

1
 -receptor (A 

1
 R) knockout (KO) mice strongly support 

a key role for adenosine-dependent effects at this receptor in attenuating posttrau-
matic excitotoxicty. A 

1
 R KO mice develop lethal status epilepticus after experimental 

TBI. Evidence also supports a role of the A 
1
 R in human TBI since A 

1
 R gene variants 

are associated with posttraumatic seizures in patients with TBI. A 
1
 R also modulates 

the neuroin fl ammatory response to TBI. A 
1
 R KO mice exhibit enhanced microglial 

proliferation early after TBI. Adenosine acting at A 
2A

  and/or A 
2B

  receptors also 
modulates posttraumatic CBF. Local injection of either the nonselective AR agonist 
2-chloroadenosine or the A 

2A
 R agonist CGS21680 markedly increases CBF in naïve 

or brain-injured rats. However, whether the effects of adenosine on CBF after TBI 
are bene fi cial or detrimental is controversial. Mitigation of ischemia by adenosine 
produced from breakdown of ATP after TBI has been suggested, and consistent 
with this hypothesis, we reported increases in brain interstitial adenosine levels in 
patients with severe TBI during episodes of ischemia. However, in studies of CBF 
in patients after severe TBI, we also noted an association between cerebrospinal 
 fl uid (CSF) adenosine levels and uncoupling of CBF and metabolism (cerebral 
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metabolic rate for oxygen [CMRO 
2
 ]). Uncoupling of CBF and CMRO 

2
  is associated 

with intracranial hypertension. Thus, adenosine may represent a two-edged sword 
after TBI. Additional evidence supporting a protective role of adenosine in TBI 
comes from clinical studies showing a powerful association between CSF caffeine 
levels and favorable outcome after TBI—given the interplay between caffeine and 
adenosine in neuroprotection. Finally, our work also suggests that the newly 
discovered 2,3-cyclic AMP pathway represents an important component of the 
adenosine response to TBI.  

  Keywords   Head injury  •  Neuroin fl ammation  •  Excitotoxicity  •  Microglia  •  Seizure  
•  Controlled cortical impact  •  Cerebral blood  fl ow  •  Caffeine      

    15.1   Introduction 

 It has become clear that traumatic brain injury (TBI) is an enormous public health 
problem worldwide. In the United States, data from the Centers for Disease Control 
and Prevention indicate that greater than 1.7 million people suffer a TBI annually, 
275,000 are hospitalized, and over 50,000 die (  http://www.CDC.gov    ,  2011  ) . TBI has 
also taken on special importance in the setting of combat casualty care within the 
US Department of Defense. For example, the RAND Corporation estimates that more 
than 400,000 US soldiers have suffered TBI in Operation Iraqi Freedom and Operation 
Enduring Freedom (  http://www.rand.org    ,  2011  ) —largely from blast injury. The long-
term consequences of repeated exposure to even a mild TBI, such as that encountered 
in sport concussion, may be linked to a broad spectrum of neurodegenerative diseases, 
like dementia, Parkinson’s disease, and amyotrophic lateral sclerosis, among others 
(DeKosky et al.  2010 ; McKee et al.  2010  ) . Currently, patients with severe TBI are 
treated with guideline-based therapies; however, the available treatments are limited 
largely to agents targeting control of raised intracranial pressure. Development of 
novel neuroprotective therapies is badly needed. Finally, there is no current therapy 
for cases of mild TBI—which represent the most common presentation of this dis-
ease. It is now well recognized that repeated mild TBI in the setting of concussion 
could be very detrimental, and there is considerable effort ongoing to develop new 
diagnostic and therapeutic modalities for this speci fi c condition.  

    15.2   The Evolution of Secondary Damage 
and Repair After TBI 

 TBI is a highly complex disease. Indeed, some have questioned whether or not it 
represents a single disease entity (Saatman et al.  2008  ) . For example, severe TBI 
can present with a variety of injury patterns such as contusion, epidural, subdural, 
subarachnoid, or parenchymal hemorrhage, diffuse swelling, diffuse axonal injury, 

http://www.CDC.gov
http://www.rand.org
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or combinations of these presentations. Similarly, within each of these presentations, 
myriad mechanisms are involved in the secondary events that follow the primary 
injury. And these secondary mechanisms can be detrimental, bene fi cial, or both. 
Emerging data suggest that adenosine in fl uences secondary injury and repair after 
TBI. Figure  15.1  provides an overview of secondary injury and repair pathways 
after severe TBI that will serve as the basis for a discussion of the role of adenosine 
in this condition (Kochanek et al.  2000  ) . In general, secondary processes after TBI 
can be categorized into those effecting excitation, neuronal death cascades, cerebral 
blood  fl ow (CBF) dysregulation (resulting in brain swelling and intracranial 
hypertension), axonal injury, in fl ammation, and regeneration. Our group has been 
studying the role of adenosine in TBI for the past decade using a bench-to-bedside 
approach, and we discuss the  fi ndings of these and studies by other laboratories that 
show substantial production of adenosine early after TBI and suggest important 
roles of adenosine in modulating three important secondary injury pathways, 
namely, excitotoxicity, neuroin fl ammation, and CBF dysregulation.   
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  Fig. 15.1    Schematic of the putative mechanisms of secondary injury and repair after severe traumatic 
brain injury. Ischemia, neuronal death, brain swelling, axonal injury, and neuroin fl ammation are 
believed to play important roles after the primary injury that disrupts the parenchyma. Adenosine has 
effects on multiple aspects of this cascade. The most important are identi fi ed by the red arrows and 
include inhibition of excitotoxicity via effects at A 

1
  receptors, attenuation of ischemia and possible 

vascular dysregulation via effects at A 
2A

  and A 
2B

  receptors, and complex effects on neuroin fl ammation 
via effects at both A 

1
  and A 

2A
  receptors. Please see text for additional details.  TBI  traumatic brain 

injury,  ICP  intracranial pressure,  CBV  cerebral blood volume,  BBB  blood–brain barrier       

 



310 P.M. Kochanek et al.

    15.3   Adenosine Is Increased Early After Experimental 
and Clinical TBI 

 We used the controlled cortical impact model of experimental TBI in rats to 
monitor changes in the levels of adenosine early after injury. This model provides 
a highly reproducible cerebral contusion along with more generalized damage 
(Dixon et al.  1991 ; Hall et al.  2005 ). Using microdialysis to assess brain intersti-
tial levels of adenosine in the cerebral cortex, we reported marked (over 60-fold) 
increases in adenosine in the initial hour after controlled cortical impact, with 
peak levels observed in the initial 20 min (Bell et al.  1998  ) . Increases in adenosine 
were directly correlated with injury severity. Marked increases in levels of other 
purine metabolites were also seen, and a possible role for energy failure with 
resultant ATP breakdown was suggested as a potential source of adenosine. 
In three separate studies, we also examined adenosine levels in comatose patients 
with severe TBI (Clark et al.  1997 ; Bell et al.  2001 ; Robertson et al.  2001  ) . In two 
studies, we measured cerebrospinal  fl uid (CSF) levels of adenosine, and in a third 
study we assessed brain interstitial levels of adenosine using intracerebral microdi-
alysis in these patients during episodes of metabolic crisis. Using CSF analysis, 
we demonstrated increases in levels of adenosine in both children and adults. 
In these studies, adenosine levels were directly associated with severity of injury 
and poor outcome. Of note, CSF adenosine levels were approximately 4–8 nM in 
controls, on average approximately twofold higher after injury, and as high as 
100–800 nM in some patients (Clark et al.  1997  ) . In addition, CSF adenosine 
levels were increased for days after injury. 

 In contrast, in rats after controlled cortical impact, brain interstitial levels of 
adenosine were much higher than CSF, speci fi cally over 10,000 nM after severe 
injury, but these increases were much more transient―lasting less than 1 h. It is 
likely that local metabolism of adenosine by adenosine deaminase and adenosine 
kinase in the interstitial space tightly regulates adenosine levels, while adenosine 
that enters the CSF compartment may be less vulnerable to breakdown. Consistent 
with this hypothesis, we studied brain interstitial adenosine concentration in six 
patients using microdialysis (Bell et al.  2001  ) . These patients demonstrated episodes 
of metabolic crisis de fi ned by periods of jugular venous oxygen desaturation to 
levels < 50 %―a level that is known to be associated with brain ischemia and 
increased mortality rate in clinical TBI (Gopinath et al.  1994 ). During these episodes, 
brain interstitial adenosine levels increased from baseline values of ~200 nM to 
levels as high as 1,000 nM. Adenosine has often been suggested to represent a 
retaliatory metabolite that is an endogenous neuroprotectant (Miller and Hsu  1992 ). 
Thus, the association between high levels of adenosine and both severity of injury 
and poor outcome has generally been attributed to a putative endogenous neuropro-
tectant response to TBI. Speci fi c studies of adenosine effects on various secondary 
injury mechanisms in TBI are discussed later in this chapter.  
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    15.4   The Role of Adenosine in Modulating 
Excitotoxicity and Seizures After TBI 

 The most dramatic effect of manipulating the adenosine pathway in experimental 
TBI was observed when A 

1
 -receptor (A 

1
 R) KO mice were subjected to controlled 

cortical impact TBI (Kochanek et al.  2006  ) . In this commonly used model of experi-
mental TBI, overt seizures are observed in ~33 % of wild-type mice, but are very 
transient―lasting only seconds in duration, and status epilepticus has not been 
observed. Post-injury mortality rates are near zero at injury levels routinely used in 
this model in both rats and mice. In contrast, 80 % of A 

1
 R KO mice demonstrated 

seizure activity and 50 % exhibited lethal sustained status epilepticus (Fig.  15.2 ). 
Although both  g -amino butyric acid and adenosine play important roles in maintain-
ing inhibitory tone in brain, it has been suggested that adenosine is the principal 
agent responsible for seizure arrest―terminating brief episodes of seizure activity 
and inhibiting progression to status epilepticus (Franklin et al.  1989 ; Avsar and 
Empson  2004  ) . Our data in the A 

1
 R KO mice are consistent with this concept. In 

addition, in the aforementioned clinical study of CSF levels of adenosine in children 
(Robertson et al.  2001  ) , spikes in adenosine were temporally associated with increases 
in CSF levels of the excitotoxic neurotransmitter glutamate. Further supporting 
the role of adenosine as an important endogenous anti-excitotoxic and anticonvulsant 

  Fig. 15.2    Incidence of seizures, status epilepticus, and mortality in male adenosine A 
1
  receptor 

+/+, +/−, and −/− mice in the initial 2 h after traumatic brain injury induced by controlled cortical 
impact. Adenosine A 

1
  receptor −/− mice showed an increased incidence of seizures, status epilep-

ticus, and mortality after injury versus both +/+ and +/− genotypes, * P  < 0.05. Reprinted from 
Kochanek et al.  (  2006  )  with permission       
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  Fig. 15.3    Multiple tagging single-nucleotide polymorphisms within the adenosine A 
1
  receptor 

gene are associated with posttraumatic seizures in severe traumatic brain injury. Late seizure rates 
(seizures occurring in the  fi rst week after traumatic brain injury) increase substantially as the number 
of risk variants increases from zero to two. Please see text for details       

molecule after TBI is a recent work by Wagner et al.  (  2010  ) . In that study  fi ve 
single-nucleotide polymorphisms were examined in over 200 patients with severe 
TBI. A 

1
 R polymorphisms were associated with an increased incidence of both 

early- and delayed-onset posttraumatic seizures, and multiple risk genotype 
analysis showed that subjects with two high-risk genotypes had a 46.7 % chance of 
developing late posttraumatic seizures (Fig.  15.3 ). The early posttraumatic seizures 
could be linked to excitotoxicity and the late posttraumatic seizures could be related 
to interactions between adenosine and glial response to injury, as discussed below. 
Recent work by Vespa et al.  (  2007  )  has demonstrated a remarkably high incidence 
of early posttraumatic subclinical seizure activity in humans after severe TBI 
assessed with continuous electroencephalographic monitoring. This suggests that 
augmentation of adenosine might have therapeutic potential. Similarly, our data are 
consistent with the work of Gouder et al.  (  2004  )  and Fedele et al.  (  2005  )  who 
reported that over-expression of adenosine kinase by astrocytes in the glial scar after 
CNS injury reduces adenosine levels and aggravates seizures. Because of the low 
incidence of late posttraumatic seizures (as low as 3 % in some series) and the 
potential long-term side effects of anticonvulsants, the routine long-term use of anti-
convulsants in patients with TBI is not recommended (Brain Trauma Foundation 
et al.  2007  ) . However, given our  fi ndings, it is possible that A 

1
 R-genotype-guided 

anticonvulsant therapy could be useful in patients with TBI.   
 In addition to bene fi cial effects on excitoxicity and seizures after TBI, A 

1
 R receptor 

manipulation after experimental TBI suggests a neuroprotective role of this 
receptor. Local injection of the A 

1
 R antagonist DPCPX into the hippocampus after 

controlled cortical impact in rats exacerbated both motor de fi cits and hippocampal 
neuronal death, while treatment with the selective A 

1
 R agonist CCPA attenuated 

hippocampal neuronal death (Varma et al.  2002  ) . It is unclear what the contribution 
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of effects on excitotoxicity and seizures was to the observed effects on behavior 
and neuropathology. Nevertheless, taken together, these studies suggest that aug-
mentation of A 

1
 R signaling may represent a therapeutic target after TBI. What 

remains unclear is how to best augment the effects of A 
1
 R early after injury without 

inducing adverse cardiovascular effects or potential deleterious consequences of 
sustained A 

1
 R activation on plasticity (Lu et al.  2010  ) . A related issue is what dura-

tion of A 
1
 R augmentation might be optimal to maximize bene fi t without causing the 

mentioned undesired effects.  

    15.5   Adenosine and Neuroin fl ammation After TBI 

 Adenosine, in addition to acting as a neuromodulator, has long been known to serve 
as an immunomodulator, and in particular regulates neuroin fl ammation after vari-
ous central nervous system insults (Yu et al.  2004 ; Chen and Pedata  2008 ; Dai and 
Zhou  2011  ) . Recently, the A 

1
 R has been shown to have an important role in blunting 

the endogenous microglial response in several neuroin fl ammatory conditions. For 
example, Tsutsui et al.  (  2004  )  reported that A 

1
 R KO mice have a markedly enhanced 

pro-in fl ammatory response in experimental allergic encephalitis―including 
exacerbation of demyelination and marked microglial proliferation. Similarly, 
enhanced microglial proliferation was reported in A 

1
 R KO mice in a model of 

experimental glioblastoma (Synowitz et al.  2006  ) . Recently, we reported that A 
1
 R 

KO mice subjected to experimental TBI from controlled cortical impact exhibited a 
global exacerbation of microglial proliferation at 7 days after the insult as assessed 
with Iba-1 immunohistochemistry, a microglial marker (Haselkorn et al.  2010  ) . 
Corroborating this in vivo  fi nding, we also reported that treatment of immortalized 
microglial cells (BV-2) with the selective A 

1
 R agonist CCPA or selective A 

1
 R antag-

onist DPCPX signi fi cantly decreased or increased proliferation, respectively, as 
assessed by thymidine incorporation (Haselkorn et al.  2010  ) . Although a contribu-
tion of activated microglia to secondary injury has been suggested in many studies 
across a variety of models of experimental brain injury, some reports suggest that 
microglia in fl uence the regenerative response after brain injury (Lalancette-Hébert 
et al.  2007  ) . It is, thus, essential that the effects on behavioral and neuropatho-
logical outcomes be carefully examined after any intervention targeting 
neuroin fl ammation in TBI—including manipulation of adenosine effects. Finally, it 
is noteworthy that in BV-2 cells, A 

2A
 , A 

2B
 , and A 

3
  selective AR antagonists all 

increased microglial proliferation. In addition, mRNA expression of A 
2B

  receptors 
was greatest in this system, suggesting a possible important and unexplored role of 
the A 

2B
  receptor on the endogenous microglial response to TBI or possibly other 

central nervous system diseases. 
 In contrast to the potential anti-in fl ammatory role of A 

1
 R activation after experi-

mental TBI, Li et al.  (  2009  )  suggested a pro-in fl ammatory role of A 
2A

 R activation 
after experimental TBI, reporting that genetic inactivation of A 

2A
 R was associated 

with reduced neuroin fl ammation in mice. However, a complex pattern was observed, 
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with exacerbation of increases in TNF a  and IL-1 b  at 12 h after injury but inhibition 
of these two cytokines at 24 h after injury in A 

2A
 R KO versus wild-type controls. In 

a subsequent study by this group, inactivation of A 
2A

 R in both bone marrow-derived 
and non-bone marrow-derived cells attenuated in fl ammatory cytokines and 
secondary damage after experimental TBI in mice—likely suggesting roles of both 
circulating macrophages that enter the injured brain and endogenous microglia or 
other resident cell types in brain (Dai et al.  2010  ) . 

 Robust neutrophil accumulation has been reported in numerous studies early 
after experimental TBI (Clark et al.  1994  )  and also macrophage accumulation in 
injured brain has been demonstrated using MPIO labeling, which speci fi cally 
identi fi es in fi ltration of circulating macrophages (Foley et al.  2009  ) . Macrophage 
accumulation in brain has also been reported in the initial 72 h after severe TBI in 
humans (Sinz et al.  1998  ) . Thus, the impact of circulating and endogenous 
in fl ammatory processes could be important in in fl uencing the secondary injury 
response after TBI and may be in fl uenced by the adenosine pathway. In any case, it 
appears that the effects of adenosine on the neuroin fl ammatory response to TBI are 
complex, dependent on the receptor that is activated, and also dependent on the 
temporal pro fi le studied. 

 Given the ability to manipulate adenosine receptors pharmacologically, further 
study of the role of adenosine in the neuroin fl ammatory response is needed. The 
effect of adenosine on neuroin fl ammation after TBI could have substantial impor-
tance given the fact that TBI is now being linked to many neuroin fl ammatory and 
neurodegenerative diseases such as amytrophic lateral sclerosis, Parkinson’s disease, 
and dementia (DeKosky et al.  2010 ; McKee et al.  2010  ) . Similarly, microglial 
activation and proliferation appear to be synergistically produced in the setting of 
repetitive mild TBI—at injury levels where a single exposure induces no injury or 
neuroin fl ammatory response. In addition, several laboratories have reported remark-
able chronic microglial activation after experimental TBI suggesting the possibility 
of a sustained therapeutic target for adenosine-related pharmacological approaches. 
How genetic differences with regard to adenosine receptors, as shown for A 

1
 R, 

impact on these long-term neuroin fl ammatory effects deserves additional investiga-
tion. Given the aforementioned link between genetic polymorphisms related to the 
A 

1
 R and posttraumatic seizures, it is likely that similar genetic predispositions play 

a role in adenosine’s regulation of neuroin fl ammation after brain injury.  

    15.6   Adenosine and Cerebral Blood Flow 
Dysregulation After TBI 

 Early after TBI, CBF is reduced. Given that the early posttraumatic period is com-
plicated by an excitotoxic response, the combination of low  fl ow and increased 
metabolic demands has been suggested to contribute to secondary damage (reviewed 
in Kochanek et al.  2000  ) . Early low CBF has been correlated with poor outcome 
after TBI in humans (Bouma et al.  1992  ) . However, after several hours, a state of 
metabolic depression ensues and CBF may, in some patients, increase to levels that 



31515 The Many Roles of Adenosine in Traumatic Brain Injury

represent either relative or absolute hyperemia (Hovda et al.  1995  ) . Increases in CBF 
during the delayed post-injury period could contribute to an increase in cerebral 
blood volume and potentially complicate intracranial hypertension. Thus either low 
or high CBF could be problematic in patients with severe TBI. 

 Traditionally, adenosine has been touted as an important retaliatory metabolite 
that defends the brain against ischemia―with adenosine production from ATP 
breakdown during states of low CBF mediating this response (Miller and Hsu  1992 ; 
Laghi Pasini et al.  2000  ) . Effects at both A 

2A
  and A 

2B
  receptors have been suggested 

in mediating the vasodilatory effects of adenosine in the cerebral circulation (Ngai 
et al.  2001 ; Kusano et al.  2010  ) . We carried out studies in both experimental and 
clinical TBI that support this hypothesis. In the controlled cortical impact model in 
rats, we observed marked CBF reductions early after injury in the injured hemisphere 
(Hendrich et al.  1999  ) . These reductions could be readily attenuated by local injec-
tion of either the nonselective AR agonist 2-chloroadenosine or the A 

2A
  selective 

agonist CGS 21680 (Kochanek et al.  2005  ) . Intra-hippocampal injection of CGS 
21680 at doses of only 6 nmol produced marked and sustained global increases in 
CBF (Fig.  15.4 ). However, neither agent altered cerebral glucose utilization 
after injury―suggesting improvements in  fl ow without pathologically increasing 
metabolic demands.  

 In the aforementioned study in patients undergoing microdialysis to assess brain 
interstitial levels of adenosine during periods of ischemia de fi ned as a jugular venous 
desaturation to <50 %, we demonstrated robust and immediate increases in adenos-
ine (Bell et al.  2001  ) . The jugular venous desaturation episodes were associated 
with events such as systemic hypotension or intracranial hypertension in these 
patients. A single episode of jugular venous desaturation to this level was previ-
ously demonstrated to be associated with a doubling of mortality rate in patients 
with severe TBI—supporting the highly deleterious role of secondary ischemic 
insults in these patients (Gopinath et al.  1994 ). Although we were not able to assess 
simultaneously CBF at the bedside in these critically ill patients with severe TBI, 
our data support the aforementioned retaliatory role of adenosine that has been 
demonstrated in numerous experimental studies of cerebral ischemia (Miller and 
Hsu  1992 ). Therapeutically, given the highly deleterious consequences of early 
posttraumatic ischemia after injury, augmentation of adenosine early after severe 
TBI deserves further study in experimental models of TBI. This approach might 
have greater potential impact in certain forms of severe TBI such as cerebral contu-
sion, where CBF decrements are greatest. 

 In contrast to the potential bene fi cial effects of adenosine on CBF early after 
TBI, delayed increases in adenosine may contribute to CBF dysregulation after TBI 
and mediate luxury perfusion and possibly exacerbate intracranial hypertension by 
increasing cerebral blood volume. In this regard, Clark et al.  (  1997  )  studied 13 
adults with severe TBI using radioactive Xenon 133 to assess CBF, jugular venous 
bulb catheters to assess cerebral metabolic rate for oxygen (CMRO 

2
 ), and cerebro-

spinal  fl uid analysis of adenosine concentration. CBF was reduced between 6 and 
18 h after injury. But thereafter, CBF and adenosine levels increased, and adenosine 
levels were associated with uncoupling of CBF and CMRO 

2
 . Thus, adenosine 

appears to have potent effects on CBF after TBI.  
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    15.7   Caffeine and Outcome in Severe TBI 

 Caffeine is the most widely consumed psychoactive drug and a weak adenosine 
receptor antagonist. We explored its role in clinical TBI by serially measuring caffeine 
levels in CSF of 30 patients with severe TBI (Sachse et al.  2008  ) . Caffeine was detected 
in 24 of the 30 patients, and marked increases in CSF levels of caffeine were observed 
in some patients―as high as 2,000 ng/mL (Fig.  15.5 ). Surprisingly, CSF caffeine 
levels on admission were highly associated with favorable neurological outcome at 
6 months. One possibility is that chronic caffeine consumption leads to A 

1
 R up-regulation 

and ultimately enhanced neuroprotection and anti-excitotoxic effects from the large 
amount of adenosine that is produced early after TBI. Recently Li et al.  (  2008  )  studied 
the effect of caffeine administration to mice after experimental TBI and reported that 
chronic but not acute caffeine treatment was neuroprotective. Speci fi cally, chronic 

  Fig. 15.4    Cerebral blood  fl ow maps (as assessed by arterial spin-labeled magnetic resonance imaging) 
demonstrating a dramatic increase in  fl ow between 3 and 5 h after intra-hippocampal injection of the 
adenosine A 

2A
  receptor agonist GCS21680. Left three vertical panels show the anatomical image 

( top panel ) and serial cerebral blood  fl ow maps after injection of vehicle. Right three vertical 
panels show the anatomical image ( top panel ) and serial cerebral blood  fl ow maps after injection of 
6 nanomoles of GCS21680. Reprinted from Kochanek et al.  (  2005  )  with permission       
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caffeine administration was correlated with up-regulation of A 
1
 R and attenuated 

glutamate release, corroborating our clinical  fi ndings. A reduction in in fl ammatory 
cytokine production in the mice treated with chronic caffeine was also observed, 
suggesting a possible link to modulation of the microglial response by A 

1
 R that was 

previously described in this chapter. Related to our  fi ndings, Saharan and Nantwi 
 (  2006  )  reported that administration of theophylline produced enhanced af fi nity and an 
apparent unmasking of a second binding site in the pro fi le of A 

1
 R in the cervical spinal 

cord. Further study is needed, but the possible utility of caffeine as a neuroprotectant 
in TBI deserves additional exploration. This approach could have special relevance 
in the setting of blast TBI in combat casualty care or sports concussion where 
pharmacological pretreatment in high-risk settings is a potential option.   

    15.8   The Possible Role of the 2 ¢ ,3 ¢ -cAMP-Adenosine 
Pathway in the Adenosine Response to TBI 

 The term “cAMP” is used universally to refer to 3 ¢ ,5 ¢ -cyclic adenosine monophos-
phate (3 ¢ ,5 ¢ -cAMP), the famous “second messenger” discovered by Dr. Earl 
Sutherland. The vast majority of investigators measure 3 ¢ ,5 ¢ -cAMP using various 

  Fig. 15.5    Time course of cerebrospinal  fl uid caffeine levels in patients after severe traumatic brain 
injury. Marked increases were seen in many patients and caffeine level was directly correlated with 
favorable outcome. The  dotted line  represents a putative caffeine level of 194 ng/mL (1 micromo-
lar) that would be expected to produce clinically signi fi cant effects. Reprinted from Sachse et al. 
 (  2008  )  with permission       
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commercially available assay kits, but our group routinely measures 3 ¢ ,5 ¢ -cAMP 
using high-performance liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Due to the analytical power and  fl exibility of LC-MS/MS, we serendipitously 
discovered while measuring 3 ¢ ,5 ¢ -cAMP that tissues also produce a positional isomer 
of 3 ¢ ,5 ¢ -cAMP, namely, 2 ¢ ,3 ¢ -cyclic adenosine monophosphate (2 ¢ ,3 ¢ -cAMP) (Ren 
et al.  2009  ) . Follow-up experiments showed that 2 ¢ ,3 ¢ -cAMP arises from degrada-
tion of mRNA (Jackson et al.  2009  )  and that tissues (Jackson et al.  2009  )  and cells 
(Jackson et al.  2010,   2011a,   b,   c  )  metabolize 2 ¢ ,3 ¢ -cAMP to 2 ¢ -AMP and 3 ¢ -AMP, 
with further conversion of 2 ¢ -AMP and 3 ¢ -AMP to adenosine (a mechanism we call 
the 2 ¢ ,3 ¢ -cAMP-adenosine pathway). Because tissue injury increases mRNA break-
down (Akahane et al.  2001 ; Catts et al.  2005 ; Chevyreva et al.  2008 ; Del Prete et al. 
 2002  ) , we hypothesize that the 2 ¢ ,3 ¢ -cAMP-adenosine pathway may be activated 
during tissue trauma. This may be particularly important in the brain because of the 
abundance of a 2 ¢ ,3 ¢ -cyclic nucleotide-3 ¢ -phosphodiesterase (CNPase) (Sprinkle 
 1989  ) , an enzyme know to metabolize 2 ¢ ,3 ¢ -cAMP to 2 ¢ -AMP. In preliminary 
(unpublished) studies, LC-MS/MS analysis of 44 samples of cerebral spinal  fl uid 
from TBI patients revealed that 2 ¢ ,3 ¢ -cAMP is present in CSF from patients with 
TBI. In addition to 2 ¢ ,3 ¢ -cAMP, the levels of 2 ¢ -AMP, adenosine, and inosine 
(metabolite of adenosine) were also measured in these same samples. Importantly, 
there was a large and signi fi cant correlation between 2 ¢ ,3 ¢ -cAMP and 2 ¢ -AMP, 2 ¢ -
AMP and adenosine, and 2 ¢ -AMP and inosine in CSF from TBI patients. Moreover, 
in mouse primary microglia and astrocytes in cell culture, we observed that 
2 ¢ ,3 ¢ -cAMP is readily metabolized to 2 ¢ -AMP and 3 ¢ -AMP and that 2 ¢ -AMP and 
3 ¢ -AMP are converted to adenosine (Verrier et al.  2011  ) . The existence of the 2 ¢ ,3 ¢ -
cAMP pathway in both microglia and astrocytes potentially reveals a new mecha-
nism of adenosine production in the brain. It is tempting to hypothesize that localized 
AMP metabolism to adenosine may be a previously unappreciated role for in fi ltrating 
and proliferating glial cells post injury. These discoveries suggest a need to explore 
the role of the 2 ¢ ,3 ¢ -cAMP-adenosine pathway in TBI pathophysiology.  

    15.9   Conclusions 

 TBI has emerged as a leading public health problem, as we have become aware of 
the acute and long-term consequences of the range of insults, from mild repetitive 
injury to severe. Evidence has been presented demonstrating that adenosine levels 
markedly increase early after injury and sustained increases are seen in some patients 
in CSF. Adenosine effects at A 

1
 R confer potent anti-excitotoxic, anticonvulsant 

effects, and some degree of neuroprotection in experimental BI. Moreover, genetic 
studies suggest a clinical correlation of these effects both in the acute and delayed 
period. Adenosine also serves as an immunomodulator in brain after TBI with anti-
in fl ammatory actions mediated by A 

1
 R and pro-in fl ammatory effects mediated by 

A 
2A

 Rs―although A 
2B

  and A 
3
  receptors may also play a role. Modulation of the 

adenosine pathway can dramatically in fl uence CBF after experimental TBI, likely via 
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A 
2A

  and A 
2B

  receptor activation, but the effects of adenosine on CBF in clinical TBI 
are complex―and could mediate both a bene fi cial response to ischemia and delayed 
uncoupling of  fl ow and metabolism. The source of adenosine after TBI is being 
reevaluated in light of recognition of the emerging role of the 2 ¢ ,3 ¢ -cAMP-adenosine 
pathway, and related to this pathway, novel therapeutic targets may be identi fi ed, 
such as 2 ¢ -AMP. Several factors have been viewed as potential limitations to the 
development of drugs enhancing effects of the endogenous neuroprotectant adenosine 
after brain injury such as the fact that adenosine levels are already markedly elevated 
after injury and that systemic toxicity can be seen with parenteral administration of 
adenosine-augmenting therapies. However, given the expanding importance of TBI 
and the increasing recognition of the in fl uence of adenosine and related metabolites 
on the secondary injury process such as the CNPase pathway and posttraumatic seizures, 
the potential for adenosine-related therapies deserves additional exploration.      
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  Abstract   Adenosine is a nucleoside that occurs naturally in mammalian tissues. 
It is a neuromodulator that is involved in a variety of physiological processes. It is 
generally accepted that the effects of adenosine are mediated through four 
G-protein-coupled receptors classi fi ed as A 

1
 , A 

2A
 , A 

2B
 , and A 

3
  Rs. There is evidence 

that following traumatic injury in the brain and/or spinal cord excessive amounts of 
adenosine are released, and that this neuromodulator is involved in in fl ammatory 
processes and subsequent secondary effects of the injury. There is also evidence that 
excessive release of adenosine contributes to progressive neuronal injury and even-
tual loss of function. In several experimental animal models of spinal cord injury 
(SCI) pharmacologic manipulation of adenosine receptors following trauma can be 
bene fi cial in restoration of function. 

 The purpose of this review is to summarize the roles of adenosine receptors 
in two rodent models of SCI. In the  fi rst model, an upper cervical spinal cord 
hemisection paralyzes the hemidiaphragm ipsilateral to the injury; a latent respira-
tory motor pathway can be activated to restore respiratory function after injury. 
In the model, restoration of respiratory activity following systemic administration 
of theophylline, a nonspeci fi c adenosine receptor antagonist, can be demonstrated. 
In the second model, involving thoracic contusion (T5–T8), neuro-protective effects 
can be induced by activation of speci fi c adenosine receptor subtypes. Finally, poten-
tial therapeutic perspectives of adenosine compounds in SCI are discussed.  

  Keywords   Respiration  •  Upper cervical spinal cord injury  •  Hemi-paralysis  
•  Theophylline  •  Contusion  •  Adenosine antagonists/agonists      
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    16.1   Introduction 

 According to the national spinal cord database, the major cause of mortality and 
morbidity following spinal cord injury (SCI) is respiratory failure. The primary 
focus of current therapy for patients with severe respiratory de fi cits after upper 
cervical spinal cord injury is mechanical ventilatory support (National Spinal Cord 
Injury Statistical Center  2008  ) . Invariably, such patients feel a loss of independence; 
in addition, long-term use of mechanical support can often lead to severe infections 
and pneumonia (Winslow and Rozovsky  2003  ) . There is (therefore) a need for alter-
native approaches to alleviate respiratory de fi cits. In order to understand the respira-
tory system and explore ways to improve respiratory dysfunction after injury, several 
animal models have been employed in basic research. In this review, we focus on 
the rat C2 hemisection model (C2HS) that has been extensively employed to 
examine respiratory dysfunction post SCI. In addition, recent advances in a mouse 
contusion model of SCI (T5–T8) are highlighted. In both models, the therapeutic 
potential of adenosine compounds is addressed. 

 In the C2HS model, an upper cervical (C2) hemisection interrupts the major 
descending bulbospinal respiratory motor pathways and effectively paralyzes the 
hemidiaphragm ipsilateral to the hemisection. However, a latent respiratory motor 
pathway can be activated to restore function to the paralyzed hemidiaphragm 
(Goshgarian  2009  ) . The latent respiratory motor pathway is referred to as the 
“crossed phrenic pathway” (CPP). Elucidation of the physiological basis for the 
CPP led to the conclusion that the CPP could be attenuated by arti fi cial respiration 
and enhanced by conditions that increased central respiratory drive (Lewis and 
Brookhart  1951  ) . The conclusion of Lewis and Brookhart that the amount of CPP 
activity was directly proportional to the intensity of central respiratory drive and 
independent of the state of conduction in the contralateral phrenic nerve led to 
studies that investigated the use of pharmacologic agents that enhance central 
respiratory drive and activate the CPP without the need to transect the functionally 
intact contralateral phrenic nerve. 

    16.1.1   Pharmacologic Activation of the CPP 

 Pharmacologic manipulation to activate the CPP preserves the integrity of the 
contralateral phrenic nerve and simultaneously induces functional recovery in the 
previously paralyzed ipsilateral hemidiaphragm (Nantwi et al.  1996 ; Goshgarian  2009  ) . 
With this approach the animal is better off functionally, since both halves of 
the diaphragm are functional, i.e., function in the ipsilateral hemidiaphragm is 
induced and function in the contralateral hemidiaphragm is initially left intact. 
The clinical relevance is clear. The entire diaphragm becomes bilaterally functional 
and, as a consequence, the animal is better able to cope with respiratory distress. 
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Drugs that stimulate respiration and excite neuronal activity have been extensively 
studied in functional recovery in the C2HS model. Adenosine-like compounds are 
an example of such a class of drugs. 

 Theophylline (1,3-dimethylxanthine) is a respiratory stimulant used to treat 
apnea in infants, asthmatic patients, and patients with “chronic obstructive pulmo-
nary disease” (COPD) (Newman et al.  1994  ) . It enhances respiratory frequency in 
healthy adult humans (Gorini et al.  1994  ) , humans with a compromised respiratory 
function (Chevrolet et al.  1983  ) , as well as human infants (Bona et al.  1995  ) . 
Pharmacologically, it is a nonspeci fi c adenosine receptor antagonist (blocks adenos-
ine A 

1
 R and A 

2A
 Rs with comparable af fi nity), phosphodiesterase (PDE) inhibitor, 

and bronchodilatory agent.  

    16.1.2   Acute Theophylline Administration 

 In a seminal study on the use of theophylline to restore function in the C2HS 
model, respiratory effects of the drug in three groups of rats were investigated 
(Nantwi et al.  1996  ) . In the  fi rst group, the CPP was induced with varying doses 
(2.5–15 mg/kg) of theophylline under standardized electrophysiologic recording 
conditions; the stroke volume of the small animal ventilator was set at 60 breaths/
min, tidal volume was 2.5 ml, end tidal CO 

2
  was set at 25 mmHg, and rats were 

paralyzed with pancuronium bromide (0.5 mg/kg). In the second group, activity 
in the ipsilateral and contralateral phrenic nerves was monitored continuously 
before and after systemic administration of theophylline in spontaneously breathing 
rats. In the third group, respiratory activity in both the ipsilateral phrenic nerve 
and the ipsilateral hemidiaphragm was assessed under spontaneous breathing 
conditions (Fig.  16.1 ). In this study, Nantwi and colleagues  (  1996  )  demonstrated 
that functional recovery of respiratory activity could be attained without the need 
to transect the contralateral phrenic nerve to enhance central respiratory drive to 
activate the CPP. This was a signi fi cant advancement in SCI research, since never 
before had such a level of motor recovery been achieved in a mammalian model. 
Previous studies had demonstrated that in rats subjected to phrenicotomy, sys-
temic administration of aminophylline, a more soluble form of theophylline, 
improved ventilation (Nachazel and Palecek  1990  ) . The  fi ndings con fi rmed 
conclusions by other investigators that theophylline/aminophylline stimulates 
respiration via a centrally mediated mechanism. More importantly, the study by 
Nantwi and colleagues  (  1996  )  was the  fi rst study to describe restoration of respi-
ratory function after SCI. At a higher dose, 30 mg/kg, theophylline depressed 
respiration. Thus, theophylline evokes excitation at 15 mg/kg and depression at 
30 mg/kg, a  fi nding consistent with the demonstration that theophylline induces 
a biphasic response in cats and in clinical studies (Eldridge et al.  1983,   1985 ; 
Woodcock et al.  1983  ) .   
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  Fig. 16.1    A representative neurogram from a hemisected and spontaneously breathing animal, 
showing respiratory-related activity in the phrenic nerve (PN) and hemidiaphragm (HD) ipsilateral 
to hemisection. In the upper two traces, the total absence of activity in both the nerve and hemidi-
aphragm is indicative of a functionally complete hemisection. 10 min after administration of 
theophylline 15 mg/kg (third and fourth traces), activity in the left nerve and left hemidiaphragm 
becomes evident. The induced respiratory-related activity in the nerve and hemidiaphragm 
becomes progressively enhanced; and 30 min after the drug ( fi fth and sixth traces), induced activity 
is more distinct and 2 h after drug administration (seventh and eighth traces), the induced respiratory-
related activity in both the nerve and hemidiaphragm is very similar (synchronous) to normal 
activity (reprinted with permission from Nantwi et al.  1996  ) . Note the similarity in timing and 
duration of activity in both the nerve and hemidiaphragm       
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    16.1.3   Chronic Theophylline Administration 

 Since acute administration of theophylline induced functional recovery in respiration, 
it was important to ascertain whether chronic drug administration would maintain 
recovery or induce tolerance/inverse effect similar to that shown after chronic caffeine 
administration (Chou et al.  1985  ) . Brie fl y, theophylline was injected (i.p. 20 mg/kg 
3× daily) for 3, 7, 14, or 30 days in C2HS rats. At the conclusion of the respective 
injection periods, respiratory activity was assessed (Nantwi and Goshgarian  1998a  ) . 
At the termination of recording respiratory activity, approximately 1 ml of blood 
was withdrawn via the femoral vein for serum analysis of theophylline. Serum 
levels of drug were subsequently correlated with recovery. Theophylline serum levels 
(mean ± SEM) of rats treated for 3 and 7 days amounted to 2.075 ± 0.54  m g/ml and 
18.20 ± 12.50  m g/ml, respectively. The levels were signi fi cantly lower than those 
detected after administration of pro-convulsive doses of theophylline (Chu  1981  ) . 
It was concluded that the amount of recovered function correlated positively with 
serum levels at 3 and 7 days and that chronic theophylline administration did not 
induce tolerance. Theophylline thus induced and maintained function when admin-
istered chronically in C2HS rats. 

 Earlier work by Eldridge and coworkers  (  1983,   1985  )  suggested that theo-
phylline stimulates respiration via adenosine receptor antagonism; however, a 
mechanism of action had not been established or explored in theophylline-induced 
recovery in the C2HS model. In addition, theophylline is a bronchodilator and 
has been shown to increase diaphragm contractility in vitro (Murciano et al.  1987  ) . 
In their study on theophylline-induced functional recovery, the authors suggested 
that the drug may be exerting its effects via adenosine receptor antagonism. This 
proposal was based on the following: (1) adenosine modulates respiratory activity 
(McQueen and Ribeiro  1986 ; Maxwell et al.  1986 ; Fuller et al.  1987  ) , (2) theophyl-
line reverses adenosine-mediated respiratory depression (Eldridge et al.  1985  ) , and 
(3) adenosine A 

1
  receptor is located on phrenic motoneurons, putative sites of the 

CPP, and modulates respiratory activity in vitro (Dong and Feldman  1995  ) .   

    16.2   Mechanism of Action 

    16.2.1   Adenosine A 
1
  Receptor Antagonism 

in Theophylline-Induced Recovery 

 In a series of experiments with theophylline and an adenosine A 
1
  receptor agonist, 

N 6  (L-2-phenylisopropyl) adenosine (L-PIA), it was con fi rmed that adenosine A 
1
  

receptors are involved in theophylline-induced functional recovery (Nantwi and 
Goshgarian  1998b  ) . This conclusion extended the seminal work of Eldridge and 
coworkers  (  1983,   1985  )  in identifying adenosine receptor antagonism as a mecha-
nism of action of theophylline. However, theophylline is a nonspeci fi c adenosine 
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receptor antagonist as well as a bronchodilator and a PDE inhibitor. To further 
identify mechanism(s) of actions, a variety of alkylxanthines with diverse pharma-
cologic pro fi les were tested. Theophylline and 8-Phenyltheophylline, 3-propylxanthine 
(enprofylline), and 8( p- sulfophenyl)theophylline (8-PST) were tested for their rela-
tive effects on functional recovery. Enprofylline is a methylxanthine, like theo-
phylline, but a more potent bronchodilator than theophylline ( Fredholm,  1995 ) and, 
unlike theophylline, is not an adenosine antagonist (Persson et al.  1986  ) . 
8-Phenyltheophylline is a more potent adenosine receptor antagonist than theophyl-
line and 8-PST is a peripherally speci fi c adenosine receptor antagonist (Evoniuk 
et al.  1986 ; Nikodijevic et al.  1991  ) . 

 The magnitude of recovered activity was assessed by (1) expressing recovery as 
a function of pre-drug activity in the right phrenic nerve or (2) expressing recovery 
as a function of activity in the homo-lateral nerve of non-injured age-matched 
control animals. It has been demonstrated that either approach results in similar 
outcome conclusions (Hadley et al.  1999  ) . Expressing recovery as a function of the 
contralateral activity has also been employed by other investigators (Vinit et al.  2007  ) . 
It must be stressed, however, that there is currently no consensus on how to accu-
rately quantify recovered activity after C2HS. A simple approach of using the raw 
or unprocessed respiratory signal of motor output has been used (Fuller et al.  2006 ; 
Golder and Mitchell  2005  ) ; however in an effort to offset variability inherent with 
this approach, the raw signal can be “normalized” to a maximum during a chal-
lenge ( Fuller et al.  2005 ), or a minimum during baseline levels (Fuller et al.  2008 ; 
Golder et al.  2008  ) . More recent studies on respiratory dysfunction after SCI have 
employed whole body plethysmography (WBP) to describe ventilator/breathing 
parameters post injury (Choi et al.  2005 ; Golder et al.  2008  ) . It is more likely that a 
combination of approaches will yield the most meaningful information in assessing 
the magnitude of recovered function after injury. 

 With either approach, Nantwi and Goshgarian  (  1998b  )  showed that 8-phenyltheophylline 
was more potent than theophylline in restoring respiratory function; however, 
enprofylline was ineffective. At a dose similar to that employed by Thomas and 
colleagues  (  1994  )  to monitor involvement of adenosine in systemic hypoxia, 8-SPT 
did not induce recovery. It was concluded that (1) central (spinal and brainstem) 
adenosine receptor antagonism underlies theophylline-induced functional recovery, 
(2) effects of theophylline and 8-phenyltheophylline are unrelated to bronchodila-
tory actions, (3) peripheral adenosine receptor antagonism may not be involved, 
and (4) effects of theophylline and 8-phenyltheophylline in inducing functional 
recovery after acute administration are unrelated to PDE inhibition since both drugs 
have minimal PDE inhibitory properties (Bergstrand  1980 ; however, see Kajana 
and Goshgarian  2008  ) . Perhaps the most relevant  fi nding was that the two alkylxan-
thines that induce functional recovery are both nonspeci fi c adenosine receptor 
antagonists. This principal  fi nding led to a series of experiments to establish the 
relative contribution(s) of adenosine A 

1
  and A 

2
  receptor antagonism in functional 

recovery. 
 Adenosine is formed inside cells or on cell surfaces by the action of membrane-

bound endonucleotides, and acts via receptor-mediated mechanisms. Adenosine 
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receptors are classi fi ed into four subtypes (A 
1
 , A 

2A
 , A 

2B
 , and A 

3
 ). All four receptor 

subtypes are coupled to G-proteins. The A 
1
  and A 

3
  receptors are coupled to an 

inhibitory G-protein (G 
i
 ) while the A 

2A
  and A 

2B
  receptors are coupled to a stimulatory 

G-protein (G 
s
 ). The four receptor subtypes have been cloned and pharmacologically 

characterized (Fredholm et al.  2005 ; Latini and Pedata  2001  ) . Adenosine A 
1
 , A 

2A
 , 

and A 
2B

  receptor subtypes have a higher af fi nity for adenosine and mediate the phys-
iologic actions of endogenous adenosine (Fredholm et al.  2005  ) . The expression and 
distribution of adenosine receptors are wide (Table  16.1 ). Upon activation, adenos-
ine receptors may exert their distinct effects by acting with different G-proteins that 
in turn activate enzyme systems (adenyl cyclase) to alter intracellular levels of 
cyclic AMP. In the C2HS model, contribution of speci fi c adenosine receptor sub-
types to respiratory recovery has been addressed.   

    16.2.2   Adenosine A 
1
 R- and A 

2
 R-Speci fi c 

Compounds in Functional Recovery 

 Previous studies from several investigators had established that adenosine itself 
modulates respiratory activity through activation of central and peripherally mediated 
mechanisms (Fuller et al.  1987 ; Reid et al.  1991  ) . It is known that the A 

1
  receptor has 

a higher af fi nity for the endogenous ligand than the A 
2
  receptor (Latini et al.  1996  ) . 

The A 
2
  receptor is subdivided into the A 

2A
 , which is localized primarily in the hip-

pocampus, and the low-af fi nity A 
2B

  receptor, localized throughout the CNS. In a series 
of studies, Nantwi and Goshgarian  (  2002  )  assessed the actions of speci fi c adenosine 
receptor agonists and antagonists alone and in combination. Selective adenosine A 

1
 R 

compounds chosen were the speci fi c A 
1
 R antagonist, 1,3-dipropyl-8-cyclopentylxanthine 

(DPCPX), and the A 
1
 R agonist,  N  6 -cyclohexyladenosine (CHA). Selective ade-

nosine A 
2
 R compounds chosen were the speci fi c A 

2
 R antagonist, 3,7-dimethyl-1-

proparglyxanthine and the speci fi c A 
2
 R agonist  (2- p-( 2-carboxyethyl)

phenethylamino-5- N -ethylcarboxyamido adenosine hydrochloride (CGS 21680). 
 It was demonstrated that 24 h after C2HS, systemic administration (i.v.) of 

DPCPX (0.05–0.2 mg/kg) induced recovery of respiration while DMPX (0.5–2 mg/
kg) was  ineffective (Nantwi and Goshgarian  2002  ) . The effect of DPCPX con fi rmed 
and extended previous  fi ndings that adenosine A 

1
  receptor antagonism mediates 

functional recovery induced with theophylline (Nantwi and Goshgarian  1998b, 
  2001  ) . DPCPX at 0.1 mg/kg administered i.v. induced a greater degree of recovered 
activity than that elicited by the optimal theophylline or 8-phenyltheophylline dose. 
Prior administration of the A 

1
 R agonist CHA (0.1 mg/kg) blunted DPCPX-induced 

recovery. Administration of CHA after DPCPX resulted in attenuation and eventual 
blockade of recovered activity. 

 Systemic administration of CGS 21680 (0.5–2 mg/kg; i.v.) enhanced tonic activity 
which was blocked by DMPX. Functional recovery, however, was not elicited in the 
majority (6/8) of C2HS rats 24 h following injury. In age-matched control non-
injured rats, CGS21680 induced respiratory excitation. It was concluded from these 
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experiments that activation of A 
2
  receptors induces changes in respiratory activity, 

characterized by enhanced amplitude of respiratory bursts in the phrenic nerves and 
decreases in inspiratory burst duration and inter burst interval (Nantwi and 
Goshgarian  2002  ) . These  fi ndings were intriguing since the kinetics of CGS 21680 
may preclude its access into the CNS (Hutchinson et al.  1990 ; Nikodijevic et al. 
 1991  ) . The kinetics of the drug, coupled with evidence that peripherally localized 
adenosine receptor subtypes modulate respiratory activity, led to studies that inves-
tigated putative roles of peripheral adenosine receptors in respiratory function 
(described below). 

 A recent study by Golder and colleagues  (  2008  )  showed that activation of A 
2A

  
receptors via spinal administration of CGS 21680 elicits long-lasting facilitation of 
phrenic motor activity, a form of plasticity. Perhaps more importantly, the studies 
demonstrated that systemic activation of A 

2A
  receptors stimulates ventilation 

(monitored with WBP) with a magnitude and time course similar to phrenic motor 
facilitation. The authors suggested that while spinal mechanisms are involved in 
mediating long-term facilitation, putative involvement of adenosine receptors in the 
carotid body may also be involved (Golder et al.  2008   Sect. 3.3 ). In  the C2HS model, 
interactions between A 

1
  and A 

2
  receptors led to the conclusion that activation of A 

2
  

receptors was necessary to subserve A 
1
  receptor-mediated effects but may not be 

necessary to maintain the recovery (Nantwi and Goshgarian  2002  ) . An important 
caveat to the  fi ndings with the use of selective adenosine compounds in combina-
tion is that this approach reinforces the suggestion by Ribeiro  (  1999  )  that adenos-
ine-related medicines that combine A 

1
  receptor blockade with A 

2
  receptor activation 

may be clinically bene fi cial.  

    16.2.3   Adenosine Receptors in the Carotid Bodies 

 Adenosine receptors involved in the modulation of respiration are located in the 
carotid bodies of several mammalian species including man (Monteiro and Ribeiro 
 1987 ; Watt and Routledge  1985  ) . Adenosine A 

2
  receptors mediate respiratory 

excitation while depression is mediated by A 
1
  receptors (Monteiro and Ribeiro 

 1987 ; Carley and Radulovacki  1999  ) . 
 Previous studies have shown that adenosine A 

1
  receptor activation can reduce 

centrally mediated respiratory disturbances that occur during sleep (Carley and 
Radulovacki  1999 ; Monti et al.  1996  ) . To directly assess putative involvement of 
peripherally located adenosine receptors in recovery of respiratory-related activity 
in C2HS, Bae and colleagues  (  2005  )  tested the hypothesis that adenosine A 

1
  receptors 

localized in the carotid bodies can be speci fi cally activated to modulate recovered 
respiratory activity. The investigators proposed that in the clinical application of 
theophylline to improve respiratory function post SCI, enhanced respiratory rate 
(theophylline-induced) would lead to diaphragm muscle fatigue. In order to preserve 
the potential therapeutic bene fi t of theophylline, and concurrently minimize any 
potential of respiratory muscle fatigue, the authors designed a series of experiments 
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using speci fi c adenosine receptor compounds to differentially target adenosine 
receptors localized at peripheral sites (carotid bodies) of action. 

 Adenosine A 
1
  receptors were targeted with a speci fi c agonist in C2HS rats with 

intact or excised carotid bodies. The A 
1
 R agonist, N 6 -p-sulfophenyladenosine 

( p- SPA), which does not cross the blood–brain barrier and is classi fi ed as peripher-
ally speci fi c was employed (Gleeson and Zwillich  1992 ; Bae et al.  2005  ) . Total 
carotid body excision was conducted according to the method of Olson and col-
leagues  (  1988  ) . Using immunohistochemistry, Bae and colleagues demonstrated 
positive immunoreactivity for adenosine receptors in the carotid body, con fi rming 
that adenosine A 

1
  and A 

2
  receptors are located in the carotid bodies (Bae et al.  2005 ; 

Gauda  2000  ) . Bae and colleagues  (  2005  )  demonstrated that in C2HS rats with the 
carotid body intact (H-CBI), the discharge rates of theophylline-induced respiratory-
related recovery were signi fi cantly reduced to near-basal discharge levels by con-
current administration of  p- SPA. More clinically relevant was the observation that 
the recovered function was preserved. In C2HS rats with carotid bodies excised 
(H-CBE), administration of  p- SPA (0.25 mg/kg, i.v.) did not attenuate theophylline-
induced respiratory frequency (Bae et al.  2005  ) . 

 The authors concluded that (1) carotid body excision by itself does not adversely 
affect the expression of theophylline-induced functional recovery, (2) adenosine A 

1
  

and A 
2
  receptors are located in the carotid bodies, (3) speci fi c activation of peripher-

ally located adenosine A 
1
  receptors can modulate theophylline-induced enhanced 

frequency back to normal discharge rates, and (4) a novel approach of selective 
activation of peripheral adenosine A 

1
  receptors, combined with blockade of central 

adenosine A 
1
  receptors, can be employed to attain the desired pharmacologic action 

of recovered function and maintain basal rates to near-normal levels.  

    16.2.4   Peripheral Adenosine A 
2
  Receptors 

and Functional Recovery 

 The study of Bae and colleagues  (  2005  )  con fi rmed and extended previous studies that 
adenosine A 

1
  and A 

2
  receptors are localized in the carotid bodies (Fuller et al.  1987 ; 

McQueen and Ribeiro  1986 ; Gauda  2000  ) . In light of the discovery that the adenosine 
A 

1
  receptor antagonist, DPCPX, elicited robust recovery, we posited that concurrent 

administration of the A 
2
 R agonist, CGS 21680, and A 

1
 R antagonist, DPCPX, may 

evoke an even greater amount of recovery than that had been realized with the A 
1
 R 

antagonist alone. The initial study of Bae and colleagues  (  2005  )  was extended to 
assess involvement of peripheral A 

2
  receptors in A 

1
  receptor-mediated recovery. 

Brie fl y, H-CBI and H-CBE rats were tested following systemic administration of 
DPCPX alone, or a combination of DPCPX and CGS 21680. In cases of concurrent 
drug administration, the effects were assessed based on the order of drug administra-
tion, i.e., whether CGS 21680 was administered before or after DPCPX. The investi-
gators showed that concurrent administration of CGS 21680 and DPCPX in H-CBI 
rats elicited more recovery than DPCPX alone, and concluded that activation of A 

2
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receptors in the carotid bodies can enhance the magnitude of DPCPX-induced 
recovery (James and Nantwi  2006  ) . This study once again reinforces the therapeutic 
potential for adenosine-related strategies that combine A 

1
  receptor blockade with A 

2
  

receptor activation. Putative interactions of peripherally located adenosine A 
2
  receptor 

activation and central adenosine A 
1
  receptor antagonism are shown in Fig.  16.2 .    

    16.3   Adenosine A 1 R mRNA Expression 

 Thus far, studies of adenosine receptor involvement in functional recovery in the 
C2HS model have implicated blockade of central A 

1
  receptors and activation of 

peripheral A 
2
  receptors. Basura and colleagues  (  2002  )  demonstrated a positive 

co-localization of adenosine A 
1
  receptor mRNA and immunoreactivity with phrenic 

motoneurons from cervical segments C3–C6 putative sites of the CPP (Basura et al. 
 2002 ; Goshgarian  2009  ) . 

  Fig. 16.2    Schematic illustration of the interaction of peripheral and central adenosine receptors in 
respiratory recovery. Activation of peripherally located A 

2A
  receptors in the carotid bodies excites 

respiratory activity which is transmitted to the CNS via the IX/X cranial nerves. On the other hand, 
activation of peripheral adenosine A 

1
  receptors inhibits respiration and can dampen induced recov-

ery. Central blockade of adenosine A 
1
  receptors prevents the inhibitory effect of A 

1
  receptor activa-

tion on respiration and the result is disinhibition or excitation. Simultaneous administration of the 
adenosine A 

1
  receptor antagonist DPCPX and peripherally acting A 

2A
  agonist CGS21680 can 

therefore elicit enhanced recovery via an apparently additive effect through disinhibition combined 
with a direct excitation       
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 Since theophylline-induced recovery is mediated by central A 
1
  receptors, we 

determined whether A 
1
 R mRNA expression was altered following chronic theophyl-

line administration, and whether changes in levels correlated with recovered function. 
We showed that following theophylline administration (orally 20 mg/kg, 3× daily) to 
C2HS rats, the magnitude of recovered activity correlates positively (over a theo-
phylline serum range of 1.2–1.9  m g/ml) for 3, 7, 12, or 30 days. Perhaps most impor-
tantly, when C2HS rats were weaned from the drug (for 7, 12, or 30 days) after only 
3 days of administration, the bene fi cial effects (i.e., recovered respiratory activity) 
persisted (Nantwi et al.  2003b  ) . This was the  fi rst  fi nding in which a drug-induced 
effect persisted when the initial drug stimulus had been withdrawn and is an example 
of drug-induced plasticity or preomic effect. This observation suggests that chronic 
administration may not be necessary to sustain the therapeutic bene fi t of theophylline. 
However, analysis of in situ hybridization and immunohistochemical data did  not  
reveal any signi fi cant changes in A 

1
 R mRNA expression after chronic theophylline 

treatment (Nantwi et al.  2003a,   b  ) . This latter  fi nding is in agreement with other 
investigators who assessed the long-term effects of caffeine, a methylxanthine with a 
pharmacologic pro fi le similar to theophylline, and showed that adenosine A 

1
 R mRNA 

expression is unchanged after chronic caffeine treatment in mice (Georgiev et al. 
 1993 ; Johansson et al.  1993 ; however, see Sousa et al.  2011  ) . The demonstration that 
there was no apparent correlation in levels of A 

1
 R mRNA expression and recovery 

after theophylline led to a series of studies aimed at assessing changes in adenosine 
receptor levels and/or af fi nity after theophylline administration. 

    16.3.1   Biochemical Binding Assays After Chronic Theophylline 

 Saharan and Nantwi  (  2006  )  demonstrated that after 3 days of oral theophylline admin-
istration, the pro fi le of adenosine A 

1
  receptors located in the phrenic motoneurons 

(C3–C6) is altered. In naïve untreated rats, the speci fi c adenosine A 
1
  receptor antagonist 

[ 3 H]-DPCPX detected a single binding site; however, after chronic administration 
of theophylline, [ 3 H]-DPCPX detected two binding sites: one site is identical to the 
single site detected in naïve non-injured rats and a second site is unmasked 
(Fig.  16.3 ). The second site may be due to binding with the A 

2
  receptors, since 

DPCPX has been shown to have af fi nity for the A 
2
  site at higher concentrations 

(Klotz  2000 ; McAdoo et al.  2000  ) . Alternatively, the unmasked site may represent 
a conformational change in the A 

1
  receptor.  

 The clinical relevance of changes in adenosine A 
1
  receptor pro fi le reported by 

Saharan and Nantwi  (  2006  )  may support the  fi ndings of Varani and colleagues 
 (  2006  )  that altered adenosine receptor numbers and/or af fi nity may be involved in 
respiratory dysfunction. The  fi ndings of Saharan and Nantwi  (  2006  )  may offer 
insights into the potential use of adenosine compounds in respiratory de fi cits. If the 
unmasked site is characterized as an A 

2
  receptor site, then it would suggest that 

activation of A 
2
  receptors may be an important therapeutic target for improving 

respiratory impairment after injury.  
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    16.3.2   Adenosine A 
1
  and A 

2
  Receptor mRNA/Protein 

Levels After Chronic Theophylline 

 In our previous studies on the putative involvement of adenosine A 
1
 R mRNA in 

functional recovery, we concluded that theophylline-induced recovery may not be 
due to alterations at the message level but changes in A 

2
  receptor proteins pro fi le 

(Nantwi et al.  2003a,   b ; Saharan and Nantwi  2006  ) . Petrov and colleagues  (  2007  )  
assessed expression of adenosine A 

1
 R and A 

2
 R proteins in C3–C6 spinal cord 

segments containing phrenic motoneurons in non-injured, C2HS rats, C2HS rats 
treated with theophylline for 3 days, and C2HS rats treated with theophylline for 
3 days followed by 12 drug-free days. 

 Brie fl y, Petrov and colleagues  (  2007  )  showed that 24 h following C2HS, adenos-
ine A 

1
  and A 

2
  receptors were differentially altered, i.e., A 

1
  receptors were decreased 

signi fi cantly while the A 
2
  receptors were unchanged. However, after chronic admin-

istration of theophylline, A 
1
  receptors increased signi fi cantly. Adenosine A 

2
  receptor 

protein levels were not changed by C2HS. Theophylline administration signi fi cantly 
decreased basal levels, a decrease that persisted after theophylline withdrawal for 
12 days. It was concluded that theophylline mitigates the effects of C2HS by attenu-
ating the injury-induced decrease in A 

1
 R protein levels and that A 

2
 R protein levels 

are unaltered by C2HS but decrease after theophylline withdrawal (Petrov et al. 
 2007  ) . The signi fi cance of the  fi ndings from this study is that the decrease in A 

1
  

receptors may dampen the inhibitory actions of endogenous adenosine and could 
contribute to the hyperexcitability of motoneurons which may underlie spasticity 
after SCI. In addition, it also suggests that altered levels of adenosine A 

2
  receptor 
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  Fig. 16.3    ( a ) The histogram was generated from saturation binding studies for A 
1
  receptors. 

Displacement of 1nM [ 3 H]-DPCPX binding, to rat spinal cord (C3–C5) homogenate from naïve 
rats (N) and theophylline-treated (NT) rats by 2.7 pM to 27 mM theophylline. Values represent the 
mean speci fi c binding as a percentage increase above basal binding (± SEM) of at least three 
experiments, each performed in triplicate. All values are corrected for nonspeci fi c binding de fi ned 
with 100  m M adenosine. ( b ) Histogram showing the respective Bmax values in N and NT animals. 
Bmax for N and NT animals appears to be the same; however, a second binding site with a greater 
Bmax is unmasked and persisted for 12 days after drug weaning (reprinted with permission from 
Saharan and Nantwi  2006  )        
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expression may contribute to the apparent persistent actions of theophylline in 
functional recovery after drug withdrawal. It further suggests that if A 

2
  receptors are 

down regulated after theophylline cessation, then activation of the same receptors 
may be a tool to further improve recovery.  

    16.3.3   Clinical Use of Theophylline in SCI 

 Two case studies demonstrated that theophylline administration increased respira-
tory motor output after SCI (Ferguson et al.  1999 ; Bascom et al.  2005  ) . The drug 
enhanced central respiratory drive and inspiratory muscle force in one patient with 
C5–C7 injury and a history of respiratory insuf fi ciency (Ferguson et al.  1999  ) . In 
another case study, a patient with a C5–C6 injury was weaned from ventilator 
support after aminophylline (a more soluble form of theophylline) treatment 
(Bascom et al.  2005  ) . This particular case was rather promising since the patient had 
developed respiratory insuf fi ciency after prolonged bouts of pneumonia and septi-
cemia which had to be cleared  fi rst. In a third case study, it was demonstrated that 
small doses of theophylline were successfully used in three SCI patients with per-
sistent bradycardia (Schulz-Stubner  2005  ) . In one of the three patients, the dose of 
theophylline used increased respiratory rate and improved minute ventilation 
(Schulz-Stubner  2005  ) . After 6 weeks, treatment with theophylline was discontinued 
with no further episodes of bradycardia. However, the apparent promise shown in 
the case studies mentioned above has not been documented in a larger patient popu-
lation. In a double-blind placebo-controlled crossover study in ten patients with 
chronic tetraplegia, theophylline administration did not signi fi cantly improve func-
tional outcome in the entire patient pool (Tzelepis et al.  2006  ) . Future studies will 
need to thoroughly examine clinical effects of theophylline in selected SCI patients 
with respiratory de fi cits, in particular insuf fi ciency. It is anticipated that a more 
rigorous screening of patients, with a particular focus on duration of injury and 
other underlying conditions, can provide reliable results.   

    16.4   Adenosine A 2  Receptors in Recovery: Compression Model 

 Adenosine A 
 2 
  receptor activation has been implicated in functional recovery in other 

motor systems. Functional recovery using SCI compression is one area of intense 
investigation to identify molecules important in two phases of injury: the initial phase 
and the chronic phase. The initial phase is characterized by destruction of various ele-
ments of tissues, while the chronic phase is characterized by further tissue damage and 
lesion expansion. It is generally accepted that in fl ammatory and immune responses 
are intimately involved in both phases of injury (Genovese et al.  2009  ) . The goal of 
this line of investigation is identi fi cation of molecules that are overexpressed soon 
after injury and target therapies to mitigate responses that de fi ne the secondary damage. 
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Adenosine A 
2A

  receptor agonists and antagonists have been demonstrated to be neuro-
protective against ischemia reperfusion and locomotor dysfunction (Reece et al.  2008 ; 
Cassada et al.  2002 ; Li et al.  2006 ; Genovese et al.  2009  ) . 

 In a rat compression model of SCI, compression at T5–T8 spinal segments 
induces locomotor dysfunction (Rivlin and Tator  1978  ) . Using this model, Genovese 
and colleagues  (  2009  )  showed that selective activation of A 

2
  receptors with ago-

nists after injury reduces cell death by limiting tissue damage, via anti-in fl ammatory 
and anti-apoptotic actions, to improve locomotor function. The study provides a 
strategy to harness the early molecular and cellular signals critical in secondary 
damage in SCI. Interestingly, Li and colleagues  (  2006  )  demonstrated that systemic 
administration of A 

2A
 R antagonists offers protection against locomotor dysfunc-

tion. Current evidence suggests that both A 
2A

 R agonists and antagonists may 
mitigate locomotor dysfunction. 

 Paterniti and colleagues  (  2011  )  suggested that the main mechanism of action of 
agonists or antagonists may be central or peripheral. In their study, the investiga-
tors demonstrated that neuroprotection mediated via adenosinergic mechanisms 
involves (1) central modulation by the A 

2A
 R antagonists, through attenuating/

blocking glutamate excitotoxicity (Genevese et al.  2010  ) , and (2) peripheral modu-
lation mediated by A 

2A
 R agonists. With both mechanisms, the net effect is neuro-

protection and improved locomotor activity. Based on studies from our laboratory 
as well as others, it is likely that the peripheral site of action is the carotid bodies 
(Bae et al.  2005 ; Gauda  2000  ) . The  fi ndings from these studies emphasize that 
selective targeting of A 

2
  receptors offers a therapeutic strategy that can be utilized 

to enhance function after SCI.  

    16.5   Conclusion 

 We have provided a summary of theophylline-mediated actions in functional 
recovery in the C2HS model of SCI. The mechanism of action of theophylline has 
been shown to be via adenosine receptors. Although blockade of the A 

1
  receptor 

subtype has been emphasized, we have also underscored the role of A 
2
  receptors, 

with a particular emphasis on the contribution of activation of A 
2
  receptors localized 

in the carotid body to improved respiratory activity. The basic research that has led 
to the clinical application of theophylline in SCI patients has been emphasized. It 
has been shown that while theophylline induces recovery in acute C2HS, it is inef-
fective after chronic C2HS (Nantwi and Goshgarian  2005  ) . Clinical case studies 
have shown that in chronic SCI patients, theophylline is bene fi cial (Ferguson et al. 
 1999 ; Bascom et al.  2005 ; Schulz-Stubner  2005  ) . As far as this author is 
aware, theophylline has not been used in acute clinical SCI cases so far. This author 
suggests that early treatment with theophylline may provide a more positive 
response. Based on advances in studies on adenosine agonists (Golder et al.  2008 ; 
Genovese et al.  2009,   2010 ; Paterniti et al.  2011  )  use of such compounds offers a 
therapeutic approach with promise. 
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 In an attempt to identify molecular targets that may underlie the apparent 
persistent theophylline-induced effects, we recently conducted a series of molecular 
studies that targeted neurotrophic factors known to be involved in respiratory 
plasticity. Thus far, initial results from ongoing studies in our laboratory have 
identi fi ed neurotrophic and survival factors in drug-induced plasticity in C2HS. It is 
anticipated that this will pave the way to elucidation of putative molecular signals/
pathways that sustain drug-induced plasticity; identi fi cation of such targets may 
suggest therapeutic strategies to harness the inherent plasticity within the respira-
tory system to improve respiratory function after upper cervical SCI.      
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  Abstract   Adenosine A 
1
  receptors (A 

1
 Rs) have been shown to be involved in 

antinociception in preclinical models for several decades. Thus, systemic, periph-
eral, spinal, and supraspinal administration of A 

1
 R agonists universally produces 

antinociception in nociceptive, in fl ammatory, and neuropathic pain models. The 
clinical potential for adenosine (given intravenously), or A 

1
 R ligands (given sys-

temically or spinally) to produce analgesia in humans was supported by earlier tri-
als, but more recent, larger controlled trials have generally not demonstrated 
analgesic activity for postoperative pain. Adenosine A 

2A
 Rs have more complex 

effects on pain, generating pronociceptive effects peripherally and spinally, but 
antinociceptive effects supraspinally. The presence of A 

2A
 Rs on astrocytes and 

microglia within the spinal cord may be particularly important for their pronocicep-
tive actions in states of nerve injury. There is also a report that ultralow doses of 
A 

2A
 R agonists produce long lasting antinociception in such states. Manipulation of 

endogenous levels of adenosine by inhibiting adenosine kinase represented a prom-
ising novel approach, but development in this area is no longer active. Recent data 
have demonstrated that speci fi c ectonucleotidases are localized on sensory afferent 
neurons, and that spinal delivery of recombinant forms of these enzymes produce 
long-lasting antinociceptive actions; this led to the suggestion that manipulating 
ectonucleotidases may represent a potential new approach for development. 
Additional observations have implicated tissue release of nucleotides and adenosine 
in acupuncture analgesia, and shown analgesia results from peripheral actions at 
adenosine A 

1
 Rs. Finally, other recent observations indicate that caffeine, which 

inhibits both A 
1
 - and A 

2A
 Rs with high af fi nity, blocks antinociception in preclinical 

studies by several drugs currently used to treat pain in humans. As caffeine is widely 
consumed, it will be important to attend to caffeine intake in future trial design with 
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respect to evaluating novel therapies that use these receptor systems, some existing 
analgesics, as well as acupuncture analgesia.  

  Keywords   Adenosine  •  Antinociception  •  Analgesia  •  Adenosine kinase inhibitors  
•  Ectonucleotidases  •  Acupuncture  •  Caffeine  •  Spinal cord      

    17.1   Introduction 

 Adenosine is a ubiquitous endogenous cell signaling and regulatory agent that acts 
at four extracellular G-protein coupled receptors (Rs) –A 

1
 R, A 

2A
 R, A 

2B
 R, and A 

3
 R; 

it has similar in vitro af fi nities for A 
1
 - and A 

2A
 Rs and a lower af fi nity for A 

2B
 - and 

A 
3
 Rs (Dunwiddie and Masino  2001 ; Fredholm et al.  2001a  ) . The functions of adeno-

sine are elaborated in several contexts—physiological regulation ( fi ne-tuning of 
systems, restoration of homeostasis), nonphysiological regulation (role in perturbed 
states, attempts to restore homeostasis), and a role in dysfunctional or disease states; 
endogenous tissue levels of adenosine, relative af fi nity for receptor subtypes, and 
interactions with other systems (receptors, transducers) orchestrate the actions of 
adenosine in these various states. Nociceptive signaling and pain involve sensory 
afferent input which brings information from the periphery into the central nervous 
system (CNS) via the dorsal spinal cord or brainstem, transmission of such informa-
tion via ascending systems to supraspinal regions, descending modulation of such 
signaling, and cognitive interpretation. Adenosine receptors are positioned at many 
steps and on many cell types within these general pathways, and can regulate signal-
ing in nociceptive (physiological), in fl ammatory, and neuropathic pain states. 

 In preclinical models, the antinociceptive properties of A 
1
 R ligands, given 

systemically and spinally, were elaborated during the 1980s; in the 1990s, addi-
tional sites of action in the periphery were identi fi ed and ef fi cacy in neuropathic 
pain states was demonstrated when nerve injury models were developed. This body 
of information led to exploration of the potential for adenosine and A 

1
 R ligands to 

represent novel analgesics, and the clinical potential was explored by administering 
adenosine itself or selective A 

1
 R ligands. A 

2A
 Rs exhibit pain facilitatory actions in 

several models, and while A 
2A

 Rs have not been explored as analgesic targets, recent 
data with gene-deletion animals and selective A 

2A
 R antagonists, and some intrigu-

ing observations with ultralow doses of A 
2A

 R agonists, suggest that this receptor 
may be worthy of investigation in this arena. A further approach has been to increase 
endogenous levels of adenosine by inhibiting metabolism via adenosine kinase, or 
by increasing generation by manipulating ectonucleotidase activity, and recent 
developments with this latter approach have provided an interesting perspective. 
Finally, adenosine appears to contribute to antinociception by several pharmaco-
logical agents, as well as by certain nonpharmacological approaches. The present 
review considers recent developments with respect to (a) receptor-mediated regula-
tion of pain, (b) the potential for manipulating endogenous adenosine as a therapeu-
tic approach, and (c) the involvement of endogenous adenosine in pain relieving 
actions of several modalities currently used for treating pain.  
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    17.2   Adenosine A 1  Receptors and Pain 

 There is an extensive preclinical literature indicating that adenosine ligands, via 
activation of A 

1
 Rs, produce pain relieving effects in nociceptive, in fl ammatory, 

and neuropathic pain models (Sawynok  1998 ; Dickenson et al.  2000  ) . Studies 
using A 

1
 R knockout (A 

1
 R-/-) mice reveal there is enhanced pain signaling following 

in fl ammation and nerve injury (Johansson et al.  2001 ; Wu et al.  2005 ; Zylka et al. 
 2008  ) , and this indicates that de fi ciencies in endogenous adenosine signaling can 
contribute to regulating nociception in these states. A 

1
 Rs are expressed throughout 

the neuraxis at many sites relevant to pain transmission and modulation (Riberio 
et al.  2003  ) . A 

1
 Rs are expressed on small- and medium-sized sensory neurons, and 

colocalize with markers for several classes of C- fi ber sensory neurons (TRPV1, 
substance P and IB 

4
 )—few receptors are on large diameter sensory neurons (Lima 

et al.  2010  ) . Within the dorsal spinal cord, A 
1
 Rs are concentrated in the substantia 

gelatinosa (Reppert et al.  1991 ; Deuchars et al.  2001 ; Ackley et al.  2003 ; Schulte 
et al.  2003  )  and are prominent on intrinsic neurons (Choca et al.  1988 ; Schulte 
et al.  2003  ) ; they are also observed in the intermediolateral cell column and on 
motor neurons (Deuchars et al.  2001  ) . Within supraspinal structures, A 

1
 Rs are 

present in areas known to be involved in pain modulation (e.g., periaqueductal 
gray, brainstem) (Maione et al.  2007  ) . Mechanisms involved in pain modulation by 
A 

1
 Rs at peripheral sites, within the spinal cord, and at supraspinal sites are 

summarized in Fig.  17.1 .  
 Spinal and peripheral sites have been examined the most extensively, but 

supraspinal sites and discrete brain regions are now explicitly implicated in adeno-
sine actions (Bagley et al.  1999 ; Tanase et al.  2002 ; Ramos-Zepeda et al.  2004 ; 
Maione et al.  2007  ) . The effects of systemically administered agents are often attri-
buted to spinal actions at A 

1
 Rs—this site of action is well characterized in terms of 

ef fi cacy in many pain states and with respect to mechanisms of action, and there is 
direct evidence for this. Thus, when an adenosine kinase inhibitor (A-134974) (pre-
sumed to act via A 

1
 Rs) was examined for its site of action, intrathecal (i.t.) spinal 

delivery exhibited a lower ED 
50

  compared to intracerebroventricular (i.c.v., supraspi-
nal) or intraplantar (i.pl., peripheral) delivery against in fl ammatory hyperalgesia 
(McGaraughty et al.  2001  )  and against allodynia following nerve injury (Zhu et al.  2001  ) . 
Furthermore, i.t. administration of theophylline (nonselective adenosine receptor 
antagonist) antagonized the action of the systemically administered agent in both 
tests, while i.c.v. administration was not effective in the in fl ammatory hyperalgesia 
model. For other analgesics (e.g., morphine, acetaminophen), site-site synergy is 
known to occur (Kolesnikov et al.  1996 ; Raffa et al.  2000  )  but this phenomenon has 
not been examined directly for A 

1
 R agonists. 

 The clinical potential for A 
1
 Rs to represent a novel approach to analgesia has 

been explored by administering adenosine via intravenous (i.v.) infusions or via 
spinal administration. The earlier clinical literature investigated analgesic actions of 
i.v. and i.t. adenosine on nociceptive threshold tests in healthy volunteers, in ischemic 
pain models, in skin in fl ammation or sensitization models, and in chronic neuro-
pathic pain, and reported antinociception in several instances—this earlier literature 



346 J. Sawynok

has been systematically reviewed (Hayashida et al.  2005  ) . There is also a clinical 
literature on effects of i.v. adenosine in a perioperative setting reporting stable 
hemodynamics, anesthetic sparing effects (reduced requirement for anesthetic 
during surgery), and improvement in postoperative pain (lower pain scores, less 
opioid consumption) (Hayashida et al.  2005 ; Gan and Habib  2007  ) . 

 The most recent published clinical trials using i.t. and i.v. adenosine, and i.v. 
delivery of a selective A 

1
 R agonist in postoperative pain settings are presented in 

Supraspinal sites
♦inhibits ON-cells/facilitates OFF-cells in PAG-RVM1

♦inhibits GABA and glutamatergic transmission in PAG2

♦opening of ATP-sensitive K+ channels3

♦normalizes alterations in µ-OR and α1-AR density in
   response to pain4,5

Spinal cord
♦presynaptic inhibition of excitatory synaptic
  transmission in dorsal spinal cord;
  hyperpolarization of dorsal horn neurons via
  activation of K+ conductance6,7,8,9

♦↓neuropeptide and glutamate release from
   sensory nerve endings; inhibition of Ca2+

   channels in DRG neurons10,11,12,13,14

♦↓decreased wind-up,block of central
   sensitization15,16,17

♦PT-sensitive G-proteins, ↓cAMP, opens
   K+  channels18

♦↓PLC activation, PIP2 depletion in DRG
   neurons19

♦promotes NA release in spinal cord20

Peripheral nerve endings
♦Gi proteins/↓ adenylylcyclase/↓ cAMP21,22

♦NO/cGMP/PKG/KATP signalling23

  Fig. 17.1    Mechanisms involved in antinociception by adenosine A 
1 
 receptors at various levels of 

the pain signaling neuraxis.  References :  1 Maione et al.  2007 ;  2 Bagley et al.  1999 ;  3 Ocaña and 
Bayens  1994 ;  4 Borghi et al.  2002 ;  5 Nelapa et al.  2010 ;  6 Li and Perl  1994 ;  7 Patel et al.  2001 ;  8 Tian 
et al.  2010 ;  9 Lao et al.  2004 ;  10 Santicioli et al.  1993 ;  11 Haas and Selbach  2000 ;  12 Carruthers et al. 
 2001 ;  13 Mauborgne et al.  2002 ;  14 Li and Eisenach  2005 ;  15 Reeve and Dickenson  1995 ;  16 Curros-
Criado and Herrero  2005 ;  17 Gong et al.  2010 ;  18 Zahn et al.  2007 ;  19 Sowa et al.  2010a ;  20 Bantel et al. 
 2003 ;  21 Taiwo and Levine  1990 ;  22 Khasar et al.  1995 ;  23 Lima et al.  2010 .  Abbreviations :   a   

 1 
  -AR  a   

 1-

 
 Adrenergic receptor,  cAMP  Cyclic adenosine 3 ¢ ,5 ¢ -monophosphate,  cGMP  Cyclic 3 ¢ ,5 ¢ -guanosine 
monophosphate,  DRG  Dorsal root ganglion,  GABA  Gamma-aminobutyric acid,  NA  Noradrenaline, 
 NO  Nitric oxide,   m -OR   m -Opioid receptor,  PAG  Periaqueductal gray,  PIP  

 2 
  Phosphoinositidylinositol 

4,5-bisphosphate,  PKG  Protein kinase G,  PLC  Phospholipase C,  PT  Pertussis toxin,  RVM  
Rostroventral medulla       
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Table  17.1 . Sharma et al.  (  2006  )  observed no analgesia with i.t. adenosine given 
30 min prior to anesthesia, or following completion of hysterectomy surgery. Sneyd 
et al.  (  2007  )  observed no analgesia with GR79236X, a selective A 

1
 R agonist, fol-

lowing third molar extraction using a dose that had modestly inhibited experimental 
pain. Habib et al.  (  2008  )  tested four doses of i.v. adenosine (25, 50, 100, 
200  m g kg −1  min −1 ) for gynecological surgery; infusions lasted from the time of 
incision to the end of surgery, and no analgesia was observed in any group. In 
considering differences from previous reports, Habib et al. suggested that method-
ological issues in earlier studies may have contributed to positive outcomes. 
Furthermore, they noted that in two major trials where analgesia  was  reported, this 
was in comparison with infusions of remifentanil—the analgesia reported with ade-
nosine in those trials could be apparent and due to the acute opioid tolerance and 
hyperalgesia which is known to occur with remifentanil. Collectively, these more 
recent, larger, and controlled trials question earlier positive reports of analgesic 
properties of adenosine in humans. A recent survey of unpublished clinical trials 
that target adenosine receptors for pain (via   www.clinicaltrials.gov    ) reveals no com-
pleted studies that demonstrate the usefulness of this approach (Zylka  2011  ) .  

 A further set of observations relevant to the analgesic potential of adenosine in 
humans occurs with i.v. infusions of ATP. Such infusions produce anesthetic sparing 
effects during surgery, and analgesia in chronic pain subjects (Hayashida et al.  2005  ) . 
ATP is converted rapidly to adenosine by ectonucleotidases, and its analgesic actions 
are attributed to actions on A 

1
 Rs (Hayashida et al.  2005  ) . Handa et al.  (  2009  )  recently 

have reported that i.v. ATP (160  m g kg −1  min −1 ), given immediately after the loss of 
consciousness until the end of surgery, produced a signi fi cant opioid-sparing effect 
(less morphine consumption) for 72 h following orofacial surgery. One difference 

   Table 17.1       Recent clinical trials examining analgesic actions of adenosine and related ligands   
 Method  Indication  Outcome  References 

 i.t. Adenosine 1,000  m g 
 30 min preanesthesia 

or following surgery 

 Postsurgical pain; 
 hysterectomy 
 ( N  = 90 subjects) 

 No analgesia with 
 early or late applications 
 compared to no drug 

 Sharma et al. 
( 2006 ) 

 i.v. GR79236X a  
 4 or10  m g kg −1  for 

15 min 

 Third molar 
extraction 

 ( N  = 79 subjects) 

 No analgesia compared 
 to saline; trial included active 

comparator, diclofenac, 
which exhibited analgesia 

 Sneyd et al.
( 2007 ) 

 i.v. Adenosine 
 25,50,100,

200 mg kg −1  min−1 

 Gynecological 
surgery ( N  = 166 
subjects)       

 No difference in opioid 
Consumption in any group   

 Habib et al. 
( 2008 )   

 i.v. ATP160  m g 
kg −1  min −1  

 Orofacial 
surgery ( N  = 30 
subjects) 

 Opioid sparing effects 
lasting 72 h   

 Handa et al.
( 2009 )   

   a See the end of text for abbreviations of adenosine ligand names  

http://www.clinicaltrials.gov


348 J. Sawynok

between Handa et al.  (  2009  )  and the Habib et al.  (  2008  )  study noted above was the 
time of initiation of treatment infusions (loss of consciousness in former, time of 
incision in latter), and this could contribute to different outcomes. The potential for 
preemptive effects of adenosine given at different times in relation to surgery will 
need to be examined in preclinical models to better understand such observations. 

 Neuropathic pain is a condition that has received particular attention with respect 
to potential analgesic actions of adenosine. In humans, several studies report 
antinociception with i.v. infusions of adenosine (50  m g kg −1  min −1  for 45–60 min) 
for neuropathic pain (Hayashida et al.  2005  ) . ATP has also been given i.v. 
(160  m g kg −1  min −1  for 60 min) for neuropathic pain in an open-label study of 
intractable orofacial pain (Fukuda et al.  2007  ) . Ten of 16 patients with neuropathic 
pain, but 0/8 with nonneuropathic pain, responded with reductions in pain lasting 
10–26 h. Ef fi cacy was again attributed to A 

1
 R activation following metabolic 

conversion to adenosine. Preclinical studies indicate actions of A 
1
 Rs on several 

aspects of central sensitization (Reeve and Dickenson  1995 ; Suzuki et al.  2000 ; 
Curros-Criado and Herrero  2005 ; Gong et al.  2010  ) , providing plausibility for this 
indication. However, in a recently developed and novel conditioned place prefer-
ence model for examining affective actions of drugs on spontaneous pain following 
nerve injury, spinal administration of adenosine has been without effect (King et al. 
 2009  ) . Whether neuropathic pain in humans is amenable to adenosine-based 
mechanisms remains to be determined.  

    17.3   Adenosine A 2A  Receptors and Pain 

 There is a considerable body of evidence that suggests the role of A 
2A

 Rs in pain 
signaling is to facilitate pain (pronociception), and this includes the following 
observations. (1) Peripheral administration of A 

2A
 R agonists produces pronocicep-

tive actions when administered locally to the hindpaw of rodents in several models 
(Taiwo and Levine  1990 ; Karlsten et al.  1992 ; Doak and Sawynok  1995 ; Li et al. 
 2010  ) . (2) Systemic administration of a selective A 

2A
 R antagonist (SCH58261) 

produces antinociception in several preclinical models (Bastia et al.  2002 ; Godfrey 
et al.  2006 ; Hussey et al.  2007  ) . (3) Gene deletion of A 

2A
 Rs produces hypoalgesia 

(reduced pain thresholds and responses) in nociceptive (Ledent et al.  1997  ) , 
in fl ammatory (Hussey et al.  2007 ; Li et al.  2010  ) , and neuropathic pain models (Bura 
et al.  2008  ) . There are also reports of antinociception with CGS21680, a selective 
A 

2A
 R agonist, given i.t. (Lee and Yaksh  1996 ; Poon and Sawynok  1998  ) . However, 

CGS21680 binds to adenosine A 
1
 Rs at higher doses (Fredholm et al.  2001a  ) , and this 

may contribute to activity with methods that deliver high local concentrations of 
drug. Ideally, in order to clearly implicate A 

2A
 Rs in a pharmacological process, 

selective receptor antagonists or gene deletion animals need to be used. 
 A 

2A
 Rs may in fl uence pain signaling at several sites. In sensory afferents, mRNA 

for A 
2A

 Rs has been identi fi ed in dorsal root ganglia (DRGs) (Kaelin-Lang et al. 
 1998 ; Li et al.  2010  ) ; however, it has been dif fi cult to demonstrate the presence of 
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A 
2A

 Rs in DRGs using immunohistochemistry (Li et al.  2010  ) . In the dorsal spinal 
cord, the presence of A 

2A
 Rs has been reported in rats (Choca et al.  1988 ; Brooke 

et al.  2004  ) , but not in mice (Bailey et al.  2002  ) . At supraspinal sites, A 
2A

 Rs are 
predominantly localized in the striatum which does not play a major role in pain 
transmission; however, other regions (somatosensory cortex, amygdala, thalamus, 
hypothalamus) which are involved in pain integration, do express lower levels of 
A 

2A
 Rs (Ferré et al.  2007  ) . A 

2A
 Rs on glial cells regulate release of in fl ammatory 

mediators that may contribute to pain and central sensitization (Boison et al.  2010  ) . 
A 

2A
 R expression in microglia and astrocytes is usually low under physiological 

conditions, but expression is induced following brain insult and in fl ammatory signals 
(Boison et al.  2010  ) . In neuropathic pain conditions, glia are activated and function-
ally involved in central sensitization (DeLeo et al.  2006 ; Scholz and Woolf  2007  ) . 
Such a role for A 

2A
 Rs is consistent with recent data that indicates suppression of 

microglial and astrocytic activation in response to nerve injury in the spinal cord in 
A 

2A
 R -/- mice, as well as with attenuation of mechanical allodynia and thermal 

hyperalgesia following nerve injury (Bura et al.  2008  ) . 
 There are recent intriguing observations that suggest A 

2A
 R mechanisms can lead 

to antinociception at spinal sites. Thus, Loram et al.  (  2009  )  reported that a single i.t. 
injection of the selective A 

2A
 R agonists ATL313 and CGS21680 10–14 days following 

surgery (chronic constriction injury in rats) produced a long-lasting reversal of 
mechanical allodynia and thermal hyperalgesia for 4 weeks. The effect of ATL313 
was reversed by coadministration of ZM241385 (selective A 

2A
 R antagonist), but no 

reversal was seen 1 week later. In contrast, delayed effects were reversed with i.t. 
administration of antibody to the anti-in fl ammatory cytokine interleukin-10 (IL-10). 
Finally, spinal administration of ATL313 reduced activation of microglia and 
astrocytes in the spinal cord following nerve injury. Such observations suggest a 
protracted pain relieving effect resulting from an initial activation of A 

2A
 R, but sus-

tained in the longer-term by release of IL-10. It is important to note two features of 
this study. (1) Drugs were administered via an acutely inserted lumbar entry intra-
thecal cannula, but many other studies used rats with chronic cervical entry intra-
thecal cannulas; it is now appreciated that implantation of the latter cannulas leads 
to activation of spinal microglia and astrocytes (DeLeo et al.  1997  )  and this could 
in fl uence the spinal pharmacology of A 

2A
 R agonists (Bura et al.  2008  ) . (2) The dose 

of CGS21680 that led to the long-lasting antihyperalgesic effect was 1 pmol, which 
is considerably lower than those used in other studies (1–40 nmol) (Lee and Yaksh 
 1996 ; Poon and Sawynok  1998  ) . Opioids produce ultralow dose sensitizing effects 
that contrast with their analgesic effects at more conventional doses (Crain and Shen 
 2000  ) , and it is possible that A 

2A
 Rs also exhibit dual effects—only in this case the 

effect of an ultralow dose is to produce  antinociception . This possibility will require 
direct exploration. 

 Another recent report indicates that a novel method of activation of A 
2A

 Rs leads 
to antinociception. Thus, i.c.v. administration of an antibody to A 

2A
 Rs in mice, 

which leads to in vitro activation of A 
2A

 Rs, produces antinociception in several 
nociceptive tests (thermal threshold)—this is completely blocked by a selective 
A 

2A
 R antagonist (ZM241385) (By et al.  2011  ) . In accounting for the mechanisms 
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involved, the authors considered supraspinal effects of A 
2A

 Rs on motor systems 
because of the i.c.v. method of delivery and the prominence of such receptors in 
brain regions controlling motor function and areas involved in pain integration 
(Ferré et al.  2007  ) . The effect was partially blocked by naloxone, and a role for 
opioid receptors, perhaps in the PAG, was considered (By et al.  2011  ) . An earlier 
report had shown that i.c.v administration of the A 

2A
 R ligand CGS21680 produced 

antinociception in mice, and implicated calcium-activated K +  channels in such 
actions (Regaya et al.  2004  ) . However, the selectivity of CGS21680 actions was not 
veri fi ed using additional approaches.  

    17.4   Adenosine A 2B  and A 3  Receptors and Pain 

 Adenosine has a higher af fi nity for human A 
1
 , A 

2A
 , and A 

3
  receptors than for A 

2B
  

receptors—it exhibits physiological regulatory actions at the former receptors, 
while the latter may be involved in pathophysiological actions (Fredholm et al. 
 2001a  ) . A 

3
 Rs exhibit complex effects on in fl ammation and immune responses, and 

exhibit both anti- and proin fl ammatory effects, as well as immunosuppressive and 
immunostimulant effects (Gessi et al.  2008  ) . A 

2B
 Rs promote in fl ammatory responses, 

and may contribute to in fl ammatory and immune system conditions (Haskó et al. 
 2009  ) . Effects of these receptors on pain are likely to be secondary to their effects 
on these responses. 

 Some studies have directly examined the in fl uence of A 
3
 Rs and A 

2B
 Rs on noci-

ception. The local peripheral administration of A 
3
 R agonists to the rodent hindpaw 

results in enhanced nociception and edema, and this involves release of histamine, 
serotonin and neuropeptides (Reeves et al.  1997 ; Sawynok et al.  1997  ) . Local 
peripheral administration of antagonists selective for both A 

2B
 Rs and A 

3
 Rs inhibits 

pain behaviors and paw edema resulting from an in fl ammatory stimulus (Bilkei-
Gorzo et al.  2008  ) . Furthermore, systemic administration of selective A 

2B
 R antago-

nists also produces antinociceptive actions in a nociceptive threshold test (Abo-Salem 
et al.  2004  ) . A 

3
 R-/- mice exhibit reduced hyperalgesia and edema following an 

in fl ammatory stimulus (Wu et al.  2002  ) . Mice lacking A 
2B

 Rs have now been devel-
oped (Yang et al.  2006  ) , but these have not been characterized for effects on noci-
ception. Collectively, these observations support peripheral pronociceptive and 
proin fl ammatory actions for these two receptor subtypes.  

    17.5   Recruitment of Endogenous Adenosine by Altering 
Metabolism 

 Extracellular adenosine, which is then available to act on cell surface receptors, can 
be released from many cell types either as adenosine itself, or as nucleotides 
(e.g., ATP, cyclic AMP) which are subsequently converted to adenosine following 
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metabolism by ectonucleotidases—such release is enhanced by conditions of cell 
stress such as hypoxia and by tissue injury (Dunwiddie and Masino  2001 ; Fredholm 
et al.  2001a  ) . Ef fl ux from cells can occur following vesicular release, or by mech-
anisms involving transporters or anion channels which can vary in importance 
according to cell type. Factors regulating endogenous generation and metabolism of 
adenosine, speci fi cally in relation to pain, have recently been reviewed (Zylka 
 2011  ) . Adenosine in the extracellular space can (a) interact with cell surface adeno-
sine receptors, (b) be metabolized by adenosine deaminase extracellularly (to ino-
sine), (c) be removed from the extracellular space by equilibrative transporters, or 
(d) be metabolized by adenosine kinase (to AMP) inside the cell. 

 Inhibitors of adenosine metabolism, and particularly of adenosine kinase, have 
received attention as potential therapeutic agents. Such agents exhibit a wider 
therapeutic index (separation of doses producing analgesic effects compared to 
cardiovascular and motor effects) than do directly acting adenosine receptor agonists, 
and were considered as a potential novel therapeutic strategy for several condi-
tions (McGaraughty et al.  2005  ) . The antinociceptive pro fi le of the adenosine 
kinase inhibitor A-134974 was characterized widely in a range of pain models 
(nociceptive, in fl ammatory, neuropathic) and with respect to sites of action (spinal 
vs. supraspinal and peripheral) (McGaraughty et al.  2001 ; Zhu et al.  2001  ) . Other 
inhibitors (ABT-702, ABT-501) also were characterized for their pro fi le of acti-
vity in several pain models and for their relative potential adverse effects 
(McGaraughty et al.  2005  ) . While such results appeared promising, clinical devel-
opment of this class of agents was halted because of a preliminary report of CNS 
hemorrhage in preclinical models (Erion et al.  2000 ; McGaraughty et al.  2005  ) . 
Whether this side effect was due to elevated levels of adenosine or was unrelated 
to adenosine is unknown. 

 Inhibitors of adenosine deaminase, in contrast to adenosine kinase inhibitors, did 
not exhibit antinociception when given alone (Keil and DeLander  1994 ; Goldman 
et al.  2010  ) . However, when combined with exogenous adenosine (Keil and 
DeLander  1994  ) , or procedures that increase endogenous levels of adenosine 
(Goldman et al.  2010  ) , the adenosine deaminase inhibitor deoxycoformycin 
produced a marked enhancement of antinociception. Furthermore, in biochemical 
studies, deoxycoformycin produced a marked enhancement in recovery of adeno-
sine from the spinal cord (Golembiowska et al.  1996  )  and in the periphery (Goldman 
et al.  2010  ) . It appears that, provided there is a stimulus for enhancing extracellular 
adenosine availability, inhibition of adenosine deaminase can impact that event. 
Curiously, inosine, which is the end product of adenosine deamination, itself leads 
to antinociception when given systemically, spinally, and supraspinally, and this 
activity is seen in nociceptive, in fl ammatory and neuropathic pain tests (Nascimento 
et al.  2010  ) . A 

1
 Rs are involved in systemic inosine actions, as antinociception is 

blocked by selective inhibitors of A 
1
 Rs (DPCPX, 8-phenyltheophylline) (Nascimento 

et al.  2010  ) . The selective A 
2A

 R antagonist (ZM241385) also inhibited the action of 
inosine (Nascimento et al.  2010  ) . Inosine has limited direct af fi nity for A 

1
 Rs and 

does not bind to A 
2A

 Rs (Fredholm et al.  2001b  ) , so the nature of the adenosine 
receptor involvement in these inosine actions will require elaboration. 
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 A recent body of work has suggested that altering endogenous adenosine levels 
speci fi cally within the vicinity of sensory afferent neurons by manipulating ecto-
nucleotidase activity may be a promising area for exploration in relation to pain. 
Sensory neurons have been known to release adenosine and ATP for some time 
(Sawynok and Liu  2003  ) , and release of both entities is altered by nerve injury (Liu 
et al.  2002 ; Matsuka et al.  2008  ) . Recently, prostatic acid phosphatase (PAP), which 
is now known to convert AMP to adenosine, has been shown to be expressed in 
peptidergic and nonpeptidergic sensory neurons, and to be localized in axon termi-
nals in the substantia gelatinosa of the spinal cord (Taylor-Blake and Zylka  2010  ) . 
I.t. administration of PAP leads to long-lasting (several days) antinociception in 
in fl ammatory and neuropathic pain models—this involves A 

1
 Rs, as it was inhibited 

by a selective A 
1
 R antagonist (transiently, on the day of injection of the antagonist) 

and abolished in A 
1
 R-/- mice (Zylka et al.  2008 ; Sowa et al.  2009  ) . Ecto-5 ¢ -

nucleotidase (NT5E) colocalizes with PAP in peptidergic and nonpeptidergic sen-
sory neurons, and also is present on axon terminals in the substantia gelatinosa, as 
well as on nerve endings in the epidermis (Zylka et al.  2008 ; Sowa et al.  2010b  ) . 
Both PAP-/- and NT5E-/- mice exhibit reduced hydrolysis of AMP and hypersensi-
tivity in several pain models, indicating that these ectonucleotidases are involved in 
generating adenosine that leads to tonic regulation of sensory transmission (Zylka 
et al.  2008 ; Sowa et al.  2010b  ) . Tonic regulation of excitatory transmission within 
the spinal cord by A 

1
 Rs has recently also been demonstrated using electrophysio-

logical approaches (Tian et al.  2010  ) . As with PAP, i.t. administration of recombi-
nant NT5E leads to long-lasting (several days) antinociception in several preclinical 
models, and this involves A 

1
 Rs, as it is no longer observed in A 

1
 R-/- mice (Sowa 

et al.  2010c  ) . The durability of the sensory effect was notable, and it has been sug-
gested that applications of recombinant nucleotidases might represent a novel class 
of analgesic agents with therapeutic applications and advantages compared to other 
agents (Sowa et al.  2009  ) . The selective localization of ectonucleotidases in prox-
imity to sensory afferents and key areas of transmission in the dorsal spinal cord 
might contribute to the unique analgesic ef fi cacy of ATP infusions (Sect.  17.2 ).  

    17.6   Adenosine and Nonpharmacological Modalities for Pain 

 Acupuncture has been used for thousands of years and is an integral part of 
Traditional Chinese Medicine. Since the 1990s, with the formation of the National 
Centre for Complementary and Alternative Medicine and publication of National 
Institutes of Health consensus conference proceedings (NIH Consensus Conference 
 1998  ) , acupuncture has received increasing attention. Several biological mediators 
for electroacupuncture analgesia (e.g., endorphins, monoamines, peptides, hor-
mones) have been identi fi ed (Zhao  2008  ) , but those involved in the more traditional 
needle insertion and mechanical rotation methods of acupuncture are less well 
understood. Recently, in an elegant series of experiments, adenosine has been impli-
cated as a mediator of acupuncture analgesia (Goldman et al.  2010  ) . This report 



35317 Adenosine and Pain

demonstrated the following: (1) increased tissue release of adenosine, AMP, ADP, 
and ATP at stimulated acupoints, as determined by tissue microdialysis; (2) local 
injection of a selective A 

1
 R agonist (CCPA) into the acupoint reduced in fl ammatory 

pain and sensory hypersensitivity following nerve injury; (3) absence of effects of 
local CCPA and acupuncture in A 

1
 R-/- mice; (4) marked augmentation of acupuncture 

analgesia by deoxycoformycin, an inhibitor of adenosine deaminase. Needle inser-
tion and rotation alters collagen  fi ber alignment and  fi broblast conformation 
(Langevin et al.  2006  ) , and such changes may lead to ATP release from several cell 
types within the tissue close to the needle insertion. ATP has recently been shown to 
be released from sensory nerves in response to activity within the nerve (Fields and 
Ni  2010  ) , and acupoints in proximity to nerve tracts that result in activity could lead 
to ATP release. While A 

1
 Rs are known to be present at several steps along pain 

signaling pathways (Sect.  17.2 ), adenosine has a short tissue half-life and its actions 
are most likely to be mediated peripherally close to the site of its endogenous 
generation. The ability of selective A 

1
 R agonists administered locally into the 

acupuncture site to produce antinociception (Goldman et al.  2010  )  provides strong 
supportive evidence for such a local mechanism. 

 There are practical implications to the involvement of adenosine and A 
1
 Rs in acu-

puncture analgesia. Thus, caffeine, which is widely consumed by 80–90% of adults 
for its stimulant actions (Frary et al.  2005  ) , blocks A 

1
 Rs and A 

2A
 Rs with a high af fi nity 

(Fredholm et al.  1999  )  and could potentially interfere with the clinical ef fi cacy of 
acupuncture (Zylka  2010  ) . Prior administration of caffeine has been reported to inter-
fere with analgesia resulting from transcutaneous electrical nerve stimulation (TENS) 
in an experimental trial in humans (Marchand et al.  1995  ) .    While refraining from caf-
feine intake prior to an acupuncture session could certainly be considered within trial 
design, the analgesic ef fi cacy of acupuncture is often determined over extended inter-
vals—e.g., at 2, 4, and 6 months following 1–2 weekly treatments over a course of 
6 weeks—and the potential in fl uence of caffeine may need to be determined prag-
matically. This could involve monitoring caffeine intake and determining if there are 
different outcomes in low and high caffeine intake groups (Sect.  17.7 ).  

    17.7   Involvement of Adenosine in the Action of Drugs 
Used to Manage Pain 

 In recent years, adenosine has been implicated in antinociception produced by sev-
eral pharmacological agents that are currently used to treat pain. This is based on the 
ability of low doses of caffeine (10 mg/kg) and of a selective A 

1
 R antagonist 

(DPCPX) to inhibit antinociception by such agents in several preclinical models of 
pain. Inhibition of antinociception by caffeine has been observed with amitriptyline 
(Esser and Sawynok  2000 ; Sawynok et al.  2008  ) , carbamazepine and oxcarbazepine 
(Tomić et al.  2004 ; Sawynok et al.  2010  ) , allopurinol (Schmidt et al.  2009  ) , and 
even acetaminophen (Godfrey et al.  2006  ) . Caffeine is widely used as an adjuvant 
analgesic in combination with acetaminophen (Palmer et al.  2010  ) , and both 
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pharmacokinetic and pharmacodynamic mechanisms are implicated in augmentation 
of analgesia (Granados-Soto and Castaneda-Hernández  1999 ; Renner et al.  2007  ) . 
In view of this, the ability of low doses of caffeine, which are relevant to dietary 
intake levels, to inhibit antinociception by acetaminophen is both curious and wor-
thy of attention. Given the widespread prevalence of caffeine use in society, it is 
important that the potential in fl uence of caffeine intake on the clinical effects of 
such agents is addressed. The most practical design for such clinical studies may be 
to monitor caffeine intake and consider outcomes in relation to this intake—this 
approach has been used to determine whether caffeine interferes with the anti-
in fl ammatory action of methotrexate, another agent where endogenous adenosine is 
implicated in its biological actions (Nesher et al.  2003 ; Benito-Garcia et al.  2006  ) .  

    17.8   Conclusions and Future Directions 

 Despite considerable promise for adenosine-based mechanisms to offer a novel 
target for pain management, more recent larger and well-controlled clinical studies 
have provided limited results in terms of analgesia with adenosine and A 

1
 R ligands 

(Table 1; Zylka  2011  ) . The lack of translation of preclinical observations into the 
clinical domain is not unique to adenosine, and reasons potentially involved in lack 
of translation have been considered (Rice et al.  2008  ) . Despite this, there is an 
emerging potential for prodrugs to be able to recruit adenosine-based mechanisms 
for analgesia. This approach is supported by clinical observations using i.v. 
infusions of ATP in several pain conditions (Hayashida et al.  2005 ; Fukuda et al. 
 2007 ; Handa et al.  2009  ) , and preclinical observations which indicate that spinal 
administration of recombinant forms of ectonucleotidases leads to long-lasting anti-
nociception (Zylka et al.  2008 ; Sowa et al.  2009,   2010c  ) . Unique forms of localized 
delivery, such as injections into acupoints, have also been suggested. Thus, injections 
of A 

1
 R agonists into acupuncture points in preclinical models results in antinocicep-

tion (Goldman et al.  2010  ) , and it has been proposed that this could also be done 
with ectonucleotidases (Zylka  2011  ) . This would be a variation on injections of 
local anesthetics (or steroids, or botulinum toxin) into trigger points, which is an 
approach currently used in pain management. Finally, the intriguing long-lasting 
analgesic effect of ultralow doses of A 

2A
 R agonists (Loram et al.  2009  )  needs further 

exploration, both to replicate the observation and to understand possible mechanisms 
involved. The possibility of developing novel agents based on adenosine systems to 
manage pain appears to be entering a new phase of elaboration, one in which the 
complexity of adenosine receptor signaling and pain is understood more completely. 
This elaboration will need to use models speci fi cally relevant to particular clinical 
conditions (Rice et al.  2008  ) , and consider the clinical context more closely (e.g., 
perisurgical administration where opioids are routinely used; drug effects in the 
presence and absence of opioids need to be evaluated). Finally, there will be a need 
to attend to caffeine consumption, as chronic caffeine intake could compromise 
clinical effects using such approaches. 
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  Abbreviations for adenosine ligands referred to in text and tables:  

  ATL313  4-(3-(6-amino-9-(5-cyclopropylcarbamoyl-13,4-dihydrotetrahydrofuran-
2-yl)-9 H -purin-2-yl)prop-2-ynyl)piperidine-1-carboxylic acid methyl ester,  CCPA  
2-chloro- N (6)-cyclopentyladenosine,  CGS21680  2- p -(2-carboxyethyl)phenethy-
lamino-5 ¢ - N -ethylcarboxamido adenosine HCl,  DPCPX  1,3-dipropyl-8-cyclopen-
tylxanthine,  GR79236X N -[(1 S , trans )-2-hydroxycyclopentyl]adenosine,  SCH58261  
5-amino-7-(2-phenylethyl)-2-(2-furyl)pyrazolo[4,3- e ]-1,2,4-triazolo[1,5- c ]pyrimi-
dine,  ZM241385  4-(2-[7-amino-2-(2-furyl)(1,2,4)triazolo(2,3-a)(1,3,5)triazin-5-
ylamino]ethyl)phenol.      
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  Abstract   The motor symptoms of Parkinson’s disease (PD) are due primarily to 
the degeneration of the dopaminergic nigrostriatal pathway; however other neurotrans-
mitters besides dopamine are affected in the disease. Treatment of PD is largely 
unsatisfactory due to several side effects such as “on/off,” “wearing-off,” and dyskinesia, 
associated with dopaminergic chronic therapy. Therefore, new pharmacological 
approaches based on non-dopaminergic therapy have been recently called for a 
broadening of therapeutic options beyond traditional dopaminergic drugs. Adenosine 
A 

2A
  receptors have a selective localization in richly dopamine-innervated areas and 

A 
2A

  receptor antagonists can regulate GABA and glutamate release in basal gan-
glia offering a unique opportunity to modulate basal ganglia functions mediated by 
dopamine. Indeed, A 

2A
  receptor antagonists have been shown to restore motor func-

tion and contrast parkinsonian tremor acutely, either alone or in combination with 
dopaminergic drugs, in experimental models of PD. Moreover, in clinical trials, ade-
nosine A 

2A
  receptor antagonists reduce “off” time in patients with PD receiving 
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optimal dopaminergic therapy without the exacerbation of dyskinesia. In addition 
preclinical data have shown that adenosine A 

2A
  receptor antagonists help to prevent 

neurodegeneration in PD, raising the possibility of their use as disease-modifying 
agents. With their proposed symptomatic and neuroprotective ef fi cacy, A 

2A
  receptor 

antagonists might be realistic prospects to advance PD therapeutics.  

  Keywords   Dyskinesia  •   l -DOPA  •  6-hydroxydopamine  •  MPTP  •  Urate  
•  Dopamine D 

2
  receptor  •  Basal ganglia  •  Caudate–putamen  •  Clinical trials  

•  Tremor  

   Abbreviations 

  A
2A

R    A
2A

 receptors   
  AMP    Adenosine monophosphate   
  ATP    Adenosine triphosphate   
  CPu    Caudate–putamen   
  CSF    Cerebrospinal  fl uid   
  DDS    Dopamine-dysregulation syndrome   
  FDA    Food and drug administration   
  GAD67    Glutamic acid decarboxylase 67   
  GP    Globus pallidus   
  6-OHDA    6-hydroxydopamine   
   l -DOPA    Levo-DOPA   
  MDMA    3,4-methylenedioxymethamphetamine   
  mGlu5    Metabotropic glutamate receptor 5   
  MPTP    1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   
  PD    Parkinson’s disease   
  PET    Positron emission tomography   
  SNr    Substantia nigra pars reticulata   
  TJMs    Tremulous jaw movements   
  VEGF    Vascular endothelial growth factor   
  UPDRS    Uni fi ed PD Rating Scale     

       18.1   Parkinson’s Disease and Its Treatment 

 Parkinson’s disease (PD) is the second most common neurodegenerative disease 
after Alzheimer’s disease and has an incidence that increases with age and a male 
predominance. PD is characterized by bradykinesia, rigidity, tremor often 
progressing to postural instability, gait problems, and “freezing.” Although attract-
ing considerably less attention, several non-motor symptoms related to autonomic 
disturbances and neuropsychiatric components, such as depression, anxiety, and 
cognitive decline, are manifested (Obeso et al.  2000  ) . 
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 The motor symptoms of PD are due primarily to the degeneration of the 
dopaminergic nigrostriatal pathway, leading to disruption of processing in the basal 
ganglia, motor cortex, and thalamus, which are responsible for the integration of 
sensorimotor information that controls voluntary movement whereas the mesolimbic/
mesocortical dopaminergic pathways remain relatively spared. 

 Cell loss occurring in brain areas other than the substantia nigra and changes 
in several neurotransmitters, including norepinephrine, serotonin, glutamate, ade-
nosine, and acetylcholine, contribute to the symptomatology of PD (Braak et al. 
 2003 ; Jellinger  2002  ) . 

 Current therapy is dependent on dopamine-replacement strategies, with  l -DOPA 
and dopamine agonists forming the primary tool for controlling motor symptoms. 
Several problems, however, are associated with the treatment of PD: loss of drug 
ef fi cacy and onset of motor complications (“wearing-off,” “on/off,” dyskinesia) 
together with side effects, such as psychosis and dopamine-dysregulation syndrome 
(DDS) (e.g., compulsive gambling, hypersexuality), which can become treatment 
limiting and dif fi cult to manage with currently available therapies (Fenu et al.  2009  ) . 
Disease progression also remains untreated, with no drugs currently approved for 
use as disease-modifying agents.  

    18.2   Adenosine A 2A  Receptor Antagonists as New Drugs 
for the Treatment of PD 

 Adenosine is a nucleoside derived from the degradation of ATP/AMP and functions 
as a signaling molecule in the nervous system through different receptors (A 

1
 , A 

2A
 , 

A 
2B

 , and A 
3
 ) (Masino and Dulla  2005  ) . 

 Among these receptors, adenosine A 
2A

  receptors have emerged as a potential 
candidate for the treatment of PD for two major reasons: their selective localization 
in basal ganglia and their direct interaction with D 

2
  dopamine receptors and indirect 

interaction with D 
1
  dopamine receptors (Ferré et al.  1997  )  (Fig.  18.1 ).  

 The occurrence of A 
2A

  receptors in basal ganglia and their scarce presence in 
other brain areas offer a unique opportunity to modulate motor functions without 
affecting unwanted non-motor behavior, as for example the occurrence of DDS or 
of other psychiatric complications. Adenosine A 

2A
  receptors are, in fact, selectively 

localized in cortical glutamatergic terminals and GABAergic neurons of the indirect 
striatopallidal output pathway, containing enkephalin—the same pathway where D 

2
  

dopamine receptors are expressed (Schiffmann et al.  2007  )  (Fig.  18.1 ). Moreover, 
A 

2A
  receptors are observed primarily at asymmetric synapses, suggesting that 

adenosine may be important in modulating excitatory input to striatal neurons 
(Hettinger et al.  2001  ) . In this respect, it is particularly interesting that dopamine 
depletion leads to a partial loss of spine and glutamatergic synapses on the indirect 
striatopallidal pathway (Day et al.  2006  ) . 
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  Fig. 18.1    Rationale for the use of A 
2A

  receptor antagonists in PD. In PD, lack of dopamine generates 
an imbalance in the activity of the striatal output pathways. Striatonigral neurons become hypoactive, 
whereas striatopallidal neurons, losing the inhibitory effect of dopamine while undergoing the stimula-
tory in fl uence of adenosine, become hyperactive, boosting their inhibitory in fl uence on globus pallidus 
(GP) neurons. Such imbalanced activity leads to a markedly increased inhibitory output from substan-
tia nigra pars reticulata (SNr) or to thalamo-cortical neurons, which produce hypokinetic symptoms in 
PD. A 

2A
  receptor antagonist ef fi cacy in PD relies on the blockade of A 

2A
  receptors on striatopallidal 

neurons, which should dampen their excessive activity and restore, either directly (D 
2
 ) or indirectly 

(D 
1
 ), a balance between striatonigral and striatopallidal neurons, consequently relieving thalamo-

cortical activity. Presynaptic A 
2A

  receptors regulate neuronal activity at both the caudate–putamen 
(CPu) and GP levels by regulating glutamatergic and GABAergic synaptic transmissions, thus contrib-
uting to the restoration of GP activity and, in turn, subthalamic nucleus (SThN) activity       
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 Adenosine A 
2A

  receptor activation can produce direct inhibition of D 
2
  receptors 

and may also reduce D 
2
  receptor coupling to G 

i
  proteins, suggesting that molecular 

interactions between A 
2A

  and D 
2
  receptors may be important for the antiparkinso-

nian actions of A 
2A

  receptor antagonists (   Chen et al.  2001a    ) . Moreover, studies at the 
molecular level have demonstrated that the A 

2A
  receptor may form heteromers with 

the dopamine D 
2
  receptor (Table  18.1 ). A 

2A
 /D 

2
  receptor interaction includes antago-

nistic interaction at the transcriptional level, as shown by synergistic  c-fos  activa-
tion in the indirect striatopallidal pathway by  l -DOPA or D 

2
  receptor agonists and 

A 
2A

  receptor antagonists (Fenu et al.  1997  ) . Of interest is the dimerization of A 
1
 /A 

2A
  

receptors for the tuning of glutamate release (Quarta et al.  2004  )  and co-localiza-
tion and formation of heteromers observed between striatal A 

2A
  and metabotropic 

glutamate receptor 5 (mGlu5) (Ferré et al.  2002  )  since a synergistic potentiation of 
motor activity has been reported upon combined administration of A 

2A
  and mGlu5 

receptor antagonists, together with a synergistic interaction at the level of the signal-
transduction pathways (Coccurello et al.  2004 ; Kachroo et al.  2005  )  (Table  18.1 ).  

 Studies performed in human brain con fi rmed and supported results obtained in 
rodents and primates. Expression of the A 

2A
  receptor and its mRNA is highly con-

centrated in the caudate–putamen (CPu) of human brain (Calon et al.  2004  ) . 
Moreover, according to positron emission tomography (PET) studies, utilizing the 
A 

2A
  receptor antagonists [ 11  C]istradefylline and [ 11  C]SCH442416, A 

2A
  receptor 

binding is highly concentrated in the putamen > caudate nucleus > nucleus accum-
bens, and over 90 % receptor occupancy is achieved with low oral doses in humans 
(Brooks et al.  2009,   2010  ) . 

 Alterations in the basal ganglia of patients who died with PD and who were 
receiving treatment with dopaminergic drugs were observed in the A 

2A
  receptors. 

Increased levels of A 
2A

  receptor and mRNA were found in the putamen of PD 
patients with dyskinesia versus non-dyskinetic  l -DOPA-treated controls, suggest-
ing that an increase in A 

2A
  receptors is associated with either the development or the 

expression of dyskinesia (Calon et al.  2004  ) . 
 Besides central actions, adenosine and A 

2A
  receptors have been known to regulate 

several peripheral functions (Lukashev et al.  2004  ) . The A 
2A

  receptor is important in 
mediating vasodilatation, including the regulation of coronary blood  fl ow, and sup-
porting synthesis of new blood vessels via the generation of vascular endothelial 
growth factor (VEGF) and/or by other mechanisms. Most importantly, many cells of 
the immune system express a high density of adenosine receptors which in fl uence 
their function (Deussen et al.  2006 ; Hersh fi eld  2005 ; Adair  2005  )  (Fig.  18.2 ).  

 Therefore, in the clinical perspective of chronic A 
2A

  receptor antagonist utiliza-
tion, these aspects should be taken into great consideration, although, to date, there 
have been no reports of immune system impairment or in fl ammatory change in 
either toxicological studies or studies on the clinical development of the most 
advanced A 

2A
  receptor antagonist candidates.  
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   Table 18.1    Signi fi cant interactions between adenosine A 
2A

  receptors and other receptors relevant 
to Parkinson’s Disease   

 Receptors  Heteromer  Transduction 
 Mechanism or ion 
channels involved  Effects 

 A 
2A

 –D 
2
  

(opposite) 
 • In vitro 1  
 • Ex vivo 2  

 • G proteins 
 • cAMP 1, 3  
 • PKA 1, 4  

 • NMDA receptor-
associated    Ca 2+  
channel 4  

 • Glu release in 
CPu 4  

 • Motor activation 3  
 A 

2A
 –A 

1
  

(opposite) 
 • In vitro 5  
 • Ex vivo 5  

 • G proteins 5, 10   • Receptor–receptor 
interaction 5  

 • Glu release in 
CPu 5  

 A 
2A

 –CB 
1
  

(synergistic) 
 • In vitro 6  
 • Ex vivo 6  

 • G proteins 6  
 • cAMP 6  

 • Control of direct or 
indirect CPu-SN 
pathway 

 • Glu transmission 
in CPu 6  

 • Motor activation 6  
 • Addiction 6  

 A 
2A

 –mGlu5 
(synergistic) 

 • In vitro 7  
 • Ex vivo 7  

 • cAMP 7, 8   • DARPP-32 8   • Glu transmission 
in CPu 8  

 • Motor activation 9  

  A 
2A

 –D 
2
 : may form heteromeric complexes 1, 2 , colocalized in striatal enkephalinergic neurons, 

showing a functional and biochemical antagonistic interaction involving cAMP and protein kinase 
A (PKA) 1, 3, 4 . Postsynaptic A 

2A
  receptor counteracts the inhibitory modulation of glutamatergic 

NMDA receptor activity mediated by D 
2
  receptors, which involves modulation of Ca 2+  signaling 4  

 This interaction contributes to the locomotor depression and activation provoked by A 
2A

  receptor 
agonists and antagonists, respectively 
 A 

2A
 –A 

1
 : may form heteromeric complexes 5 , colocalized in the same striatal glutamatergic nerve 

terminals. The principal biochemical characteristic of the A 
1
 –A 

2A
  receptor heteromers is the ability 

of A 
2A

  receptor activation to reduce the af fi nity of the A 
1
  receptors for agonists. This provides a 

control mechanism by which low and high concentrations of adenosine inhibit and stimulate, 
respectively, glutamate release 5, 10  
 A 

2A
 –CB 

1
 : may form heteromeric complexes and; are preferentially colocalized postsynaptically, in 

enkephalinergic dendrites, and presynaptically in glutamatergic terminals. Blockade of A 
2A

  recep-
tors counteracts the motor depressant effects produced by the intrastriatal administration of a 
cannabinoid CB 

1
  receptor agonist. Motor effects of cannabinoids depend on physical and func-

tional positive interactions between striatal A 
2A

  and CB 
1
  receptors. In the functional A 

2A
 –CB 

1
  

receptor interdependence, CB 
1
  receptor stimulation could produce a decrease in cAMP levels only 

if A 
2A

  receptors were simultaneously co-activated. Activation of A 
2A

  receptors in the CB 
1
 –A 

2A
  

receptor heteromers allows the effective coupling of CB 
1
  receptor to G 

i 
 proteins 6  

 A 
2A

 –mGlu5: colocalize and may form heteromeric complexes in cells and striatal neurons 7 . mGlu5 
receptors potentiate adenosine A 

2A
 /DARPP-32 signaling by an adenosine A 

2A
  receptor-mediated 

formation of cAMP in an extracellular signal-regulated kinase-dependent manner 8 . A synergistic 
potentiation of motor activity has been reported upon combined administration of A 

2A
  and mGlu5 

receptor antagonists, suggesting the rationale for developing dual antagonist strategies for symp-
tomatic relief in PD 9  
  1 Hillion et al.  (  2002  ) ,  2 Soriano et al.  (  2009  ) ,  3 Ferré et al.  (  1997  ) ,  4 Higley and Sabatini  (  2010  ) , 
 5 Ciruela et al.  (  2006  ) ,  6 Carriba et al.  (  2007  ) ,  7 Ferré et al.  (  2002  ) ,  8 Nishi et al.  (  2003  ) ,  9 Kachroo et al. 
 (  2005  ) ,  10 Lopes et al.  (  1999  )   
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    18.3   Effects of Adenosine A 2A  Receptor Antagonists in PD: 
Preclinical Studies 

 Several studies have demonstrated the bene fi cial effects exerted by antagonists of 
A 

2A
  receptors in animal models of PD. These effects include counteraction of 

motor impairment not associated with worsening of motor complications, attenu-
ation of tremor and muscular rigidity, and reversion of cognitive de fi cits. Moreover, 
some antagonists of A

2A
 receptors have been entered in clinical trials with encour-

aging results, demonstrating that they are good candidates for further development 
(see below). 

  Fig. 18.2    Overview of the potential effects of adenosine A 
2A

  receptor antagonists in PD and of 
their sites of action. The effects demonstrated in both experimental models of PD and clinical trials 
are shown in  black  and the effects which have been demonstrated in experimental animal models 
of PD alone so far are shown in  blue . The non-motor symptoms of PD which could be affected by 
A 

2A
  receptor antagonists, as hypothesized on the basis of preclinical evidence, are shown in  green . 

By acting at the level of the dorsal CPu, A 
2A

  receptor antagonists counteract many motor and sen-
sorimotor de fi cits occurring in PD. In addition, they exert a bene fi cial effect on the motor compli-
cations caused by the pharmacological therapy used to manage PD-associated motor impairment. 
Moreover, A 

2A
  receptor antagonists can attenuate the degeneration of dopaminergic neurons 

located in the substantia nigra pars compacta, with an action involving complex mechanisms, such 
as the reduction of neuroin fl ammatory events mediated by glial cells and the decrease of glutamate 
release. Finally, A 

2A
  receptor antagonists have also proven to affect non-motor features of PD, by 

acting on extra basal ganglia areas, and the function of organs other than the brain, which may 
in fl uence their effects on PD symptoms       
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    18.3.1   Acute Effects on Akinesia, Tremor, 
and Muscular Rigidity 

 One of the  fi rst effects described for A 
2A

  receptor antagonists is the counteraction 
of catalepsy induced in rats by blockade of dopamine D 

2
  receptors (e.g., with halo-

peridol), a model of parkinsonian-like akinesia. Acute administration of an A 
2A

  receptor 
antagonist attenuates both duration and severity of catalepsy, and enhances the anti-
cataleptic effects of  l -DOPA when given concurrently (Pinna et al.  2005 ; Stasi et al. 
 2006  ) . A 

2A
  receptor antagonists have also proven effective in animal models of 

 parkinsonian-like tremor and muscular rigidity. Regarding tremor, interesting results 
have been obtained in the rat paradigm of tremulous jaw movements (TJMs), a vali-
dated model for evaluating the antitremor properties of drugs (Salamone et al.  1998  ) . 
Acute administration of A 

2A
  receptor antagonists effectively suppresses TJMs in rats 

(Tronci et al.  2007  ) , with an action mediated by striatal mechanisms, which makes 
this effect particularly relevant, since parkinsonian tremor stems from the CPu 
(Simola et al.  2004  ) . 

 Next to their effects on TJMs, A 
2A

  receptor antagonists attenuate muscular rigid-
ity induced in rats by haloperidol, modifying both its electromyographic and mech-
anographic features (Wardas et al.  2001  ) . The ef fi cacy of A 

2A
  receptor antagonists in 

both of these paradigms is particularly interesting, and envisions them as new drugs 
for the management of PD-associated tremor and muscular rigidity, for which there 
are hardly any effective treatments.  

    18.3.2   Acute Effects in Lesion Models of PD 

 Another important effect of A 
2A

  receptor antagonists is the counteraction of motor 
impairment, which has been observed in both experimental rodents and nonhuman 
primates rendered parkinsonian through dopaminergic neurotoxins, such as 
6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP). Degeneration of dopaminergic nigrostriatal neurons by unilateral infusion of 
6-OHDA leads to motor impairment manifested as a tendency to rotate towards the side 
of the 6-OHDA infusion (ipsilateral turning). It is known that drugs bearing antiparkin-
sonian properties revert this impairment, by stimulating contralateral turning and/or 
amplifying that elicited by a dopaminomimetic drug (Dauer and Przedborski  2003 ; 
Lane et al.  2006  ) . Notably, acute administration of A 

2A
  receptor antagonists ampli fi es 

the contralateral turning stimulated in 6-OHDA-lesioned rats by either  l -DOPA or 
apomorphine as well as by selective D 

1
  or D 

2
  dopamine receptor agonists (Pinna et al. 

 1996,   2010 ; Fenu et al.  1997  ) . Moreover, A 
2A

  receptor antagonists counteract both 
motor initiation slowness and sensorimotor de fi cits associated to 6-OHDA lesion and 
also amplify the effects of  l -DOPA on these symptoms (Pinna et al.  2010  ) . 

 In line with these results are those observed in MPTP-treated nonhuman 
primates, which display motor de fi cits closely mimicking those featured in human 
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PD, thus being the best preclinical model of the disease (Jenner and Marsden  1986  ) . 
In both cynomolgus monkeys and common marmosets treated with MPTP, acute 
administration of A 

2A
  receptor antagonists counteracts motor impairment, showing, 

in addition, a synergic interaction with either  l -DOPA or dopaminergic agonists 
(Kanda et al.  1998a,   b,   2000 ; Grondin et al.  1999 ; Rose et al.  2006  ) . These results 
suggest that A 

2A
  receptor antagonists could be of interest for the management of 

PD-associated motor impairment as both monotherapy and adjunct to other antipar-
kinsonian drugs. Since the dose of  l -DOPA has been linked to the severity of side 
effects by several studies, the possibility of increasing  l -DOPA antiparkinsonian 
activity by A 

2A
   receptor antagonists opens the possibility of lowering  l -DOPA 

dosage, decreasing the appearance of  l -DOPA side effects.  

    18.3.3   Chronic Effects on Motor Impairment 
and Dyskinetic Potential 

 The bene fi cial impact of A 
2A

  receptor antagonists on PD-associated motor impairment 
has been con fi rmed by preclinical studies examining the effects of long-term treat-
ment with these drugs. Prolonged administration of A 

2A
  receptor antagonists leads to 

a persistent counteraction of motor impairment in both rodent and primate models of 
PD, with no sign of tolerance. In 6-OHDA-lesioned rats, A 

2A
  receptor antagonists 

retain their ability to potentiate  l -DOPA-induced contralateral turning, even after sub-
chronic administration (Pinna et al.  2001  ) . Similarly, a persistent improvement of par-
kinsonian motor de fi cits was observed in MPTP-treated common marmosets 
chronically treated with an A 

2A
  receptor antagonist (Kanda et al.  1998a,   b  ) . The  fi nding 

that no tolerance develops to the motor-stimulating effects of A 
2A

  receptor antagonists 
is remarkable. In fact, PD necessitates a pharmacological treatment which retains its 
motor-improving effects over a chronic administration regimen. 

 Interesting results have also been obtained in preclinical studies examining the 
effects of a chronic treatment with A 

2A
  receptor antagonists in combination with 

 l -DOPA on dyskinesia and motor  fl uctuations in parkinsonian rats and primates. In 
6-OHDA-lesioned rats, chronic treatment with  l -DOPA for 19 days leads to sensi-
tization in the intensity of  l -DOPA-stimulated contralateral turning, and this is 
deemed to model some features of  l -DOPA-induced abnormal motor responses 
(Pinna et al.  2006  ) . Using this paradigm, a comparison was made between the 
effects of a chronic treatment with a higher dose of  l -DOPA and those of a chronic 
treatment with an A 

2A
  receptor antagonist plus a lower dose of  l -DOPA, given in 

combination to engender a motor stimulation equivalent to that of  l -DOPA at the 
higher dose. Sensitization in the intensity of contralateral turning occurred only 
after  l -DOPA alone, whereas a stable motor response was observed after the coad-
ministration of an A 

2A
  receptor antagonist and  l -DOPA, suggesting that this drug 

combination bears a low dyskinetic potential (Pinna et al.  2001 ; Tronci et al.  2007  ) . 
In contrast a study using a high dose of  l -DOPA administered chronically for 
21 days together with an A 

2A
  receptor antagonist failed to observe such a difference 

(Lundblad et al.  2003  ) . Studies in 6-OHDA-lesioned rats have also shown that a 
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progressive reduction in the duration of contralateral turning takes place during 
chronic  l -DOPA administration for 22 days, and this is thought to model the  l -DOPA 
“wearing-off” observed in patients (Bibbiani et al.  2003 ; Oh and Chase  2002 ; Bové 
et al.  2006  ) . This phenomenon is signi fi cantly attenuated when  l -DOPA is coadmin-
istered with an A 

2A
  receptor antagonist, suggesting that “wearing-off” might bene fi t 

from A 
2A

  receptor blockade (Bibbiani et al.  2003  ) . 
 Data from MPTP-treated primates con fi rm and extend these  fi ndings. In parkin-

sonian primates previously rendered dyskinetic through chronic  l -DOPA adminis-
tration for 21 days, A 

2A
 receptor antagonists counteract motor impairment without 

exacerbating the already established dyskinesia (Kanda et al.  1998a,   b,   2000 ; 
Grondin et al.  1999 ; Hodgson et al.  2010  ) . Moreover, it was observed that parkinso-
nian cynomolgus monkeys chronically treated with apomorphine in combination 
with an A 

2A
  receptor antagonist for 19 days displayed hardly any dyskinesia, and 

that this treatment delayed the manifestation of dyskinesia when the primates 
were maintained on apomorphine alone (Bibbiani et al.  2003  ) . 

 Overall, data from animal models of PD indicate that A 
2A

  receptor antagonists 
counteract motor impairment and bene fi cially impact motor complications associ-
ated with the pharmacological treatment used to manage movement de fi cits. 
A 

2A
  receptor antagonists are not pro-dyskinetic drugs themselves, and combining 

A 
2A

  receptor antagonists with low non-dyskinetic doses of  l -DOPA yields a satis-
factory motor stimulation accompanied by a less severe dyskinesia, as compared 
with  l -DOPA alone at high doses.  

    18.3.4   Mechanisms of Action in PD Models 

 Regarding the mechanisms underlying the bene fi cial effects of A 
2A

  receptor antago-
nists in PD experimental models, a major one appears to be the facilitation of dop-
amine transmission; however, several important interactions of adenosine with the 
cannabinoid and the glutamatergic systems have also been described (Table  18.1 ). 

 As discussed elsewhere in this book (see Chap.   9    ), adenosine A 
2A

  receptors interact 
in an opposite fashion with both dopamine D 

2
  and D 

1
  receptors through direct and 

indirect basal ganglia network mechanisms, respectively (Fig.  18.1 ). Following the 
administration of an A 

2A
  receptor antagonist, the net result of this interaction is the 

ampli fi cation of dopamine-mediated effects, which leads to motor stimulation. It 
must also be highlighted that coadministration of an A 

2A
  receptor antagonist attenu-

ates the neurochemical modi fi cations induced in the basal ganglia by  l -DOPA. This 
has been reported for neuropeptides (dynorphin, enkephalin), enzymes (GAD67), 
and phosphorylation state of receptors (AMPA glutamate receptors) (Bibbiani et al. 
 2003 ; Carta et al.  2002,   2003 ; Tronci et al.  2007 ; Chase et al.  2003  ) . Furthermore, 
A 

2A
  receptors can modulate the extracellular levels of glutamate, whose excessive 

elevation contributes to the abnormal functioning of basal ganglia taking place in 
PD. Blockade of A 

2A
  receptors depresses glutamate release by an action involving 

both neuronal terminals and glial cells, in particular astrocytes, with important 

http://dx.doi.org/10.1007/978-1-4614-3903-5_9
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functional consequences on the cross talk between neurons and glia in the basal 
ganglia (Ciruela et al.  2006 ; Yu et al.  2008  ) . Hence, A 

2A
  receptors appear to be 

critically involved in the  fi ne-tuning of basal ganglia functionality, and this may 
explain the bene fi cial effects of A 

2A
  receptor antagonists on PD-associated move-

ment de fi cits and motor complications.  

    18.3.5   Effect on Non-motor Symptoms of PD: 
Cognition, Depression, and Sleep 

 The idea has recently emerged that A 
2A

  receptor antagonists might be a new option for 
the management of cognitive decline and other non-motor features of PD which, as 
mentioned elsewhere in this chapter, are important and often underdiagnosed symp-
toms of this pathology, and for which hardly any effective therapies are available 
(Fig.  18.2 ). Adenosine A 

2A
  receptors are critically involved in cognitive processes, as 

shown by several experiments. Thus, memory de fi cits are displayed by rats overex-
pressing the human A 

2A
  receptors, whilst either blockade or genetic deletion of A 

2A
  

receptors improves cognition in rodents (Wang et al.  2006 ; O’Neill and Brown  2006 ; 
Higgins et al.  2007 ; Giménez-Llort et al.  2007 ;    Wei et al.  2011  ) . Experimental results 
also suggest that A 

2A
  receptor antagonists may be effective on parkinsonian-like cogni-

tive decline. In rats infused with MPTP in the substantia nigra, a model of early PD, 
caffeine, an A 

1
 –A 

2A
  receptor antagonist (Fredholm et al.  1999  ) , counteracts the impaired 

performance in a two-way active avoidance task (Gevaerd et al.  2001  ) . Moreover, in 
the rat reserpine model of parkinsonism, administration of either caffeine or selective 
A 

2A
  receptor antagonists reverted the de fi cits in olfaction-mediated short-term memory 

(Takahashi et al.  2008  ) . These encouraging results push for a thorough evaluation of 
A 

2A
  receptor antagonists for the management of PD-associated cognitive decline. 

In this regard, it is worth mentioning that preclinical studies show that A 
2A

  receptor 
antagonists also bene fi cially impact cognitive functions other than memory which are 
affected in the course of PD, such as motivation and attention (O’Neill and Brown 
 2006 ; Higgins et al.  2007 ; see Chap.   23    ). Moreover, epidemiological studies demon-
strate that regular caffeine consumption inversely correlates with cognitive decline in 
the elderly (Ritchie et al.  2007  ) , supporting, though indirectly, the possibility that A 

2A
  

receptor antagonists may positively impact cognitive impairment (Fig.  18.2 ). 
 Considerations similar to those on cognitive decline also apply to the potential 

ef fi cacy of A 
2A

  receptor antagonists on other non-motor symptoms of PD. For exam-
ple, A 

2A
  receptor blockade is bene fi cial in animal models of depression (El Yacoubi 

et al.  2001  ) . It is also possible that A 
2A

  receptor antagonists may be of interest for the 
management of other non-motor features observed in PD patients, for example, 
sleep disturbances. Thus, it is well acknowledged that adenosine is critically 
involved in the wake/sleep cycle, and that blockade of A 

2A
  receptors stimulates 

arousal and counteracts sleepiness. In this connection, A 
2A

  receptor antagonists 
might be helpful in counteracting PD-associated sleepiness, although potential 
untoward effects of these agents on the wake/sleep cycle cannot be ruled out at this 

http://dx.doi.org/10.1007/978-1-4614-3903-5_23
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stage (Huang et al.  2005 ; Lazarus et al.  2011  ) . Moreover, it has been suggested 
that A 

2A
  receptor blockade might be helpful to add to dopamine agonists in order to 

lower the dosage of the latter drugs, the administration of which at high doses is 
believed to be at the origin of the impulse-control disorders represented by the DDS 
and other neuropsychiatric diseases (Fenu et al.  2009  ) . Therefore, there is a need for 
a thorough investigation of the ef fi cacy of A 

2A
  receptor antagonists on the wide 

array of non-motor symptoms associated with PD, as these drugs may represent a 
promising opportunity to simultaneously target both motor and non-motor features 
of the disease. This is particularly important as drugs currently used to control 
PD-associated motor impairment are scarcely effective on non-motor symptoms 
and, at times, can aggravate them.   

    18.4   Adenosine and Neurodegeneration in PD 

 At present, there are no drugs available that are capable of counteracting the 
neuronal degeneration underlying PD. A large number of molecules from different 
classes, including antioxidants, dopamine agonists, metabolic enhancers, and 
others, are continuously being screened for their neuroprotective potential in 
experimental models of PD: in this connection, very interesting results have been 
obtained with A 

2A
  receptor antagonists. 

 Adenosine A 
2A

  receptors critically modulate the survival of neurons in response 
to a range of noxious insults, including ischemia, excitotoxicity, and neurodegen-
eration (Chen et al.  1999 ; Popoli et al.  2004  ) . With regard to PD, marked neuropro-
tective effects of A 

2A
  receptors antagonists have been reported in both rats infused 

with 6-OHDA in the brain and mice treated with MPTP (Ikeda et al.  2002 ; Bové 
et al.  2005 ; Pierri et al.  2005 ; Chen et al.  2001a,   b ; Frau et al.  2011  ) . In these para-
digms, A 

2A
  receptor antagonists signi fi cantly attenuated the loss of tyrosine hydrox-

ylase content in the substantia nigra. Moreover, in MPTP-treated mice, A 
2A

  receptor 
antagonists counteracted the drop in the levels of dopamine in the CPu triggered by 
MPTP (Chen et al.  2001a,   b ; Pierri et al.  2005  ) . These results indicate that A 

2A
  

receptor antagonists exert a protective effect on both cell bodies and terminals of 
dopaminergic neurons. Remarkably, the bene fi cial in fl uence of A 

2A
  receptor antago-

nism on parkinsonian-like neurodegeneration has been substantiated by studies in 
mice bearing a deletion of the gene encoding for the A 

2A
  receptor, since a markedly 

reduced dopaminergic neurotoxicity by MPTP was observed in these mice compared 
with wild-type animals (Chen et al.  2001a,   b ; Carta et al.  2009  )  (Fig.  18.2 ). 

 The molecular mechanisms mediating neuroprotection by A 
2A

  receptor antagonists 
in animal models of PD are not completely understood, although they appear distinct 
from those underlying motor stimulation (Yu et al.  2008  ) . It has been suggested that A 

2A
  

receptor blockade may afford neuroprotection by dampening the glutamatergic trans-
mission, based on the modulation of glutamate out fl ow by A

2A
 receptors located on 

presynaptic terminals and glial cells, in particular astrocytes (Fig.  18.2 ). Since the 
increase of glutamate release might promote the degeneration of dopaminergic neurons, 
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it could be hypothesized that both neuronal and glial elements might be involved in 
dopamine neuron degeneration (Lange and Riederer  1994 ; Popoli et al.  2004  )  
(Fig.  18.2 ). Alternative mechanisms have also been explored. In this connection, it is 
conceivable that an interplay between adenosine A 

2A
  receptors and P2 purinoreceptors, 

which have been shown to regulate neurodegeneration, may exist. Moreover, in recent 
years a great deal of attention has been paid to the involvement of A 

2A
  receptors in 

neuroin fl ammation, which is increasingly being envisioned as a key step in the onset of 
PD-associated neurodegeneration (Hunot and Hirsch  2003 ; Kerschensteiner et al. 
 2009 ;    Ohta and Sitkovsky  2001  ) . In this regard, a study in MPTP-treated mice has 
demonstrated that either blockade or genetic deletion of A 

2A
  receptors not only attenu-

ates the demise of dopaminergic neurons, but also dampens the activation of microglia 
and astroglia induced by MPTP in the substantia nigra and CPu (Carta et al.  2009  ) . 
Finally, evidence exists which demonstrates that antagonism of adenosine receptors 
can counteract the loss of striatal dopamine and the degeneration of nigral neurons in 
an animal model of mitochondrial dysfunction, which is regarded as a potential cause 
of PD (Al fi nito et al.  2003  ) . On these bases, it can be hypothesized that A 

2A
  receptor 

antagonists may protect dopaminergic neurons by acting at different stages of a com-
plex cascade of events, including neuroin fl ammation and actual neurotoxic insults, 
which may trigger the demise of the dopaminergic neurons underlying PD (Fig.  18.2 ). 

 Up to now, no clinical studies have been performed to evaluate the protective 
effects of A 

2A
  receptor antagonists in PD patients, but clinical trials aimed at conclu-

sively addressing this issue are currently under way (see below). However, it must be 
mentioned that epidemiological studies have suggested blockade of adenosine recep-
tors as a factor which might bene fi cially impact the degeneration of dopaminergic 
neurons underlying PD. Thus, independent investigators have observed the existence 
of a negative correlation between the incidence of idiopathic PD and a regular lifetime 
intake of the nonselective adenosine antagonist, caffeine (Ross et al.  2000 ; Ascherio 
et al.  2001  ) . Obviously, this is indirect evidence and only suggests, but does not prove, 
that caffeine and/or selective A 

2A
  receptor antagonists are able to prevent the loss of 

dopaminergic mesencephalic neurons. Nevertheless, this  fi nding is remarkable, and 
has paved the path for the clinical evaluation of A 

2A
  receptor antagonists as new pro-

tective agents for the neurodegeneration underlying PD. 
 Overall, preclinical results depicting A 

2A
  receptor antagonists as neuroprotective 

drugs for PD are very encouraging (Chen et al.  1999 ; Pierri et al.  2005 ; Carta et al. 
 2009  ) . These results acquire particular importance in the consideration of the bene fi cial 
effects of A 

2A
  receptor antagonists on motor symptoms of PD (see above), and suggest 

that A 
2A

  receptor antagonists might possess a dual bene fi cial effect on motor impair-
ment and disease progression, thus being an ideal class of drugs for further develop-
ment. Nevertheless, caution should be exercised when considering A 

2A
  receptor 

antagonists as new tools for neuroprotection. In fact, the preclinical data on this issue 
suggest, on the whole, that the actions of A 

2A
  receptors on neuronal survival are com-

plex, and may be critically dependent on the duration of the insult and the speci fi c 
areas which degenerate. Therefore, there is a need for a detailed characterization of 
the speci fi c conditions under which A 

2A
  receptor antagonists are effective on PD neu-

rodegeneration and how they can be properly used as therapeutic tools. 
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    18.4.1   Detrimental Effects of Adenosine Antagonism: Caffeine 

 As mentioned above, caffeine and A 
2A

 receptor antagonists show neuroprotective 
effects in animal models of the disease. However, depending on the experimental 
protocol and the type of drug concomitantly administered, caffeine can have a det-
rimental effect on neuron survival. 

 Caffeine is frequently used in combination with amphetamine-like stimulants 
that are often abused orally in the form of tablets for recreational purposes. Because 
of its stimulant effect in the central nervous system, beverages containing caffeine, 
such as coffee, tea, and soft drinks, are intentionally taken mostly by young people 
in association with drugs of abuse in order to avoid drowsiness and fatigue 
(Fredholm et al.  1999  ) . 

 Different preclinical studies in the rat have shown that caffeine, when adminis-
tered at doses similar to those that may be taken for recreational use, may enhance 
the acute toxicity and lethality of 3,4-methylenedioxymethamphetamine (MDMA) 
(McNamara et al.  2006 ; Camarasa et al.  2006  )  and may increase mortality caused 
by acute amphetamine or cocaine administration (Derlet et al.  1992  ) . At the preclinical 
level, caffeine intake potentiates toxicity of MDMA, increasing MDMA-induced 
hyperthermia in group-housed rats (McNamara et al.  2006 ; Camarasa et al.  2006  ) , 
inducing profound tachycardia (McNamara et al.  2007  ) , potentiating the MDMA-
induced decrease of serotonin transporter sites in the cortex, CPu, and hippocampus 
(Camarasa et al.  2006  ) , and enhancing the permeation and the absorption of MDMA 
in intestinal epithelial cells (Kuwayama et al.  2007  ) . Caffeine enhances MDMA-induced 
dopamine release, provoking a greater response than that obtained following either 
caffeine or MDMA alone (Vanattou-Saïfoudine et al.  2011  ) . Finally, combined use 
of caffeine and MDMA induces neuroin fl ammation characterized by an increased 
microglial and astroglial reactivity in different brain areas (Khairnar et al.  2010  ) . 
Since neuroin fl ammation is one of the factors responsible for the pathogenesis of 
neurodegenerative disorders (Kerschensteiner et al.  2009  ) , this effect may facilitate 
neurodegenerative processes such as in PD.   

    18.5   Clinical Studies on A 2A R Antagonists 
in Parkinsonian Patients 

 The promising antiparkinsonian responses of xanthine and non-xanthine highly 
selective A 

2A
  receptor antagonists in rodent and nonhuman primate models of PD, 

have provided a strong motivation to initiate clinical programs assessing the safety 
and the therapeutic potential of these drugs in PD patients. 

 To date, several A 
2A

  receptor antagonists have been entered into clinical trials: 
istradefylline (KW-6002) from Kyowa Hakko Kogo; preladenant (SCH-420814) 
from Merck & Co Inc. following its acquisition of Schering-Plough Corp; SYN115 
from Synosia Therapeutics, acquired by Biotie Therapies and UCB Pharma; 
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vipadenant (BIIB014/V2006) from Vernalis plc-Biogen Idec; and ST-1535 from 
   Sigma-Tau. Other companies working in this  fi eld have not yet disclosed signi fi cant 
information related to speci fi c drug development programs (for reviews see Pinna 
 2009 ; Shah and Hodgson  2010  ) . 

 The  fi rst A 
2A

  receptor antagonist evaluated in clinical trials in PD patients was the 
xanthine istradefylline (Jenner  2005  ) , which has progressed through phase II and III 
studies. The vast majority of clinical data on this drug have been collected in patients 
with moderate-to-severe PD, with overt motor complications, under treatment with 
 l -DOPA either alone or in combination with other PD medications. Although clinical 
 fi ndings obtained with istradefylline are not always statistically signi fi cant, they 
clearly indicate that this drug, at dose of 20–80 mg/day, reduces the time spent in the 
“off” state by about 1 h (Bara-Jimenez et al.  2003 ; LeWitt et al.  2008 ; Stacy et al. 
 2008 ; Hauser et al.  2008 ; Mizuno et al.  2010  ) . Moreover, this A 

2A
  receptor antagonist 

signi fi cantly increased  l  -DOPA “on” time with non-troublesome dyskinesia, whereas 
 l -DOPA “on time” with troublesome dyskinesia remained unchanged (LeWitt et al. 
 2008 ; Stacy et al.  2008 ; Hauser et al.  2008  ) . Interestingly, evidence of consistent and 
sustained effects of istradefylline has been supported by a long phase III study in PD 
patients, in which istradefylline showed a stable ef fi cacy in decreasing the “off” time 
(Factor et al.  2010  ) . Recently, istradefylline (40 mg/day) was compared with placebo 
as a monotherapy in early PD patients (Fernandez et al.  2010  ) . Although istradefyl-
line provided numerical improvement of motor Uni fi ed PD Rating Scale (UPDRS) 
scores at each time point and signi fi cantly greater improvement at week 2 in treated 
patients compared with placebo, the difference across groups was not statistically 
signi fi cant (Fernandez et al.  2010  ) . This discrepancy may be due to the low dose used 
in this clinical trial; indeed, when administered alone, higher doses of istradefylline 
may be needed to elicit bene fi cial effects on parkinsonian symptoms. All clinical tri-
als with istradefylline have provided evidence for a suitable tolerability and safety, 
with discontinuation due to adverse effects being infrequent and comparable in pla-
cebo and istradefylline groups (Bara-Jimenez et al.  2003 ; Hauser et al.  2008 ; LeWitt 
et al.  2008 ; Stacy et al.  2008 ; Factor et al.  2010  ) . Despite these  fi ndings, istradefyl-
line did not receive approval by the Food and Drug Administration (FDA), as the 
agency expressed concern about the adequacy of overall ef fi cacy of the drug and 
asked for more thorough clinical investigations (  http://www.istradefylline.com/fda.
html    ). Considering the positive clinical results obtained in PD patients, Kyowa com-
pany decided to assess an additional and detailed examination. 

 Another very promising A 
2A

  receptor antagonist is the non-xanthine derivative 
preladenant, with good oral bioavailability, high A 

2A
  receptor selectivity, good phar-

macokinetic properties, and in vivo activity against parkinsonian symptoms (Hodgson 
et al.  2009  ) . The phase I PET study in healthy humans con fi rmed the possibility of 
development of preladenant under a twice-per-day administration regimen (Brooks 
et al.  2009  ) . Preladenant, at doses of 5 and 10 mg, in moderate-to-severe PD patients 
on a stable regimen with  l -DOPA and other adjunctive medications, was signi fi cantly 
more effective in reducing the “off” time than placebo. Besides, preladenant, at both 
doses, signi fi cantly increased the “on” time without producing a proportional overall 
increase in any dyskinesias (troublesome or non-troublesome) compared with placebo 

http://www.istradefylline.com/fda.html
http://www.istradefylline.com/fda.html
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(Hauser et al.  2011  ) . Moreover, in these clinical studies, preladenant was shown to be 
well tolerated and safe at all doses. The incidence of adverse effects and discontinua-
tion rates was similar between preladenant- and placebo-treated groups (Hauser et al. 
 2011  ) . These encouraging results have motivated the company to plan two more 
extensive phase II and three phase III trials with different doses of preladenant, in 
moderate-to-severe PD patients, as adjunctive therapies with  l -DOPA or dopamine 
agonists (Pinna  2009 ;   http://www.clinicaltrials.gov/ct2/results?term=preladenant    ). 
Notably, one more phase III trial has been planned to evaluate the ef fi cacy and safety 
of preladenant in early PD patients as monotherapy for 1 year (  http://www.clinicaltri-
als.gov/ct2/results?term=preladenant    ). 

 Regarding the clinical program of the other non-xantine A 
2A

  receptor antagonists, 
vipadenant has been discontinued (  http://www.vernalis.com/media-centre/latest-
releases/2010-releases/584    ), whereas SYN115 and ST-1535 are at an early stage of 
development (phase IIb and phase I trials, respectively). Phase IIa study, with 
SYN115 alone or in combination with an infusion of low dose of  l -DOPA, showed 
that this drug signi fi cantly improved tapping speed as compared with placebo, either 
in the presence or not of a subtherapeutic infusion of  l -DOPA, in patients with 
mild-to-moderate PD (Black et al.  2010  ) . Moreover, the total UPDRS motor score 
was 20 % lower with SYN115 compared with placebo when administered with 
 l -DOPA (Black et al.  2010  ) . In particular, improvement in two UPDRS measures of 
bradykinesia achieved statistical signi fi cance; SYN115 was also well tolerated 
(Black et al.  2010  ) . On the basis of these promising results, the company planned to 
start a phase IIb study to investigate four doses of SYN115 as adjunctive therapy in 
 l -DOPA-treated PD patients experiencing “wearing-off” (  http://www.biotie.com/
en/recearch_and_development/central_nervous_system_disorders/syn115    ). 

 The Sigma-Tau company has started a clinical phase I program, with the non-xanthine 
A 

2A
  receptor antagonist, ST-1535, after the promising results of preclinical studies in 

animal models of PD, in which ST-1535 displayed a clear ef fi cacy as antiparkinsonian 
drug (Tronci et al.  2007 ; Rose et al.  2006  ) . The initial phase I study showed that all 
single doses of ST-1535 (between 50 and 450 mg) were generally well tolerated. 
Furthermore, the company has started to investigate the antiparkinsonian activity of 
two metabolites of ST-1535 which have shown good ef fi cacy in rodent models of PD. 

 The encouraging clinical results obtained with A 
2A

  receptor antagonists strongly 
support the utilization of these drugs in the management of parkinsonian patients. 
Indeed, the observed temporal reduction of  l -DOPA “off” time by these drugs is of 
notable importance, “wearing-off” being one of the major untoward effects mani-
fested during long-term use of this drug. Conversely, to ameliorate the management 
with A 

2A
  receptor antagonists, additional investigation is also needed, as suggested 

by preclinical studies, in combination with a suboptimal dose of  l -DOPA or dop-
amine agonists, rather than with the optimal doses usually utilized so far in clinical 
trials. Besides, further data from the studies assessed in patients with early-stage PD 
are expected to elucidate whether A 

2A
  receptor antagonists are suitable for adminis-

tration as monotherapy against motor symptoms. Finally, evaluation of these drugs 
in patients devoid of  l -DOPA motor complications should be performed in order to 
evaluate in detail the ef fi cacy of A 

2A
  receptor antagonists on the onset and progres-

sion of human dyskinesia.  

http://www.clinicaltrials.gov/ct2/results?term=preladenant
http://www.clinicaltrials.gov/ct2/results?term=preladenant
http://www.clinicaltrials.gov/ct2/results?term=preladenant
http://www.vernalis.com/media-centre/latest-releases/2010-releases/584
http://www.vernalis.com/media-centre/latest-releases/2010-releases/584
http://www.biotie.com/en/recearch_and_development/central_nervous_system_disorders/syn115
http://www.biotie.com/en/recearch_and_development/central_nervous_system_disorders/syn115
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    18.6   Adenosine, Urate, and PD 

 Urate (uric acid) is the “end product” generated during the metabolisms of purines, 
such as adenosine. This product, in physiologic concentrations, is an important natural 
antioxidant, as effective as ascorbate, in reducing oxidative stress through its actions 
as a scavenger of free radicals and a chelator of iron and copper (Cipriani et al. 
 2010  ) . This neuroprotective feature of urate has been established in several cellular 
and animal models of numerous diseases, including PD (Cipriani et al.  2010  ) . 
Recently, epidemiological  fi ndings showed that cerebrospinal  fl uid (CSF) and serum 
concentrations of urate may predict clinical progression of PD; indeed, humans 
with high plasma urate levels have a markedly reduced incidence of developing PD 
(Ascherio et al.  2009 ; Schwarzschild et al.  2008  ) . Similarly, individuals with gout, 
a rheumatic disease resulting from hyperuricemia, have a signi fi cantly reduced risk 
of developing PD (Alonso et al.  2007 ; De Vera et al.  2008  ) . These data have been 
supported by the study in which dietary interventions produced an increase of blood 
urate concentrations reducing the risk of PD (Gao et al.  2008  ) . On the other 
hand, lower concentrations of urate were observed in serum, CSF, and postmortem 
nigrostriatal tissue samples of PD patients compared with controls (Church and 
Ward  1994 ; Morelli et al.  2010  ) . Notably, the relationship between plasma urate and 
cognitive impairments in PD patients has been investigated in two studies 
(Annanmaki et al.  2008 ; Wang et al.  2009  ) . Both these reports demonstrated a posi-
tive correlation between urate levels and preserved neuropsychological perfor-
mance, supporting the view that serum urate may possess an additional feature 
as a diagnostic biomarker for cognitive dysfunction of PD. 

 Overall, these lines of evidence involve adenosine as a key factor for disease 
development and suggest urate as the  fi rst biomarker of the risk, development, and 
clinical progression of PD. Epidemiological and clinical data have been rapidly 
translated into clinical trials that investigate the safety and ability of inosine (a pre-
cursor of urate as well as the deamination product of adenosine) to increase serum 
and CSF urate levels, in early PD patients, in order to evaluate its potential for 
further development as a novel strategy to delay progression of the disease 
(  http://www.clinicaltrials.gov/ct2/show/NCT00833690    ).  

    18.7   Conclusions 

 The management of PD has two important phases: early management, which 
includes initiation of therapy after diagnosis, and management of late, complicated 
PD, when the response to  l -DOPA is altered and “on/off,” “wearing-off,” and dys-
kinesia are present. In the  fi rst, uncomplicated, phase, either  l -DOPA or dopamine 
receptor agonists ef fi ciently counteract motor dysfunctions without the emergence 
of motor side effects. This phase, otherwise called “honey moon,” lasts about 
5–10 years, until motor and non-motor complications appear (see Sect.  18.1  above). 
The management of this  fi rst phase has important consequences on the appearance 

http://www.clinicaltrials.gov/ct2/show/NCT00833690
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of the side effects that characterize the second, complicated, phase. Introduction of 
A 

2A
  receptor antagonists in this early phase may allow the dose of  l -DOPA to be 

lowered, preventing the appearance of side effects and might also delay the dopamine 
neuron degeneration through the disease-modifying properties of these drugs. 

 Similarly to the  fi rst, uncomplicated, phase, in the second, complicated, phase of 
PD, the lowering of  l -DOPA dosage by addition of A 

2A
  receptor antagonists may 

increase the ef fi cacy of this drug and reduce the “off” phase, without increasing the 
associated dyskinesia. 

 In conclusion, the role of adenosine and adenosine receptors so far described has 
raised the possibility that using A 

2A
  receptor antagonists might be a uniquely effec-

tive strategy for counteracting the motor dysfunctions and neurodegeneration that 
characterize PD. Adenosine participates in several important physiological pro-
cesses, from energy supply through ATP, to the regulation of anti-in fl ammatory and 
immune system responses. Therefore more detailed studies should be undertaken in 
both experimental animals and humans in order to clarify under which speci fi c limita-
tions A 

2A
  receptor antagonists might be used in the treatment of PD.      
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  Abstract   Alzheimer’s disease (AD) is the most prevalent form of dementia in the 
aged population. De fi nitive diagnosis of AD is based on the presence of senile 
plaques and neuro fi brillary tangles that are identi fi ed in post-mortem brain speci-
mens. The formation of these AD-speci fi c lesions is attributed to the pathological 
accumulation of either extracellular amyloid beta (A b ) peptide or intraneuronal 
hyperphosphorylated Tau protein. The AD brain is also characterized by astrogliosis 
and in fl ammation. Sporadic AD results from multiple genetic and environmental 
risk factors. Prospective, retrospective epidemiological studies and experimental 
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 fi ndings have identi fi ed chronic caffeine consumption as a protective factor. Caffeine 
effects would essentially result from modulation of the adenosine system. In this 
frame, the present review aims to discuss the role of adenosinergic system and in 
particular involvement of the A 

2A
 R in AD pathology and associated cognitive 

impairments. We also discuss the apparent paradox in regards to A 
2A

 R blockade and 
the aforementioned protective effects versus the disruption of speci fi c biochemical 
processes that in fl uence hippocampal synaptic plasticity, BDNF/TrkB signaling and 
acetylcholine release, all being associated with AD physiopathology. As an alterna-
tive to targeting speci fi c pathways a more effective option to treat AD may be 
achieved by utilizing novel treatment strategies that restore adenosine homeostasis 
in the diseased brain. Thus, prior to exploring the ef fi cacy of A 

2A
 R blockade as a 

therapeutic option for AD, we conclude that a better understanding of adenosine 
signaling in AD is needed.  

  Keywords   Amyloid plaque  •  Brain-derived neurotrophic factor  •  Caffeine  
•  In fl ammation  •  Neuro fi brillary tangle  •  Tau protein      

    19.1   Alzheimer’s Disease    

    19.1.1   Generalities, Symptoms, and Lesions 

 Alzheimer’s disease (AD) was  fi rst described one hundred years ago. With the 
increase in life expectancy, its incidence has increased dramatically and current 
forecasts speak in terms of a doubling of the number of persons affected every 
20 years (Wittchen and Jacobi  2005  ) . AD is the most frequently encountered form 
of dementia (about 70 % of cases of dementia). The earliest and most frequent 
manifestations are benign memory disorders relating to recent facts (Amieva et al. 
 2005 ; Ritchie et al.  2001  ) . There is then a slow evolution of the symptoms, which 
will gradually spread to organizational and programming disorders, aphasia, apraxia, 
and agnosia. In most cases, AD appears as a sporadic multifactorial disease result-
ing from the interaction of different environmental, epigenetic, and genetic factors 
that might facilitate its onset. Various epidemiologic studies have identi fi ed “risk 
factors” and “protective factors.” Not only aging but also cardiovascular factors like 
high blood pressure, diabetes and obesity are examples of the former (Ballard et al. 
 2011  ) ; while a healthy lifestyle (physical and intellectual activities,  fi sh consump-
tion, among other factors) would seem to have protective effects (Belarbi et al. 
 2011 ; La Rue  2010 ; and references herein). More recently, genome-wide association 
studies have allowed for the identi fi cation of genes associated to the disease 
(Lambert and Amouyel  2011  ) . 

 The de fi nitive diagnosis of AD is based on the observation of characteristic brain 
lesions, usually found during a post-mortem examination: senile plaques and 
neuro fi brillary tangles. Neuro fi brillary degeneration is due to the pathological 
accumulation in the neuron of a naturally present protein, the Tau protein; while the 
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amyloid pathology is characterized by the extracellular accumulation of the amyloid-beta 
peptide (A b ), which is normally present in low concentrations. A b  peptides derive 
from a precursor called  b APP ( b -Amyloid Precursor Protein): A b  peptides result 
from the combined action of two distinct proteolytic enzymatic activities,  b - and 
 g -secretase, respectively releasing the N- and C-terminal extremities of A b  peptides 
(Checler  1995 ; De Strooper et al.  2010  ) . This constitutes the amyloidogenic path-
way. The activity of  b -secretase is now well characterized. It is an acid protease 
called BACE1 ( b -site-APP Cleaving Enzyme 1);  g -secretase is the enzymatic 
activity which releases the C-terminal extremity of the amyloid peptides. Numerous 
studies suggest that presenilins 1 and 2 (PS1 and PS2) are themselves carriers of the 
 g -secretase activity.    The  g -secretase activity depending on the presenilins appears to 
be carried by a multiprotein complex of high molecular weight implicating at least 
three other proteins: nicastrin (NCT), Aph-1 (Anterior pharynx defective 1 homolog), 
and Pen-2 (Presenilin enhancer 2 homolog) (De Strooper  2010  ) . 

 Neuro fi brillary degeneration consists of the intraneuronal accumulation of 
proteinaceous  fi brils into paired helical  fi laments (PHF) (for reviews see Buee et al. 
 2000 ; Sergeant et al.  2008  ) . The major antigen of PHF was shown to correspond to 
Tau protein, which is phosphorylated. Tau is a neuronal protein essentially located 
within the axonal compartment. Its structure makes it essential for the organization, 
stabilization and dynamics of microtubules (Buee et al.  2000 ; Sergeant et al.  2008  ) , 
but recent data also emphasize that Tau has other important neuronal functions at 
the dendritic and nuclear levels (Ittner et al.  2010 ; Sultan et al.  2011  ) . The physiologic 
and pathologic functions of Tau are also regulated by posttranslational modi fi cations 
such as phosphorylation. In AD and related disorders, aggregated Tau proteins are 
always found hyperphosphorylated. These changes in phosphorylation may affect a 
number of Tau functions and facilitate Tau aggregation (Buee et al.  2000 ; Sergeant 
et al.  2008  ) . Notably, the progression of the neuro fi brillary lesions in the cortex 
(entorhinal cortex, then hippocampus, and lastly neocortex), corresponds to the 
progression of the symptoms (Duyckaerts et al.  1997 ; Grober et al.  1999  ) . In line 
with these  fi ndings, and supporting the instrumental role of Tau pathology in cognitive 
alterations, data stress that both long-term potentiation (LTP) and depression (LTD), 
two well-known manifestations of hippocampal synaptic plasticity, are reduced in 
transgenic models mimicking AD-like Tau pathology (Polydoro et al.  2009 ; Van der 
Jeugd et al.  2011  ) .  

    19.1.2   Astrogliosis and In fl ammation and AD 

 Besides A b  load and Tau pathology, both in fl ammatory processes and astrogliosis 
appear to be integral components of AD onset and progression (Heneka and 
O’Banion  2007  ) . 

 Af fi rmation of the role that reactive astrocytes play in the pathophysiology of 
AD stems from several observations. Post-mortem characterization of brain speci-
mens from human AD patients reveals that the marker for glial activation, S100 b , 
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is elevated (Sheng et al.  1994 ; Van Eldik and Grif fi n  1994  )  and that activated 
astrocytes are found juxtaposed to amyloid plaques (Wisniewski and Wegiel  1991  ) . 
Additionally, hippocampal sclerosis, a common pathology of medial Temporal 
Lobe Epilepsy (mTLE) characterized by astrogliosis and severe loss of neurons, is 
a common  fi nding in autopsies from AD patients (Attems and Jellinger  2006  ) . 
Within the AD brain, a tight association between astrogliosis and either aberrant A b  
or Tau function has been established. Exogenous application of the A b  

1-42
  peptide 

to the rodent cortex causes a rapid activation of astrocytes. Importantly, the astro-
glial response occurs in the absence of senile plaques indicative of a direct A b -
mediated effect on astrocyte function (Perez et al.  2010  ) . Considering that A b , 
acting as an acute toxin, is a potent glial activator, it remains possible that astrocyte 
activation could be an early event in disease onset, occurring even in the absence 
of amyloid deposition (Moreira et al.  2008 ; Nunomura et al.  2000  ) . Similarly, glial 
activation was detected at very early stages in the AD brain (Cagnin et al.  2001  ) , 
and in a recent population-based study, increased gliosis has been found before the 
development of AD-lesions (Wharton et al.  2009  ) . The presence of reactive astro-
cytes in early AD is of great importance considering that cognitive de fi cits and 
neurodegeneration precede the formation of senile plaques in multiple transgenic 
mouse models of AD (Hsia et al.  1999 ; Westerman et al.  2002  ) . Astrocytes are also 
endowed with the capability of promoting amyloid plaque formation (Nagele et al. 
 2004  ) . Within the AD brain there is intracellular accumulation of A b  in the astro-
cyte processes that are in close proximity of amyloid deposits (Kurt et al.  1999  ) . Of 
note, alterations in astrocyte function are not only limited to A b  toxicity but also 
associated with Tau pathology (Belarbi et al.  2011 ; Schindowski et al.  2006  ) . 
Astrocyte dysfunction may thus have a central role in regulating disease progres-
sion and    the behavioral outcomes, and modulating astrogliosis function could be of 
importance.  

 In fl ammatory processes are an important hallmark of AD (Heneka and O’Banion 
 2007 ; Wyss-Coray  2006 ; for reviews). A recent study points out that both acute and 
chronic systemic in fl ammation, characterized with increases in serum TNF a , is 
associated with an increase in cognitive decline in Alzheimer disease (Holmes et al. 
 2009  ) . Microglial cells seem to play an important role in AD-related central 
in fl ammatory processes. Whether microglial activation is protective or deleterious 
in AD is still a matter of debate and has been discussed elsewhere (e.g., Wyss-Coray 
 2006  for review). Some data indicate that microglia may promote A b  clearance. For 
instance, removing microgial CX3CR1 receptor-mediated signaling between neurons 
and microglia results in reduction of  b -amyloid levels and deposition in APP mouse 
models while microglial reaction is increased (Lee et al.  2010b  ) . In accordance, 
intra-hippocampal injection of lipopolysaccharide (LPS), a well-known promoter 
of in fl ammation, can reduce A b  load in vivo (Herber et al.  2004 ; Wyss-Coray et al. 
 2001  ) . Besides resident microglia, it has also been shown that peripheral monocytes 
could in fi ltrate the brain and contribute to amyloid deposit reduction (Simard et al. 
 2006  ) . Depletion of the chemokine receptor CCR2, known to be involved in the 
accumulation of the mononuclear phagocyte in the brain, results in an increase of 
A b  burden and memory defects in APP mouse models (El Khoury et al.  2007 ; Naert 
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and Rivest  2011  ) . However, in opposition to the aforementioned results some studies 
have concluded that microglia are unable to remove A b  deposits but instead pro-
duce cytotoxic damage (Fang et al.  2010 ; Wegiel et al.  2003  ) . Puzzlingly, a recent 
study points out that microglia ablation did not modulate plaque formation in an 
APP transgenic model (Grathwohl et al.  2009  ) . Therefore, the precise role of innate 
immunity towards the amyloid side of AD remains unclear. 

 Little is known about the relationships between in fl ammation and the Tau side of 
AD. Previous works readily described neuroin fl ammatory processes in several 
models of AD-Like Tau pathology (Bellucci et al.  2004 ; Sasaki et al.  2008 ; Zilka 
et al.  2009  ) . It has been particularly stressed that microglial activation would even 
precede tangle formation (Yoshiyama et al.  2007  ) . Interestingly, microglial activation 
would be detrimental towards Tau pathology. Indeed, LPS administration in rTg4510 
mice has been shown to exacerbate hippocampal and cortical Tau phosphorylation 
(Lee et al.  2010a  ) . This is in line with other data showing that LPS signi fi cantly 
induced Tau hyperphosphorylation through activation of cyclin-dependent kinase 5 
in the 3xTg transgenic model, without affecting APP processing (Kitazawa et al. 
 2005  ) . Involvement of microglia in processes underlying Tau pathology has been 
further emphasized by demonstrating that removal of CX3CR1 leads to enhanced 
Tau pathology (Bhaskar et al.  2010  ) . These observations  fi t well with the ability of 
pro-in fl ammatory mediators, known to be released by microglial cells, as IL1 b  or 
TNF a , to promote Tau phosphorylation and even its neuritic aggregation (Gorlovoy 
et al.  2009 ; Li et al.  2003  ) . 

 Overall, all the above data stress that astrogliosis and neuroin fl ammatory events, 
especially those mediated by microglial cells, may have an instrumental role in AD 
while their respective contribution to the amyloid and Tau sides remain unclear so 
far. This, however, indicates that modulation of brain glial cells is prone to affect 
mechanisms underlying AD pathogenesis.   

    19.2   Targeting Adenosine Receptors in AD 

    19.2.1   A Strong Rationale: The Effect of Caffeine 
in Memory Loss During Aging and AD 

 Caffeine is one of the most consumed psychoactive drugs. At high millimolar con-
centrations, irrelevant for normal consumption, caffeine can act at the level of ryan-
odine receptors and cyclic nucleotide phosphodiesterases, but it is now well 
established that under normal physiological conditions, the effects exerted in the 
brain by caffeine depend on its ability to block adenosine A 

1
  and A 

2A
  receptors (A 

1
 R 

and A 
2A

 R) (Fredholm et al.  1999,   2005  ) . Notably, in humans, caffeine is largely 
demethylated to its dimethyl metabolic intermediates, with over 80 % of orally 
delivered caffeine metabolized to paraxanthine (1,7-dimethyl-xanthine), and 
about 16 % is converted to theophylline (3,7-dimethylxanthine) and theobromine 
(1,3-dimethylxanthine), both being potent antagonists of adenosine receptors. 
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 Adenosine receptors have a crucial neuromodulatory role and regulate both 
synaptic transmission and plasticity (Linden  2001  )  either by directly modulating 
synaptic responses or by interfering with other receptors (Ribeiro and Sebastiao 
 2010  ) . Adenosine receptors are G-protein coupled receptors that mostly regulate, in 
opposite directions, the second messenger cAMP. While A 

1
 R are inhibitory G 

i/o
  

coupled, thus decreasing cAMP levels, A 
2A

 R are excitatory G 
s
  coupled, increasing 

cAMP levels.    Activation of adenosine receptors interferes also with Ca2+ channels 
and the phospholipase C pathway. Through these actions and by modulating both 
the release and the uptake of different neurotransmitters, the balance between 
adenosine A 

1
 R and A 

2A
 R activation allows the  fi ne-tuning of synaptic transmission 

and plasticity in the hippocampus (Sebastiao and Ribeiro  2009  ) . Upon aging, as 
well as under chronic noxious brain conditions, the levels of adenosine increase, 
associated to an increased density and effects of A 

2A
 R and a decrease in A 

1
 R (Cunha 

et al.  2001 ; Lopes et al.  1999 ; Rebola et al.  2003  ) . Thus, by blocking adenosine 
receptors, caffeine emerges as a potential drug to modulate brain function and cog-
nition (de Mendonca and Cunha  2010  ) . 

 The widespread consumption of caffeine underlies the importance of studying 
the consequences of its chronic intake to the aging-associated cognitive decline, 
particularly in pathological conditions. Caffeine consumption increases alertness 
and improves cognition in physiological conditions (Fisone et al.  2004 ; Haskell 
et al.  2005 ; Sawyer et al.  1982 ; Smit and Rogers  2000  ) . Caffeine also improves 
attention and information processing (Lorist and Tops  2003  ) . In rodents, evidence 
from the past few years supports the cognitive enhancer properties of caffeine in a 
variety of behavioral tasks that evaluate learning and memory (Takahashi et al. 
 2008 ; Marques et al.  2011  ) . However, only recently, the relationship between its 
consumption and the pathophysiology of many neurodegenerative diseases has 
been  fi rmly established (Rahman  2009  ) . Even if some controversy may exist 
(Eskelinen and Kivipelto  2010  ) , caffeine consumption has bene fi cial effects not 
only in aging, reducing the associated cognitive decline in healthy subjects (Johnson-
Kozlow et al.  2002 ; Ritchie et al.  2007 ; van Gelder et al.  2007  ) , but also in AD 
patients. Indeed, different epidemiological reports highlight the inverse correlation 
between caffeine consumption and the incidence or severity of AD. In the Canadian 
Study of Health and Aging (CSHA), daily coffee drinking decreased the risk of AD 
by 31 % during a 5-year follow-up (Lindsay et al.  2002  ) . Similarly, another study 
from the CAIDE population reports that coffee drinkers at midlife had lower risk of 
dementia and AD later in life compared with those drinking no or only little coffee. 
The lowest risk (65 % decreased) was found in people who drank 3–5 cups per day 
(Eskelinen et al.  2009  ) . Finally, a retrospective study has shown inverse correlation 
between coffee intake and the occurrence of AD later on in life. Indeed, while age-
matched controls had an average daily caffeine intake of 198.7 ± 135.7 mg during 
the corresponding 20 years of their lifetimes, patients with AD had a lower average 
daily caffeine intake of 73.9 ± 97.9 mg during the 20 years that preceded diagnosis 
of AD (Maia and de Mendonca  2002  ) . Thus, caffeine consumption is able to slow 
down the cognitive decline in the elderly and even appears to reduce the risk to 
develop AD.  
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    19.2.2   Modulation of AD-Related Pathology by Caffeine 
and Adenosine Receptor Targeting 

    Caffeine has been shown to mitigate cognitive decline induced by A b  as well as to 
reduce amyloid burden in transgenic mice overexpressing mutated APP (APPsw) 
not only in preventive but also therapeutic paradigms (Fig.  19.1 ). Indeed, APPsw 
mice chronically treated from 4 to 9.5 months of age with caffeine (300 mg/L by 
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  Fig. 19.1    Potential pathways involved in protective effects provided by caffeine and adenosine 
A 

2A
 R blockade against Alzheimer’s pathophysiology. Alzheimer’s disease is characterized by the 

presence of two brain lesions. Senile plaques, composed of aggregated A b  peptide, and 
neuro fi brillary tangles, composed of hyperphosphorylated Tau proteins. Recent data point out that 
neuroin fl ammation has also a crucial role in Alzheimer pathophysiology. Caffeine consumption 
decreases the incidence and severity of AD and mitigates A b -induced cognitive de fi cits. Caffeine 
was shown to decrease A b -induced synaptotoxicity as well as to modulate A b  production and 
clearance. Modulation of BACE1 expression and reduction of c-Raf1 activity possibly through 
PKA pathway, may explain the enhancement of A b  degradation. Caffeine also reduces GSK3 
expression and/or levels in fl uencing A b  production. A possible role in  g -secretase activity cannot 
be excluded. Finally caffeine modulation of GSK3 is also able to decrease Tau phosphorylation. 
Other data support that caffeine could also reduce brain in fl ammation. Part of the effects of caf-
feine are thought to relate to the blockade of A 

2A
 R. Indeed, A 

2A
 R blockade was so far shown to 

decrease neuroin fl ammation and mitigates A b  neuronal toxicity (Figure by Carla Batalha)       
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drinking water corresponding to 500 mg/day in humans) were cognitively improved 
in several behavioral tasks that evaluated working and spatial memories and exhib-
ited reduction of hippocampal A b  

1-40
  and A b  

1-42
  (Arendash et al.  2006  ) . Importantly, 

a similar treatment of APPsw mice at late pathological stages (18–19 months) for 
4–5 weeks reversed memory de fi cits and reduced amyloid deposition as well as 
soluble A b  levels in both entorhinal cortex and hippocampus (Arendash et al.  2009  ) . 
Such bene fi cial effects of caffeine against A b  production has recently been con fi rmed 
by another group in an experimental model of sporadic AD based on feeding rabbits 
with cholesterol-enriched diet that elevates both A b  levels and Tau phosphorylation 
in the brain (Prasanthi et al.  2010  ) . In this study, rabbits fed with cholesterol-
enriched diet were treated with low doses of caffeine (0.5–30 mg/day) through 
drinking water, corresponding to a maximal 60 mg/day consumption in humans. In 
this paradigm, caffeine signi fi cantly decreased A b  production in accordance with 
Arendash’s results (Prasanthi et al.  2010  ) . Interestingly, reduced production of A b  

1-

40
  and A b  

1-42
  was also observed in a neuroblastoma model overexpressing mutated 

APP following treatment with concentrations of caffeine below 10  m M (Arendash 
et al.  2006  ) , further supporting that caffeine impacts on mechanisms underlying 
amyloid peptide production. In accordance, chronic caffeine treatment of APPsw 
mice has been associated with decreased PS1 and BACE1 protein expression as 
well as increased insulin-degrading enzyme (IDE) levels, the latter presumably con-
tributing to enhanced A b  degradation (Arendash et al.  2006 ; Prasanthi et al.  2010  ) . 
Effects of caffeine on BACE1 expression could relate to its ability to reduce c-Raf1 
activity, possibly through PKA activation (Arendash et al.  2009  ) . In addition, caf-
feine would reduce GSK3 expression and/or activity and thereby in fl uence A b  pro-
duction (Arendash et al.  2009  ) . However, a direct effect of caffeine on  g -secretase 
activity remains elusive, and mechanisms linking caffeine and A b  production/clear-
ance deserve further evaluations. It is  fi nally noteworthy that although the bene fi cial 
effects of coffee on cognitive decline and decreased AD risk in human has been 
mostly ascribed to caffeine, other coffee constituents may play an important role. 
Indeed, two recent studies support that non-caffeine components of coffee display 
neuroprotective effects in Drosophila and  C. elegans  amyloid models through acti-
vation of the Nrf2 detoxi fi cation pathway (Dostal et al.  2010 ; Trinh et al.  2010  ) . 

 Doses used in experimental studies describing bene fi cial effects of caffeine 
achieve plasmatic concentrations of caffeine and metabolites below 10  m M 
(Georgiev et al.  1993  ) .    Taking into account the brain-to-plasma ratio (Kaplan et al. 
 1989  ) , the brain levels achieved by caffeine are compatible with adenosine receptor 
inhibition (Fredholm et al.  1999 ; Muller and Jacobson  2011  )  even if the involve-
ment of other targets cannot be excluded (Fredholm et al.  1999 ; Guerreiro et al. 
 2008  ) . Therefore bene fi cial effects of caffeine could then be mostly ascribed to its 
effects upon adenosine receptors. Previous studies indicate that A 

1
 R activation 

increases soluble APP production, a non-amyloidogenic form of APP (Angulo et al. 
 2003  ) . Thus, A 

1
 R blockade by caffeine could reduce the non-amyloidogenic path-

way, an effect considered as deleterious in the AD context. However, the involve-
ment of A 

1
 R blockade by caffeine in the modulation of amyloid production and 

toxicity remains to be thoroughly evaluated, as well as the potential role of adaptive 
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changes of A 
1
 R promoted by chronic caffeine (Jacobson et al.  1996 ; Johansson et al. 

 1997  ) . Indeed, adaptive increases in A 
1
 R expression are expected to promote the 

neuroprotective potential of  endogenous  adenosine (Cunha  2008  )  and have been 
suggested to be involved in protection afforded by caffeine in ischemia or traumatic 
brain injury (Jacobson et al.  1996 ; Johansson et al.  1997 ; Li et al.  2008  ) . Alternatively, 
caffeine could mediate its long-term effects through A 

2A
 R blockade. Interestingly, 

besides A b  production, convergent data indicate that caffeine protects against the 
synapto-neurotoxicity induced by A b  through blockade of A 

2A
 R. Caffeine was 

indeed shown protective against the death of rat primary hippocampal neurons 
induced by adenovirus carrying mutated APP gene (Stoppelkamp et al.  2011  ) . These 
data are in accordance with former works showing that, in primary cultures of cer-
ebellar granule cells, low doses of caffeine (1–25  m M) are able to counteract A b  

25-35
  

toxicity, an effect mimicked by ZM241385, an A 
2A

 R antagonist but not CPT, a 
selective A 

1
 R antagonist (Dall’Igna et al.  2003  ) . These protective effects were 

con fi rmed in vivo. Subchronic treatment with caffeine 30 mg/kg was shown protec-
tive against aversive and working memory de fi cits induced by intra-cerebroventricular 
(icv) injection of A b  

25-35
  in mice (Dall’Igna et al.  2007  )  and mimicked by adminis-

tration of SCH58261, a selective A 
2A

 R antagonist. A 
2A

 R blockade, through intrap-
eritoneal injection of SCH58261 or KW6002 or genetic knockout, was also shown 
to prevent working memory impairment as well as synaptic loss induced by icv 
injection of A b  

1-42
  (Canas et al.  2009 ; Cunha et al.  2008  ) . Working memory improve-

ment observed following A 
2A

 R blockade was thought to be related to prevention of 
synaptotoxicity promoted by A b  through modulation of p38 MAPK and mitochon-
drial function (Canas et al.  2009  ) . Interestingly, it has been demonstrated that mem-
ory improvement promoted by A 

2A
 R blockade following icv injection of A b  was not 

observed in amnestic conditions induced by MK801 or scopolamine (Cunha et al. 
 2008  ) . This reinforces the idea that A 

2A
 R blockade targets speci fi c synaptic mecha-

nisms rather than general mechanisms controlling memory (Cunha et al.  2008  and 
Gomes et al.  2011  for discussion). However, this possibility should be tempered 
since physiologically, A 

2A
 R blockade is pro-cognitive and particularly favors work-

ing memory but apparently not reference memory needing memory consolidation 
(Wei et al.  2011 ; Zhou et al.  2009  ) . This raises the possibility that the overall cogni-
tive effect observed in the paradigms discussed above may not entirely be related to 
normalization of synaptic defects induced by A b , but involve more complex regula-
tions. In line with this view, bene fi cial effects of A 

2A
 R blockade in the hippocampus 

are not exclusive to A b  toxicity. A 
2A

 R antagonism also prevents acute stress-induced 
effects (Cunha et al.  2006  ) , convulsive episodes (Cognato et al.  2010  ) , and even 
age-associated memory impairments (Costa et al.  2008  ) . 

 Contrasting with the available encouraging data supporting that caffeine and 
A 

2A
 R blockade impacts on the amyloid side of AD, much less is known about impact 

of adenosine receptor modulation on Tau pathology. So far, only few data are available, 
and most studies focused on the effects of caffeine. Caffeine was found protective 
against the death of rat primary hippocampal neurons expressing a mutated Tau 
protein (Stoppelkamp et al.  2011  ) . Furthermore, caffeine was found able to mitigate 
Tau hyperphosphorylation induced by cholesterol-rich diet in rabbits (Prasanthi 
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et al.  2010  ) . Similarly, caffeine, at relatively high doses, was recently shown to 
reduce Tau phosphorylation in rat primary cortical neurons (Currais et al.  2011  ) . 
Caffeine effects would rely at least on GSK3 modulation, but the underlying mecha-
nisms remain largely unknown. Effects of chronic caffeine consumption, either as 
prevention or cure, have not been evaluated in a reliable model exhibiting Tau 
pathology. Furthermore, available data concerning adenosine receptors are largely 
insuf fi cient to estimate the potential of adenosine receptor targeting towards Tau 
pathology. The only study available so far demonstrates that A 

1
 R activation 

promotes Tau phosphorylation in a neuroblastoma model (Angulo et al.  2003  )  
supporting that the effect of caffeine towards Tau may be mediated through this 
receptor subtype. 

 Data from Dall’Igna et al.  (  2003  )  and Canas et al.  (  2009  )  support that protection 
afforded by A 

2A
 R blockade against A b  is ascribed to neuron-autonomous mecha-

nisms (Canas et al.  2009  ) . However, nonneuronal autonomous mechanisms are also 
expected. Recent observations indicate that inhibitory effect of A b  upon astrocytic 
glutamate uptake is prevented by A 

2A
 R blockade (Agostinho et al.  2011  )  supporting 

involvement of nonautonomous neuronal mechanisms. As discussed earlier in this 
review, astroglial and microglial reactions are AD hallmarks and both type of cells 
express A 

2A
 R. Also interesting is the observation that increased expression of A 

2A
 R 

observed in the AD brain would be particularly related to its microglial upregulation 
(Angulo et al.  2003  ) . Together, this would suggest that modulating astroglial and 
microglial functions by A 

2A
 R may also impact AD-related neuropathologies. The 

role of A 
2A

 R expressed by astro- and microglial cells is far from understood (for 
review see Hasko et al.  2005  ) . A 

2A
 R may promote activation and proliferation of 

astroglial cells (Hindley et al.  1994 ; Ke et al.  2009  )  as well as their ability to release 
glutamate (Nishizaki  2004  ) , while A 

2A
 R blockade counteracts the astrocyte induc-

tion driven by b-FGF (Brambilla et al.  2003  ) . However, other studies indicate that 
A 

2A
 R stimulation inhibits nitric oxide and TNF a  release by astrocytes (Brodie et al. 

 1998  ) . Concerning microglial cells, it has been shown that A 
2A

 R stimulation causes 
microglial activation (Orr et al.  2009  )  and potentiates the release of nitric oxide as 
well as prostaglandin E2 release from these cells (Fiebich et al.  1996 ; Saura et al. 
 2005  ) . Also, different experimental evidence supports the anti-in fl ammatory effect 
of A 

2A
 R blockade in different neuropathological situations (Dai et al.  2010a ; Rebola 

et al.  2011 ; Yu et al.  2008  ) . In particular, it has recently been shown that A 
2A

 R block-
ade mitigates LTP defects as well as microglial activation and IL1 b  release following 
LPS administration (Rebola et al.  2011  ) . Then, the role of A 

2A
 R towards glial and 

microglial function remains unclear. Of interest, the role of A 
2A

 R may vary depend-
ing on the pathophysiological context and particularly with regard to the local envi-
ronment. Indeed, although A 

2A
 R may have anti-in fl ammatory functions in low 

glutamate conditions, their function shifts toward pro-in fl ammatory function under 
high glutamate concentrations following a transduction shift (Dai et al.  2010b  ) . This 
raises the possibility that depending on the neuropathological context, A 

2A
 R function 

may vary in microglial cells, and possibly astroglial cells, providing a different 
effect. This remains to be studied in vivo using appropriate cell-speci fi c models.   
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    19.3   Is There an Adenosine Paradox in AD? 

 Data concerning caffeine and adenosine receptors, reviewed above, support that 
adenosine receptor blockade―especially of the A 

2A
 R subtype―could be of thera-

peutical interest in AD. However, different sets of data also indicate that adenosine 
receptor activation, especially of the A 

2A
 R subtype, is physiologically important 

towards synaptic plasticity, acetylcholine release, neurotrophin function, and seizure 
occurrence. In addition to the well-investigated adenosine receptor-mediated effects 
of adenosine, it must be stressed that adenosine, as homeostatic bioenergetic net-
work regulator, exerts important adenosine receptor-independent functions as key 
regulator of basic biochemical reactions, as regulator of epigenetic functions, and 
by its ability to directly couple to mitochondrial bioenergetics (Boison  2011  ) . Thus, 
adenosine is most likely able to regulate the pathophysiology of AD on a homeo-
static network level, adding to the complexity of its well-known adenosine receptor-
dependent functions. 

    19.3.1   Is There an A 
2A

 R-Based Paradox in AD? 

    19.3.1.1   Hippocampal Synaptic Plasticity 

 Although brain adenosine A 
2A

 R are classically recognized to be most abundant in 
the striatum, where they have a predominant postsynaptic localization, in the hip-
pocampus they are predominantly localized at presynaptic nerve terminals, there-
fore, in a privileged position to control neurotransmitter release and synaptic 
function (Rebola et al.  2005  ) . Data from in vitro studies indicate that adenosine 
A 

2A
 R activated by endogenous adenosine are not usually involved in basal hip-

pocampal synaptic transmission. However, upon exogenous activation with selec-
tive A 

2A
 R agonists there is enhanced glutamatergic synaptic transmission in the 

hippocampus (Cunha et al.  1994,   1995 ; Jin and Fredholm  1997 ; Sebastiao and 
Ribeiro  1992  ) . Remarkably, the enhancing effects of adenosine A 

2A
 R on basal trans-

mission are more pronounced in old animals (Rebola et al.  2003  )  most likely due to 
the increased expression of these receptors (Cunha et al.  1995 ; Lopes et al.  1999 ; 
Rodrigues et al.  2008  ) . This information is relevant because cognitive de fi cits, and 
particularly AD, are essentially found in aged people, although researchers com-
monly use young animals as experimental models for AD. Endogenous activation 
of adenosine A 

2A
 R appears to become particularly relevant in conditions of high-

frequency or theta-burst stimulation leading to LTP (de Mendonca and Ribeiro 
 1994 ; Dias et al.  2010  ) . In particular, post-synaptic A 

2A
 R seem to be essential for a 

form of LTP at mossy  fi ber synapses (Rebola et al.  2008  ) . These synaptic effects 
resulting from A 

2A
 R activation on LTP and glutamate transmission contrast with the 

reported cognitive bene fi ts achieved by using either caffeine or A 
2A

 R antagonists. 
Whether this means that the LTP recorded in those particular synapses does not 
necessarily re fl ect enhanced performance in memory tasks remains to be clari fi ed 
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(Costenla et al.  2010 ; Diogenes et al.  2011  ) . In vivo recordings of LTP in freely 
moving animals (which would capture the whole synaptic activity), under chronic 
intake of caffeine or selective receptor antagonists, are needed in order to solve this 
apparent paradox and to further strengthen the rationale of blocking A 

2A
 R as a way 

to enhance cognition (see also Lopes et al.  2011  ) .  

    19.3.1.2   Neurotrophic Signaling 

 Compelling evidence indicates that A 
2A

 R plays an important role for Brain-Derived 
Neurotrophic Factor (BDNF) function (Tebano et al.  2010  ) . BDNF is a neurotro-
phin highly expressed in the hippocampus where it plays, through the activation of 
its cognate TrkB receptor, a critical role in synaptic plasticity processes as well as 
learning and memory (Cunha et al.  2010  ) . The pathophysiological context of AD, 
A b , and Tau lesions could thus act synergistically to impair the BDNF/TrkB system, 
thereby contributing to cognitive dysfunction. A b  promotes the down-regulation of 
BDNF and TrkB expression (Espana et al.  2010  ) ; while Tau pathology impacts on 
the hippocampal synaptic response to BDNF (Blum et al.  2011  )  supporting that 
both AD-related lesions impair BDNF functions. Current evidence indicates that 
A 

2A
 R are prone to modulate BDNF/TrkB functions by regulating TrkB activity, 

synaptic effects of BDNF, and BDNF release itself. First, A 
2A

 R have been shown to 
modulate the activity of the BDNF/TrkB signaling system. Indeed, activation of 
A 

2A
 R on primary hippocampal neurons leads to TrkB receptor activation, even in 

absence of the neurotrophic factor BDNF (Lee and Chao  2001  ) . This also seems to 
occur in vivo, at least in motor neurons (Wiese et al.  2007  ) . Interestingly, it has been 
recently demonstrated that A 

2A
 R activation promotes the recruitment of TrkB recep-

tors to lipid rafts and potentiates BDNF-induced TrkB activation (Assaife-Lopes 
et al.  2010  ) . Further, several electrophysiological studies now support that A 

2A
 R 

activation is important for BDNF facilitatory effects at hippocampal synapses. 
Activation of adenosine A 

2A
 R with CGS 21680, or the increase in extracellular ade-

nosine levels induced by 5-iodotubercidin, triggered the excitatory action of BDNF, 
a process prevented by an A 

2A
 R antagonist and by a protein kinase A inhibitor 

(Diogenes et al.  2004  ) . Furthermore, the facilitatory effect of BDNF on LTP requires 
adenosine A 

2A
 R activation by endogenous adenosine (Diogenes et al.  2011 ; Fontinha 

et al.  2008  ) . Thus, activation of A 
2A

 R facilitates BDNF modulation of synaptic 
transmission at hippocampal synapses. These observations have been strengthened 
by data showing that BDNF-induced synaptic facilitation in hippocampal slices was 
lost by A 

2A
 R pharmacologic and genetic blockade (Tebano et al.  2010  ) . Interestingly, 

the reduced functional ability of BDNF to promote hippocampal plasticity driven by 
A 

2A
 R blockade was accompanied by a reduction in hippocampal BDNF levels 

(Tebano et al.  2010  ) . However, consequences of such A 
2A

 R-based regulations on 
memory processes remain unclear. The importance of BDNF/TrkB system in the 
occurrence of different forms of memory together with the apparent ability of A 

2A
 R 

to promote BDNF/TrkB system function would indicate that memory functions 
would be altered by A 

2A
 R knockout. However, A 

2A
 R invalidation promotes enhanced 
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spatial memory (Wang et al.  2006  )  and A 
2A

 R overexpression in rat leads to working 
memory alterations with limited effects on spatial memory (Gimenez-Llort et al. 
 2007  ) . Together, these observations raise the question of the contribution of the 
A 

2A
 R-BDNF/TrkB signaling in AD processes and of the mechanisms underlying 

protective processes promoted by A 
2A

 R blockade.  

    19.3.1.3   Acetylcholine Release 

 The high abundance of A 
2A

 R in striatal areas (Bruns et al.  1986  ) , along with their 
ability to tightly regulate dopaminergic transmission (Brown et al.  1990  )  and the 
low levels of these receptors in other brain regions, render A 

2A
 R particularly inter-

esting targets in Parkinson’s disease (PD) (Schwarzschild et al.  2006  ) . The admin-
istration of A 

2A
 R antagonists attenuates the motor impairments in different animal 

models of PD (Kalda et al.  2006 ; Morelli et al.  2007 ; Xu et al.  2005  )  and recent 
clinical trials are probing A 

2A
 R antagonists as an alternative to traditional therapeu-

tic approaches (Pinna  2009  ) . Besides striatum, there is now evidence that exogenous 
activation of A 

2A
 R in physiological conditions with selective agonists facilitates the 

release of acetylcholine ( Cunha et al.  1994,   1995 ; Rodrigues et al.  2008 ; Sebastiao 
and Ribeiro  1992  ) . This observation is of importance since cholinergic system 
defect is another hallmark of AD thought to participate in the cascade that leads to 
memory impairment in the disease. Basal forebrain cholinergic neurons provide the 
major cholinergic innervation to the cortex and the hippocampus and play a role in 
memory behavior, and loss of these neurons is consistently found in postmortem 
brains of subjects with endstage AD (Gold  2003  ) . Thus, regulation afforded by 
A 

2A
 R towards acetylcholine release is precisely the opposite of what would be 

expected to underline the bene fi cial effects of A 
2A

 R antagonists on memory perfor-
mance in AD.   

    19.3.2   Is There a Homoeostasis-Based Paradox in AD? 

    19.3.2.1   Contribution of Adenosine and Adenosine Kinase 
to AD-Related Seizures 

 Seizures and epilepsy are a common comorbidity of AD (Menendez  2005 ; Palop 
and Mucke  2009  ) . Within the sporadic AD population there is an 87 % increase in 
the incidence of unprovoked clinical seizures in comparison to the age-matched 
reference population (Amatniek et al.  2006 ; Menendez  2005  ) . In addition to these 
behavioral seizures, it is postulated that the numerous episodes of severe confusion 
reported by AD patients is the occurrence of “silent” (i.e., subclinical, electro-
graphic) seizures (Thomas  1997  ) . So far, non-convulsive seizure occurrence in AD 
has been ascribed to the amyloid side through the use of several APP transgenic 
mouse models (Minkeviciene et al.  2009 ; Palop and Mucke  2009  ) . Similarly, seizure 
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threshold in the hAPP transgenic mice was reduced in response to pentylentetrazol 
(Del Vecchio et al.  2004 ; Palop and Mucke  2009  ) . The spontaneous and chemically 
induced seizure phenotypes in the APP mutant were attenuated by genetically 
removing endogeneous Tau protein, thereby restoring synaptic function and reducing 
hyperexcitability (Roberson et al.  2007  ) . These data raise the possibility that amy-
loid may be instrumental in seizure occurrence observed in AD patients, and also 
that these seizures may relate to A b -Tau interaction. Interestingly, seizure occur-
rence has been observed in different Tauopathies including fronto-temporal demen-
tia linked to chromosome 17 (FTDP-17) and progressive supranuclear palsy (Beach 
et al.  2003 ; Nygaard et al.  1989  ) . However, whether AD-like Tau pathology is also 
able to promote seizure occurrence has yet to be established. 

 Dysregulation of the homeostatic role of adenosine could be impaired in AD and 
instrumentally involved in seizure occurrence observed in AD. Indeed, astrogliosis 
and the associated increase in adenosine kinase (ADK) leading to focal adenosine 
de fi ciency, is suf fi cient to trigger seizures (Boison  2008  ) . In addition, adenosine 
de fi ciency as a result of transgenic overexpression of ADK is suf fi cient to promote 
severe learning de fi cits in the Morris water maze and in Pavlovian conditioning (Yee 
et al.  2007  ) . The role of adenosine de fi ciency and ADK on the generation of 
AD-related seizures and memory de fi cits remains to be established in reliable models 
and human brain tissue. Importantly, this hypothesis suggests that reduction of the 
adenosinergic tone by increasing its metabolic clearance through overexpressed 
ADK is deleterious. Although this notion apparently contrasts with the possible pro-
tective effect expected from adenosine receptor blockade, by caffeine or A 

2A
 R antag-

onists, it needs to be stressed that the net-effects of disrupted adenosine homeostasis 
affect bioenergetic network regulation and encompass adenosine receptor-dependent, 
as well as adenosine receptor-independent, aspects of homeostatic network control 
by adenosine. Future work needs to address adenosine receptor-independent and 
epigenetic functions of adenosine within the context of AD, integrate those functions 
with the better characterized adenosine receptor-dependent functions of adenosine, 
and to ascribe speci fi c roles of adenosine-dependent homeostatic network disruption 
to cognitive and seizure phenotypes of AD. Eventually, it might be possible to 
treat or possibly cure AD synergistically by reconstructing homostatic bioenergetic 
network functions that depend on correct adenosine homeostasis. Therefore, care-
fully tailored focal adenosine augmentation strategies, perhaps in combination with 
A 

2A
 R blockade might hold promise for the future therapy of AD.    

    19.4   Conclusion 

 Several lines of evidence indicate that caffeine administration and A 
2A

 R blockade 
constitute promising therapeutical approaches for AD. Despite epidemiological 
data on the effects of caffeine in aged and AD subjects, and data from animal stud-
ies, no clinical trials have been performed to date to evaluate the extent by which 
caffeine can slow down disease progression in patients who have already developed 



39919 Adenosine Receptors and Alzheimer’s Disease

AD. Although caffeine consumption is considered safe (Fredholm et al.  1999  ) , pilot 
studies are mandatory given potential side effects, particularly at the cardiovascular 
level (Riksen et al.  2009  ) . Although encouraging preliminary data have been 
obtained related to the role of A 

2A
 R in AD, the major interest towards A 

2A
 R antago-

nists stems from encouraging safety and tolerability trials in PD (for reviews see 
Morelli et al.  2009 ; Pinna  2009 ; Simola et al.  2008  ) . Nevertheless, the major draw-
back for the use of A 

2A
 R antagonists in AD is the limited experimental studies and 

the lack of pilot clinical studies assessing their effects on cognitive impairment 
during aging or in AD patients. The only indirect evidence is epidemiological and 
solely regarding caffeine consumption and this is clearly insuf fi cient. Our poor 
knowledge of the overall effect of A 

2A
 R blockade in AD models is also a limit for 

the development of A 
2A

 R-based clinical trials. Several questions are still pending: so 
far no studies have evaluated preventive or curative effects of A 

2A
 R blockade in 

models of AD that mimic both amyloid pathology and Tau aggregation. In addition 
to the evaluation of A 

2A
 R modulation on neuropathology and cognition, one crucial 

point remains in regard to the effect of these therapeutic interventions towards 
in fl ammatory processes and their in fl uence on both amyloid burden and Tau pathol-
ogy. Further, the impact of A 

2A
 R blockade towards the cholinergic pathway remains 

below our current knowledge in the AD context. This translates our ignorance 
regarding the consequences of A 

2A
 R modulation at the different levels of regulation 

(neuronal/nonneuronal) and the lack of data of cell-speci fi c dynamics of A 
2A

 R 
during pathophysiological development. This may be of crucial interest given that 
A 

2A
 R dynamics are thought to play an important role in other disorders such as 

Huntington’s disease (see Blum et al., this issue). Finally, it remains to be determined 
to what extent network regulation mediated by adenosine through its homeostatic 
role in addition to adenosine receptor-mediated regulations are interconnected and 
whether reconstitution of adenosine-based homeostatic network functions would be 
of therapeutical interest. Overall, modulation of the adenosinergic system is cer-
tainly important to consider for the treatment of AD, but precise evaluations of its 
importance towards pathological and memory processes await further experimental 
work in the future.      
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  Abstract   Huntington’s disease is a devastating hereditary neurodegenerative 
disorder caused by CAG mutation within the IT15 gene encoding Huntingtin 
protein. Even though mutant and normal Huntingtin are ubiquitously expressed, the 
degenerative processes primarily occur within the striatum and particularly hit the 
GABAergic enkephalin neuronal subpopulation of medium spiny neurons particu-
larly enriched with adenosine A 

2A
 Rs, suggesting that the latter might play a role in 

HD. In agreement, variants in the ADORA2A gene in fl uence the age at onset in HD 
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and A 
2A

 R dynamics is largely altered by mutated Huntingtin. Adenosine receptors 
are involved in a number of processes critical for neuronal function and homeostasis, 
such as modulation of synaptic activity and excitotoxicity, the control of neurotro-
phin levels and functions as well as the regulation of protein degradation mecha-
nisms. In the present review, we critically reviewed the current knowledge involving 
adenosine receptors in HD and discussed whether they represent a suitable thera-
peutic target.  

  Keywords   Brain-derived neurotrophic factor  •  Excitotoxicity  •  Glia  •  Huntingtin  
•  Mutation  •  Striatum      

    20.1   Huntington’s Disease: Generalities 
and Physiopathological Mechanisms 

    20.1.1   Overview 

 Huntington’s disease (HD) is a monogenic autosomal dominantly inherited neurode-
generative disorder generally affecting young adults and characterized by involuntary 
abnormal movements and postures (chorea, dyskinesia, dystonia), psychiatric distur-
bances, and cognitive alterations (for review see Ross and Tabrizi  2011  ) . Prevalence 
is 4–10/100.000. This disorder is fatal within 15–20 years after onset of symptoms. 
Although several cerebral regions (cerebral cortex, layers III, V, and VI; pallidum; 
subthalamic nucleus; cerebellum) show signs of neurodegeneration, primary and 
prominent neuronal loss is found in the caudate and putamen (Vonsattel and DiFiglia 
 1998  ) . Within the striatum, the subpopulation of striato-pallidal medium spiny neu-
rons expressing enkephalin, dopamine D 

2
 , and adenosine A 

2A
  receptors appear more 

vulnerable in accordance with the predominance of chorea in the early course of the 
disease (see Reiner et al.  1998 ; Schiffmann and Vanderhaeghen  1993  ) . 

 HD is caused by a mutation in the gene IT15 encoding the protein Huntingtin 
(Htt; The Huntington’s Disease Collaborative Research Group  1993  ) . The mutation 
consists in a CAG triplet repeat expansion translated into an abnormal polyglu-
tamine (polyQ) tract within the N-terminal region of the protein. Penetrance is full 
with a repeat CAG length above 40 and longer CAG repeats are associated with 
earlier onset. It is important to stress that although the number of CAG repetitions 
is the primary determinant of disease onset, it accounts for only ~60 % (see Walker 
 2007  for review). This supports that other genetic and environmental factors are 
disease modi fi er components to take into account. 

 Htt is a ubiquitous and large protein of about 350 kDa involved in an important 
number of cellular functions reviewed elsewhere (for review see Bantubungi and 
Blum  2007a,   b ; Popoli et al.  2008 ; Ross and Tabrizi  2011 ; Zuccato et al.  2010  ) . 
In the central nervous system, distribution of Huntingtin is large with neuronal 
(prominent in cortical pyramidal neurons, Purkinje cells, and striatal interneurons; 
Gour fi nkel-An et al.  1997 ; Trottier et al.  1995  )  as well as nonneuronal expressions 
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(Shin et al.  2005  ) . The cellular functions of Htt remain incompletely understood 
(see Ross and Tabrizi  2011  and references therein). Among others, physiological 
Htt function is involved in early embryonic development (Dragatsis et al.  1998  ) , fate 
of cortical progenitors (Godin et al.  2010  ) , axonal transport (Colin et al.  2008 ; 
Gauthier et al.  2004  ) , and BDNF expression/transport (Zuccato and Cattaneo  2009  ) . 
Mutated Htt (mHtt) is thus prone to impair several mechanisms important for 
neuronal activity and survival by promoting a toxic gain-of-function and also 
impairing the normal Htt function through loss-of-function mechanisms (Zuccato 
et al.  2010  ) . In the following, we will speci fi cally address pathways impaired by 
mutated Huntingtin and prone to be modulated by adenosine receptors: namely 
excitotoxicity as well as glial and BDNF functions.  

    20.1.2   Excitotoxicity 

 Excitotoxicity is primarily de fi ned as cell death ensuing from the toxic action of 
glutamate through excessive activation of glutamate receptors. Whereas it remains 
unclear whether glutamate is over-released or not by cortical afferents in HD, there 
is clear evidence that dysfunctions of the glutamatergic system in the striatum 
account for the toxic effect of mHtt (Fan and Raymond  2007 ; Stack et al.  2007  ) . 
Several neuronal impairments contribute to excitotoxicity such as de fi cient glial 
reuptake of glutamate and/or NMDA receptor hypersensitivity, the latter being itself 
dependent on mitochondrial function (Brouillet et al.  2005 ; Fan and Raymond  2007 ; 
Jacquard et al.  2006  ) . Interestingly, several previous works involved abnormal 
NMDA receptor activity in HD. R6/2 transgenic HD mice exhibit an enhanced 
response to NMDA (Cepeda et al.  2001  ) . Intraneuronally, mHtt increases the activ-
ity of the NR2B subunit of the NMDA receptor―preferentially expressed by the 
medium spiny neurons within the striatum―possibly through a dysfunction of 
PSD95, a docking protein whose interaction with NR2B is reduced in the presence 
of the mutated protein (Chen et al.  1999 ; Sun et al.  2001 ; Zeron et al.  2002  ) . These 
abnormal interactions lead to increased NMDA currents accompanied by an altered 
NMDA receptor traf fi cking (Fan et al.  2007  )  and neuronal vulnerability to NMDA 
(Shehadeh et al.  2006 ; Zeron et al.  2002  ) . Recent data particularly support that the 
latter is related to an increased expression of extrasynaptic NR2B-containing 
NMDA receptors (Milnerwood et al.  2010  ) . 

 In HD, increased NMDA response is probably favored by environmental modu-
lation of NMDA receptor. Indeed, an early endogenous increase of quinolinic acid 
(QA) in the striatum from HD patients and models has been demonstrated (Guidetti 
et al.  2004,   2006  ) . QA is an NMDA receptor agonist, derived from the kynurenin 
pathway, a major route of tryptophan degradation, able to produce lesions reminis-
cent of HD in animals (Beal et al.  1986  )  and favoring glutamate release from cor-
tico-striatal endings (Blum et al.  2003a ; Popoli et al.  2002  ) . In addition, mHtt has 
been shown to impair expression of glutamate transporters and glutamate handling 
by astrocytes (Bradford et al.  2009 ; Faideau et al.  2010 ; Lievens et al.  2001 ; Shin 
et al.  2005  ) , favoring its increase in the synaptic cleft. 
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 In HD, excitotoxicity is also thought to be indirectly favored by mitochondrial 
alterations. Several imaging studies have revealed an early metabolic dysfunction in 
the striatum of HD patients (Brouillet et al.  1999,   2005  ) . Importantly, the severity of 
metabolic alterations correlates with the size of the CAG expansion (Jenkins et al. 
 1998  ) . Several post-mortem studies point a signi fi cant reduction of complex II-III 
activity (to which succinate dehydrogenase belongs) in the caudate nucleus of HD 
patients (Browne et al.  1997 ; Gu et al.  1996 ; Tabrizi et al.  1999  ) . Such alterations 
could be related to an altered expression of the complex II subunits induced by mHtt 
(Benchoua et al.  2006  )  and be favored by dopamine (Benchoua et al.  2008  ) . An 
instrumental role of complex II inhibition in the striatal degeneration in HD is also 
suggested by the speci fi c pro fi le of degeneration in animals treated by the irreversible 
complex II inhibitor 3-nitropropionic acid (3NP; Brouillet et al.  2005  ) . Accordingly, 
several other works have reported strong mitochondrial alterations promoted by 
mHtt. Indeed, the latter, found localized in the neuronal mitochondrial membrane 
(Panov et al.  2002  ) , has been shown to impair mitochondrial biogenesis,  fi ssion (Kim 
et al.  2010 ; Weydt et al.  2006  ) , axonal transport (Shirendeb et al.  2011  ) , and mem-
brane potential (Panov et al.  2002  )  as well as ATP production (Milakovic and Johnson 
 2005 ; Seong et al.  2005  )  and calcium handling (Choo et al.  2004 ; Panov et al.  2002  ) . 
Such mitochondrial defects represent one of the events contributing to the emergence 
of neuronal excitotoxicity in HD (Brouillet et al.  2005 ; Jacquard et al.  2006  ) .  

    20.1.3   Glial Dysfunctions 

 Besides promoting striatal excitotoxicity, several recent studies point out that 
expression of mHtt in astroglial cells has a profound impact on HD pathophysiology. 
Indeed, expression of mHtt in glial cells promotes motor dysfunction (Bradford 
et al.  2009  )  and exacerbates the neurological phenotype in a transgenic mouse 
model of HD (Bradford et al.  2010  ) . Furthermore, genes regulating cholesterol syn-
thesis and ef fl ux are downregulated in astrocytes from HD mice (Valenza et al. 
 2010  ) . This observation is crucial since astroglial cells are a primary site for the 
brain production of cholesterol (Benarroch  2008  ) , the latter being mandatory for 
neuronal function and survival (Valenza and Cattaneo  2006  ) . On the other hand, 
several other reports indicate that microglial reaction also plays a role in HD. The 
involvement of in fl ammation has been reported in HD (Schwab et al.  2010  for 
review). Particularly, activated microglial cells have been reported in affected area 
of HD patients (McGeer et al.  1988 ; Sapp et al.  2001  ) . Accordingly, increased bind-
ing of the peripheral benzodiazepine receptor ligand PK11195 has been observed 
both by ex vivo binding (Messmer and Reynolds  1998  )  and tomographic imaging 
in living patients (Politis et al.  2011  ) . Studies in patients particularly stress that 
microglial activation could be an early event in HD (Politis et al.  2011 ; Tai et al. 
 2007  )  and correlated with severity later on (Pavese et al.  2006  ) . Microglial activa-
tion is also observed in various genetic HD models (Schwab et al.  2010  and refer-
ences therein). Recent data emphasize the instrumental role of microglial activation 



41320 Adenosine Receptors in Huntington’s Disease

in HD. Indeed, genetic ablation of cannabinoid receptor 2, the expression of which 
is markedly increased in microglial cells from HD patients and models, enhances 
symptomatology and reduces life span (Palazuelos et al.  2009  ) . Altogether, these 
data support that modulation of the function of both astroglial and microglial cells 
may affect signi fi cantly physiopathological outcomes in HD.  

    20.1.4   BDNF 

 BDNF is an abundant neurotrophin in the mammalian brain involved in a variety of 
brain processes such as development, differentiation, neuronal plasticity, and synap-
tic activity (Chao  2003  ) . In the striatum, BDNF essentially comes from the cerebral 
cortex. Thus, BDNF is anterogradely transported to cortical nerve endings to be 
released in the striatum (Zuccato and Cattaneo  2007  ) . In HD, mutated Huntingtin 
alters BDNF transcription (Zuccato et al.  2001  ) , traf fi cking and axonal transport 
(Gauthier et al.  2004  ) . It has been particularly established that mHtt perturbs the 
negative in fl uence exerted by wild-type Huntingtin on the silencing activity of 
the RE1/NRSE silencer, favoring the downregulation of a set of genes, including 
the one coding BDNF (Zuccato et al.  2003  ) . Mutated Huntingtin also alters the 
axonal transport of BDNF vesicles (Dompierre et al.  2007  )  as well as the post-Golgi 
traf fi cking of this factor (del Toro et al.  2006  ) . More recently, alteration of BDNF 
transport in HD has been suggested to involve abnormal interactions between pro-
BDNF and Huntingtin-associated protein 1 (Wu et al.  2010  ) . Importantly, loss of 
striatal BDNF may preferentially affect the function of the subpopulation of medium 
spiny neurons expressing A 

2A
 R and enkephalin (Canals et al.  2004  ) , known to be 

impaired early in HD. These latter observations support that BDNF impairment is 
crucially involved in the early vulnerability of striato-pallidal neurons. In accor-
dance with this important role of BDNF in HD, its increase, by gene overexpression 
and pharmacological or environmental modulation has been shown to be bene fi cial 
in several experimental models of HD (Borrell-Pages et al.  2006 ; Gharami et al. 
 2008 ; Giralt et al.  2010 ; Lynch et al.  2007 ; Peng et al.  2008 ; Simmons et al.  2009 ; 
Xie et al.  2010  ) .   

    20.2   Huntington’s Disease Pathophysiology 
and Adenosine Receptors 

    20.2.1   Single Nucleotide Polymorphisms 

 As stated above, mutation in the IT15 gene statistically predicts for the age at onset 
(AAO) in HD patients, but on an individual basis, repeat length accounts for about 
60 % of its variance (Walker  2007  ) . For the most common expansions between 41 
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and 45 CAG repeats, the size of the CAG expansions even explains only 31 % of 
the variance. These observations have led to a search for genetic factors that 
in fl uence AAO. In this context, several associations between AAO and polymor-
phisms of various genes ( GRIK2 ,  TCERG1 ,  UCLH1 ,  TP53 ,  DFFB ,  GRIN2A , 
 GRIN2B ,  CA150 ,  BDNF ,  Atg7 ,  pPGC1a …) have been reported, with several being 
subject to controversy (Alberch et al.  2005 ; Andresen et al.  2007 ; Di Maria et al. 
 2006 ; Kishikawa et al.  2006 ; Metzger et al.  2010 ; Taherzadeh-Fard et al.  2009 ; see 
also Zuccato et al.  2010  ) . Currently, there are no data on the association between 
polymorphism in the ADORA1 gene and HD. Nonetheless, some data support asso-
ciation of ADORA1 variants with posttraumatic seizures (Wagner et al.  2010  )  or 
schizophrenia (Gotoh et al.  2009  )  supporting possible disease modifying effects in 
other neurological conditions. This remains to be determined in HD. 

 In contrast, some recent data points out that variants in the ADORA2A gene may 
in fl uence AAO in cohorts of HD patients. ADORA2A polymorphisms have been 
previously associated with caffeine sensitivity/-induced anxiety, sleep disturbances, 
response to amphetamine, panic disorders, etc.(Alsene et al.  2003 ; Childs et al. 
 2008 ; Hohoff et al.  2005 ; Yang et al.  2010  ) . We have recently shown in a population 
of almost 800 HD patients from the French Speaking HD Network that one exonic 
variant (1976 C > T, formerly 1083 C > T; rs5751876) previously associated with the 
anxiety response to amphetamine or caffeine (Alsene et al.  2003 ; Childs et al.  2008 ; 
Hohoff et al.  2005  )  or panic disorder (Hamilton et al.  2004  )  was a genetic modi fi er 
in fl uencing AAO with a signi fi cant deleterious in fl uence of the T/T genotype, antic-
ipating AAO by 3.8 years (Dhaenens et al.  2009  ) . Association of the rs5751876 
polymorphism with HD AAO has been replicated in an independent population of 
419 German patients (Taherzadeh-Fard et al.  2010  ) . Furthermore, the latter study 
interestingly demonstrated that other ADORA2A polymorphisms are also associ-
ated with AAO in this German cohort. Together, these genetic data support a 
pathophysiological involvement of A 

2A
 Rs in HD. Interestingly, two recent studies 

support that the rs5751876 variant in the ADORA2A gene may be associated with 
habitual caffeine consumption (Cornelis et al.  2007 ; Rogers et al.  2010  ) . Given caf-
feine is a widely consumed psychoactive drug that primarily targets adenosine 
receptors within the normal consumption range (Fredholm et al.  1999  ) , it could be 
hypothesized that association between some ADORA2A polymorphisms and habit-
ual caffeine consumption may impact on AAO in HD (see below).  

    20.2.2   Dynamics of Adenosine Receptor Expression in HD 

 Dynamics of A 
1
 R in HD has not been strictly evaluated in HD models and patients 

(but see Varani et al.  2003  ) . The present section will be thus entirely related to the 
dynamics of A 

2A
 R expression in HD patients and experimental models. 

 Former studies in the  fi eld have described A 
2A

 Rs as largely down-regulated. 
Indeed, Cha et al.  (  1999  )  have observed in the R6/2 transgenic mouse model an early 
decrease of A 

2A
 R binding and mRNA expression from 4 weeks of age, i.e., before 



41520 Adenosine Receptors in Huntington’s Disease

motor symptom occurrence, indicating possible early dysfunction of striato-pallidal 
neurons. These data were later consistently reproduced in the same or other trans-
genic (Luthi-Carter et al.  2000 ; Mievis et al.  2011 ; Tarditi et al.  2006  )  and pheno-
typic models (Blum et al.  2002a  ) . In HD patients, only post-mortem observations 
are available, waiting for reliable longitudinal PET studies, and demonstrate a sub-
stantial loss of A 

2A
 R binding as early as grade 0 (Glass et al.  2000  ) . Alteration of 

A 
2A

 R expression in the presence of mHtt seems mediated through prevention of 
CREB binding to an A 

2A
 R core promoter (Chiang et al.  2005  )  consistent with the 

observation that altered function of CREB is one of the earliest dysfunctional events 
at the transcriptional level in HD (Sugars et al.  2004  ) . However, given the large 
alterations of transcriptional mechanisms seen in HD (see Cha  2007  for review; 
Zuccato et al.  2010  )  and the complex structure of the ADORA2A gene (Fredholm 
et al.  2007  ) , other transcriptional systems may be involved in the alterations of A 

2A
 R 

expression in HD. Recent  fi ndings indicate that the transcription factor YY-1 regu-
lates A 

2A
 R expression in vitro and in the human brain (Buira et al.  2010a  ) . It is thus 

a potential candidate to investigate further. Epigenetic involvement remains also 
possible because other recent  fi ndings suggest modulation of A 

2A
 R expression by 

DNA methylation at least in vitro (Buira et al.  2010b  ) . Molecular basis of A 
2A

 R 
expression dysregulation in HD remains thus to be further investigated. 

 Early loss of A 
2A

 R expression in HD would suggest they represent a weak target. 
However, A 

2A
 R physiology appears far more complex in HD and cannot be only 

recapitulated by expression changes. Actually, mHtt exerts a strong in fl uence on 
A 

2A
 R activity. Data from Varani et al.  (  2001  )  have demonstrated aberrant A 

2A
 R 

function in striatal cells expressing mHtt. Particularly, they reported an aberrant 
ampli fi cation of A 

2A
 R-stimulated adenylyl cyclase in striatal-derived cells engi-

neered to express mHtt (Varani et al.  2001  ) , a phenomenon later described in the 
striatum of R6/2 mice (Chou et al.  2005 ; Tarditi et al.  2006  ) . Thus, despite loss of 
expression, A 

2A
 Rs remain functionally active in transducing cAMP signaling in the 

presence of mHtt. Whether these changes represent a compensatory mechanism to 
the loss of mRNA expression remain to be determined, but this raises the possibility 
that A 

2A
 R can be pharmacologically targeted in HD. 

 Besides the latter canonical transduction pathway mediated through A 
2A

 R, it 
remains also to be established how mHtt impacts on noncanonical pathways. Indeed, 
A 

2A
 Rs are constitutively active and stimulate their cognate G protein G 

s
  to activate 

adenylyl cyclase leading to cAMP accumulation, yet there is a second signaling 
pathway that does not rely on coupling to heterotrimeric G proteins but rather pro-
motes activation of MAP kinase through the recruitment of ARNO and ARF6 
(Fredholm et al.  2007 ; Gsandtner et al.  2005  ) . Relative modulation of both path-
ways may have functional consequences but the in fl uence of mHtt on noncanonical 
MAPK-dependent transduction pathway remains unclear. Signaling by the A 

2A
 Rs is 

dramatically affected by membrane cholesterol content: coupling to G 
s
  is blunted in 

the absence of cholesterol while signaling via ARNO to MAP kinase is not affected 
(Charalambous et al.  2008  ) . Interestingly, the cholesterol biosynthetic pathway is 
altered in HD (Valenza et al.  2005,   2007a,   b  ) : mHtt induces an accumulation of 
cholesterol and alters its cellular distribution (del Toro et al.  2010  ) , and depletion of 
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the brain-generated cholesterol metabolite 24-hydroxycholesterol has been recently 
demonstrated in HD patients (Leoni et al.  2008  ) . These cholesterol alterations may 
promote changes in membrane  fl uidity, themselves affecting A 

2A
 R function (Varani 

et al.  2007  ) . How these changes impact on the relative canonical versus noncanoni-
cal A 

2A
 R transduction pathways has been undercharacterized so far. 

 Another unsolved point is the relative expression of pre- vs. post-synaptic recep-
tors in the striatum of HD patients. Actually, and as indicated later in this review, 
pharmacological modulation of pre- vs. post-synaptic receptors may lead to differ-
ential clinical outcomes in HD (Blum et al.  2003a,   b ; Popoli et al.  2002  ) . Thus, 
determining the precise dynamics of both receptor subpopulations is of interest, 
despite being challenging. Comparing at least the binding of ligands, preferential 
for each population (Orru et al.  2011  )  could provide some valuable information. 
Finally, another pending question is the validity of A 

2A
 R binding parameters as a 

peripheral biomarker. Indeed a change in A 
2A

 R expression and function has been 
consistently found in the peripheral blood cells of human subjects carrying the mHtt 
gene. A 

2A
 R B(max) is signi fi cantly increased in blood cells (including platelets, 

lymphocytes, and neutrophils) of HD patients (Maglione et al.  2005,   2006 ; Varani 
et al.  2003,   2007  ) . However, a controversy exists as to whether peripheral A 

2A
 R 

binding correlates with age at onset in HD patients. Indeed, Varani et al.  (  2007  )  
demonstrated an increase of A 

2A
 R B(max) at all HD stages including pre-

symptomatic patients supporting, as stated above, that these alterations represent a 
toxic effect of polyglutamine expansions but could not be taken as an index of HD 
progression. This is in contrast with data from Maglione et al.  (  2005,   2006  )  that 
reported a correlation between A 

2A
 R B(max) and CAG repeat number as with AAO 

of patients with predominant motor chorea. Thus, whereas A 
2A

 R B(max) is a reli-
able and robust peripheral marker of mHtt toxic effects, its predictive value towards 
clinical evolution remains to be established. However, it could represent a reliable 
marker to monitor effects of pharmacological compounds aimed at counteracting 
toxic effects of mHtt (Varani et al.  2007  ) .   

    20.3   Modulating Adenosine Receptors 
in Huntington’s Disease 

 The hypothesis that adenosine receptors could be targeted in HD originates from 
data indicating ability of A 

1
 Rs and A 

2A
 Rs to modulate excitotoxicity. Indeed, com-

pelling evidence exists that A 
1
 Rs exert an inhibitory presynaptic activity on the 

release of excitatory amino acids, restraining, in particular, the activation of 
NMDA receptors (Corradetti et al.  1984 ; Fredholm and Dunwiddie  1988 ; Palmer 
and Stiles  1995  ) . A 

1
 Rs could also promote membrane hyperpolarization, inhibit-

ing NMDA-receptor activation (see Blum et al.  2003b  ) . Finally, recent data point 
that A 

1
 Rs may control EAAT2 expression (Wu et al.  2011  )  supporting that A 

1
 Rs 

would control glutamate uptake by astrocytes. In accordance, A 
1
 R activation was 



41720 Adenosine Receptors in Huntington’s Disease

shown to be protective in various neuropathological conditions involving excito-
toxicity (de Mendonca and Ribeiro  2000 ; Dunwiddie and Masino  2001 ; Rudolphi 
et al.  1992 ; Stone et al.  2009 ; Wei et al.  2011  ) . Similar functions are shared by 
A 

2A
 Rs (see Fig.  20.1 ). Indeed, the A 

2A
 R agonist CGS21680 was able to signi fi cantly 

increase extracellular glutamate in the rat striatum (Corsi et al.  1999 ; Popoli et al. 
 1995  ) . The regulation of glutamate release through A 

2A
 Rs may be not tonically 

operative, since basal glutamate levels were unaffected by pharmacological block-
ade of A 

2A
 Rs (Pintor et al.  2001  ) . However, when glutamate out fl ow was stimulated 

by high K + , the A 
2A

 R antagonist SCH58261 reduced it (Corsi et al.  2000 ; Pintor 
et al.  2001  ) . In addition, increased glutamate release promoted by adenosine from 
cultured hippocampal astrocytes is mimicked by the A 

2A
 R agonist CGS21680 and 

inhibited by A 
2A

 R antagonists (Li et al.  2001 ; Nishizaki et al.  2002  ) . These obser-
vations are in accordance with the prevention of extracellular glutamate out fl ow 
induced by a blocker of glial glutamate uptake by the A 

2A
 R antagonist ZM241385 

(Pintor et al.  2004  ) . Accordingly, like for A 
1
 R activation, A 

2A
 R blockade has been 

consistently shown to be protective in various neuropathological models involving 
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  Fig. 20.1    Schematic representation of adenosine A 
2A

 Rs localization and functions in the striatum. 
A 

2A
 Rs are found both pre- and postsynaptically in the striatum. Presynaptic corticostriatal gluta-

matergic neurons express low levels of A 
2A

 Rs, blockade of which may exert bene fi cial effects 
through inhibition of glutamate release. At the postsynaptic level, A 

2A
 Rs are highly expressed on 

the GABAergic striatopallidal neurons projecting to the Gpe, which contain the peptide enkephalin 
and are enriched with D 

2
 Rs. A 

2A
 R activation at this level leads to inhibition of NMDA receptor 

currents and activation of TrkB receptors, both being potentially bene fi cial effects. A 
2A

 Rs are also 
expressed on nonneuronal cells. In astrocytes, A 

2A
 R stimulation can induce both deleterious effects 

by an increase in glutamate out fl ow and bene fi cial effects through an inhibition of nitric oxide and 
TNF a  release. This latter bene fi cial effect has also been observed in microglial cells. However, 
stimulation of A 

2A
 Rs in this cell population can also induce potentially deleterious effects through 

enhancement of nitric oxide and PGE 
2
  release. Altogether, the various and sometimes opposite 

functions of A 
2A

 Rs in the striatum make the use of modulators more complex in the context of 
Huntington’s disease.  Put  putamen,  GPe  external globus pallidus,  GPi  internal globus pallidus       
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excitotoxicity (see Popoli et al.  2008 ; Stone et al.  2009 ; Wei et al.  2011  for reviews). 
Altogether, these observations prompted evaluation of whether A 

1
 R activation or 

A 
2A

 R blockade would be protective in experimental models of HD.  

    20.3.1   A 
1
 R Modulation in HD Models 

 Modulation of A 
1
 Rs has largely not been evaluated. We have previously tested the 

A 
1
 R agonist ADAC in the 3NP model of HD (Blum et al.  2002b  ) . We interestingly 

observed that acute administration of this compound completely prevented the 
development of hindlimb dystonia related to striatal degeneration in this particular 
model and reduced the size of 3NP-induced striatal lesions as well as the remaining 
ongoing striatal degeneration. The protective effect of A 

1
 R activation was in line 

with other data showing that another A 
1
 R agonist was able to prevent 3NP-induced 

seizures in mice (Zuchora et al.  2001  )  and that A 
1
 R blockade was deleterious in 

another metabolic model of HD induced by malonate (Al fi nito et al.  2003  ) . The 
protective effects of ADAC were ascribed to its presynaptic ability to reduce gluta-
mate release within the striatum (Blum et al.  2002b  ) . However, so far, it remains 
dif fi cult to extrapolate the real therapeutic potential of A 

1
 R activation in HD. Indeed, 

the number of experimental studies in the  fi eld is quite limited. In addition, the cen-
tral dynamics of A 

1
 R expression and function is not known in the case of HD. 

Besides the lack of experimental information, in the end, chronic A 
1
 R activation 

may  fi nally remain unable to provide protection due to receptor desensitization. In 
addition, potential side effects associated with A 

1
 R activation, at the cardio-vascular 

level for instance, may limit a clinical interest to chronically activate A 
1
 Rs in HD 

(see Blum et al.  2003b  for review). Thus, it is doubtful that A 
1
 R can be considered 

as a druggable target in HD.  

    20.3.2   A 
2A

 R Modulation in HD Models 

 In sharp contrast, more extensive work explored the potential of A 
2A

 R modulation 
in phenotypic and genetic HD models (see Table  20.1 ). One can assume that this 
greater interest was motivated by their enrichment in the striatum (especially in the 
most vulnerable medium spiny neurons), the encouraging experimental results 
obtained in the Parkinson’s disease  fi eld, as well as availability of modulating drugs 
suitable for clinical trials. For instance, the A 

2A
 R antagonist istradefylline has proven 

safe, well tolerated, and effective at improving end-of-dose wearing off in PD 
patients taking L-DOPA (LeWitt et al.  2008  ) , while other A 

2A
 R antagonists (e.g., 

BIIB014, preladenant and ST-1535) are currently in Phase I and II clinical trials and 
have been proven safe and well tolerated so far (for reviews see Morelli et al.  2009 ; 
Pinna  2009 ; Simola et al.  2008  ) .  
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 Consistent with the ability of A 
2A

 R to modulate glutamate effects and the excito-
toxicity hypothesis in HD, the  fi rst studies in the  fi eld were focused on the potential 
of A 

2A
 R agonists and antagonists in the QA and 3NP models, mimicking direct and 

indirect excitotoxicity seen in HD, respectively (Brouillet et al.  2005  for review). In 
the QA model, the pre-treatment with a single dose of the A 

2A
 R antagonist SCH58261 

(0.01 mg/kg i.p.) protected striatal neurons from QA-induced cell death and fully 
antagonized QA-induced motor hyperactivity (Popoli et al.  2002  ) . Extending these 
 fi ndings, SCH58261 prevented alterations of wall rearing behavior and emotional 
changes in the same model (Scattoni et al.  2007  ) . SCH58261-induced neuroprotec-
tion was ascribed to its ability to reduce QA-induced glutamate out fl ow in the stria-
tum (Popoli et al.  2002  ) , a mechanism con fi rmed using another antagonist, ST1575 
(Galluzzo et al.  2008  ) . Both A 

2A
 R activation and blockade have also been evaluated 

in phenotypic models mimicking complex II inhibition seen in HD. In protocols of 
acute 3NP intoxication leading to the emergence of striatal lesions and, thus, involv-
ing glutamate excitotoxicity, both the pharmacological blockade by 8-(3-chlo-
rostyryl)caffeine (CSC) and the global genetic inactivation of A 

2A
 Rs strongly 

mitigated striatal damage (Blum et al.  2003a ; Fink et al.  2004  ) . In accordance, in a 
chronic 3NP model, stimulation of A 

2A
 Rs using the agonist CGS21680 (1 mg/kg) 

led to a dramatic increase of striatal degeneration whereas a low dose of the MSX-3 
antagonist was rather protective (Blum et al.  2003a  ) . Finally, in rats, administration 
of the antagonist 3,7-dimethyl-1-propargylxanthine (DMPX; 5 mg/kg i.p. or 100 ng 
intrastriatal) reversed the drop of striatal GABA content induced by malonate, the 
striatal toxicity of which partly depends on glutamate release from cortico-striatal 
inputs (Al fi nito et al.  2003  ) . Together, these data supported that A 

2A
 R blockade may be 

neuroprotective against HD-related excitotoxicity. Later work then moved to the study 
of A 

2A
 R blockade in the transgenic HD models, essentially the R6/2 strain. An interest-

ing starting point was the observation that in microdialysis experiments, SCH58261 
was able to reduce basal glutamate out fl ow in R6/2 mice (Gianfriddo et al.  2004  ) . 

   Table 20.1    Protective and deleterious effects of A 
2A

  receptors in Huntington’s disease   

      



420 D. Blum et al.

We later showed that 1-week treatment with SCH58261 (0.01 mg/kg i.p.) performed 
in a pre-symptomatic stage, i.e., between the 5th and the 6th week of age, prevented 
emotional/anxious alterations at later stages (Domenici et al.  2007  ) . Furthermore, 
the increased vulnerability to NMDA in corticostriatal slices from R6/2 mice at 
12 weeks of age was completely prevented by SCH58261 (Domenici et al.  2007  ) , a 
result that can be considered an index of neuroprotection. In accordance with a 
protective effect of SCH58261, treatment of R6/2 mice at late stages led to an 
increased number of nNOS-positive striatal neurons, taken as a protective effect 
(Cipriani et al.  2008  ) . 

 Together, all these data were in favor of a protective effect of A 
2A

 R blockade in 
HD. However, other observations made in parallel revealed that the story is far 
more complex than initially thought. Indeed, the neuroprotective effect of 
SCH58261 against QA as well as the effects on motor activity and glutamate 
out fl ow were achieved only by treating rats with 0.01 mg/kg i.p. and not with a 
higher dose (1 mg/kg i.p.) of the antagonist. Such an inverse dose relationship was 
also observed after intrastriatal perfusion with another A 

2A
 R antagonist, ZM 

241385, the ability of which to reduce QA-induced glutamate out fl ow was evident 
at 5 nM but not at 50 nM (Tebano et al.  2004  ) . A paradoxic dose-dependent effect 
of A 

2A
 R blockade was also observed in the chronic rat 3NP model with a low dose 

of MSX-3 (1 mg/kg i.p.) being protective whereas a higher dose (5 mg/kg i.p.) 
induced a more severe striatal lesion than in vehicle-treated animals (Blum et al. 
 2003a  ) . Involvement of some local mechanisms, for instance, blockade of A 

2A
 Rs 

located on cerebral vessels, modulation of early in fl ammatory reactions, and differ-
ent degree of pre-synaptic versus post-synaptic neuronal receptor blockade, were 
invoked. Our data (Blum et al.  2003a ; Popoli et al.  2002  )  strongly supported the 
last possibility. In particular, blockade of A 

2A
 Rs was deleterious against QA toxic-

ity in primary neuronal cultures (Popoli et al.  2002  )  whereas activation of PKA was 
protective against 3NP toxicity in a similar neuronal system (Blum et al.  2003a  ) . 
Together, all the data obtained from QA and 3NP models supported the existence 
of a balance between presynaptic receptors, the blockade of which is bene fi cial by 
preventing excitotoxicity, and postsynaptic receptors the blockade of which alters 
survival signaling (for reviews see Blum et al.  2003b ; Popoli et al.  2007,   2008  ) . 
Then,  in vivo , increasing antagonist doses might override the bene fi t afforded by 
presynaptic blockade by increasing the blockade of postsynaptic receptors. Notably, 
this balance was supported to be anatomically determined, expression of pre- and 
postsynaptic receptors being nonhomogeneously distributed in the striatum, at least 
in the rat (Blum et al.  2003a  ) . Some studies performed in transgenic mouse models 
of HD led to contrasting results as well. Indeed, while improving striatal sensitivity 
to NMDA, early treatment with the A 

2A
 R antagonist SCH58261 did not allow 

recovery, and even worsened de fi cits in motor coordination showed by R6/2 mice 
using the rotarod test (Cipriani et al.  2008 ; Domenici et al.  2007  ) . On the other 
hand, chronic CGS21680 (Ferrante et al.  2010  )  and SCH58261 (Martire et al. 
 2010  )  both rescued the reduced NR2A/NR2B ratio observed in R6/2 mice. It is 
worth noting that chronic treatment with CGS21680 modulated the NR2A/NR2B 
ratio in opposite ways in R6/2 versus WT mice. In particular, CGS21680 decreased 
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the above ratio in the striatum of WT mice (a kind of “pro-excitotoxic” effect) 
whereas it increased it in HD mice (an “anti-excitotoxic effect”). 

 Finally, to add further complexity, in addition to the relative contribution of 
pre- and postsynaptic and time window considerations, A 

2A
 Rs localized in the non-

neuronal compartment may also play a role. Regulation by A 
2A

 R of glial and par-
ticularly microglial cell functions remain complex and unclear so far (see Dai et al. 
 2010 ; Milne and Palmer  2011 ; Orr et al.  2009 ; Rebola et al.  2011  and references 
therein). The local pathophysiological context may particularly in fl uence the 
function of A 

2A
 R in microglial cells (Dai et al.  2010  ) . We previously found that 

SCH58261 differentially modulates astrogliosis and microglial activation in the 
striatum and cortex of QA-lesioned animals (Minghetti et al.  2007  )  suggesting that 
depending on the region studied and the associated degenerative context, A 

2A
 Rs 

may play a differential role. Interestingly, it was observed in acute 3NP and malonate 
models, that selective inactivation of A 

2A
 Rs on bone marrow-derived cells led to 

exacerbation of 3NP-induced striatal damage (Huang et al.  2006  ) . However, in an 
excitotoxic context, A 

2A
 R blockade was prone to reduce microglial activation (Dai 

et al.  2010  )  raising the possibility that A 
2A

 R modulation of in fl ammatory processes 
may not only be ascribed to contextual and regional considerations but also to the 
in fl ammatory cell type involved. 

 Together the above data thus raised the following comments. Data obtained so 
far clearly underlined the complexity of A 

2A
 R involvement in HD pathophysiology 

with nonlinearly altered dynamics (see Tarditi et al.  2006  in particular). The overall 
fate of blocking A 

2A
 Rs thus depends on disease stage as well as the relative contri-

bution of neuronal (pre/post) and nonneuronal compartments that can themselves 
vary over time. With regards to this, one can ask whether A 

2A
 R blockade is really of 

therapeutic interest in HD and what is the ultimate effect of chronic modulation of 
A 

2A
 Rs in HD transgenic models. Actually, daily treatment with CGS21680 

(2.5–5 mg/kg i.p.) from early to frankly symptomatic stages delayed the progressive 
deterioration of motor performance, improved brain atrophy, reduced the size of 
striatal ubiquitin-positive neuronal intranuclear inclusions and normalized the over-
activation of a major metabolic sensor (5’AMP-activated protein kinase, AMPK) in 
the striatum of R6/2 mice (Chou et al.  2005  ) . Additionally, it has been recently 
described that chronic delivery of T1-11, a compound activating A 

2A
 Rs and inhibit-

ing ENT1, originally isolated from a Chinese medicinal herb, was able to improve 
progressive deterioration in motor coordination, to reduce the formation of striatal 
Htt aggregates and to increase the level of BDNF in the R6/2 model (Huang et al. 
 2011  ) . All these data from Chern’s group were clearly in accordance with our recent 
data showing that genetic deletion of A 

2A
 Rs in N171-82Q transgenic HD mice 

worsens motor performances and survival as well as leads to a further decrease in 
striatal enkephalin expression (Mievis et al.  2011  ) . Although these data await 
con fi rmation in other transgenic models, these data support that chronic blockade of 
A 

2A
 Rs may be deleterious. In support of this notion, we have recently performed a 

retrospective caffeine study in a cohort of 80 HD patients from the French HD 
Speaking Network showing that―adjusted for CAG repeats, smoking, and other 
confounding factors―habitual consumption of caffeine above two cups signi fi cantly 



422 D. Blum et al.

advanced AAO (Duru et al.  2011  ) . These observations are in line with another 
cohort of data supporting that while low level caffeine intake may have neuroprotec-
tive effects in HD, moderate to high caffeine intake levels may contribute to earlier 
AAO and/or more aggressive rates of disease progression (Seward et al.  2010  ) . 
Despite the limitation of such retrospective studies and even if caffeine also targets 
A 

1
  receptors, these data however further support that chronic blockade of A 

2A
 R may 

be deleterious in HD.  

    20.3.3   Adenosine Receptors and Modulation of Synaptic 
Transmission in HD 

 The corticostriatal pathway provides the excitatory glutamatergic input to the striatal 
medium spiny neurons (MSSNs). Direct pathway MSSNs (which project to the 
substantia nigra pars reticulata, SNr and to the internal segment of the globus pallidus, 
GPi) express mostly dopamine D 

1
 -like receptors. Indirect pathway MSSNs (which 

project to GPi and SNr through to the external segment of the GP and then the sub-
thalamic nucleus), preferentially express D 

2
 -like receptors and A 

2A
 Rs (Bolam et al. 

 2000 ; Gerfen  1992 ; Schiffmann and Vanderhaeghen  1993  ) . Complex alterations in 
corticostriatal transmission occur in experimental HD. Progressive reduction in the 
frequency of spontaneous EPSCs, progressive reduction in spontaneous synaptic 
activity in late-stage HD, and a progressive deafferentation that develops until the 
death of the HD animals have been described (Cepeda et al.  2003  ) . Since the stimu-
lation of striatal A 

2A
 Rs by CGS21680 increased the frequency of spontaneous 

EPSCs in cells from R6/2 mice (Cepeda et al.  2010  ) , the restoration of excitatory 
synaptic activity by activation of (post-synaptic) A 

2A
 Rs could be bene fi cial in the 

late stages of the disease. 
 It should be noted, however, that glutamate transmission is increased at an early 

stage in HD. In early symptomatic YAC128 and BACHD mice, D 
1
 R expressing 

cells―i.e., the direct pathway MSSNs―speci fi cally display increased spontaneous 
EPSC frequencies and decreased paired-pulse ratios, both indices of increased 
presynaptic glutamate release (Andre et al.  2011  ) . Interestingly, while postsynaptic 
A 

2A
 Rs are expressed in MSSNs of the indirect efferent pathway (where they heter-

omerize with D 
2
 Rs), presynaptic A 

2A
 Rs are localized in corticostriatal glutamatergic 

terminals contacting MSSNs of the direct efferent pathway (where they heteromer-
ize with adenosine A 

1
 Rs) (Orru et al.  2011 ; Quiroz et al.  2009  ) . This indicates that 

in the presymptomatic and early symptomatic stage, when a phasic increase in 
glutamate release does occur, either A 

1
 R agonists or (presynaptic) A 

2A
 R antagonists 

may help restoring the normal corticostriatal transmission. Again, the in fl uence of 
A 

2A
 Rs on the synaptic alterations occurring in HD is thus not unequivocal, being 

largely dependent on the stage of the disease. 
 To the best of our knowledge, no studies have explored so far the effects of A 

1
 Rs 

on the corticostriatal synaptic transmission in HD models. As mentioned before, 
A 

1
 Rs should promote membrane hyperpolarisation, inhibiting NMDA-receptor 
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activation (see Blum et al.  2003b  )  and inhibit presynaptic glutamate release (Blum 
et al.  2002b  ) . Such effects are expected to normalize both the early and late synaptic 
alterations observed in HD. However, whether A 

1
 R functions and/or expression 

may be altered in genetic HD models―as it de fi nitely happens to A 
2A

 Rs―is 
currently unknown.  

    20.3.4   Mechanisms Related to Protection by A 
2A

 R 
Activation in HD 

    20.3.4.1   Effects of Adenosine A 2A Rs on BDNF Levels and Functions 

 As stated above, striatal BDNF levels, and thereby activation of its cognate TrkB 
receptors, are important for striatal survival. The  fi rst link between BDNF and 
adenosine was provided by Lee and Chao in 2001, with the demonstration that acti-
vation of TrkA receptors in PC12 cells and TrkB in hippocampal neurons could be 
obtained in the absence of neurotrophins by treatment with adenosine (Lee and Chao 
 2001  ) . These effects were reproduced by using the adenosine agonist CGS21680 
and were counteracted with the antagonist ZM241385, indicating that this transacti-
vation by adenosine involves the A 

2A
 R subtype. More recently, transactivation of 

TrkB receptors by A 
2A

 Rs has been also reported in vivo (Wiese et al.  2007  ) . The 
close interaction between A 

2A
 Rs and the BDNF signaling pathway has been further 

exempli fi ed by recent electrophysiological studies. In 2004, Diogenes and cowork-
ers investigated how adenosine in fl uences the action of BDNF on synaptic trans-
mission in the CA1 area of rat hippocampal slices (Diogenes et al.  2004  ) . These 
authors were able to show that activation of adenosine A 

2A
 Rs with CGS21680, or the 

increase in extracellular adenosine levels induced by 5-iodotubercidin (ITU), trig-
gered the excitatory action of BDNF, a process prevented by an A 

2A
 R antagonist. 

Moreover, only the speci fi c activation of the presynaptic cAMP–PKA transducing 
system seems to be critical for the excitatory action of BDNF; indeed, while a 
membrane-permeable cAMP analog, dibutyryl cAMP (dbcAMP) mimics the effect 
of ITU or CGS 21680 on the excitatory action of BDNF, in postsynaptic CA1 pyra-
midal neurons loaded with cAMP, BDNF did not produce any effect on EPSC ampli-
tude. These data indirectly suggest that presynaptic, more than postsynaptic, A 

2A
 Rs 

trigger the action of BDNF. It was concluded that presynaptic activity-dependent 
release of adenosine, through activation of A 

2A
 Rs, facilitates BDNF modulation of 

synaptic transmission at hippocampal synapses. A similar positive interaction has 
been more recently con fi rmed at the neuromuscular junction (Pousinha et al.  2006  ) . 
The importance of A 

2A
 Rs in regulating BDNF has recently been strengthened by our 

demonstration that both BDNF levels and functions are signi fi cantly reduced in the 
brain of A 

2A
 R knock-out mice (Tebano et al.  2008  ) , and that the systemic injection 

of SCH58261 dramatically reduced striatal BDNF levels in rats (Minghetti et al. 
 2007  ) . These results suggest that the presence and the tonic activation of A 

2A
 Rs are 

necessary to allow BDNF-induced potentiation of synaptic transmission and to 
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maintain normal BDNF levels. Despite mechanisms underlying the interplay between 
A 

2A
 Rs and the BDNF physiology being far from understood, these observations 

support the view that reinforcing A 
2A

 R signaling may be bene fi cial in HD.  

    20.3.4.2   Role of Adenosine A 2A Rs in the Regulation 
of Ubiquitin-Proteasome System in HD 

 One of the explanations of the impairment of abnormal protein degradation is the 
downregulation of the ubiquitin–proteasome system (UPS; de Pril et al.  2004 ; 
Petrucelli and Dawson  2004  ) . UPS is a cellular process for the non-lysosomal 
protein degradation of abnormal, misfolded or oxidized proteins. Proteasome activ-
ities are generally inhibited in several brain regions and skin  fi broblasts of HD 
patients (Seo et al.  2004  ) , and enhancing UPS function by using proteasome activa-
tors can improve cell survival against glutamate toxicity in a cell culture model of 
HD (Seo et al.  2007  ) . Proteasome activity is also reduced in HD striatal neurons 
containing mHtt (105 CAG repeats) and it could be improved by lentiviral gene 
transfer of a proteasome activator, suggesting a potential therapeutic strategy of HD 
through proteasome activation (Seo et al.  2007  ) . Interestingly, UPS activity is also 
greatly reduced in the liver of HD mice, and chronic treatment with CGS21680 
effectively rescued the urea cycle de fi ciency in the liver by enhancing the activity 
of the UPS through a cAMP/PKA-dependent pathway (Chiang et al.  2009  ) . Thus, 
given its ability to stimulate the activity of UPS, A 

2A
 R might be considered a novel 

drug target to improve the cellular capacity to remove misfolded proteins in neu-
ronal cells and, as a consequence, to treat HD and other neurodegenerative diseases, 
where aggregate formation and/or UPS dysfunction are strongly involved.    

    20.4   Conclusion 

 Adenosine receptors, and especially the A 
2A

 R subtype, are clearly linked to HD 
pathophysiology as attested by genetic, epidemiological and experimental studies. 
The role of A 

1
 Rs in HD pathogenesis has been largely understudied and this  fi eld 

deserves consideration in the future. Conversely, it is undoubted that A 
2A

 Rs play an 
important role in HD. Several aspects concerning its pathophysiological involvement 
remain to be deciphered. The pre/postsynaptic aspects deserve further investigation 
using speci fi c ligands as well as genetic murine tools. Also, how A 

2A
 Rs interact with 

glial dysfunction promoted by mutated Huntingtin has been largely understudied. 
Further, given that A 

2A
 Rs interact with several other GPCRs that play a presumed 

role in striatal dysfunction and degeneration in HD (D 
2
 R, cannabinoid receptor 1), 

one may consider that the A 
2A

 R heterodimerization itself could be of importance 
and deserves further investigation. Then, from a fundamental perspective, much 
remains to be done to better understand the role of adenosine receptors and purines 
in HD. Nonetheless, in a therapeutic perspective, targeting adenosine receptors in 
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HD remains to be carefully considered. It is evident that this uncertainty relies on 
our partial knowledge of their pathophysiological function but it also relies on the 
apparent dynamic complexity of their role. Especially, targeting A 

2A
 Rs may lead to 

completely different outcomes depending on the disease stage and the relative 
contribution of the different receptor subpopulation at the time of modulation, itself 
dependent on the disease progression. With our current background, the most 
promising approach would be activation of postsynaptic A 

2A
 R coupled with pre-

synaptic blockade. Thus, although HD may represent an interesting model to better 
understand the differential regulation afforded by A 

2A
 Rs in neuropathological situ-

ations, adenosine-based therapeutical development in HD remains complex and 
demanding.      
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  Abstract   The major demyelinating disease of the CNS is multiple sclerosis 
(MS), which is the foremost disabling pathology among young adults. MS is a 
chronic, degenerative disease characterized by focal lesions with in fl ammation, 
demyelination, in fi ltration of immune cells, oligodendroglial death, and axonal 
degeneration. These cellular alterations are accompanied by neurological de fi cits, 
such as sensory disturbances, lack of motor coordination, and visual impairment. It 
is widely accepted that the etiology of this illness has autoimmune and in fl ammatory 
grounds, and that a derailment of the immune system leads to cell- and antibody-
mediated attacks on myelin. 

 Both genetic and environmental factors contribute to MS susceptibility. Among 
them, primary and/or secondary alterations in neurotransmitter signaling including 
the glutamate and purinergic system lead to oligodendrocyte and myelin damage 
and contribute to MS pathology. In addition, recent data indicate that adenosine is 
involved in neuroin fl ammation, and that activation of adenosine receptors may 
contribute to tissue damage in experimental models of MS. Moreover, some altera-
tions of adenosine metabolism occur in MS though it is not clear yet whether they 
are primary or secondary to the disease process. Finally, emerging evidence 
suggests that enhanced activity of the adenosinergic system may also contribute to 
the pathophysiology of MS and that this feature may open new therapeutic 
approaches bene fi cial for the treatment of MS.  
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    21.1   Multiple Sclerosis 

 Multiple sclerosis (MS) is an in fl ammatory, demyelinating disease of the central 
nervous system (CNS),  fi rst clinically described by Charcot in 1868 (Charcot  1868  ) , 
in which autoreactive, myelin-speci fi c T cells cause extensive tissue damage resulting 
in neurological de fi cits. MS courses with immunological attacks, which may last 
from days to weeks with a posterior recovery phase; however, the antigenic stimuli 
that initiate or perpetuate this abnormal immune reactivity are still a matter of intense 
research and debate. Focal lesions showing perivascular in fl ammation, in fi ltration 
of immune cells, axonal degeneration, oligodendroglial death, and demyelination 
characterize this chronic and degenerative disease of the CNS (Prineas et al.  2002  ) . 
These cellular alterations are accompanied by neurological de fi cits, such as sensory 
disturbances, lack of motor coordination, and visual impairment. However, the clinical 
presentation of MS varies greatly and correlates well with the multiplicity of lesions 
and their distribution at various anatomical sites within the brain and spinal cord. 

 MS is a major, chronic, disabling neurological disease among adults between 20 
and 40 years of age, and affects women more often than it does men. Its incidence 
is approximately 3.6 cases among women and 2 cases among men per 100,000 
individuals per year. Its prevalence varies geographically: higher MS incidence is 
classically associated with countries with cold climates and at high latitudes (aver-
aging 90–100 cases per 100,000 individuals), although recent studies report that this 
gradient has become attenuated since 1980, apparently due to increased incidence 
in lower latitudes (Alonso and Hernan  2008  ) . 

    21.1.1   Diagnostic Criteria for MS 

 The multiplicity of MS plaques and their location at various anatomic sites may 
account for the great variability of clinical symptoms and signs. Visual impairment 
to different degrees, orbital pain, and frontal headaches are often the presenting 
symptoms. However, any cerebral or spinal cord dysfunction may induce the 
disease. MS symptoms typically appear with an “attack” or “relapse,” and disease 
diagnosis is based on clinical criteria supported by visualization of CNS white mat-
ter lesions by magnetic resonance imaging (MRI) following established standards 
(Polman et al.  2005  ) . MRI can show the typical periventricular plaques, as well as 
plaques as small as 3–4 mm in diameter. Moreover, using contrast material, MRI 
identi fi es acute plaques and is helpful in monitoring therapeutic ef fi cacy (Prineas 
et al.  2002  ) .  
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    21.1.2   Clinical Subtypes and Prognosis 

 MS patients are classi fi ed into different subtypes according to their clinical description 
and the course of their disease. Most patients (approximately 85–90 %) initially 
have a relapsing–remitting form of MS (RRMS), which is characterized by discrete 
clinical “attacks” or “relapses” followed by subsequent improvement. RRMS is the 
most typical presentation in younger patients. Within 10 years of disease onset, 
approximately 50 % of patients with RRMS will develop a slow, insidiously pro-
gressive, neurological deterioration (usually progressive gait impairment), with or 
without clinical attacks superimposed. This is termed secondary progressive MS 
(SPMS), and 90 % of RRMS patients advance into this stage within 30 years of 
disease onset. A minority of patients (approximately 10–15 %) have primary pro-
gressive MS (PPMS), which is characterized by a progressive course from onset, 
with occasional plateaus and absence of clinically evident relapses. In addition, 
PPMS presents less conspicuous in fl ammation on MRI. Due to its difference from 
RRMS, and particularly because of the absence of any relapse, it has been suggested 
that PPMS may represent a different disease (Thompson et al.  1997  ) . Finally, 
approximately 5 % of patients develop progressive relapsing MS (PRMS), which is 
characterized by worsening from onset with clear, acute relapses (with or without 
recovery), and with periods between relapses with continuing progression (Lublin 
and Reingold  1996 ; Rovaris et al.  2006  ) . 

 The prognosis of MS varies widely. The factors responsible for this variability 
are unclear and it therefore remains dif fi cult to estimate prognosis in individual 
patients at the time of diagnosis. The outcome of an attack depends on the severity 
and extent of axonal injury, and this largely determines the degree of recovery or the 
persistence of neurological de fi cits. Usually, after in fl ammation has resolved and 
myelin debris has been removed, the conduction of the neural impulses is reestab-
lished in the denuded nerve  fi bers. Although the resolution of in fl ammation allows 
a remission with full or partial recovery of neurologic de fi cits, the appearance of 
new plaques, which may develop at any time throughout the course of the disease, 
would cause a relapse. Disability becomes permanent when the structural continuity 
of the nerve  fi bers is disrupted and wallerian degeneration develops (reviewed in 
Prineas et al.  2002  ) . 

 Clinical indicators of a relatively good prognosis are female gender, younger age 
of onset, optic neuritis, sensory attacks, complete recovery from attacks, few attacks, 
and long inter-attack interval. Relatively poor prognostic factors include male gen-
der, predominant cerebellar and motor involvement, incomplete resolution of 
attacks, progressive course from onset, frequent early attacks, and short inter-attack 
interval (Keegan and Noseworthy  2002  ) . 

 In general, the average duration of the disease is 25–30 years. One-third of 
patients have a benign course, remain fully functional, and show little disability for 
15 years after disease onset. In contrast, malignant MS is de fi ned by a rapid, pro-
gressive course, leading to signi fi cant neurological de fi cits and even death (Lublin 
and Reingold  1996 ; Prineas et al.  2002  ) .  
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    21.1.3   Etiology 

 Despite great interest and extensive pathological and experimental studies on MS, 
the etiology of this complex and multifactorial disease remains elusive. It is widely 
accepted that a combination of genetic susceptibility and environmental factors is 
implicated in the origin of MS. Familiar occurrences are recognized, and the disease 
has been reported in monozygotic and dizygotic twins; however, the genes that 
contribute to MS susceptibility are dif fi cult to identify because they exert a relatively 
modest effect on disease risk. 

 In support of the genetic contribution, certain gene variants in the class II major 
histocompatibility complexes (MHCs) occur more frequently among MS patients 
than among the general population (Prineas et al.  2002  ) . Two genetic studies have 
revealed an association of MS with particular human leukocyte antigen (HLA) 
haplotypes, particularly the DR15 haplotype (DRB1, DRB5, DQA1, DQB1) for the 
European and North American Caucasian population (Lincoln et al.  2005 ; Sawcer 
et al.  2005  ) . Recently, this link was con fi rmed in the largest genome-wide association 
study conducted to date, which also revealed two other immune-related targets 
including the receptors for the interleukins IL-2 and IL-7 (Ha fl er et al.  2007 ; 
Lundmark et al.  2007  ) . 

 Aside from the genetic component, the role of transmissible agents as a cause of 
MS is a relatively popular hypothesis. It is possible that exposure to an unidenti fi ed 
infectious agent may occur during the early years of life. Studies indicate that 
individuals who migrate from a cold climate to a warm climate after 15 years of age 
retain the higher risk associated with their native locality. Several pathogens have 
been postulated to trigger the immune reaction: measles virus, Epstein–Barr virus 
(EBV), human herpes virus 6, retroviruses, and  Chlamydia pneumoniae . Among the 
infectious agent candidates, data associating EBV infection with MS remains strong. 
Thus, people with symptomatic EBV infection are at increased risk of developing 
MS, similar to people with high titers of anti-EBV antibodies. There are also obser-
vations supporting EBV-induced molecular mimicry as an underlying mechanism 
in MS autoimmunity. This association may be causative, or it may simply be a 
phenomenon required for disease onset (Giovannoni and Ebers  2007  ) . 

 Moreover, and although there is evidence for both genetic (Niino et al.  2007  )  and 
environmental components (Ascherio and Munger  2007  ) , many studies demonstrate 
that the immune system plays an integral role in the initiation and progression of 
MS (Hemmer et al.  2002 ; Keegan and Noseworthy  2002  ) . In this view, MS can be 
seen as a disease in which genetically susceptible individuals, upon encountering an 
environmental stimulus such as an infection, generate an autoimmune attack against 
CNS myelin based on molecular mimicry between infectious and myelin antigens. 

 Today, autoimmnune-mediated reactions against myelin, which are based on the 
inappropriate immunological attack towards self-antigen, constitute a more widely 
accepted hypothesis for MS etiology, although its initial cause is still unknown. This 
autoimmune hypothesis is supported by similarities between the pathologies of MS 
and experimental allergic encephalomyelitis (EAE), the dominant MS animal 
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model, which is induced by immunization with brain and spinal cord myelin extracts. 
In this model, myelin antigen-speci fi c CD4 +  T cells can induce CNS in fl ammation, 
demyelination, and neurodegeneration, resulting in the loss of motor functions or 
paralysis (Brown and Sawchenko  2007  ) .  

    21.1.4   Pathophysiology of Multiple Sclerosis 

 Pathophysiological models of MS should reproduce the generation of acute demy-
elinating lesions and their evolution into chronic sclerotic plaques, as well as an 
unpredictable clinical course that is characterized initially by recurrent relapses and 
later by steady progression. Although MS is regarded as a white matter disease, and 
the principal features of the disease are demyelination, perivascular in fl ammation, 
and the presence of plaques within the white matter, demyelination and oligoden-
drocyte or neuron/axon injury are also prominent and widespread in grey matter 
structures, such as the cerebral cortex, thalamus, and basal ganglia (Lassmann 
 2007a ; Stadelmann et al.  2008  ) . Thus, a particularly high prevalence of plaques in 
the cerebral cortex has been observed in progressive stages of the disease, and con-
stitutes a signi fi cant proportion of the overall pathology of the brains of MS patients 
(Amadio et al.  2011  ) . 

 The generally accepted pathophysiological model for MS is centered on an 
immune-mediated attack against CNS myelin antigens, in which several compo-
nents of the immune system generate an in fl ammatory response that damages 
myelin and axons, leading to the formation of acute plaques (Frohman et al.  2006 ; 
Fontoura and Garren  2010  ) . However, although MS is considered an autoimmune 
CNS in fl ammatory disease, it is widely accepted that neurodegeneration is the pre-
dominant pathophysiological substrate of disability. In this sense, distinct evidence 
suggests a strong correlation between in fl ammation and neurodegeneration (Zipp 
and Atkas  2006 ; Lassmann  2007b ; Franciotta et al.  2008 ; Frischer et al.  2009 ; Lee 
et al.  2011  ) ; however, debate remains regarding whether in fl ammation is a primary 
or a secondary process during both the onset and the development of MS (Trapp and 
Nave  2008 ; Craner and Fugger  2011  ) . 

    21.1.4.1   Neuroin fl ammation in MS 

 In fl ammatory events in MS could be due to an autoimmune reaction against myelin 
antigens, which is more profound in actively demyelinating lesions and involves 
both cellular and humoral immunity with the participation of macrophages, T lympho-
cytes, and B cells. In the early stage of the disease process, T cells are primed in the 
periphery by antigen-presenting dendritic cells, and activated CD4 +  T lymphocytes 
cross the blood–brain barrier and react with myelin and/or oligodendroglia 
antigens. There is also evidence for humoral autoantibodies produced by local 
B cells binding myelin and other CNS components, as well as expression of 
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immune-associated molecules, such as major histocompatibility antigens, adhesion 
molecules or pro-in fl ammatory cytokines, interleukin 12 (IL-12), and tumor necro-
sis factor- a  (TNF- a ). All of these factors contribute to the generation of a diffuse 
in fl ammatory process, with in fi ltrates mainly composed by lymphocytes and 
macrophages and with additional activation of the resident microglia. 

 In general, the in fl ammation process occurs during all stages of MS, although it 
changes as the disease progresses. In acute MS, in fi ltrating macrophages and acti-
vated T cells are predominant in focal demyelinated lesions. In addition, in chronic 
MS there is a diffuse in fl ammatory/degenerative process supported by microglia 
and macrophages that may be more or less independent of current focal in fl ammation 
(Kerschensteiner et al.  2009 ; Edan and Leray  2010  ) . In this chronic phase, particu-
larly oligodendrocytes, myelin, and axons degenerate in the CNS, causing a wide 
variety of symptoms that often progress to physical and cognitive disabilities 
(Amadio et al.  2011  ) .  

    21.1.4.2   Neurodegeneration in MS 

 Although MS has been mainly considered an immune disease, there is an evolving 
concept where MS may be a primary neurodegenerative disease with secondary 
in fl ammatory demyelination. There is evidence for early axonal damage resulting 
from a direct interaction with immune cells, as well as a positive correlation between 
axonal transaction and degree of in fl ammation in brain white matter MS lesions 
undergoing demyelination (Zipp and Atkas  2006 ; Trapp and Nave  2008 ; Nikic et al. 
 2011  ) . In addition, recent studies support the concept that neurodegeneration is an 
independent process in MS, which may explain why current disease-modifying 
therapies predominantly targeting immunomodulatory mechanisms have a reduced 
ef fi cacy against the development of permanent physical disability in the later stages 
of MS (Craner and Fugger  2011  ) . 

 In the vast majority of MS patients, MS develops into a progressive stage. 
Following the relapse–remitting stage of MS, patients develop “secondary progres-
sive” MS, in which neurological deterioration continues in the absence of relapses 
(Dutta and Trapp  2007 ; Lassmann et al.  2007 ; Noseworthy et al.  2000  ) . Alternatively, 
others are diagnosed with primary progressive MS, in which neurological dysfunc-
tion occurs without relapses from disease onset (Dutta and Trapp  2007 ; Lassmann 
et al.  2007 ; Noseworthy et al.  2000  ) . In all instances, imaging, neuropathological 
studies, and animal studies of MS show that markers for neurodegeneration 
(primarily axonal damage and atrophy) appear during the progressive phase of the 
illness and correlate with neurological disability (Bjartmar et al.  2000 ; Lassmann 
et al.  2007  ) . Although the mechanisms of axonal degeneration are uncertain, 
in fl ammation and demyelination appear to be major risk factors (Ferguson et al. 
 1997 ; Trapp et al.  1998 ; reviewed in Trapp and Nave  2008  ) . With this in mind, 
numerous studies have focused on axonal protection as a major therapeutic goal in 
MS, both promoting remyelination and analyzing different aspects of spontaneous 
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remyelination and axonal recovery (Black et al.  2006 ; Coman et al.  2006 ; Howell 
et al.  2006 ; Patrikios et al.  2006 ; Nikic et al.  2011  ) . 

 There is also evidence suggesting a link between autoimmunity, clinical 
phenotype, and neurodegeneration in MS. MS patients develop antibodies to 
oligodendrocytes, myelin, and other neuronal antigens that cause neurodegener-
ation and contribute to the pathogenesis of the disease (Franciotta et al.  2008 ; 
Lee et al.  2011  ) . 

 Together, the evidence summarized above strongly suggests that the molecular 
mechanisms responsible for axonal degeneration may differ between early and late 
stages of MS, and that there is an unclear link between the mechanisms of neurode-
generation and focal/diffuse in fl ammation and their relative contribution to the 
clinical de fi cits observed in different phases of the disease.  

    21.1.4.3   Oligodendroglial Injury in MS 

 As mentioned above, MS is considered a progressive disease of the CNS character-
ized by autoimmune attack on myelin and oligodendrocytes. Although the precise 
basis for this selective injury remains to be established, the depletion of oligoden-
drocytes is a recognized feature of MS lesions, becoming more apparent as the 
disease evolves (Raine  1994  ) . In compliance with this idea, Fas expression is ele-
vated in oligodendrocytes in chronic active and chronic silent MS lesions. Fas is a 
cell surface receptor that transduces cell death signals, and its upregulation in oligo-
dendrocytes suggests that Fas-mediated signaling might contribute to immune-
mediated oligodendrocyte injury and subsequent demyelination in MS (D’Souza 
et al.  1996  ) . In turn, treatment of oligodendrocytes with antibodies against myelin-
oligodendrocyte glycoprotein (MOG) leads to an increase in Ca 2+  in fl ux and activa-
tion of the MAPK/Akt pathways, a signaling cascade relevant to the initial steps of 
MOG-mediated demyelination (Marta et al.  2005  ) . 

 A number of experimental studies have demonstrated a strong positive correla-
tion between oligodendrocyte susceptibility to injury and the extent of CNS 
in fl ammation in EAE. In a knockout mouse system, absence of oligodendrocyte 
protective factors increases oligodendrocyte susceptibility to injury and augments 
the in fl ammatory reaction and the severity of symptoms (Butzkueven et al.  2002 ; 
Linker et al.  2002 ; Balabanov et al.  2007  ) . In contrast, mice lacking proapoptotic 
genes or overexpressing antiapoptotic molecules, speci fi cally in oligodendrocytes, 
display resistance to EAE and in fl ammatory demyelination (Hisahara et al.  2000 ; 
Hövelmeyer et al.  2005  ) . A recent study has described that the oligodendrocytic 
overexpression of the dominant-negative form of interferon regulatory factor-1 
(IRF-1), a severity factor for both MS and EAE, results in signi fi cant protection 
against EAE with a reduction of in fl ammatory demyelination and with oligodendro-
cyte and axonal preservation (Ren et al.  2011  ) . These data suggest that oligoden-
drocytes are actively involved both in the regulation of EAE and in the network of 
neuroimmune responses. Therefore, exploring oligodendrocyte-related pathogenic 
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mechanisms in addition to conventional immune-based mechanisms may have 
important therapeutic implications in MS. 

 However, early MS lesions have a prephagocytic nature and display primary 
oligodendrocyte injury in the absence of microglial activation and adaptive T cell or 
B cell responses (Barnett and Prineas  2004 ; Barnett et al.  2006 ; Matute et al.  2001 ; 
Matute and Pérez-Cerdá  2005  ) . The trigger for that selective and apparently pri-
mary oligodendrocyte damage is unknown; however, it may include viruses, gluta-
mate, and other agents known to be oligotoxic. These data correlate with previous 
pathological characterizations of MS lesions, such that some plaques are highly 
suggestive of a primary oligodendrocyte dystrophy rather than an autoimmunity 
process (Lucchinetti et al.  2000  ) . Moreover, these  fi ndings suggest that all MS 
lesions may initiate with oligodendrocyte death of unknown origin in the absence of 
in fl ammatory activity, and that the heterogeneity observed in the neuropathology of 
the lesions within and among patients may be a re fl ection of the time point at which 
a given lesion is observed. Therefore, it is possible that primary oligodendrocyte 
injury leads to microglial activation, with the adaptive T cell and B cell response 
appearing as a secondary event. In this context, the innate immune system plays a 
much more fundamental role than previously thought in MS lesion pathogenesis, 
and therapies aimed at this side of the immune response will prove effective, including 
in progressive stages of the disease (Fontoura and Garren  2010  ) . 

 Finally, in addition to changes to oligodendrocytes and neurons, astrocytes and 
microglia are also relevant to MS pathophysiology (He and Sun  2007  ) . Reactive 
astrocytes contribute to the glial scar that  fi lls the demyelinated plaque (Holley 
et al.  2003  ) . In addition, astrocytes can promote in fl ammation and damage to 
oligodendrocytes and axons; however, at the same time they can also support the 
migration, proliferation, and differentiation of oligodendrocyte progenitors (Williams 
et al.  2007  ) . Likewise, reactive microglia may be both deleterious and protective in 
MS pathogenesis (Muzzio et al.  2007 ; Sanders and De Keyser  2007  ) . Consequently, 
both astrocytes and microglia play important roles in both the destructive and restor-
ative phases of MS. Taken together, all of these  fi ndings outline the complexity of 
MS pathology, in which both the adaptive and innate immune systems and all the 
cells of the CNS participate in MS lesions and repair in a manner that may depend 
on the stage of MS (Fontoura and Garren  2010  ) .    

    21.2   Adenosinergic Signaling in Neuroin fl ammation 

 Extracellular purine/pyrimidine nucleotides and nucleosides are among the most 
widespread exogenous signals, with important detrimental or protective roles in 
normal and injured brains (Inoue et al.  2007 ; Apolloni et al.  2009  ) . Although little 
is known regarding purinergic signaling in MS, there is growing evidence that not 
only adenosine triphosphate(ATP), but also adenosine can directly modulate differ-
ent aspects of the pathophysiology of MS, particularly neuroin fl ammation and 
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demyelination (Bours et al.  2006 ; Sperlágh and Illes  2007 ; Amadio et al.  2011  ) . 
Because neuroin fl ammation is commonly associated with the course of MS, we 
devote this section to describing the effects of adenosine in macrophages/mono-
cytes, as well as in microglia. 

    21.2.1   Macrophages/Monocytes in MS and Their 
Regulation by Adenosine 

 MS is associated with the activation of immune cells, including macrophages, 
peripheral blood mononuclear cells (PBMCs), microglia, and astrocytes. 
Macrophages are key cellular components of the innate immune system. Although 
macrophage function is essential for an ef fi cient immune response, failure to 
control macrophage activation or prolonged or inappropriate in fl ammatory pro-
cesses will lead to unacceptable levels of collateral damage to surrounding cells. 
In addition, activated PBMCs release numerous in fl ammatory effector molecules, 
such as TNF- a  or IL-6, which potentiate or abrogate demyelination through 
pro-in fl ammatory or immunosuppressive effects. Activated monocytes and 
lymphocytes secrete IL-6, which can activate B cells and the proliferation of T cells, 
and circulating levels of TNF- a , IL-6, and other cytokines are increased in the 
serum, cerebrospinal  fl uid, and brains of MS patients. In particular, TNF- a  is 
related to the pathogenesis of MS models, as illustrated by the  fi nding that neutral-
izing antibodies to TNF- a  or soluble TNF- a  receptors abrogate EAE development 
(Selmaj et al.  1991,   1995  ) . In addition, overexpression of TNF- a  in transgenic 
mice causes demyelination similar to the in fl ammatory demyelination observed in 
patients with MS (Probert et al.  1995  ) . Nevertheless, TNF- a  is not the only 
cytokine or mediator of MS, because TNF- a  receptor knockout mice also develop 
EAE (Frei et al.  1997  ) . 

 In addition to cytokines, ATP and adenosine are relevant to immunity and 
in fl ammation, although the signals they mediate in immune responses in vivo are 
extremely complex. Thus, the effects of ATP and adenosine may vary from immu-
nostimulatory to immunoregulatory depending on their extracellular concentrations, 
as well as on the expression patterns of purinergic receptors and ecto-enzymes 
(Bours et al.  2006  ) . Speci fi cally, the neuromodulator adenosine regulates a variety 
of physiological processes, including immune activation and neuronal survival, 
through speci fi c G-protein-coupled receptors expressed on macrophages and neu-
rons (Cronstein  1994 ; Ribeiro et al.  2002  ) . Under normal conditions, adenosine is 
tightly regulated to low nanomolar levels in tissues throughout the body (Geiger 
et al.  1997  ) . Utilization of ATP during periods of high metabolic activity leads to an 
increased concentration of intracellular adenosine that can be secreted through 
nucleoside transporters. Another major pathway contributing to high extracellular 
adenosine concentration during metabolic stress is the release of precursor adenine 
nucleotides (ATP, ADP, and AMP) from cells, followed by extracellular degradation 
to adenosine. Neutrophils and endothelial cells release large amounts of adenosine 
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at sites of in fl ammation, and activated macrophages can serve as a major source of 
extracellular adenosine via ATP production (Cronstein  1994  ) . 

 All of these mechanisms lead to increased levels of adenosine, which acts at the 
cell surface through four G-protein-coupled adenosine receptors: A 

1
 , A 

2a
 , A 

2b
 , and 

A 
3
 . Monocytes and macrophages express all four adenosine receptors (Bours et al. 

 2006  ) , and these receptors allow the cells to detect stressful conditions and modu-
late their cellular functions to adapt to their microenvironment. 

 Also relevant to the pathogenesis of MS is the observation that the activation of 
adenosine receptors in macrophages has been related to the anti-in fl ammatory 
effects of adenosine, including the downregulation of TNF- a  production (Haskó 
et al.  1996,   2008 ; Haskó and Cronstein  2004 ; Sitkovsky and Lukashev  2005 ; 
Sitkovsky and Ohta  2005 ; Ruiz-García et al.  2011  ) . In addition, the anti-in fl ammatory 
properties of adenosine and adenosine-related compounds have been con fi rmed in 
various animal disease models and in vivo genetic experiments (Ohta and Sitkovsky 
 2001 ; Lukashev et al.  2004 ; Sitkovsky et al.  2004  ) . 

 In general, the activation of all four adenosine receptors on macrophages and 
monocytes modulates the synthesis and release of immunomodulatory molecules, 
including cytokines, matrix metalloproteinases, and reactive oxygen species (Boyle 
et al.  1996 ; Haskó et al.  1996  ) . Elevated levels of cytokines in relapsing–remitting 
MS patients may be due to altered levels of adenosine and/or adenosine receptors 
(Mayne et al.  1999  ) . Consistent with this hypothesis, a study including MS patients 
showed that plasma levels of TNF- a  were higher and that adenosine levels were 
lower in MS cases than in control subjects. In addition, adenosine A 

1
  receptor stim-

ulation in PBMCs from MS patients displayed differing effects on the regulation of 
TNF- a  and IL-6 compared with PBMCs from controls (Mayne et al.  1999  ) . Taken 
together, these results suggest that decreased levels of adenosine and its A 

1
  receptor 

can modulate TNF- a  and IL-6 levels and contribute to the pathogenesis of MS.  

    21.2.2   Adenosine and the Modulation of Microglial Activation 

 Microglial cells originate from monocyte/macrophage precursors and are regarded 
as the major immunocompetent cell type of the nervous system, constituting approx-
imately 10 % of all cells in the brain. The immune response of the brain is spatially 
segregated from the peripheral immune response by the blood–brain barrier and, 
together with astroglial cells and in fi ltrating peripheral immune cells, is predomi-
nantly executed by microglial cells. Thus, microglial cells, as brain-resident immune 
cells, are a sensor of pathological signals in the CNS and play a major role in host 
defense and tissue repair in the brain. They are rapidly activated and respond with 
morphological changes, transforming the resting rami fi ed microglia into an amoe-
boid form with phagocytic activity, proliferation, and production of a wide array of 
in fl ammatory mediators (Kreutzberg  1996 ; Cuadros and Navascués  1998  ) . Past 
studies have shown that exposure to different factors, such as lipopolysaccharide, 
interferon- g , or  b -amyloid, leads to microglial activation and induces the production 
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of various pro-in fl ammatory mediators that are potentially neurotoxic (Meda et al. 
 1995 ; Zielasek and Hartung  1996  ) . These mediators include nitric oxide, prosta-
glandin E2, pro-in fl ammatory cytokines (e.g., TNF- a , IL-1 b , and IL-6), and reactive 
oxygen species (reviewed in Bi et al.  2011  ) . 

 There is evidence that the constant activation and release of pro-in fl ammatory 
factors promote the development of neurodegenerative diseases and therefore, micro-
glial activation plays an important role in the pathophysiology of these diseases (Moon 
et al.  2007a,   b ; Bi et al.  2011  ) . Therefore, inhibition of pro-in fl ammatory mediators in 
microglia attenuates the severity of Alzheimer’s disease, Parkinson’s disease, trauma, 
multiple sclerosis, and cerebral ischemia (Eikelenboom and van Gool  2004 ; Koning 
et al.  2007 ; Krause and Müller  2010 ; Liu and Hong  2003 ; Qian et al.  2010  ) . 

 As in macrophages and monocytes, purinergic signaling initiated by ATP released 
from both neurons and glial cells, as well as its breakdown product, adenosine, 
activates A 

1
 , A 

2a
 , and A 

3
  in microglia (Haskó et al.  2005  )  and contributes to the neu-

roimmune and neuroin fl ammatory response (reviewed in Bours et al.  2006 ; Sperlágh 
and Illes  2007  ) . The pivotal role of A 

1
  adenosine receptors in microglia-mediated 

neuroin fl ammation is underscored by a study showing that A 
1
  receptor null mice 

develop severe demyelination and motor symptoms in chronic EAE, which indi-
cates that endogenous adenosine might have a protective role in the defense against 
this disease (Tsutsui et al.  2004  ) . These effects are mostly mediated by cells in the 
microglial lineage, and may be involved, at least in part, with promyelinating effects 
mediated by A 

1
  receptors, which may support the partial remyelination of tissue 

during chronic EAE. 
 Additionally, activation of A 

2a
  adenosine receptors differentially regulates the 

transcription and  de novo  synthesis of various subtypes of K +  channels via cAMP-
mediated and PKC-mediated pathways in cultured rat microglial cells (Kust et al. 
 1999  ) . This mechanism may participate in the transition of microglia from the rest-
ing state to the activated form, in which the function of K +  channels seems to play a 
pivotal role (Illes et al.  1996 ; reviewed in Sperlágh and Illes  2007  ) . Selective 
stimulation of A 

3
  adenosine receptors induces p38 and ERK1/2 phosphorylation in 

primary murine microglia and in the N13 microglial cell line (Hammarberg et al. 
 2003,   2004  ) . This effect is mediated by G 

i
  protein coupling and phosphatidylinositol-

3 ¢ -kinase (PI3K) (Hammarberg et al.  2003  ) , and is absent in microglial cells derived 
from A 

3
  receptor-de fi cient transgenic mice (Hammarberg et al.  2004  ) . Finally, ade-

nosinergic stimulation also in fl uences the proliferation/survival, or even apoptosis, 
of microglial cells. However, the identity of the receptor subtype involved in these 
effects remains unknown (Sperlágh and Illes  2007  ) .  

    21.2.3   Role of Adenosine Receptors in In fl ammatory Processes 

 Macrophage activation is mediated by multiple mechanisms (Gilroy et al.  2004  )  
including adenosine that modulates the in fl ammatory response by limiting macrophage 
activation (Haskó and Cronstein  2004 ; Sitkovsky and Ohta  2005  ) . Thus, macrophages 
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activated through Toll receptor increase the expression of the A 
2a

  and A 
2b

  adenosine 
receptors which in turn enhance the expression of genes related to their metabolic 
activity. In particular, endogenously generated adenosine in macrophages cooperates 
with bacterial components to increase PFKFB3 isozyme activity, resulting in greater 
fructose 2,6-bisphosphate accumulation. Meanwhile, A 

2a
  receptor mediates, in part, 

the induction of  pfkfb3  by LPS, whereas the A 
2b

  receptor, with lower adenosine af fi nity, 
cooperates when high adenosine levels are present. As a whole, these processes 
enhance the glycolytic  fl ux and favors ATP generation helping to develop and main-
tain the long-term defensive and reparative functions of the macrophages (Ruiz-García 
et al.  2011  ) . 

 In microglial cells, A 
2a

  receptor activation increases the production and release of 
nerve growth factor (NGF), up-regulates COX-2 expression, and induces subse-
quent PGE2 release (reviewed in Sperlágh and Illes  2007  ) . However, only simulta-
neous activation of A 

1
  and A 

2a
  receptors promotes microglia proliferation 

(Gebicke-Haerter et al.  1996  ) . Together, these data indicate that activation of 
adenosine receptors in fl uences the proliferation/survival of microglial cells and 
in fl ammatory processes. However, further investigations are needed to unravel the 
identity of the receptor subtypes involved, the signaling pathways mediating the 
microglial response, and the mechanisms underlying the protective action of 
adenosine in the process of microglial activation.   

    21.3   Adenosine Receptor Regulation in MS 

 Because of the strong immunosuppressive and anti-in fl ammatory properties of 
adenosine, dysfunction of the A 

1
  receptors in the CNS has been implicated in the 

development of MS in humans and EAE in nonhuman animals. In particular, the A 
1
  

receptor, which is expressed principally on cells of monocyte/macrophage lineage 
in both brain and blood cells, is selectively diminished in MS patients, potentially 
leading to increased macrophage activation and CNS in fl ammation. This phenom-
enon suggests that modulation of neuroin fl ammation by A 

1
  receptors may represent 

a mechanism that could provide new therapeutic opportunities for MS and other 
demyelinating diseases (Johnston et al.  2001  ) . 

 Consistent with the aforementioned idea, A 
1
  receptor null mice develop a more 

severe progressive/relapsing form of EAE as compared with their wild-type litter-
mates (Tsutsui et al.  2004  ) . The absence of A 

1
  receptors negatively regulates the 

suppression of anti-in fl ammatory genes, and the enhanced activation of microglia/
macrophages fostering oligodendrocyte cytotoxicity, demyelination, and axonal 
injury (Tsutsui et al.  2004  ) . Conversely, chronic treatment with caffeine, a nonse-
lective antagonist of adenosine receptors, increases A 

1
  receptor mRNA levels in 

microglia/macrophages, suppresses pro-in fl ammatory responses, diminishes oligo-
dendrocyte cytotoxicity, and attenuates EAE severity (Tsutsui et al.  2004  ) . 

 Levels of A 
1
  receptors are diminished at the onset of EAE, and chronic caffeine 

treatment decreases the incidence of EAE and alleviates the symptoms on the 
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disease (Chen et al.  2010  ) . Speci fi cally, caffeine attenuates EAE pathology symptoms, 
in fl ammatory cell in fi ltration, levels of in fl ammatory cytokines, and demyelination. 
Caffeine’s protective actions in EAE are possibly due to up-regulation of A 

1
  

receptors and transforming growth factor-beta mRNAs and suppression of inter-
feron-gamma mRNA, rather than due to inhibition of adenosine receptors (Chen 
et al.  2010  ) . 

 On the other hand, the A 
2a

  receptor-speci fi c antagonist SCH58261 also protects 
mice from EAE induction by limiting the ef fi cient entry of lymphocytes into the 
CNS during EAE development, (Mills et al.  2008  ) . Moreover, the protective actions 
of A 

2a
  receptor blockade may also directly prevent oligodendrocyte damage, since 

its antagonism reduces activation of JNK/MAPK signaling in oligodendrocytes 
(Melani et al.  2009  ) . 

 Taken together, an imbalance between the A 
1
  and A 

2a
  adenosine receptor activities 

may be involved in EAE development (Chen et al.  2010  ) . However, no direct infor-
mation is currently available regarding the contribution of the additional A 

2b
  and A 

3
  

adenosine receptor subtypes during MS in humans and EAE in nonhuman animals 
(Amadio et al.  2011  ) . 

 The data described above indicates that A 
1
  and A 

2a
  receptor activation have oppo-

site effects (bene fi cial and deleterious, respectively) on the outcome of EAE by 
primarily in fl uencing the onset of this experimental disease via interactions with the 
in fl ammatory and immune responses. However, manipulating these responses with 
therapeutic aims is complicated by the fact that adenosine can directly modulate 
migration, proliferation, and differentiation of oligodendrocyte progenitor cells 
(OPCs). Thus, adenosine inhibits OPC proliferation while promotes OPC differen-
tiation and myelination (Stevens et al.  2002  ) , and stimulates OPC’s migration via A 

1
  

receptors (Othman et al.  2003  ) . Therefore, prolonged blockade of A 
2a

  receptors may 
compromise remyelination naturally occurring in the MS brain and thus, limit its 
therapeutic potential.  

    21.4   Adenosine Metabolism and Its Involvement in MS 

 Adenosine levels are reduced in blood from MS patients (Mayne et al.  1999  ) . 
Adenosine is generated from the breakdown of AMP by CD73 (ecto-5 ¢ -nucleotidase), 
a cell surface enzyme of the purine catabolic pathway. Curiously, CD73 is expressed 
in brain endothelial cells and the choroid plexus epithelium, which regulates 
lymphocyte immune surveillance between blood and cerebrospinal  fl uid. Moreover, 
CD73, with adenosine receptor signaling, is required for the ef fi cient entry of 
lymphocytes into the CNS during EAE development (Mills et al.  2008  ) . Therefore, 
CD73 −/−  mice, which display preserved T cell responsiveness, are resistant to EAE. 
In addition, because interferon- b  is known to increase the expression of CD73 on 
endothelial cells, both in vitro and after systemic treatment of MS patients in vivo, 
it was postulated that CD73-derived adenosine might contribute in part to the 
therapeutic effects of interferon- b  (Airas et al.  2007  ) . 
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 Furthermore, the activities of ectonucleotide pyrophosphatase/phosphodiesterase 
and adenosine deaminase (enzymes responsible for extracellular ATP/adenosine 
metabolism and for altering the circulatory levels of nucleotides and nucleosides) 
are decreased in both the lymphocytes and platelets of relapsing/remitting MS 
patients (Vivekanandhan et al.  2005 ; Spanevello et al.  2010  ) , possibly as a com-
pensatory mechanism to increase adenosine levels in MS patients (Spanevello et al. 
 2010  ) . Meanwhile, adenosine kinase (ADK) is an enzyme involved in the adenosine 
metabolism reducing adenosine levels by forming AMP. Although a de fi ciency in 
ADK may result in adenosine accumulation (Boison et al.  2002  ) , its role in the 
modulation of MS currently remains unknown. 

 Taken together, alterations of ATP, ADP, and AMP hydrolysis occur in EAE and 
MS. These alterations may be exploited to develop novel therapeutic strategies in 
immune-mediated diseases, including MS (Amadio et al.  2011  ) .  

    21.5   Adenosine and Oligodendrocyte Injury in MS 

 Although oligodendrocyte loss is a major MS feature, there is little (and apparently 
contradictory) information regarding how purinergic signaling in fl uences oligoden-
droglia. It has been suggested that adenosine is likely to inhibit oligodendrocyte 
precursor cell (OPC) proliferation, promote OPC differentiation, and increase 
myelinization through the activation of adenosine receptors in oligodendrocytes 
(Stevens et al.  2002  ) . However, another study revealed that the stimulation of A 

1
  

adenosine receptor induces OPC migration, but does not in fl uence the proliferation 
or viability of OPCs (Othman et al.  2003 ). Instead, ATP triggers the proliferation, 
migration, and differentiation of OPCs, primarily via several different P2Y recep-
tors (James and Butt  2001 ; Agresti et al.  2005  ) . The activation of P2 receptors 
evokes Ca 2+  signals in OPCs and oligodendrocytes in situ and in culture (James and 
Butt  2001 ; Alberdi et al.  2005 ; Agresti et al.  2005 ; Butt et al.  2005  ) . Therefore, it 
appears that axons release adenosine and ATP during action potential propagation, 
thereby controlling oligodendrocyte development, with a role for adenosine in stim-
ulating terminal differentiation, and for ATP in promoting myelination (Ishibashi 
et al.  2006 ; reviewed in Amadio et al.  2011  ) . 

 Regarding neurodegenerative disorders, a number of experimental studies have 
demonstrated a strong positive correlation between the susceptibility of oligoden-
drocytes to injury and the extent of CNS in fl ammation in EAE. However, the 
molecular mechanisms involving oligodendrocytes in the regulation of EAE remain 
poorly understood. 

 Oligodendrocytes express adenosine A 
1
  (Othman et al.  2003  )  and adenosine A 

2a
  

receptors (Melani et al.  2003  ) . In addition, work in progress carried out in our labo-
ratory shows that cultured oligodendrocytes derived from rat optic nerves express 
the mRNAs of all four adenosine receptors, as well as equilibrative nucleoside trans-
porters ENT1 and ENT2 and the adenosine-degrading enzymes adenosine deami-
nase and adenosine kinase (González-Fernández et al.  2010 ; Fig.  21.1 ). Notably, the 
activation of adenosine receptors causes oligodendroglial death in a dose-dependent 
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manner (Fig.  21.2 ) that can be blocked by caffeine, as well as oxidative stress and 
the activation of both caspase-dependent and caspase-independent apoptosis 
(Fig.  21.3 ). Finally, levels of phosphorylated ERK1/2 and Akt are signi fi cantly 
reduced after treatment with adenosine receptor agonists. Although oligodendrocyte 
toxicity by adenosine is partly mediated by the A 

3
  receptor, the speci fi c antagonist of 

this receptor, MRS1220, did not ameliorate EAE (Fig.  21.4 ).     
 In summary, these results indicate that adenosine receptor activation in oligoden-

drocytes triggers cell death. The  fi ndings also extend our previous observations 

  Fig. 21.1    Expression of the adenosinergic system in cultures of optic nerve oligodendrocytes. 
Reverse-transcription polymerase chain reaction (RT-PCR) reveals expression of the four adenosine 
receptors (A 

1
 , A 

2a
 , A 

2b
 , and A 

3
 ), adenosine transporters (ENT1 and ENT2), and the enzymes adenos-

ine deaminase and adenosine kinase in samples of rat brain, used as a positive control    ( a ), and in 
cultured oligodendrocytes obtained from the optic nerves of 12-day-old rats ( b ). PCR fragments 
were of the expected size and sequence. Molecular standards in base pairs correspond to the  f  C 174 
 H  a  e III digest (L).  A  

 1 
  R  A 

1
  adenosine receptor,  A  

 2a 
  R  A 

2a
  adenosine receptor,  A  

 2b 
  R  A 

2b
  adenosine recep-

tor,  A  
 3 
  R  A 

3
  adenosine receptor,  ENT1  equilibrative nucleoside transporter (member 1),  ENT2  equili-

brative nucleoside transporter (member 2),  Ada  adenosine deaminase,  Adk  adenosine kinase       
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  Fig. 21.2    Adenosine induces oligodendrocyte death. ( a ) Optic nerve oligodendrocytes were 
exposed to increasing concentrations of adenosine (10  m M to 1 mM) for 15 min, and cell viability 
was measured after 24 h using the calcein-AM assay as previously described in detail (Matute et al. 
 2007  ) . Adenosine causes concentration-dependent oligodendrocyte death in comparison with con-
trol untreated cells ( n  = 4–6; ** p  < 0.01). ( b ) Adenosine-mediated oligodendrocyte cell death is not 
reduced in the presence of the P2X receptor antagonist PPADS ( p  > 0.2); however, blocking the 
adenosine receptors with caffeine signi fi cantly decreased oligodendroglial death, when compared 
with cells treated with adenosine alone ( n  = 4–6; ** p  < 0.005)       
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  Fig. 21.3    Signaling cascades triggered by adenosine in oligodendrocyte toxicity. The oligotoxic-
ity of adenosine is mediated by G-protein-coupled adenosine receptors. In particular, the activation 
of A 

3
  and A 

2a
  receptors induces mitochondrial membrane depolarization and oxidative stress. 

These mitochondrial alterations cause the activation of caspase-dependent and caspase-independent 
pathways leading to oligodendrocyte death. In addition, downstream signaling after A 

3
  activation 

includes the Ras/Raf/MEK/ERK and PLC/PI3K/Akt pathways       

  Fig. 21.4    Blockade of A 
3
  receptors does not change the course of acute or chronic EAE. Acute 

EAE was induced in Wistar male rats following immunization with myelin basic protein (Smith 
et al.  2000  ) ; rats were treated with vehicle or MRS1220 from post-immunization day 7 until the 
end of the experiment (2 mg/kg, i.p. once daily). Chronic EAE was induced in C57BL/6 mice with 
myelin-oligodendrocyte glycoprotein as described (Matute et al.  2007  ) ; vehicle or MRS1220 
( n  = 12 each) was administered from post-immunization day 16 until the end of the experiment 
(1 mg/kg, i.p. once daily). Motor symptoms were scored from 0 to 8, as described previously 
(Matute et al.  2007  ) .  p  > 0.5 at all time points examined       
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showing that the activation of the purinergic receptor P2X7 in oligodendrocytes 
mediates cell death in vitro and in vivo, and contributes to tissue damage in EAE 
pathology (Matute et al.  2007  ) . The vulnerability of oligodendrocytes to enhanced 
activation of the purinergic/adenosinergic system illustrates that a general shift in 
the dynamic equilibrium regulating the adenosinergic biomolecular network consti-
tutes a pathogenic feature in MS, and also suggest that modulation of adenosine and 
adenosine-related molecules may be bene fi cial for the treatment of MS.  

    21.6   Conclusions 

 Multiple sclerosis is a chronic, immune-mediated disorder of the central nervous 
system, and the most common neurological disorder in young adults. Pathologically, 
prolonged chronic in fl ammation and widespread demyelination in the central 
nervous system lead to atrophy and progressive worsening of disease. The cause 
and etiology of MS are incompletely understood and current treatments are, by 
many measures, inadequate. In recent years, many insights have been acquired 
about the autoimmune mechanisms of MS and, in particular, the molecular targets 
involved, so several treatment approaches have emerged. In this regard, the role of 
adenosine in the control of immune and in fl ammatory systems has generated excite-
ment regarding the potential use of adenosine receptor-based therapies in the treat-
ment of different diseases, as degenerative pathologies. 

 Adenosine receptors, and especially A 
1
  and A 

2a
  subtype, seem to be linked to 

MS pathophysiology as attested by experimental and epidemiological studies. 
In this regard, adenosine receptor antagonists represent an ideal target for the therapy 
of certain immune-related disorders because their action is selectively targeted to 
the site of injury, where endogenous adenosine is released. In this line, interfering 
with the function of A 

2a
  adenosine receptor using speci fi c antagonist allows local 

reduction of adenosine deleterious effects, providing an opportunity for interven-
tions with limited side effects. Thus, modulation of neuroin fl ammation by the 
adenosine receptors represents a novel mechanism that provides new therapeutic 
opportunities for MS and other demyelinating diseases. Notwithstanding, the high 
abundance of adenosine receptors across tissues and opposite protective effects 
mediated by them warrant further preclinical studies before proving them of use in 
the treatment of MS.      
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  Abstract   Adenosine is a homeostatic modulator capable of in fl uencing brain-wide 
network functioning through receptor-dependent interactions, and receptor-independent 
biochemical, bioenergetic and epigenetic mechanisms. In the brain, it directly 
modulates and interferes with dopaminergic and glutamatergic neuronal activities, 
the dysfunctions of which have been consistently implicated in the pathophysiology 
of schizophrenia. In addition, adenosinergic mechanisms may also be relevant to 
the aetiology of schizophrenia due to its importance in early brain development and 
its interaction with the brain immune response. This chapter aims to integrate these 
different perspectives on the neurobiology of schizophrenia in relation to the unique 
functional properties of adenosine within the central nervous system. The rationale 
of an adenosinergic hypothesis of schizophrenia is outlined with evidence supporting 
the suggestion that adenosinergic dysfunction might contribute to the emergence of 
multiple behavioural and cognitive dysfunctions characteristic of schizophrenia. 
Possible novel therapeutic strategies are explored, especially against negative and 
cognitive schizophrenia symptoms where current pharmacotherapy remains highly 
unsatisfactory. Multiple pharmacological targets within the adenosine system are 
identi fi ed, including the high-af fi nity adenosine receptors (A 

1
  receptor and A 

2A
  receptor) 

and the major regulatory enzyme of adenosine metabolism in the brain, adenosine 
kinase. Preliminary clinical data are encouraging in highlighting the therapeutic 
potential of these new targets, but preclinical data have also yielded a more complex 
picture underlining the necessity to consider brain region and receptor subtype 
speci fi city in order to maximize bene fi ts and minimize possible side-effects of any 
adenosine-based approach to treat schizophrenia.      
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    22.1   Introduction 

 Schizophrenia is a debilitating mental disorder with a global prevalence of 1 % with 
considerable human and social costs. However, existing treatments are only effective 
in controlling its most  fl orid psychotic symptoms characterized by functional excesses 
such as delusions, hallucinations, and disorganized thinking. In contrast to such 
positive symptoms, the negative and cognitive symptoms of the disease comprising 
chronic deterioration of mental functions such as memory, attention and executive 
functioning, as well as avolition and mood dysfunction, are often resistant to current 
pharmacotherapy (Coyle et al.  2010  ) . Until this medical need is met, successful 
long-term rehabilitation and social re-integration of patients would remain dif fi cult. 
The current stagnation in novel treatment development is a re fl ection of our current 
lack of a cohesive biological theory of the disease. Indeed, a comprehensive explanation 
of the disease from aetiology to symptom genesis is still lacking in spite of continual 
efforts in identifying a multitude of genetic and environmental risk factors. 

 Current pharmacotherapy for schizophrenia is mainly guided by the “dopamine” 
and “glutamate” hypotheses, which emphasize the contribution of excessive dopamin-
ergic activities and de fi cient glutamatergic activity via  N -methyl- d -aspartate recep-
tor (NMDAR), respectively, to the generation of disease symptoms (Gordon  2010 ; 
Heinz and Schlagenhauf  2010 ; Inta et al.  2010 ; Javitt  2008  ) . Thus, symptom-oriented 
drug development has been largely guided by these hypotheses, although the contri-
bution of GABAergic mechanism to symptom production has also received 
increasing attention (Gonzalez-Burgos et al.  2010 ; Lewis et al.  1999,   2005  ) . 

 While positive symptoms are generally responsive to drugs that effectively block 
neurotransmission via dopamine D 

2
  receptor (D 

2
 R), these drugs have limited 

ef fi cacy against negative and cognitive symptoms and they are associated with sev-
eral undesirable side effects that often limit compliance. On the other hand, it has 
been hypothesized that effective treatment of negative and cognitive symptoms 
requires the augmentation of glutamatergic function, especially via the ionotropic 
glutamate receptor—NMDARs. Indeed, NMDAR blockers can produce psy-
chotic-like symptoms, disrupt some forms of neural plasticity and impair learning 
and memory (Citri and Malenka  2008 ; Malenka and Nicoll  1993  ) . However, direct 
NMDAR agonism is associated with excitotoxicity, and one favoured alternative 
approach is to target allosteric and other neuromodulators of glutamatergic trans-
mission in order to achieve activity-dependent enhancement of glutamate receptor or 
NMDAR function. A new glycine transporter-1 inhibitor from Roche (RG1678) has 
recently been shown to add signi fi cant bene fi ts when combined with conventional 
antipsychotic drugs in a phase II clinical trial (Pinard et al.  2010  ) . The drug works 
by indirectly increasing the occupancy of the glycine-B site in NMDARs and 
thereby facilitates receptor channel opening upon activation by glutamate. This 
strategy has received considerable support from preclinical genetic and pharmaco-
logical animal models (Black et al.  2009 ; Yang and Svensson  2008 ; Yee et al.  2006  ) . 
Hence, it seems that a functionally meaningful enhancement of the diffused and 
widespread cortical-subcortical glutamatergic network in conjunction with 
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blockade of the more anatomically de fi ned mesocorticolimbic dopaminergic system 
could yield highly desirable clinical outcome. Drug targets that can achieve nor-
malization of both dopaminergic and glutamatergic transmissions in such man-
ners therefore would be most promising and innovative. 

 Adenosine—a neuromodulator, which regulates both dopaminergic and gluta-
matergic signalling in the brain, represents one such candidate target. It is functionally 
positioned to incorporate elements of the dopamine and glutamate hypotheses. 
An adenosine hypothesis of schizophrenia posits that an imbalance in the ambient 
tone of adenosine may critically determine the susceptibility to schizophrenia and 
its restoration may be therapeutic (Lara  2002 ; Lara et al.  2006 ; Lara and Souza 
 2000  ) . This chapter attempts to foster a collective perspective on schizophrenia 
based on the multiple functions of adenosine in the brain by offering a framework 
to integrate existing neurotransmitter hypotheses of schizophrenia and speci fi c neu-
rodevelopmental perspectives of the disease.  

    22.2   The Adenosine Cycle and Adenosine Receptors 

 The purine ribonucleoside adenosine directly affects a variety of signalling path-
ways including synaptic neurotransmission and assumes important regulatory func-
tions in the CNS (Boison  2008 ; Boison et al.  2010 ; Fredholm et al.  2005 ; Sebastião 
and Ribeiro  2009 ; Stone et al.  2009  ) . Unlike classical neurotransmitters, however, 
adenosine is neither stored in synaptic vesicles nor released by exocytosis, and its 
does not exclusively act on synapses (Boison et al.  2010 ; Fredholm et al.  2005  ) . 
Its release and uptake is mediated by bidirectional nucleoside transporters with the 
direction of transport being solely dependent on the concentration gradient between 
the cytoplasm and the extracellular space (Boison et al.  2010 ; Gu et al.  1995  ) . 
Adenosine is therefore considered a neuromodulator. It in fl uences neural activity 
(1) presynaptically by controlling neurotransmitter release, (2) postsynaptically by 
hyper- or de-polarizing neurons, and (3) non-synaptically mainly via regulatory 
effects on glial cells (Boison et al.  2010  ) . 

 As summarized in Fig.  22.1 , extracellular levels of adenosine are largely controlled 
by an astrocyte-based adenosine cycle (Boison  2008 ; Boison et al.  2010 ; Halassa 
et al.  2007a,   b ; Haydon and Carmignoto  2006 ; Martin et al.  2007  ) . The major source 
for synaptic adenosine is the release of its precursor 5 ¢ -adenosinetriphosphate (ATP) 
from astrocytes, which can occur via vesicular release (Pascual et al.  2005  )  or secre-
tion through hemichannels (Kang et al.  2008 ; Kawamura et al.  2010  ) . The ATP 
released into extracellular space is rapidly degraded to adenosine by ectonucleoti-
dases (Pascual et al.  2005 ; Zimmermann  2000  ) . In addition, adenosine can be directly 
released from astrocytes through nucleoside transporters when intracellular adenos-
ine level is elevated (Geiger and Fyda  1991  ) . In contrast to conventional neurotrans-
mitters, the reuptake of adenosine does not depend on active transport. Instead, 
astrocytes contain two types of membrane-bound equilibrative nucleoside transport-
ers for rapid exchange of adenosine between extra- and intracellular space (Baldwin 
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et al.  2004  ) . Reuptake of adenosine into the astrocytes is driven by its ef fi cient and 
rapid removal by intracellular adenosine kinase (ADK), a ribokinase, which phos-
phorylates adenosine into 5 ¢ -adenosine monophosphate (AMP) (Boison  2006 ; 
Etherington et al.  2009 ; Park and Gupta  2008 ; Pignataro et al.  2007 ; Studer et al. 
 2006  ) . Lower levels of intracellular (astrocytic) adenosine would drive adenosine 
in fl ux into astrocytes via bidirectional nucleoside transporters (Boison et al.  2010  ) , 
thereby reducing extracellular adenosine. Hence, ADK expressed in astrocytes func-
tions as a key regulator of extracellular adenosine, and manipulation targeting it 
bears predictable changes in ambient adenosinergic tone (Boison et al.  2010  ) .  

 The central effects of adenosine are mediated via two high-af fi nity receptors—
classi fi ed into A 

1
  and A 

2A
 , and two low-af fi nity receptors—classi fi ed into A 

2B
  and A 

3
  

(Fig.  22.1 ). They are also dichotomized according to whether they are couple to 
inhibitory (A 

1
 Rs and A 

3
 Rs) or excitatory (A 

2A
 Rs and A 

2B
 Rs) metabotropic G-proteins 

(Fredholm et al.  2001,   2005 ; Linden  2001  ) . The A 
1
 R subtype is the most abundant 

adenosine receptor subtype; they are densely expressed throughout the CNS with 
the highest abundance in the hippocampal region, the adjoining retrohippocampal 

  Fig. 22.1    The adenosine metabolic cycle and adenosine receptor subtypes. Major metabolic 
pathways of adenosine take place in astrocytes: ecto-nucleotidase, adenosine kinase (ADK), 
 S -adenosylhomocysteine hydrolase (SAHH),  S -adenosylmethionine (SAM), equilibrative nucleoside 
transporter (eNT), adenosine deaminase (ADA), 5 ¢ -nucleotidase (5 ¢ -NT). Release into extracellu-
lar space is controlled by passive transporters. The four major receptors subtypes are A 

1
 , A 

2A
 , A 

2B
  

and A 
3
 . They are coupled with G-protein mechanisms. Their relative af fi nity for adenosine and 

abundance in the brain is tabulated. In particular, the gene expression (as  blue dots ) of the high-
af fi nity receptors, A 

1
 Rs and A 

2A
 Rs (genes symbols =  Adora1  and  Adora2a ), in the mouse (C57BL/6J 

strain) brain are plotted in 3D graphics illustrating their complementary regionally distribution. 
While A1Rs are preferentially expressed in the cerebral cortex and hippocampal/retrohippocampal 
regions, A 

2A
 Rs are most highly enriched in the striatum.  Histograms  showing the gene expression 

density data are normalized to a range of [0,100]. Original data and images obtained from The 
Allen Institute for Brain Science (  http://mouse.brain-map.org/welcome.do    ) for non-commercial 
use:  Adora1 :   http://mouse.brain-map.org/brain/gene/73496905/ExpressionGraph.html    ;  Adora2 a: 
  http://mouse.brain-map.org/brain/gene/69855739/ExpressionGraph.html           

 

http://mouse.brain-map.org/welcome.do
http://mouse.brain-map.org/brain/gene/73496905/ExpressionGraph.html
http://mouse.brain-map.org/brain/gene/69855739/ExpressionGraph.html
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area and across the cerebral cortex, with moderate levels of expression in the midbrain 
and dorsal horn of the spinal cord. A 

2A
 Rs are very strongly expressed in both 

dorsal and ventral striatal neurons, with much lower levels occurring in neurons 
outside of the striatum and in glial cells (Hettinger et al.  2001 ; Ribeiro et al.  2003 ; 
Svenningsson et al.  1999  ) . The relative distribution between A 

1
 Rs and A 

2A
 Rs in the 

brain to a large extent complements each other. 
 A 

1
 R activation inhibits the release of neurotransmitters such as dopamine and 

glutamate and decreases neural excitability by post-synaptic hyperpolarization 
(Dunwiddie and Masino  2001 ; Fredholm et al.  2005  ) , whilst activation of A 

2A
 R 

opposes that of A 
1
 R and tends to promote neurotransmitter release (Ciruela et al. 

 2006a ; Fredholm et al.  2005 ; Stone et al.  2009  ) . More direct receptor–receptor 
interaction can be achieved via the formation of A 

1
 R–A 

2A
 R heterodimers (Ciruela 

et al.  2006a,   b  ) . Similarly, heterodimers are also formed by A 
2A

 R and D 
2
 R (Férre 

 1997 ; Fredholm and Svenningsson  2003 ; Fuxe et al.  2003  ) . A 
2A

 R activation is also 
linked to transactivation of BDNF Trk-B receptor (Diogenes et al.  2004,   2007  )  and 
therefore the modulation of BDNF-dependent neural plasticity, including long-term 
changes in synaptic strength (Sebastião et al.  2011  ) . 

 Hence, adenosine’s neural modulatory functions through the two high-af fi nity 
receptors (A 

1
 R and A 

2A
 R) alone are already extensive, complex and intricate. 

By activating receptors with opposing effects on neuronal excitability, adenosine is 
uniquely positioned to stabilize,  fi ne-tune and integrate competing excitatory and 
inhibitory processes in the CNS. By contrast, expression of the lower-af fi nity A 

2B
 Rs 

and A 
3
 Rs is relatively weak and diffused (Boison  2007a ; Fredholm et al.  2005 ; 

Jacobson and Gao  2006  ) , and their in fl uence on normal brain function may there-
fore be less impactful and critical. Their relevance to health and disease remains 
largely unknown since their possible interactions with other classical neurotrans-
mitter systems are much less well characterized. However, their importance should 
not be ignored for the development of adenosine-based pharmacotherapy in the long 
run. In addition, adenosine is a bioenergetic regulator that can directly affect the 
equilibrium of enzymatic pathways including transmethylation reactions, e.g. DNA 
methylation (Boison et al.  2002  )  as well as basic biochemistry via adenosine receptor 
independent mechanisms (   Cunha  2008 ; Férre et al.  2007 ; Fredholm et al.  2005 ; 
Sebastião and Ribeiro  2009  ) . In summary, the diverse synergistic and antagonistic 
interactive functions of adenosine are in line with its role as a prime homeostatic 
regulator (Newby et al.  1985  ) . The present chapter essentially focuses on the 
interplay of adenosine receptors with dopamine receptors and the NMDARs because 
of their relevance to schizophrenia.  

    22.3   The Clinical Perspective 

 A purinergic hypothesis of schizophrenia was  fi rst proposed by Lara and colleagues 
(Lara et al.  2006 ; Lara and Souza  2000  ) . They speculated that a dysfunction in puri-
nergic system would give rise to adenosinergic de fi ciency as a possible common 
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explanation for the functional imbalance between dopaminergic and glutamatergic 
activities as well as the neuroimmunological dysregulation characteristic of 
schizophrenia The hypothesis gave rise directly to the initial attempt to treat 
schizophrenia patients with the purine derivative, allopurinol (Lara et al.  2000, 
  2001,   2003  ) , which is ef fi cacious in elevating brain adenosine in preclinical models 
(Schmidt et al.  2009  ) . This is one of the few examples in which a hypothesis driven 
medication has been developed or discovered in psychiatry. 

 The xanthine oxidase inhibitor allopurinol has been studied as add-on therapy for 
schizophrenia (Akhondzadeh et al.  2005 ; Brunstein et al.  2004,   2005 ; Lara et al. 
 2001  ) . By inhibiting a major degradation pathway of purines, allopurinol is believed 
to exert some of its bene fi cial effects by raising the endogenous pool of purines, 
including adenosine. Adjunctive allopurinol was moderately effective on positive 
and general symptoms, yielding 20 % improvement in a double-blind, placebo-
controlled, crossover clinical trial of add-on allopurinol (300 mg b.i.d.) for poorly 
responsive schizophrenia or schizoaffective disorder (Brunstein et al.  2005  ) . 
However, this study was only based on 22 patients who had completed the study 
and larger samples would be necessary to substantiate its  fi ndings, especially when 
a recent case report has described the relapse of symptoms in a schizophrenia patient 
with gout having been treated with allopurinol (Gomberg  2007  ) . Nevertheless, in 
support of the double-blind allopurinol trial (Brunstein et al.  2005  ) , the adenosine 
transport inhibitor dipyramidole (thereby raising adenosine) was also found to be 
bene fi cial in another study (Akhondzadeh et al.  2000  ) . 

 Several lines of evidence have lent further credence to an adenosine hypothesis. 
First, a post mortem study has revealed an increase in the density of A 

2A
 Rs within 

the striatum of schizophrenia patients (Kurumaji and Toru  1998  ) , which may have 
developed as a compensatory response to reduced adenosinergic activity. This in 
turn could result in a functional hyperdopaminergia state as predicted by Lara and 
colleagues (Lara et al.  2006 ; Lara and Souza  2000  ) . Second, the olfactory G-protein 
(G 

olf
 ) that is coupled to A 

2A
 Rs (Kull et al.  2000  )  is a candidate gene for schizophre-

nia (Schwab et al.  1998a,   b  )  although linkage studies suggest that the  A2AR  gene 
itself is not (Hong et al.  2005 ; Deckert et al.  1996,   1997  ) . Third, a study of a cohort 
of Japanese schizophrenia patients has highlighted the possible relevance of A 

1
 R 

polymorphisms in the pathophysiology of schizophrenia (Gotoh et al.  2009  ) . Fourth, 
a variant of adenosine deaminase characterized by lower enzymatic activity has 
been shown to be rarer amongst schizophrenia patients, suggesting that adenosine 
clearance might be faster, leading to lower ambient adenosine levels than the general 
population (Dutra et al.  2010  ) . Fifth, acute blockade of A 

1
 R/A 

2A
 R by oral theophyl-

line can induce impairment of P50 suppression in healthy human subjects, suggest-
ing that adenosine hypofunction may be related to sensory gating de fi cit in 
schizophrenia (Ghisol fi  et al.  2002  ) . 

 In summary, although some of the supportive  fi ndings still remain controversial, 
an adenosine hypothesis of schizophrenia is not without any merits, especially given 
that the disease is unlikely to be fully accounted by a singular dysfunction in a neu-
rotransmitter or neuromodulator. Additional clinical studies with larger patient 
samples across multiple centres will help to clarify the limits and scope that any 
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possible adenosinergic account of the disease would yield viable therapeutic options. 
Next, the rationale for linking adenosine to the dopamine and glutamate hypothesis 
of schizophrenia is outlined with reference to existing preclinical data.  

    22.4   The Dopaminergic Perspective 

 The dopamine hypothesis of schizophrenia is essentially based on the complemen-
tary actions of dopamine D 

2
 R antagonists and agonists to suppress and promote 

psychotic symptoms, respectively. Whilst the ef fi cacy of many antipsychotics 
correlates with their ability to block dopamine D 

2
 Rs (Seeman  2006 ; Seeman et al. 

 2006  ) , dopamine-releasing agents, such as amphetamine, can exacerbate psychotic 
symptoms in schizophrenia (Snyder  1976  ) . The prolonged abuse of amphetamine 
may even induce psychotic-like symptoms in healthy subjects (Laruelle and Abi-
Dargham  1999  ) . Functional imaging studies con fi rm the presence of elevated basal 
occupation of D 

2
 Rs by dopamine (Abi-Dargham et al.  2000  ) , increased dopamine 

turnover (Lindstrom et al.  1999  ) , and enhanced amphetamine-induced dopamine 
release (Laruelle and Abi-Dargham  1999  )  in schizophrenia patients. Notably, these 
clinical  fi ndings are compatible with a de fi ciency in adenosine. 

 Extensive behavioural and neurochemical studies have provided strong support 
for an antagonistic interaction between adenosine and dopamine receptors especially 
within the basal ganglia. A 

2A
 Rs are highly expressed in GABAergic striatopallidal 

neurons where they co-localize with dopamine D 
2
 Rs. The reported increase in basal 

D 
2
 R occupancy in schizophrenia patients (Abi-Dargham et al.  2000  )  could under-

mine the regulation of A 
2A

 R on D 
2
 R and thereby increase D 

2
 R’s af fi nity for dopamine 

(Férre et al.  1991a,   b,   c  ) . On the other hand, reduced activation of adenosine A 
1
 Rs 

can weaken tonic inhibition (i.e. disinhibition) on dopamine release (Golembiowska 
and Zylewska  1998  ) . Such disinhibition is expected to potentiate amphetamine-
induced locomotion (e.g. Popoli et al.  1994b  )  and dopamine release in the nucleus 
accumbens as suggested by the effects of A 

1
 R antagonists (Solinas et al.  2002  ) . 

Thus, there exist possible A 
1
 R–D 

2
 R and A 

2A
 R–D 

2
 R mechanisms to predict a typical 

neuroleptic-like pro fi le against hyperdopaminergia by adenosine receptor agonists. 
 Conversely, blockade of both A 

1
 R and A 

2A
 R by non-selective adenosine receptor 

antagonist, caffeine, can induce hyperactivity resembling that seen following acute 
psychostimulant exposure (Chen et al.  2001 ; Kuzmin et al.  2000  ) . Here, dopamine 
D 

1
 R mechanism might allow further opportunity for interaction with A 

1
 Rs, which 

are found in close proximity to D 
1
 Rs in striatonigral GABAergic neurons (Férre 

et al.  1994,   2005 ; Fink et al.  1992 ; Schiffmann et al.  1991 ; Schiffmann and 
Vanderhaeghen  1993 ; Svenningsson et al.  1999  ) . The formation of A 

1
 R–D 

1
 R as 

well as A 
2A

 R–D 
2
 R heteromers also provide additional mechanisms for adenosiner-

gic regulation of overall dopaminergic basal ganglia functions, linked not only to 
motor functions but also motivation, reward and executive functions. At the circuitry 
level, the activation of A 

2A
 Rs located outside the striatum may augment gluta-

matergic signals to the striatum, and therefore counter the postsynaptic inhibition of 
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striatopallidal neurons resulting from local A 
2A

 R activation (Shen and Chen  2009 ; 
Yu et al.  2009a,   b  ) . Hence, the global impact via adenosine receptors can indirectly 
in fl uence basal ganglia function via dopamine receptor-independent mechanisms 
(see Schiffmann et al.  2007  ) . 

 In vivo models are indispensable in gauging the effect of systemic adenosinergic 
drugs against hyperdopaminergia. The picture emerged clearly demarcated adenos-
ine receptors agonists and antagonists (against either A 

1
 R or A 

2A
 R) with opposing 

effects (see review by Boison et al.  2012  ) . As summarized in Table  22.1A , the evi-
dence overwhelmingly suggests that the hyperlocomotor effect of indirect (amphet-
amine or cocaine) or direct dopamine receptor agonists (SKF38393 or bromocriptine) 
is attenuated by adenosine receptors agonists but exacerbated by adenosine recep-
tors antagonists.  

 Another important translational model to assess schizophrenia-related endophe-
notypes is prepulse inhibition (PPI) of the acoustic startle re fl ex. PPI refers to the 
gating of sensory inputs whereby a weak auditory stimulus substantially weakens 
the response to a succeeding startle-eliciting acoustic pulse (Graham  1975 ; Hoffman 
and Searle  1968  ) . De fi ciency in PPI is believed to be linked to the perceptual dys-
function in schizophrenia leading to sensory  fl ooding and susceptibility to intruding 
and distracting stimuli (Geyer et al.  2001 ; Swerdlow et al.  2008  ) . Dopamine agonists 
readily induce PPI de fi cits in animals (e.g. Yee et al.  2004  ) . The A 

1
 R agonist, CPA 

(Koch and Hauber  1998  ) , and the A 
2A

 R agonist, CGS21680 (Hauber and Koch 
 1997  ) , are both effective in attenuating the impairment in PPI produced by systemic 
amphetamine or apomorphine. Hauber and Koch  (  1997  )  further localized the action 
of CGS21680 speci fi cally to the nucleus accumbens (ventral striatum). Conversely, 
the mixed A 

1
 R/A 

2A
 R antagonist, theophylline, exacerbated the impact of a non-

disruptive dose of apomorphine on PPI (Koch and Hauber  1998  ) . The opposing 
effects between agonists and antagonists therefore match those described above 
regarding hyperlocomotion induced by dopaminergic stimulation. Notably, adenos-
inergic drugs do not seem to have any effect on PPI function when administered 
alone (see review by Boison et al.  2012  ) , which is ideal from a therapeutic perspective, 
supporting the interpretation that adenosine receptor agonists effectively correct the 
induced hyperdopaminergic state. Adenosine receptor antagonists are detrimental 
only when the dopamine system is already functionally overactive.  

    22.5   The Glutamatergic Perspective 

 The glutamate hypothesis of schizophrenia posits that de fi cient NMDAR function 
may contribute to cognitive and negative symptoms of schizophrenia (Coyle and 
Tsai  2004 ; Farber  2003  ) , and thus, typical neuroleptic drugs providing solely 
targeted blockade of dopamine receptors are ineffective against such symptoms. 
Numerous empirical studies have shown that blockade of NMDARs can impair the 
induction of long-term potentiation (LTP) and produce severe learning de fi cits in 
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animals (Davis et al.  1992 ; Morris et al.  1986 ; Morris  1989  ) . Although not all forms 
of learning and memory are necessarily dependent on NMDAR-mediated plasticity, 
augmentation of NMDAR function can yield pro-cognitive effects, especially when 
this is achieved in an impulse-dependent manner, e.g. by increasing the availability 
of the obligatory co-agonists of NMDAR, such as  d -serine and glycine—a strategy 
that has yielded some promising outcomes regarding cognition and negative 
symptoms in schizophrenia (Coyle and Tsai  2004 ; Javitt  2008  ) . It is important to 
recognize that NMDAR blockade not only impairs learning and memory, but also 
gives rise to behavioural dysfunction such as impulsivity (Tonkiss et al.  1988  )  
and psychotic-like behaviour (Farber  2003  ) . For instance, phencyclidine (PCP) 
and ketamine (two non-competitive NMDAR blockers) are well-known psychomi-
metics when administered to humans (Farber  2003  ) . Hence, augmentation of 
NMDAR function, such as that achieved by disruption of glycine transporter-1 
(thereby elevating synaptic glycine levels) is associated with promnesic as well as 
antipsychotic effects in animal models (Möhler et al.  2008 ; Singer et al.  2007a,   b ; 
Yee et al.  2006  ) . Similar opportunities may exist by targeting adenosine given its 
role as an endogenous modulator of glutamatergic activity, providing bidirectional 
control over neuronal excitation including that via NMDARs. 

    22.5.1   Striatum 

 In the striatum, adenosine can interact synergistically with NMDARs via the 
abundant A 

2A
 R located on striatal medium spiny neurons (Wardas et al.  2003  ) , but 

activation of A 
2A

 Rs can also antagonistically inhibit NMDAR-evoked currents in 
the same neurons (Wirkner et al.  2000 ,     2004 ). Further synergism is also suggested 
by the observation that activation of either NMDAR or A 

2A
 R stimulates adenylyl 

cyclase, which in turn elevates cAMP and therefore activity of downstream second 
messenger system (Nash and Brotchie  2000  ) . As summarized in Table  22.1B , A 

1
 R 

and A 
2A

 R agonists can attenuate the motor stimulant effect of NMDAR blockers just 
as they do against that of dopamine receptor agonists (Table  22.1A ). It is conceivable 
that the synergistic interactions between A 

2A
 R and NMDAR predominate in the 

striatum and are responsible at least partly for such antipsychotic-like outcomes, 
although antagonistic interaction between striatal A 

2A
 R and D 

2
 R described before 

may also contribute (e.g. Kafka and Corbett  1996 ; Popoli et al.  1998  )  given that the 
motor effects of NMDAR blockade are mediated partly (but not exclusively) via an 
increase in striatal dopamine activity (Breier et al.  1998 ; Smith et al.  1998 ; Steinpreis 
 1996 ;    Steinpreis and Salamone  1993  ) . 

 The parallelism against the two classes of psychostimulant drugs, however, 
breaks down regarding the effects of adenosine receptor antagonists: Only antago-
nism against A 

2A
 R is capable in exacerbating the motor stimulant effect of NMDAR 

blockade as it does against dopamine stimulation (see Malec and Poleszak  2006  ) . 
The two A 

1
 R antagonists, CPT and DPCPX, were ineffective against the hyperloco-

motor response induced by PCP and ketamine, respectively (Malec and Poleszak 
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 2006 ; Mandryk et al.  2005  ) . Yet, the A 
1
 R agonist, CPA, was effective against PCP 

as well as MK-801 (see Table  22.1B ; Gotoh et al.  2002 ; Malec and Poleszak  2006  ) . 
The asymmetric effects via A 

1
 R mechanisms suggest a separate mechanism 

independent of NMDARs interaction might be largely responsible—namely, via 
tonic inhibition of dopamine activity by A 

1
 R activation (Golembiowska and 

Zylewska  1998 ;    Popoli et al.  1994a,   b ; Solinas et al.  2002  ) . This may further explain 
why A 

1
 R antagonism is less effective in exacerbating the impact of NMDAR 

blockade in this regard. 
 The functional integrity of striatum is central to normal PPI function (see above), 

and A 
2A

 R agonism was also effective against PPI de fi ciency induced by NMDAR 
blockade as exempli fi ed by the action of CGS21680 (Sills et al.  2001 ; Wardas et al. 
 2003  ) , which was without any effect on PPI when administered alone (Sills et al. 
 2001 ; Hauber and Koch  1997  ) . Unfortunately, no studies have examined whether 
A 

1
 R agonist may share the same pro fi le, and whether adenosine receptor antago-

nists might exacerbate the PPI-disruptive effect of NMDAR blockade.  

    22.5.2   Hippocampus 

 In the hippocampus, activation of A 
1
 Rs inhibits glutamate release and the post-

synaptic action of excitatory glutamatergic transmission (Dunwiddie and Masino 
 2001  ) . Indeed, these form the basis for the neuroprotective effect of adenosine 
during hypoxia or against excitotoxicity due to prolonged NMDAR stimulation 
(Boeck et al.  2005 ; Dunwiddie and Masino  2001  ) . However, the resulting tonic 
inhibition and suppression of NMDAR-mediated currents can inhibit NMDAR-
dependent LTP and long-term depression (LTD) (de Mendonça and Ribeiro  1997, 
  2000 ; Rebola et al.  2008  ) . This inhibition can be relieved via a positive feedback 
mechanism whereby NMDAR stimulation inhibits the suppressive action of A 

1
 Rs 

located at the presynaptic terminals (Bartrup and Stone  1990 ; Bartrup et al.  1991 ; 
Nikbakht and Stone  2001  ) . Thus, adenosine critically  fi ne-tunes hippocampal synaptic 
plasticity—it effectively serves as a gate keeper that defends against some forms of 
(spurious) NMDAR stimulation but allows or even ampli fi es other (meaningful) 
signals. It may represent a molecular switch closely linked to the concept that 
effective learning must be coupled with appropriate task-dependent selectivity in 
order to achieve adaptive and  fl exible behavioural change that is the hallmark of 
learning (e.g. Rebola et al.  2008 ; Stone et al.  2009 ; Yu et al.  2009a  ) . Hence, while 
memory trace that is too weak or labile does not support robust recall, memory trace 
that is too strong or resistant could also be interfering and detrimental, yielding 
in fl exible and inappropriate behaviour as is often associated with schizophrenia 
negative and cognitive symptoms. Accordingly, A 

1
 R antagonism in the hippocam-

pus may facilitate signal processing by lowering the threshold of signal strength 
to activate NMDARs, and enhance related hippocampus-dependent cognitive func-
tioning (Thummler and Dunwiddie  2000  ) . Conversely, A 

1
 R agonism is expected to 

yield the opposite effect. 
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 Although A 
2A

 R expression is lower than A 
1
 R expression in the hippocampus, it 

nonetheless is critical for various neural plastic mechanisms. At the mossy  fi bres 
postsynaptic junctions at CA3 pyramidal cells, A 

2A
 R activity is necessary for the 

induction of NMDAR-dependent LTP (Rebola et al.  2008  ) , and A 
2A

 R activation can 
also induce a form of NMDAR-independent LTP in hippocampal CA1 (   Kessey and 
Mogul  1997  ) . In addition, through transactivation of BDNF Trk-B receptor 
(Diogenes et al.  2004,   2007  ) , A 

2A
 R can also regulate BDNF-dependent neural 

plastic events, including long-term changes in synaptic strength and associated 
structural changes and growth (Sebastião et al.  2011  ) . This would predict that A 

2
 R 

agonism should facilitate synaptic plasticity in the hippocampus. 
 Hence, there exist parallel A 

1
 R- and A 

2A
 R-dependent homeostatic mechanisms 

that regulate and coordinate activities between disparate neuronal networks involv-
ing glutamatergic and dopaminergic activities, the disturbance of which are central 
to the genesis of schizophrenia symptoms. Accordingly, restoring such homeostatic 
control may yield potential bene fi ts against multiple schizophrenia symptoms. 
Admittedly, however, A 

1
 R- and A 

2A
 R-dependent adenosine–glutamate interaction is 

both complex and extensive with considerable degrees of freedom. This could be a 
double-edge sword making adenosine a powerful and yet possibly unpredictable 
drug target. In vivo investigations become indispensable in delineating the functional 
impacts at the system level before attempts at any precise mechanistic accounts at the 
cellular, physiological and circuitry levels. This is particularly relevant in the domain 
of learning and memory where multiple dissociable memory systems exist. 

 A recent survey of systemic adenosinergic interventions in animals across a com-
prehensive spectrum of learning and memory tests has yielded some valuable empirical 
consensuses on the pro-cognitive potential of adenosinergic drugs (Boison et al.  2012  )  
that could be instrumental to the formulation of any realistic mechanistic model. 

 Amongst the studies involving administration of drugs to normal animals, caffeine 
consistently leads to promnesic outcomes across tests. This is consistent with the 
well documented pro-cognitive effects of caffeine in humans (Lara  2010 ; Takahashi 
et al.  2008  ) . The fact that caffeine improves active (Haraguchi and Kuribara  1991 ; 
Yonkov  1984  )  and inhibitory avoidance learning (Angelucci et al.  1999 ; Kopf et al. 
 1999  )  similarly con fi rms that the effects cannot be simply attributed to the drug’s 
concomitant motor effects. However, the lack of an effect on working memory 
function may be disappointing with respect to schizophrenia cognitive symptoms. 
Yet, studies reporting improved spatial reference memory learning by the non-speci fi c 
antagonists, caffeine or theophylline are supportive of enhanced hippocampus-
dependent processing (Angelucci et al.  1999 ; Kopf et al.  1999 ; Haraguchi and 
Kuribara  1991 ; Hauber and Bareiss  2001 ; Prediger and Takahashi  2005  ) . Although 
there is some evidence that selective A 

1
 R or A 

2A
 R antagonists may also improve 

memory function (e.g. Kopf et al.  1999 ; Pereira et al.  2002  ) , it is important to rec-
ognize that reports of null or even memory impairing effects by such antagonist 
drugs also exist, and sometimes emerged from the same studies (e.g. Fontinha et al. 
 2009 ; Kopf et al.  1999 ; Prediger and Takahashi  2005  ) . By comparison, however, 
agonists more consistently yielded memory de fi cits across test paradigms regard-
less of A 

1
 R/A 

2A
 R selectivity (see Boison et al.  2012  ) , with the exception of one 
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study reporting improved spatial learning performance in the water maze following 
CPA (an A 

1
 R agonist) treatment (Von Lubitz et al.  1993  ) . However, such inconsis-

tent outcomes do not necessarily undermine our general thesis that adenosinergic 
mechanism is assuming a modulatory function over other neurotransmitter 
systems rather than being itself directly responsible for the neural processing and 
long-term plastic events underlying learning and memory. 

 Indeed, consistent with this view a much clearer consensus emerges when the 
survey of adenosinergic interventions focuses solely on animal models of memory 
impairment (see Boison et al.  2012  ) . This survey gives a strong impression that A 

1
 R 

or A 
2A

 R antagonism can ameliorate loss of memory functions across a variety of 
pathological models ranging from NMDAR blockade, anti-cholinergic treatment, 
aging,  b -amyloid induced damage, to alcohol abuse. This is in agreement with the 
overview described above on the ef fi cacy of caffeine to improve performance in 
normal animals. The consistency also extends across test paradigms similar to the 
survey of pharmacological studies conducted in normal non-pathological subjects. 
Only one study reported that caffeine exacerbated the social memory impairment 
associated with aging (Prediger et al.  2005  )  out of the 15 experiments on caffeine 
surveyed by Boison et al.  (  2012  ) . However, there is a bias in the literature for studies 
of adenosine receptor antagonists with relatively few examining agonists. The 
mechanisms underlying the memory loss in some models are far from understood 
and are likely to involve multiple pathological causes (e.g. aging) beyond gluta-
matergic or NMDAR de fi ciency that is believed to underlie schizophrenia 
treatment-resistant negative/cognitive symptoms. 

 In this regard, it is important to note that the ef fi cacy of A 
2A

 R antagonism to 
restore memory function is unexpected based on the synergistic interaction between 
A 

2A
 R and NMDAR in the hippocampus. According to this, selective A 

2A
 R antago-

nists should impair learning instead. There is, however, no pharmacological support 
for this, except one study examining compound SCH58261 on eyeblink condition-
ing in non-pathological animals (Fontinha et al.  2009  ) . The pro-cognitive effects 
due to A 

2A
 R antagonism may not stem from its impact on hippocampal glutamater-

gic receptor/NMDAR activities, but rather its extensive interaction with the striatal 
dopamine system. Evidence in support of this would come from the lessons learned 
from mutant mouse models that examine the relevance of region-speci fi c action of 
adenosinergic manipulations.   

    22.6   Perspectives from Mutant Mice Models 

 Genetic engineering allows the manipulation of a protein with a level of speci fi city 
that effectively avoids possible cross-target reactivity that would otherwise be hard 
to achieve by pharmacological manipulations alone. Together with the recent avail-
ability of many conditional knockout systems displaying different regional or even 
cell-type speci fi city, these tools represent an invaluable preclinical tool to explore 
mechanistically relevant disease and therapeutic models. 
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    22.6.1   A Genetic Model of Adenosine De fi ciency: Adktm1 −/−  
Tg(UbiAdk) Mice 

 Central to the adenosinergic hypothesis is that adenosine de fi ciency should lead to 
both glutamatergic and dopaminergic dysfunction with consequential emergence of 
multiple schizophrenia endophenotypes (Lara  2002 ; Lara et al.  2006 ; Lara and 
Souza  2000  ) . The engineered mouse line, Adktm1 −/− -Tg(UbiAdk), henceforth 
referred to as “ Adk-tg  mice”, provides a unique model to evaluate the behavioural 
impact of a global adenosine de fi ciency. They were generated by breeding a loxP-
 fl anked  Adk  transgene under the control of a human ubiquitin promoter into ADK 
knockout mice (Boison et al.  2002  ) . ADK expression was elevated globally in Adk-tg 
mice, achieving a 47 % increase in the brain compared with wild type controls 
(Fedele et al.  2005 ; Pignataro et al.  2007 ; Yee et al.  2007  ) . The resulting increase in 
adenosine clearance renders Adk-tg mice with a global brain adenosine de fi ciency 
(Li et al.  2007,   2008  ) , expected to down-regulate both A 

2A
 R and A 

1
 R-dependent 

adenosine signalling. 
 Adk-tg mice exhibited transient hyperlocomotion when exposed to a novel envi-

ronment with activity rapidly resuming to normal levels demonstrating intact habit-
uation (Fedele et al.  2005 ; Yee et al.  2007  ) . Robust disturbed dopaminergic and 
glutamatergic homeostasis readily emerged when these animals were challenged 
with the psychostimulant drugs, amphetamine and MK-801 (Table  22.1C ). The 
motor stimulating effect of amphetamine was nearly abolished, while that of 
MK-801 was clearly potentiated (Yee et al.  2007  ) . These two seemingly opposing 
phenotypes (reducing versus enhancing psychostimuant reactions) readily exclude 
any explanation related to non-speci fi c changes in general locomotor activity. The 
MK-801 induced phenotype is suggestive of NMDAR hypofunction, which is oppo-
site to that seen following manipulations designed to augment activity-dependent 
NMDAR signalling (e.g. Yee et al.  2006 ; Singer et al.  2009  ) . Adk-tg mice may 
therefore serve as a model to study NMDAR de fi ciency within the context of 
adenosine–NMDAR interaction and schizophrenia-related symptoms attributed to 
NMDAR hypofunction. The latter is further supported by the emergence of some 
severe learning de fi cits in these mutants across reference memory, working memory 
and associative learning (Yee et al.  2007  ) . 

 The amphetamine-induced phenotype does not conform to an interpretation of 
hyperdopaminergia or psychotic-like phenotype. Instead it suggests that dopamine 
release was severely compromised. This phenotype may stem from an effect on 
glutamate–dopamine interaction, resembling the observation that systemic NMDAR 
blockade attenuated the hyperlocomotor response to cocaine (Uzbay et al.  2000  ) . 
Regardless of whether this phenotype is causally related to NMDAR hypofunction, 
the amphetamine-induced phenotype is indicative of a hypo- rather than hyperdopa-
mergic state. Instead of being directly linked to the production of psychotic-like 
symptoms often attributed to overactive striatal dopamine activity, this phenotype 
may instead contribute to the cognitive phenotypes in this mutant line. First of all, 
de fi cient frontal dopaminergic activity is critical to the network of associational 
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cortices supporting effective and ef fi cient working memory function (e.g. Simpson 
et al.  2010 ; Williams and Castner  2006  ) . Second, dopamine-rich nucleus accumbens 
(ventral striatal) assumes a critical role in cognitive processes including sensorimo-
tor gating and selective attention. In particular, disruption of dopaminergic activity 
in the nucleus accumbens shell can induce a speci fi c form of attentional dysfunction 
representing the opposite pole of positive symptomatology (see Weiner  2003  ) . This 
can be effectively reproduced also by NMDAR blockade and reversed by glycine 
transporter-1 inhibitor that indirectly enhances NMDAR-mediated neurotransmis-
sion (e.g. Black et al.  2009  ) . 

 Here, it is worth noting that amphetamine has been shown to improve cognitive 
(Barch and Carter  2005  )  and negative symptoms (e.g. Angrist et al.  1982  ) , particu-
larly in patients with severe baseline negative symptomatology (Kirrane et al.  2000 ; 
San fi lipo et al.  1996  ) , and it has been suggested that the adjunctive use of glycine 
transporter-1 inhibitors might alleviate negative symptoms partly by increasing 
NMDAR-mediated tonic dopamine release (Grace  1991,   2000 ; Singer et al.  2009  ) . 
Hence, the resulting severe cognitive de fi cits seen in Adk-tg mice are likely the result 
of a combination of NMDAR and related cortical dopaminergic dysfunction impli-
cated in schizophrenia cognitive and negative psychopathology. The Adk-tg mouse 
model therefore does not seem to capture psychotic-like symptoms typical of positive 
symptomatology. This distinction can be tested by evaluating the relative ef fi cacy of 
classical neuroleptic drugs like haloperidol and atypical neuroleptics such as clozap-
ine to normalize behaviour in this mutant mouse model. A preferential response to 
the latter would lend support for the Adk-tg mouse might more closely approximate 
the pathophysiology of cognitive and negative schizophrenia symptoms.  

    22.6.2   Genetic Manipulations Targeting A 
2A

 R 

 The severe phenotypes seen in Adk-tg mice readily suggest that reduction of brain 
adenosinergic tone is critical for normal behavioural functioning, and selective ade-
nosine receptor subtype deletion and/or over-expression are instructive in dissecting 
the relative contributions between A 

1
 R and A 

2A
 R. The constitutive and conditional 

deletion of A 
2A

 R models (Chen et al.  1999 ; Shen et al.  2008 ; Yu et al.  2009a ; Wei 
et al.  2011  )  and the rat model with brain A 

2A
 R over-expression (Giménez-Llort et al. 

 2002  )  have all been instrumental in examining the relevance of A 
2A

 R-dependent 
pathway to schizophrenia-related behavioural dysfunction. 

    22.6.2.1   Psychostimulant-Induced Phenotypes 

 Constitutive A 
2A

 R −/−  mice were characterized by attenuated locomotor responses to 
amphetamine and cocaine (Chen et al.  2000  ) , thus capturing a dopamine-dependent 
phenotype in Adk-tg mice (Yee et al.  2007  ) . Interestingly, the response to either 
direct agonists against D 

1
 R (locomotor stimulation and grooming) or D 

2
 R 
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(motor-depression and stereotypy) was indistinguishable from wild-type controls 
(Chen et al.  2000  ) . The distinction between direct and indirect agonists suggests 
that mechanisms other than tonic modulation of postsynaptic dopaminergic response 
were responsible for the attenuation of activity-dependent dopaminergic trans-
mission triggered by amphetamine or cocaine. The critical mechanisms might 
instead involve local presynaptic A 

2A
 R-dependent modulation or distal extra-striatal 

regulation by A 
2A

 Rs upstream. 
 Comparisons between mutant mice with striatal-speci fi c A 

2A
 R deletion (Dlx5/6-

Cre (+) A 
2A

 R  fl ox+/+  mice) or forebrain-wide A 
2A

 R knockout (CaMKII a -Cre (+) A 
2A

 R  fl ox+/+ ) 
have yielded further insights into functional differences between striatal and extra-
striatal A 

2A
 Rs within the forebrain in terms of psychostimulant response to cocaine 

and PCP (Table  22.1C ). While deletion of striatal A 
2A

 R enhanced the motor stimu-
lant response to both drugs, an opposite effect (i.e. attenuated response to both 
drugs) was observed when the deletion was extended to the entire forebrain (Shen 
et al.  2008  ) . The effect of complete forebrain knockout aligns well with that of con-
stitutive knockout when challenged with a dopamine releasing psychostimulant 
(c.f., Chen et al.  2000  ) . One interpretation is that the additional loss of extra-striatal 
A 

2A
 Rs within the forebrain radically reverses the phenotype associated with loss of 

striatal A 
2A

 Rs alone, and therefore the two subpopulations of A 
2A

 Rs are functionally 
antagonistic, at least regarding their interaction with, or modulation of, psycho-
stimulant drug action. Although we do not know whether constitutive knockout 
would also yield a similar phenotype as forebrain knockout when challenged with 
NMDAR blockers (because such an experiment has not been performed), it is 
tempting to predict so. 

 The radical component introduced by constitutive or conditional forebrain 
knockout could be the loss of presynaptic modulation by A 

2A
 Rs discussed above. 

This should be spared in the striatal knockout mice because the deletion of A 
2A

 Rs 
was restricted to striatal neurons, and their opposite phenotypes (exacerbating the 
response to dopaminergic stimulation or NMDAR blockade) are likely attributable 
solely to the disruption of the postsynaptic modulation by A 

2A
 Rs on striatal princi-

pal neurons activity. One may therefore deduce that blockade of extra-striatal A 
2A

 Rs 
may be particularly effective against behaviour associated with dopamine hyper-
function as well as NMDAR hypofunction. Genetic models with speci fi c deletion of 
extra-striatal A 

2A
 Rs can directly address this speculation that antipsychotic action 

might be maximized by targeting this subpopulation of extra-striatal A 
2A

 Rs. It would 
provide an interesting contrast to the similar effects (antagonizing the response to 
dopaminergic stimulation or NMDAR blockade) by systemic pharmacological 
activation of A 

2A
 Rs (Table  22.1A , B) that instead are likely derived primarily from 

their action on striatal A 
2A

 Rs. 
 Surprisingly, amidst the complex interaction of between striatal and extra-striatal 

A 
2A

 Rs, the observed effects of A 
2A

 Rs antagonism (see Table  22.1A , B) resembles 
the psychostimulant-induced phenotypes revealed in the striatal speci fi c knockout 
mice rather than that of constitutive or conditional forebrain knockout mice. Thus, 
systemic exposure to A 

2A
 R antagonists displays a functional pro fi le suggestive of a 

preferential blockade of striatal A 
2A

 Rs, rather than that of constitutive homozygous 
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knockout or complete forebrain knockout. This may either be because (1) A 
2A

 R 
expression in the striatum far exceeds that of any forebrain region, or (2) the modu-
lation by striatal A 

2A
 Rs is normally very tightly regulated, rendering it very sensitive 

to pharmacological interference. Such insights could be valuable to future A 
2A

 R-
based drug development. 

 Lastly, the comparison would not be complete without recalling that global 
adenosine reduction in Adk-tg mice abolished response to amphetamine but poten-
tiated that to MK-801 (Yee et al.  2007  ) . The former resembles constitutive/forebrain 
knockout mice, but the latter drug-induced phenotype matches the striatal knockout 
mouse as well as systemic A 

2A
 R antagonist. Thus, the seemingly contradictory phe-

notypes against the two classes of psychostimulant drugs observed in Adk-tg mice 
may re fl ect the antagonistic contributions of striatal versus extra-striatal A 

2A
 R dis-

ruption. Although the precise pharmacological and biochemical mechanisms that 
give rise to this unique pattern of results have not been worked out, it demonstrates 
the potential of adenosine kinase as another possible target to manipulate adenosin-
ergic signalling pathways relevant to schizophrenia.  

    22.6.2.2   Cognitive Phenotypes 

 As reviewed above, systemic caffeine robustly enhances performance across a wide 
range of cognitive assays in both animals and humans. Comparison between consti-
tutive A 

2A
 R −/−  and A 

1
 R −/−  mice shows that A 

2A
 R-dependent mechanism is solely 

responsible for the arousal effects of caffeine. The effects were completely abol-
ished in A 

2A
 R −/−  mice but remained intact in A 

1
 R −/−  mice (Huang et al.  2005  ) , and 

might once again point to the relevance of A 
2A

 R-dependent adenosine–dopamine 
interaction given that arousal and alertness are both closely linked to dopaminergic 
control (Robbins and Arnsten  2009  ) . Although it remains debatable whether the 
pro-cognitive effects of caffeine simply re fl ect the drug’s effects on arousal and 
alertness, this emphasis is consistent with the recent  fi ndings that striatal-speci fi c 
A 

2A
 R deletion (Dlx5/6-Cre (+) A 

2A
 R  fl ox+/+  mice) was suf fi cient to produce pro-cognitive 

effects seen in mutant mice (CaMKII a -Cre (+) A 
2A

 R  fl ox+/+ ) with forebrain-wide A 
2A

 R 
knockout (Wei et al.  2011  ) . 

 Wei et al.  (  2011  )  compared the two conditional knockout models from recognition 
memory, working memory, reference memory, to reversal learning. Both mutants 
were speci fi cally associated with enhanced working memory function and facilita-
tion in reversal learning, suggesting that loss of A 

2A
 R-dependent signalling in the 

striatum was mainly responsible for these cognitive phenotypes. This  fi nding contrasts 
with the null effects on either working or reference memory in constitutive A 

2A
 R 

knockout mice (Duan et al.  2009  ) , but supports a similar study reporting tentative 
evidence for a promnesic effect (Zhou et al.  2009  ) . Although it was not certain if the 
latter  fi nding referred speci fi cally to working or reference memory function because 
of an error in their classi fi cation of error types, the phenotypes revealed in the stri-
atal and forebrain knockout animals (Wei et al.  2011  )  would favour a primary effect 
in working memory function. It is important to note that the working memory phe-
notype in these mutants appeared to be dependent on task dif fi culty—when the 
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animals were required to hold the relevant information for longer and under conditions 
with increasing interference. The latter is in line with the reversal learning pheno-
type revealed in these mutant mice, and together the two phenotypes are suggestive 
of an underlying facilitation in cognitive  fl exibility in general. This interpretation is 
in keeping with the relevance of striatum in the execution of goal-directed behav-
iour, and is further substantiated by the  fi nding that regulation of positively rein-
forced instrumental behaviour in the striatal knockout mice remained sensitive to 
the incentive value of the reinforcer in spite of overtraining (Yu et al.  2009a  ) . 
Suf fi cient over-training of an operant task typically would render wild type mice 
insensitive to devaluation of the reinforcer as their response gradually becomes 
habitual and therefore less  fl exible. Hence, striatal A 

2A
 Rs may regulate the forma-

tion and maintenance of habit in relation to changing reinforcement contingency, 
which could be relevant to some of the cognitive and negative symptoms of schizo-
phrenia. An emphasis on the executive function rather than strength of memory 
trace as such also agrees with the general impression that systemic adenosine recep-
tor antagonists are effective against the cognitive de fi cits across a spectrum of path-
ological models as comprehensively reviewed by Boison et al.  (  2012  ) . 

 Finally, analysis of the rat model with brain A 
2A

 R over-expression has provided 
some support that A 

2A
 R stimulation might lead to cognitive de fi ciency (Giménez-

Llort et al.  2007  ) , although the reported de fi cits in object memory and working 
memory were subtle or transient in nature.   

    22.6.3   Genetic Manipulations Targeting A 
1
 R 

 Existing studies of A 
1
 R deletion are restricted to the use of homozygous and 

heterozygous constitutive knockout models (Giménez-Llort et al.  2002 ; Johansson 
et al.  2001  ) . These models however might not be ideal for cognitive assays because 
life expectancy, anxiety as well as home cage activity are all clearly affected in a 
manner dependent on the dosage of gene knockout (Giménez-Llort et al.  2002  ) . 
Pain threshold was also reduced in these mice (Johansson et al.  2001  ) , and compari-
son between homozygous and heterozygous knockout mice also revealed some 
intriguing bidirectional effects on aggression and explorative behaviour (Giménez-
Llort et al.  2002  )  making interpretation far from straightforward. In spite of these 
problematic confounds, there was no evidence for any cognitive effect based on a 
single study suggesting that A 

1
 Rs are at least not essential for normal learning in the 

water maze (Giménez-Llort et al.  2002  ) . 
 This data set is not easily assimilated with the preceding genetic models or data 

derived from systemic pharmacological intervention of A 
1
 Rs. In particular, global 

reduction in adenosine signalling in Adk-tg mice is severely damaging to cognitive 
function in general. Seemingly, their phenotype pro fi le cannot be simply understood 
as the sum of A 

1
 R and A 

2A
 R hypofunction. Comparison with double A 

1
 R/A 

2A
 R 

knockout mice (   Xiao et al.  2011  )  might be highly instructive here. There is also an 
urgent need to examine the psychostimulant response in A 

1
 R knockout mice, before 

any clear conclusion on the functional signi fi cance of brain A 
1
 Rs can be made.   
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    22.7   The Neurodevelopmental and Neuroimmunological 
Perspective 

 The relevance of neurodevelopment from the aetiological perspective of schizophrenia 
has long been recognized (e.g. Weinberger  1987 ; Harrison  1997  ) . This emphasizes 
that the functional abnormalities in schizophrenia originate in early life, unfold over 
the course neurodevelopment (Benes et al.  1994  )  and accumulate into early adulthood 
leading to the emergence of overt symptoms. The “two-hit” perspective of schizo-
phrenia aetiology, in particular, emphasizes the interplay between various genetic 
and environmental risk factors, which might mould and shift the path of disease 
development (Shenton et al.  2001  ) . The developmental nature of the disease is sub-
stantiated by neuropathological examination of the relevant brain structures including 
recent imaging studies suggesting that a subset of brain abnormalities may change 
during pathogenesis, such as white matter alterations indicative of disturbance in 
connectivity between disparate brain regions (Kubicki et al.  2007 ; Shenton et al. 
 2001,   2010  ) . One major early life factor singled out by epidemiological data is 
immune stress associated with maternal infection (Mednick et al.  1988 ; O’Callaghan 
et al.  1994 ; Hultman et al.  1999 ; Brown et al.  2000,   2004 ; Yolken et al.  2000 ; Pearce 
 2003  )  that might further be related to the immune dysfunctions identi fi ed amongst 
schizophrenia patients (Müller et al.  2000 ; Nawa et al.  2000 ; Rothermund et al. 
 2001 ; Hinze-Selch and Pollmächer  2000 ; Gaughran  2002  ) . 

 Boison et al.  (  2012  )  have speculated that dysfunction in normal adenosine homeo-
stasis during critical periods of pregnancy, as would be triggered by prenatal 
infection might set off a cascade of neurodevelopmental events implicated in schizo-
phrenia aetiology. Adenosine provides critical homeostatic control over the brain 
immune system, and its dysfunction would offset the balance between pro- and anti-
in fl ammatory cytokines that are critical for normal brain development (Hasko et al. 
 2005  )  as suggested by animal models of prenatal immune challenge (Meyer et al. 
 2008,   2009  ) . Stressors, including viral and bacterial infections (Hasko et al.  2005  )  
and injury (Clark et al.  1997 ; Pignataro et al.  2008  )  are associated with a surge of 
adenosine beyond normal physiological levels (Clark et al.  1997  ) ; and to protect the 
embryo against such  fl uctuations of systemic adenosine in the pregnant dams, the 
adenosine degrading enzyme, adenosine deaminase (ADA), is highly expressed in 
the placenta (Nagy et al.  1990  ) . Indeed, inhibition ADA disrupts foetal development 
(Knudsen et al.  1992  )  and ADA knockout is linked to perinatal lethality (Blackburn 
et al.  1995  ) . The other key adenosine degrading enzyme, ADK, undergoes a progres-
sive switch from neuronal expression during perinatal life to exclusive astrocytic 
expression as the brain matures (Studer et al.  2006  ) . Hence, a tight and well-coordinated 
regulation of brain adenosine is essential for brain development. This must be 
considered in any transgenic models, such as the Adk-tg mice with global brain 
disturbance of adenosine levels including the transgenic expression of Adk in neurons 
during adult life (Fedele et al.  2005 ; Pignataro et al.  2007 ; Yee et al.  2007  ) . 

 Future studies and experimental validation of possible neurodevelopmental 
and neuroimmunological links are needed to explore this novel perspective of 
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adenosinergic regulation of long-term brain development. Tentative evidence linking 
dysregulation in adenosine signalling with schizophrenia-relevant neurodevelop-
mental disturbances can be traced to a study of neonatal pregnenolone challenge 
(Muneoka et al.  2002  ) . Exposure to this major precursor of the neurosteroidogenesis 
from postnatal day 3 to 7 increased dopamine turnover and stimulated open  fi eld 
locomotor activity as well as a de fi ciency in endogenous competitive binding to 
A 

1
 R in later life (Muneoka et al.  2002  ) . Separate evidence also suggested that neo-

natal pregnenolone-treatment reduced adenosine A 
2A

 R density in the brain 
(Shirayama et al.  2001  ) . Further experiments are necessary to decide whether the 
de fi cient adenosine signalling caused by transient exposure to a neurosteroid during 
the critical time window of neuronal Adk expression (Studer et al.  2006  )  might be 
causally related to the concomitant signs of hyperdopaminergia.  

    22.8   Conclusions 

 This chapter has outlined the preclinical and clinical  fi ndings supporting an adenosine 
de fi cit in schizophrenia, and the basic neurobiological concepts behind the ade-
nosine hypothesis as well as its compatibility with the existing neurochemical 
hypotheses of schizophrenia based primarily on dopamine and glutamate mecha-
nism as summarized in Fig.  22.2 . There are ample data showing that de fi ciency in 
adenosine can simultaneously affect dopaminergic and glutamatergic homeostatic 
regulation resulting in behavioural effects related to both psychotic/positive and 
cognitive/negative schizophrenia symptoms. To restore the global homeostatic 
balance would be the basis of any adenosine-based therapy. Although the chapter 
has explored only a limited subset of key adenosinergic biological functions within 
the context of schizophrenia, the complexity involved can already be quite formi-
dable. Appreciating and delineating the mechanisms involved will be the next 
challenge, given some of the inconsistencies between physiological and pharmaco-
logical data, as well as data derived from genetic models (e.g. see Table  22.1 ). 
Multiple parallel bidirectional pathways have evolved to orchestrate the many roles 
of adenosine as a homeostatic bioenergetic network regulator in a highly supervised 
and structured manner. Thus, it may not be surprising that any disturbance in ade-
nosine signalling could be related to some parts of the broad spectrum of schizo-
phrenia symptoms. In vivo analysis will continue to play an important role in 
identifying and clarifying the behavioural/cognitive impacts by manipulations of 
speci fi c adenosinergic targets (between different receptor subtypes and individual 
regulatory enzymes) in order to build testable hypotheses with suf fi cient 
speci fi cations for successful and meaningful translation into clinically relevant 
drugs.  

 The distinction between receptor subtypes may be seemingly inadequate, such 
that the conventional strategy by pharmaceutical industries to achieve speci fi c 
symptom control through biochemical selectivity alone may not be viable here. 
Instead, regional speci fi c interaction with other neurotransmitter systems must be 
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taken into account. For example, the promising pro-cognitive effects demonstrated 
in the striatal A 

2A
 R knockout mice were associated with enhanced response to both 

classes of psychostimulant drugs. And, the latter phenotypes were reversed when 
extra-striatal A 

2A
 Rs within the forebrain were also disrupted, yielding the opposite 

phenotype, resembling the effects of systemic adenosine receptor antagonists. 
We also see that targeting enzymes, such as adenosine kinase or nucleoside trans-
porters, which control ambient adenosinergic tone may well lead to outcomes not 
easily explicable in terms of receptor agonism/antagonism alone, as exempli fi ed by 
the Adk-tg mice. Perhaps by affecting multiple adenosinergic pathways in parallel, 
the effects could be particularly impactful and sustainable due to existing synergism 
in resuming their balance back to their non-pathological range. 

 Adjunctive adenosinergic therapy could be an alternative option here—so as to 
enhance therapeutic ef fi cacy as well as minimizing side effects associated with 
conventional antipsychotic drugs, which often introduce additional imbalance. 
This approach has proved feasible in the recent development of the novel glycine 
transporter-1 inhibitor, RG1678, by Hoffmann-La Roche (Pinard et al.  2010  ) . 
Indeed, the limited clinical evidence reviewed here was based on adjunctive therapy 

  Fig. 22.2    Schematic summary of the links between adenosine and the pathophysiology/aetiology 
of schizophrenia.  ADA  adenosine deaminase,  G-protein  guanine nucleotide binding protein 
(G protein). “?” possible interaction with cytokine-mediated immune response by A 

3
 Rs and ARs       
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(Akhondzadeh et al.  2005 ; Brunstein et al.  2004,   2005 ; Lara et al.  2001  ) . Another 
more challenging avenue deserves to be explored is perhaps focal adenosine 
therapy as in the treatment of epilepsy (Wilz et al.  2008  )  with appropriate technical 
advances in cell and gene therapies (Boison  2007b  ) , thus enabling some of the 
region-speci fi c effects discussed here to be translatable to the clinics.      
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  Abstract   Motivated behavior can be characterized by a high degree of activity, 
vigor, and persistence. Brain dopamine (DA), particularly in the nucleus accumbens, 
has been implicated in activational aspects of motivation and effort-related pro-
cesses. Accumbens DA depletions reduce the tendency of rats to work for food, and 
alter effort-related decision making, but leave aspects of food motivation such as 
appetite intact. Recent evidence indicates that the purine neuromodulator adenosine, 
largely through actions on adenosine A 

2A
  receptors, also participates in regulating 

effort-related processes. Intra-accumbens injections of adenosine A 
2A

  agonists 
produce effects that are similar to those produced by accumbens DA depletion or 
antagonism. Furthermore, systemic or intra-accumbens injections of adenosine A 

2A
  

receptor antagonists can reverse the effects of DA D 
2
  antagonists on effort-related 

choice behavior. In contrast, adenosine A 
1
  receptor antagonists fail to reverse these 

motivational effects of DA D 
2
  antagonism. These studies have implications for 

understanding the potential role of adenosine in the development and treatment of 
energy-related motivational symptoms such as anergia and fatigue in depression 
and other disorders.  
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    23.1   Behavioral Activation and Effort-Related Processes 

    23.1.1   Dopaminergic Involvement in Behavioral Activation 
and Exertion of Effort in Motivated Behavior 

 Motivation involves a complex and multifaceted set of processes. Motivated 
behavior occurs in phases that represent different degrees of physical or psycho-
logical distance from the primary motivational stimulus. For that reason it is some-
times said that there is a “consummatory” phase that represents a direct interaction 
with the motivational stimulus (e.g., food consumption), and another phase var-
iously labeled as “approach,” “appetitive,” or “instrumental,” which re fl ects the fact 
that the organism must engage in a pattern of behavior in order to obtain access to 
the motivational stimuli (e.g., forage, or run in a maze, to obtain food; Salamone 
 1992 ; Salamone and Correa  2002 ; van den Bos et al.  2006  ) . Furthermore, theory 
and research on motivation has for years emphasized that there are “directional” and 
“activational” aspects of motivation (Salamone  1988,   1991,   1992  ) . The behavior of 
animals is directed towards or away from particular motivational stimuli, but it also 
is evident that motivated behavior can be characterized by vigorous or persistent 
activity that involves high levels of work. Activational aspects of motivated 
behavior enable organisms to overcome challenges or work-related response costs 
that separate them from signi fi cant stimuli such as food (Salamone  1992 ; Salamone 
and Correa  2002 ; van den Bos et al.  2006 ; Salamone et al.  2009a  ) . In humans, 
impairments in behavioral activation can display themselves as energy-related 
symptoms such as psychomotor slowing, anergia, apathy, and fatigue, which are 
core features of depression, and also are present in neurological disorders such as 
parkinsonism and multiple sclerosis (Salamone et al.  2006,   2009b  ) . 

 In studying the neural basis of behavioral activation and exertion of effort, 
several brain areas and neurotransmitters (DA, GABA, adenosine) have been inves-
tigated. One of the neural systems most closely associated with behavioral activation 
is the dopamine (DA) innervation of the nucleus accumbens (Robbins and Everitt 
 2007 ; Salamone et al.  2007  ) , which is a part of the striatal complex that also is 
known as ventral striatum. Several lines of evidence demonstrate that nucleus 
accumbens DA is involved generally in behavioral activation, and, more speci fi cally, 
in effort-related aspects of food motivation. Accumbens DA depletions have been 
shown to reduce spontaneous and novelty-induced locomotor activity and rearing, 
as well as stimulant-induced activity (Koob et al.  1978 ; Correa et al.  2002  ) . Behaviors 
such as wheel-running, polydipsia (excessive drinking), or locomotor activity, which 
are induced by scheduled presentation of food pellets to food-deprived animals, 
were shown to be reduced by accumbens DA depletions (Robbins and Koob  1980 ; 
Wallace et al.  1983 ; McCullough and Salamone  1992  ) . Furthermore, the effects of 
nucleus accumbens DA depletions on food-reinforced instrumental behavior depend 
greatly upon the task requirements (e.g., the number of lever presses required to 
receive food reinforcement). Schedules of reinforcement with low work requirements 
are generally somewhat insensitive to the effects of accumbens DA depletions or 
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antagonism (Aberman and Salamone  1999 ; Correa et al.  2002 ; Ishiwari et al.  2004 ; 
Wakabayashi et al.  2004 ; Mingote et al.  2005  ) . However, a critical factor that makes 
a food-reinforced operant task sensitive to the effects of accumbens DA depletions 
is the size of the ratio requirement (i.e., the number of times they have to press the 
lever to receive food). Performance of an operant task with higher ratio requirements 
(i.e., as more lever presses are required to receive each unit of reinforcement) makes 
rats more sensitive to the response suppressing effects of accumbens DA depletions 
(Aberman et al.  1998 ; Aberman and Salamone  1999 ; Salamone et al.  2001 ; Ishiwari 
et al.  2004  ) . For example, accumbens DA depletions have little effect on lever pressing 
in rats responding on a  fi xed ratio 1 schedule (FR1; 1 lever press required per rein-
forcer; Aberman and Salamone  1999 ; Ishiwari et al.  2004  ) , whereas performance on 
FR5, FR16, FR64 schedules (or higher) is impaired substantially (Aberman et al. 
 1998 ; Salamone et al.  2001 ; Ishiwari et al.  2004  ) . These effects of accumbens DA 
depletions are not simply dependent upon the degree of intermittence in the sched-
ule (i.e., the time spent with no primary reinforcers). A series of studies showed that 
while accumbens DA depletions had little effect on performance of variable interval 
VI 30, 60, or 120 s schedules (i.e., an animal is reinforced for the  fi rst response after 
an interval elapses; the interval varies, but averages 30 or 60 s or 120 s), these DA 
depletions had a substantial effect when a ratio requirement (i.e.,  fi ve or ten responses 
required after the interval) was added to the time interval (Correa et al.  2002 ; 
Mingote et al.  2005  ) . Along with other experiments showing that accumbens DA 
depletions did not impair food intake, this overall pattern of results indicates that 
nucleus accumbens DA depletions leave fundamental aspects of appetite or primary 
food motivation intact (Salamone and Correa  2009  ) , but reduce the tendency of the 
animals to work for food reinforcement.  

    23.1.2   Accumbens DA and Effort-Related Decision Making 

 At any one time, there may be several motivational stimuli available in a complex 
environment (e.g., other animals, water, different types of food), which can vary in 
terms of type or amount. Usually, there also would be different types of instrumental 
behaviors that are necessary for obtaining access to each stimulus, each having 
different response requirements that vary in terms of work, time, and other param-
eters. In order to deal with these conditions, organisms must make effort-related 
decisions, and allocate behavioral resources based upon multiple factors that involve 
response costs and reinforcement value. Along with other brain areas, nucleus 
accumbens DA is a critical participant in the process of effort-related choice behavior 
(Salamone et al.  1997,   2007,   2009a,   b  ) . 

 A number of behavioral procedures have been developed that allow for the 
assessment of how animals allocate resources based upon analyses of reinforcement 
value and response cost. One task that has been developed is an operant concurrent 
choice procedure that offers rats a choice between lever pressing to obtain a 
relatively preferred food (high carbohydrate operant pellets) vs. approaching and 
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consuming a less preferred food (standard lab chow) that is concurrently available 
in the chamber. Under baseline or control conditions, rats responding on an FR5 
schedule for the preferred pellets typically get most of their food by lever pressing, 
and they eat little chow (e.g., 1–2 g or less). Administration of moderate to low 
doses of DA antagonists, regardless of D 

1
  or D 

2
  receptor selectivity, produces a 

substantial alteration of response allocation; these drugs decrease lever pressing for 
the preferred pellets, but substantially increase intake of the concurrently available 
chow (Salamone et al.  1991,   2002 ; Sink et al.  2008  ) . The nucleus accumbens, rather 
than the neostriatum, is the DA terminal region most closely associated with the 
effects of DA depletion or antagonism (Cousins et al.  1993 ; Koch et al.  2000 ; 
Nowend et al.  2001 ; Farrar et al.  2010  ) . Thus, despite the fact that lever pressing is 
decreased by accumbens DA antagonism or depletions, the rats show a compensatory 
reallocation of behavior and select a new path to an alternative source of food. 
In contrast to control conditions, animals treated with low doses of DA antagonists 
or accumbens DA depletions obtain most of their food from the low cost option (i.e., 
chow intake) as opposed to the high cost option (lever pressing). However, these 
effects are not dependent upon changes in appetite or food preference (Salamone 
et al.  1991,   2002 ; Koch et al.  2000 ; Sink et al.  2008  ) , indicating that changes in 
effort-related choice behavior are dissociable from changes in taste preference or 
“ fi nickiness” (e.g., Dess  2000  ) . 

 Another behavior test that is used to assess effort-related choice behavior is the 
T-maze barrier choice task (Salamone et al.  1994 ; Cousins et al.  1996 ; Pardo et al. 
submitted). With this task, the two choice arms of the maze can have different 
reinforcement densities (e.g., four vs. two food pellets, or four vs. zero). In order to 
provide an effort-related challenge, a large barrier can be placed in the arm with the 
higher density of food reinforcement. When there is no barrier in the arm with the 
high reinforcement density, or when both arms contain a barrier, rats and mice 
strongly prefer the arm with the high density of food, and DA antagonism or accum-
bens DA depletion does not alter their response choice (Salamone et al.  1994 ; Denk 
et al.  2005 ; Pardo et al. submitted). Under conditions in which the arm with the 
barrier contains four food pellets, but the no-barrier arm contains no pellets (thus, 
the only way to obtain food is by climbing the barrier), rats with accumbens DA 
depletions still choose the high-density arm, climb the barrier, and consume the 
pellets (Cousins et al.  1996  ) . Moreover, pre-feeding the animals to reduce food 
motivation produces a dramatic increase in omissions, and a relative indifference to 
both arms (Pardo et al.  2012  ) . Thus, the effects of DA antagonists or accumbens DA 
depletions on food-related tasks do not closely resemble those produced by pre-
feeding or appetite-suppressant drugs (Aberman and Salamone  1999 ; Salamone 
et al.  1991 ; Sink et al.  2008  ) . These control experiments indicate also that interfer-
ence with DA transmission does not impair memory for which arm had the most 
pellets, and does not affect the discrimination of reinforcement density or the pref-
erence for the arm with the high density of  food. Nevertheless, low doses of DA 
antagonists and accumbens DA depletions dramatically altered choice behavior 
when the high-density arm had the barrier in place, and the arm without the barrier 
contained an alternative food source. Under these conditions, rats and mice with 
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impaired DA transmission showed decreased choice for the high-density arm that 
contained the barrier, and increased choice for the arm with less food that did not 
have a barrier (Salamone et al.  1994,   1997 ; Cousins et al.  1996 ; Mott et al.  2009 ; 
Pardo et al.  2012  ) . The results of these studies are consistent with recent papers 
showing that DA antagonists also affect effort discounting in T-maze (Bardgett et al. 
 2009  )  and lever pressing (Floresco et al.  2008  )  choice tasks. Together with the 
 fi ndings from operant choice experiments, the results of these studies indicate that 
low doses of DA antagonists and interference with accumbens DA transmission 
cause animals to reallocate their instrumental responses based upon the response 
requirements of the task.   

    23.2   Adenosine A 2A  Receptors Are Involved in Behavioral 
Activation and Effort-Related Processes 

    23.2.1   Adenosine A 
2A

  Receptor Stimulation Affects 
Effort-Related Processes 

 As described above, considerable evidence indicates that DA antagonists and 
accumbens DA depletions profoundly affect functions such as behavioral activa-
tion, instrumental response output and allocation, and effort-related processes. 
Needless to say, accumbens DA does not regulate effort-related processes in 
isolation; several recent studies have shown that structures that project to nucleus 
accumbens, such as anterior cingulate cortex and basolateral amygdala, as well as 
output structures such as ventral pallidum, also participate in effort-related pro-
cesses (Walton et al.  2002,   2003,   2006 ; Schweimer et al.  2005 ; Schweimer and 
Hauber  2005a,   b ; Floresco et al.  2008 ; Floresco and Ghods-Shari fi   2007 ; Farrar 
et al.  2008 ; Mingote et al.  2008 ; Hauber and Sommer  2009  ) . In addition, recent 
work in this area has focused upon interactions between DA and the purine neuro-
modulator adenosine. 

 Four G-protein-coupled adenosine receptors have been identi fi ed, although the 
A 

1
  and A 

2A
  subtypes are the most common ones in the brain (Svenningsson et al. 

 1999  ) . It has been known for several years that nonselective adenosine antagonists, 
such as caffeine and theophylline, act as minor stimulants (Ferré  2008 ; Ferré et al. 
 2008a ; Randall et al.  2011a ; Lopez-Cruz et al.  2011  ) . There has been a tremendous 
growth in research on adenosine receptor neurochemistry and pharmacology, and 
the A 

2A
  receptor subtype has been the focus of considerable attention. Striatal sub-

regions, including both caudate/putamen (neostriatum) and nucleus accumbens, are 
very rich in adenosine A 

2A
  receptors (Schiffmann et al.  1991 ; Ferré et al.  2004 ; 

Vontell et al.  2010  ) . There is a neurochemical interaction between striatal DA D 
2
  

and adenosine A 
2A

  receptors, which tend to be co-localized on the same enkephalin-
positive striatopallidal medium spiny neurons (Fink et al.  1992 ; Ferré  1997 ; Ferré 
et al.  2001,   2004,   2008b ; DeMet and Chicz-DeMet  2002 ; Hillion et al.  2002 ; Fuxe 
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et al.  2003,   2007  ) . DA D 
2
  and adenosine A 

2A
  receptors form heteromeric complexes, 

and interact at the level of c-AMP-related signal transduction pathways (Ferré et al. 
 2001,   2004,   2008b ; Fuxe et al.  2003,   2007 ; Azdad et al.  2009  ) . This interaction has 
most typically been studied in relation to Parkinson’s disease and neostriatal motor 
functions potentially related to parkinsonism (Wardas et al.  2001 ; Morelli and Pinna 
 2002 ; Correa et al.  2004 ; Simola et al.  2004 ; Salamone et al.  2008  ) . Several adenos-
ine A 

2A
  receptor antagonists are being assessed for their potential antiparkinsonian 

actions (Jenner  2005 ; Pinna  2010 ; Salamone  2010  ) . 
 In addition to these studies related to motor function, adenosine A 

2A
  agonists and 

antagonists are being assessed for their actions on other behavioral functions as well. 
Drugs that act upon adenosine A 

2A
  receptors also have been studied for their involve-

ment in cognition (Takahashi et al.  2008  )  and anxiety-related processes (Correa and 
Font  2008  ) . Over the last few years, the involvement of adenosine A 

2A
  receptors in 

aspects of behavioral activation and effort-related processes also has become the 
focus of considerable research. Injections of the adenosine A 

2A
  agonist CGS 21680 

directly into nucleus accumbens have been shown to produce effects that resemble 
those of accumbens DA depletions or antagonism. Intra-accumbens injections of 
CGS 21680 were shown to reduce novelty-induced locomotor activity (Barraco 
et al.  1993  ) . More recently, it was demonstrated that local injection of CGS 21680 
into the core subregion of nucleus accumbens affected effort-related choice behavior 
(Font et al.  2008  ) . Infusions 24.0 ng of CGS 21680 bilaterally into the accumbens 
core decreased lever pressing and increased chow intake in rats responding on the 
concurrent FR5/chow feeding choice task (Font et al.  2008  ) , a pattern of effects 
similar to that produced by accumbens DA depletions and antagonism. In contrast, 
infusions of CGS 21680 into a control site dorsal to nucleus accumbens were inef-
fective (Font et al.  2008  ) . A recent study (Mingote et al.  2008  )  also investigated the 
effects of intra-accumbens injections of CGS 21680 on performance of a VI 60-s 
operant schedule under conditions in which there was a low work requirement (FR1 
attached to the interval) and a high work requirement (FR10 attached to the interval). 
Stimulation of accumbens adenosine A 

2A
  receptors with local bilateral injections of 

CGS 21680 disrupted performance of an instrumental task with high work demands 
(i.e., the interval lever pressing schedule with a ratio requirement attached), but had 
little effect on a task with the lower work requirement. These actions were site 
speci fi c, because infusions of CGS 21680 into a dorsal control site had no effect. 

 Immunohistochemical studies revealed that accumbens neurons that project to 
the ventral pallidum showed adenosine A 

2A
  receptor immunoreactivity (Mingote 

et al.  2008  ) . Moreover, activation of accumbens A 
2A

  receptors by local injections of 
CGS 21680 increased extracellular GABA levels in the ventral pallidum as mea-
sured by microdialysis. Combined contralateral injections of CGS 21680 into the 
accumbens and the GABA 

A
  agonist muscimol into ventral pallidum (i.e., “discon-

nection” methods) also impaired response output, indicating that these structures 
are part of a common neural circuitry regulating the exertion of effort. Thus, accum-
bens adenosine A 

2A
  receptors regulate exertion of effort in rats responding on oper-

ant tasks by modulating the activity of the ventral striatopallidal pathway (Mingote 
et al.  2008  ) .  
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    23.2.2   Adenosine A 
2A

  Receptor Antagonists, but not A 
1
  Receptor 

Antagonists, Reverse the Effort-Related Effects of DA D 
2
  

Receptor Blockade 

 The  fi ndings reviewed above indicate that an adenosine A 
2A

  agonist can produce 
actions similar to those resulting from interference with DA transmission. Consistent 
with those observations, it also has been shown that adenosine A 

2A
  receptor antagonists 

can reverse the effects of DA antagonists on effort-related choice behavior. Studies 
employing the T-maze barrier choice procedure demonstrated that the adenosine 
A 

2A
  receptor antagonist MSX-3 could reverse the effects of the D 

2
  antagonist halo-

peridol in both rats (Mott et al.  2009  )  and mice (Pardo et al. submitted). MSX-3 also 
has been shown to attenuate the effects of the D 

2
  antagonists haloperidol and eticlo-

pride in rats responding on the concurrent lever pressing FR5/chow feeding proce-
dure (Farrar et al.  2007 ; Worden et al.  2009 ; Nunes et al.  2010  ) . Similar effects have 
been produced by another adenosine A 

2A
  receptor antagonist, istradefylline (KW 

6002; Salamone et al.  2009b ; Nunes et al.  2010  ) . Furthermore, adenosine A 
2A

  recep-
tor knockout mice are resistant to the effects of haloperidol on effort-related choice 
behavior as assessed by the T-maze barrier task (Pardo et al.  2012  ) . These studies 
indicate that there is a very speci fi c interaction between DA D 

2
  and adenosine A 

2A
  

receptor subtypes. Although the adenosine A 
2A

  receptor antagonist MSX-3 can reduce 
the effect of haloperidol in rats and mice performing on the T-maze task, the A 

1
  antag-

onists 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) and 8-cyclopentyltheophylline 
(CPT) were ineffective (Mott et al.  2009 ; Pardo et al.  2012  ) . Similarly, DPCPX 
and CPT were unable to reverse the effects of haloperidol and eticlopride in rats 
responding on the operant concurrent lever pressing FR5/chow intake choice task 
(Salamone et al.  2009b ; Nunes et al.  2010  ) . Although MSX-3 and istradefylline 
could substantially reverse the effects of D 

2
  antagonists such as haloperidol and 

eticlopride in rats responding on the operant concurrent choice procedure (Farrar 
et al.  2007 ; Worden et al.  2009 ; Salamone et al.  2009b  ) , these drugs produced only 
a partial attenuation of the effects of the D 

1
  antagonist ecopipam (SCH 39166; 

Worden et al.  2009 ; Nunes et al.  2010  ) . Furthermore, the adenosine A 
1
  antagonists 

DPCPX and CPT were ineffective at reversing the effort-related effects of the DA 
D 

1
  antagonists ecopipam and SCH 23390 on the concurrent lever pressing FR5/

chow intake procedure (Nunes et al.  2010  ) . Parallel studies focusing upon novelty-
induced locomotion also yielded a similar pattern of effects in rats and mice (Collins 
et al.  2010 ; Pardo et al.  2010  ) . 

 This overall pattern of results indicates that there is a selective interaction 
between antagonists of DA D 

2
  and adenosine A 

2A
  receptors (see Fig.  23.1  for 

summary of results). Both systemic and local intra-accumbens injections of the ade-
nosine A 

2A
  receptor antagonist MSX-3 reversed the effects of intra-accumbens 

injections of the D 
2
  antagonist eticlopride on effort-related choice behavior (Farrar 

et al.  2010  ) , demonstrating that nucleus accumbens is an important brain site for this 
D 

2
 /A 

2A
  interaction. Moreover, these results from studies of effort-related choice 

behavior are consistent with the large body of evidence demonstrating that A 
2A
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antagonism can generally reverse the effects of D 
2
  antagonism across a wide range 

of behavioral procedures, including tasks that involve functions related to dorsal as 
well as ventral striatum (Correa et al.  2004 ; Ishiwari et al.  2007 ; Salamone et al. 
 2008 ; Betz et al.  2009  ) . The speci fi c nature of this interaction is possibly related to 
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  Fig. 23.1    Summary of results from studies employing the operant concurrent choice task, showing 
the ability of adenosine antagonists to reverse the effects of DA antagonists. This  fi gure shows the 
effect sizes ( R  2  values) that provide a marker of the magnitude of the reversal effect of each 
adenosine antagonist when co-administered with a DA antagonist. These calculations were per-
formed on the lever pressing data from published papers (   Salamone et al.  2009a,   b ; Nunes et al. 
 2010  ) , as well as unpublished data (Santerre 2011, unpublished masters thesis, University of 
Connecticut). These analyses were conducted by removing the vehicle plus vehicle control data, 
and calculating the  R  2  value for the four treatments that included a DA antagonist injection alone 
as well as the DA antagonist combined with an adenosine antagonist. With effect size calculations, 
the magnitude of the treatment effect is independent of the number of subjects, and is expressed as 
the proportion of total variance accounted for by treatment variance (for example  R  2  = 0.3 re fl ects 
30 % of the variance explained across experiments and measures; larger effect sizes mean greater 
reversal effects)       

 



50123 The Role of Adenosine in the Ventral Striatal Circuits Regulating Behavioral...

the pattern of cellular localization of adenosine A 
1
  and A 

2A
  receptors in striatal areas, 

including the nucleus accumbens (Fig.  23.2 ). As described above, adenosine A 
2A

  
receptors are located on enkephalin-positive striatal neurons that also express DA 
D 

2
  receptors. DA D 

2
  and adenosine A 

2A
  receptors are able to form heteromeric 

D1 D2
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Data from: Salamone et al., 2009; Worden et al., 2009;
Nunes et al., 2010; Santerre et al., in preparation

INTERACTION BETWEEN DA-ADENOSINE ANTAGONISTS.
LEVER PRESSING EFFECT SIZE (R2) FOR REVERSAL STUDIES

  Fig. 23.2    Anatomical diagram depicting the pattern of adenosine (A 
1
  and A 

2A
 ) and DA (D 

1
  and D 

2
  

family) receptor localization on medium spiny neurons in nucleus accumbens. See text for details. 
 mGP  medial globus pallidus,  epn  entopeduncular nucleus,  s. nigra  substantia nigra,  VTA  ventral 
tegmental area. Data from    Salamone et al.  2009a,   b ; Worden et al.  2009 ; Nunes et al.  2010 ;    Santerre 
et al.  2012  in preparation       
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complexes, in which the two receptors become linked and display alterations in 
their binding characteristics, and these receptors also converge onto the same 
cAMP-related signal transduction pathways. Thus, adenosine A 

2A
  antagonists may 

be highly effective at reducing the effort-related effects of DA D 
2
  antagonists 

because they reverse the basic cellular manifestations of D 
2
  blockade. Consistent 

with this suggestion, recent studies have employed c-Fos immunoreactivity to 
provide a cellular marker of the interaction between DA D 

2
  and adenosine A 

2A
  

receptors. These experiments have demonstrated that doses of adenosine A 
2A

  antag-
onists that are effective at reversing the actions of DA D 

2
  antagonists on effort-

related choice behavior also can reverse the D 
2
 -antagonist-induced enhancement of 

c-Fos expression in nucleus accumbens core (Farrar et al.  2010 ; Pardo et al.  2012  ) .    

    23.2.3   Behavioral Stimulant Actions of Adenosine A 
2A

  Receptor 
Antagonists: Studies of Operant Behavior 

 As reviewed above, adenosine A 
2A

  antagonists can reverse many of the behavioral 
effects of DA antagonists, including actions on instrumental behavior and effort-
related choice behavior. However, less is known about the effects of selective 
adenosine antagonists on operant behavior when these drugs are administered alone. 
A number of studies of the behavioral effects of adenosine antagonists in rodents 
have focused upon their ability to stimulate locomotor activity. Consistent with its 
classi fi cation as a minor stimulant, caffeine has been shown consistently to enhance 
locomotor activity in rats and mice (Garrett and Holtzman  1994 ; Daly and Fredholm 
 1998 ; Karcz-Kubicha et al.  2003 ; Antoniou et al.  2005  ) . In addition, adenosine A 

2A
  

antagonists, including istradefylline (KW6002), MSX-3, and SCH 58261, also have 
been shown to increase locomotion (Popoli et al.  1998 ; Antoniou et al.  2005 ; Collins 
et al.  2010  ) . The locomotor stimulant effects of A 

1
  antagonists reported in the litera-

ture appear to be more variable, and may vary depending upon the speci fi c drug; 
CPT has been shown in several studies to induce locomotion in rodents (Marston 
et al.  1998 ; Popoli et al.  1998 ; Karcz-Kubicha et al.  2003  ) , while DPCPX, which is 
more selective for A 

1
  receptors than CPT, generally does not stimulate locomotion 

(Marston et al.  1998 ; Collins et al.  2010  ) . 
 Although there are large number of studies of the effects of adenosine A 

2A
  

antagonists on locomotion, and there is a growing body of evidence indicating 
that these drugs can reverse the suppression of lever pressing induced by DA 
antagonism, little is known about the effects of adenosine A 

2A
  antagonists on 

operant behavior when they are administered in the absence of other drugs. One 
study reported that caffeine altered delay discounting, increasing choice of larger 
delayed rewards (Diller et al.  2008  ) , but the effects of more selective adenosine 
antagonists are unknown. In terms of response rates, low to moderate doses of 
MSX-3 and istradefylline were reported as not having much effect on lever pressing 
rates in rats responding on either an FR5 schedule (Farrar et al.  2007 ; Salamone 
et al.  2009b  )  or the FR10 component of a drug discrimination procedure (Justinova 
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et al.  2003  ) . Justinova et al.  (  2009  )  observed that high doses of MSX-3 and CPT 
(i.e., 30.0 mg/kg) could decrease lever pressing rates on the FR10 component of a 
drug discrimination task in rats trained to discriminate nicotine (Justinova et al. 
 2009  ) . However, in the behavioral pharmacology literature it is well known that 
the rate-enhancing effects of stimulant drugs depend greatly upon the baseline rate 
generated by the particular schedule of reinforcement (Dews  1955,   1958  ) . For 
example, with major stimulants such as amphetamine, enhanced rates of lever 
pressing are most clearly shown when animals are responding on schedules that 
generate low rates of responding (e.g.,  fi xed interval (FI) schedules), and response 
rates tend to be decreased when animals are responding on schedules that generate 
high baseline rates of responding (e.g., FR schedules; Dews  1958 ; Sanger and 
Blackman  1974  ) . Studies of the rate-dependent effects of caffeine have yielded 
mixed results, with some papers indicating that caffeine can produce rate-depen-
dent effects on operant responding (Davis et al.  1973 ; McKim  1980  ) , and others 
failing to  fi nd this result (Harris et al.  1978  ) . 

 Recent studies were undertaken to investigate the potential for rate-dependent 
stimulant effects of both selective and nonselective adenosine antagonists (Randall 
et al.  2011a  ) . Six adenosine antagonists with varying patterns of selectivity were 
assessed: two nonselective adenosine antagonists (caffeine and theophylline), two 
adenosine A 

1
  antagonists (DPCPX and CPT), and two adenosine A 

2A
  antagonists 

(istradefylline (KW6002) and MSX-3). In addition, two schedules of reinforcement 
were employed; a  fi xed interval 240-s (FI-240 s) schedule was used to generate low 
baseline rates of responding, and a  fi xed ratio 20 (FR20) schedule generated high 
rates. The methylxanthines caffeine and theophylline both produced rate-dependent 
effects on lever pressing, increasing responding on the FI-240 s schedule but 
decreasing responding on the FR20 schedule. However, the A 

2A
  antagonists MSX-3 

and istradefylline increased FI-240 s lever pressing but did not suppress FR20 lever 
pressing in the dose range tested. In fact, there was a tendency for istradefylline to 
increase FR20 responding at a moderate dose. In contrast to the effects of the 
adenosine A 

2A
  antagonists, the A 

1
  receptor antagonists DPCPX and CPT failed to 

increase lever pressing rate, although DPCPX did act to decrease FR20 responding 
at higher doses. The results of the Randall et al.  (  2011a  )  paper indicate that adenosine 
A 

2A
  antagonists enhance operant response rates, but A 

1
  antagonists do not. This 

pattern of results is consistent with the idea that nonselective and A 
2A

  selective 
adenosine antagonists have behaviorally activating or arousing effects, which mani-
fest themselves as increases in responding on schedules that generate low response 
rates, and which are consistent with the induction of locomotion by these drugs 
(Randall et al.  2011a  ) . 

 The stimulant effects of MSX-3 also have been studied using a progressive ratio 
(PROG)/chow feeding concurrent choice procedure, in which rats can press on a 
PROG schedule reinforced by presentation of preferred high-carbohydrate pellets, 
or, alternatively, can approach and consume a less preferred chow available in the 
chamber (Randall et al.  2011b  ) . The rat passes through each ratio level by completing 
15 ratios, after which the ratio requirement is incremented by one additional ratio 
(e.g., FR1 15 times, FR2 15 times, etc.). When chow is not present, rats typically 
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achieve an average ratio level of FR10-20. With chow present, a lower ratio is 
achieved (FR3-6), and the animals consume considerable chow (6–7 g). Thus, 
the rats eventually reach a point in the session at which the ratio value becomes too 
high, so they switch to less effort-requiring less preferred chow. Administration of 
MSX-3 increases PROG lever pressing and decreases chow intake. In contrast, the 
D 

2
  antagonist haloperidol decreases lever pressing (Randall et al.  2011b ; Pardo 

et al.  2011  ) .   

    23.3   Clinical Signi fi cance 

 As described above, adenosine A 
2A

  antagonists are capable of reversing the effects 
of DA antagonists in various tasks related to effort-related choice behavior. In addi-
tion to contributing to our understanding of the basic neural mechanisms involved 
in motivation, this research also has considerable clinical signi fi cance. Psychologists 
and psychiatrists have come to emphasize the importance of energy-related dys-
functions, such as psychomotor slowing, apathy, anergia, and fatigue, in major 
depression, parkinsonism, and other disorders (Tylee et al.  1999 ; Stahl  2002 ; 
Demyttenaere et al.  2005 ; Salamone et al.  2006 ; Treadway and Zald  2011  ) . Although 
anhedonia is often emphasized as a symptom of depression, many people with 
major depression have fundamental de fi cits in reward seeking, exertion of effort, 
and effort-related decision making that are over and above any problems that they 
have with experiencing pleasure (Treadway and Zald  2011  ) . Moreover, it has been 
argued that many apparent self-reports of depressed mood or anhedonia in depressed 
patients may stem from core de fi cits in activational aspects of motivation and effort-
related processes (Treadway and Zald  2011  ) . In patients with major depression, the 
severity of these psychomotor or energy-related symptoms is correlated with prob-
lems with social function, employment, and treatment outcomes (Tylee et al.  1999 ; 
Stahl  2002  ) . Energy-related symptoms are present in diverse disorders, including 
major depression, parkinsonism, organic brain disease, drug abstinence, and multiple 
sclerosis, and are thought to re fl ect a common set of dysfunctions (Caligiuri and 
Ellwanger  2000 ; Volkow et al.  2001 ; Salamone et al.  2006,   2009b ; Friedman et al. 
 2007 ; Tellez et al.  2008  ) , but the precise mechanisms underlying these symptoms 
remain unknown. Although the cardinal symptoms of Parkinson’s disease involve 
movement dysfunction, this disease also can be associated with non-motor symp-
toms including cognitive dysfunction, depression, and fatigue. Fatigue is a widely 
reported problem in many patients with idiopathic or drug-induced Parkinsonism 
(Friedman et al.  2007 ; Salamone et al.  2009b  ) . Fatigue symptoms are marked by 
subjective reports of a lack of energy, and also by changes in behavioral markers 
indicating reduced selection of high-effort activities (Friedman et al.  2007 ; Elbers 
et al.  2009  ) . The neural basis of the impaired effort-related function seen in depres-
sion is still being characterized; nevertheless, considerable evidence implicates 
central DA, basal ganglia, and related cortical mechanisms (Rogers et al.  1987 ; 
Rampello et al.  1991 ; Brown and Gershon  1993 ; Hickie et al.  1999 ; Caligiuri and 
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Ellwanger  2000 ; Volkow et al.  2001 ; Schmidt et al.  2001 ; Brody et al.  2001 ; 
Salamone et al.  2006,   2007 ; Tellez et al.  2008 ; Treadway and Zald  2011  ) . 

 Adenosine A 
2A

  antagonists are currently being studied for their potential as 
antiparkinsonian agents (Salamone et al.  2008 ; Salamone  2010  ) , but these com-
pounds also could be useful for treating symptoms of depression, particularly the 
effort-related symptoms. Adenosine A 

2A
  antagonists have been shown to have 

antidepressant-like effects in animal models (El Yacoubi et al.  2001,   2003 ; Minor 
et al.  2003,   2006 ; Cunha et al.  2008 ; Hodgson et al.  2009 ; Hanff et al.  2010  ) . 
Adenosine A 

2A
  antagonists can reverse the effects of IL-1 b  on forced swim test 

performance (Minor et al.  2003  ) , and can interact with interleukins in the regulation 
of reserpine-induced alterations in performance on the forced swim test (Hanff et al. 
 2010  ) . Because adenosine A 

2A
  antagonists are so effective at reversing the effects of 

DA antagonism on tasks related to behavioral activation and effort-related pro-
cesses, it has been suggested that these drugs could be useful for treating the moti-
vational symptoms of depression (Farrar et al.  2007 ; Salamone et al.  2007,   2009a, 
  b ; Mingote et al.  2008 ; Nunes et al.  2010 ; Randall et al.  2011a  ) . Future lines of 
translational research should focus on the potential utility of adenosine A 

2A
  antago-

nism as a treatment for the psychomotor slowing, anergia, and fatigue that are 
debilitating for patients with depression and other disorders.      
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  Abstract   Autism is characterized by impairments in social interactions, de fi cits in 
communication, and repetitive behaviors or stereotyped interests. People with 
autism also have an increased incidence of seizures, gastrointestinal disorders, sleep 
disruption, and psychological disorders such as anxiety and depression. Purine 
abnormalities have been associated with autism, but evidence has not typically 
linked purines to either the neurochemistry or behavioral hallmarks of the disorder. 
Here we review emerging and converging lines of evidence suggesting that a meta-
bolic increase in the in fl uence of the purine nucleoside adenosine has the potential 
to play a key role in reducing multiple behavioral and physiological symptoms of 
autism.  First , results from a questionnaire study of parents of children with autism 
indicated that stimuli and activities predicted to increase adenosine are observed to 
reduce symptoms of autism.  Second , a ketogenic diet—a high-fat, low-carbohydrate 
regimen used to treat epilepsy—can reduce electrographic seizures in mice via 
actions at adenosine A 

1
  receptors, and other research has shown that a ketogenic 

diet can improve symptoms of autism in children with autism and improve sleep in 
children with epilepsy. In animal studies, this established metabolic therapy has 
been shown to increase ATP levels and reduce levels of the intracellular adenosine-
metabolizing enzyme adenosine kinase, suggesting possible mechanisms for 
increased extracellular adenosine. While the number of studies investigating each 
of these areas is limited to date, accumulating evidence suggests that metabolic 
strategies to increase adenosine could address some of the core and comorbid symp-
toms of autism. Further research is needed.  
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    24.1   Autism Spectrum Disorders: Core Symptoms, 
Prevalence, and Classi fi cation 

 Autism encompasses pervasive developmental disorders characterized by impairments 
in reciprocal social interactions and communication skills, along with the presence 
of restricted, stereotyped, and repetitive behaviors and interests (Buitelaar and 
Willemsen-Swinkels  2000  ) . There is signi fi cant variability in the severity of autism 
spectrum disorders (ASDs), with IQs ranging from the severely impaired to the 
gifted range. ASD is more common in boys than in girls (average reported ratio of 
4:1) and associated with mental retardation in up to 75 % of cases (Buitelaar and 
Willemsen-Swinkels  2000 ; Fombonne  2005  ) . 

 The ASDs comprise three primary diagnoses: Autistic Disorder (“classic autism”), 
Pervasive Developmental Disorder—Not Otherwise Speci fi ed (PDD-NOS, sometimes 
known as “Autism Lite”), and Asperger’s Disorder. Other developmental disorders on 
the spectrum, Child Disintegrative Disorder and Rett Syndrome (found exclusively in 
girls), are far less common but share some features of ASDs. Although these disorders 
vary in severity as well as physiological and developmental aspects, they share similar 
behavioral manifestations. In particular, the diagnostic criteria for ASD are classi fi ed 
into three major categories: qualitative impairments in reciprocal social interactions, 
qualitative impairments in verbal and nonverbal forms of communication, and stereo-
typed repetitive patterns of behavior (American Psychiatric Association  2000  ) . 
Table  24.1  shows common symptoms in these primary categories.  

 According to data from the Center for Disease Control and Prevention’s Autism 
and Developmental Disabilities Monitoring Network (2006), 1  ASD affects 

   1   National Institute of Mental Health: Autism.   http://www.nimh.nih.gov/statistics/1AUT_CHILD.
shtml    . Accessed 1/31/2012.  

   Table 24.1    Behavioral symptoms of autistic disorder as listed in the DSM-IV   

 Primary category  Examples 

 Impairments in social interactions  Lack of eye contact 
 Failure to develop relationships with others 
 Lack of social or emotional reciprocity 

 Impairments in communication  Delayed development or a complete lack of language 
 Inability to initiate or sustain conversation 
 Stereotyped repetitive use of language 

 Stereotyped repetitive behavior  In fl exible adherence to routines or rituals 
 Preoccupation with objects of interest 
 Stereotyped and repetitive motor movements 

http://www.nimh.nih.gov/statistics/1AUT_CHILD.shtml
http://www.nimh.nih.gov/statistics/1AUT_CHILD.shtml
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approximately 1 in 110 children (91 in 10,000; see also Lord  (  2011  ) ). Although the 
reported rates of ASD have increased steadily in the past  fi ve decades (from 4.5 in 
10,000 in 1966, according to Lotter  (  1966  ) ), it is still unclear whether these repre-
sent secular increases and/or changes in surveillance. A recent study evaluating an 
entire community of 7–12 year-olds in Seoul, South Korea, found a startling inci-
dence of 1 in 38; the signi fi cantly higher prevalence appeared to be largely because 
of high-functioning children in normal classrooms who were undiagnosed previously 
(Kim et al.  2011  ) , suggesting actual increases through diagnostic procedures. 
However, a recent epidemiological study in England examining data from over 
7,000 individuals in eight different age groups, strati fi ed by decade, indicated that 
there was no change in rates over time (Brugha et al.  2011  ) . These data support the 
possibility that changes in diagnostic criteria and greater public awareness may be 
primary contributors to reported changes in prevalence rates (Anonymous  2010  ) . 

    24.1.1   Physiological and Behavioral Symptoms 
Associated with Autism 

 In addition to core diagnostic symptoms, children with autism tend to manifest 
multiple other behavioral, physiological, and structural abnormalities (Levy et al. 
 2010  ) . Behavioral dif fi culties are likely related to core features of autism (e.g., 
obsessiveness, perseveration), sensory abnormalities, or other comorbid symptoms 
(e.g., self-injury, aggression). Neurological problems, such as epilepsy and sleep 
disturbances, and psychological disorders including depression and anxiety, are 
also prevalent in autism (Canitano  2007 ; Gurney et al.  2006 ; Newschaffer et al.  2007 ; 
Polimeni et al.  2005  ) . In addition, compared to an unaffected population, individuals 
with autism tend to suffer from macrocephaly (Fidler et al.  2000  ) , immunological 
abnormalities (Goines and Van de Water  2010 ; Weizman et al.  1982  ) , gastrointes-
tinal problems (Horvath et al.  1999  ) , and food and skin allergies (Gurney et al. 
 2006  ) . Recent structural and functional magnetic resonance imaging studies have 
consistently documented neurological changes including reduced volume of white 
matter tracts (Bode et al.  2011  )  such as the corpus callosum (Egaas et al.  1995  )  and 
decreased functional connectivity during cognitive tasks (e.g., Gepner and Deruelle 
 2008 ; Just et al.  2004 ; Kana et al.  2006 ; Mostofsky and Ewen  2011 ; see Eigsti and 
Shapiro  (  2003  )  for review).  

    24.1.2   Causes of Autism 

 In most cases, the cause of autism remains unknown, although there are several 
genetic and environmental factors considered likely to contribute to the pathology 
of ASD (Buitelaar and Willemsen-Swinkels  2000 ; Libbey et al.  2005  ) . Twin studies 
have revealed concordance rates of 36–95 % in monozygotic twins and relative 
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discordance in dizygotic twins (Folstein and Rutter  1977 ; Ritvo et al.  1985 ; Ronald 
and Hoekstra  2011  ) . Although no single gene has been identi fi ed (Veenstra-
VanderWeele and Cook  2004  ) , a recent detailed study found copy number varia-
tions (CNVs) of several candidate genes in a linkage locus region on chromosome 
7 called AUTS1 (Maestrini et al.  2010  ) ; recent work has suggested that CNVs are the 
primary genetic risk factor. Overall, however, a known genetic or structural disorder 
associated with autism explains only a minor part of the autistic population, possi-
bly 10 % of all cases (Bailey et al.  1996  ) . 

 Because of the known genetic association, many studies have searched for poten-
tial autism susceptibility genes, including genes involved in purine metabolism. 
In particular, a genetic polymorphism in adenosine deaminase (ADA) was investi-
gated as a potential candidate for an autism susceptibility gene. ADA is a polymor-
phic enzyme with two codominant allelic forms which have different levels of 
activity (   Battistuzi et al.  1981  ) . In terms of in fl uencing central nervous system (CNS) 
activity, ADA deaminates adenosine to inosine—thus reducing available adenos-
ine—but there is evidence that it may also enhance adenosine binding at the widely 
distributed high-af fi nity inhibitory adenosine A 

1
  receptor (A 

1
 R; Ciruela et al.  1996  ) . 

The relative in fl uence of these two mechanisms on synaptic transmission is unknown. 
Two studies of autistic subjects of Italian descent found an increased incidence of the 
less active ADA form (Bottini et al.  2001 ; Persico et al.  2000  ) , whereas a study of 
autistic subjects in North America did not  fi nd any differences (Hettinger et al.  2008  ) . 
Therefore, the role of ADA polymorphism in autism pathology remains unclear. 
Also related to genetic changes in adenosine signaling, a recent study by Freitag 
et al. suggested a link among adenosine A 

2A
  receptor (A 

2A
 R) variant ADORA2A, 

increased anxiety, and autistic symptoms in ASD (Freitag et al.  2010  ) . 
 Purine metabolism disturbances have been implicated in the pathogenesis of autism. 

In addition to an early report connecting autistic symptoms to increased de novo purine 
synthesis (Nyhan et al.  1969  ) , Page and Coleman found a fourfold increase in de novo 
purine synthesis and a decreased ratio of adenine to guanine in a small sample of autis-
tic subjects with increased excretion of uric acid. The exact enzyme defect in purine 
metabolism, however, was not identi fi ed (Page and Coleman  2000  ) . As noted above, 
further studies will be necessary to elucidate whether changes in purine metabolism 
and corresponding genetic variants contribute to pathogenesis of ASD. 

 Currently there is evidence that environmental factors are likely to be involved in 
the epidemiology of autism. Although indirect evidence (e.g., from twins; Gardener 
et al.  2009 ; Hallmayer et al.  2011 ; Newschaffer  2006  )  has suggested a role for 
environmental exposures to toxins such as metals, teratogens, perinatal insult, and 
prenatal infections such as rubella and cytomegalovirus, these account for few 
cases (Muhle et al.  2004  ) . Speci fi cally considering metabolism as an environmental 
factor, a recent preliminary report—part of the Child Autism Risks from Genetic 
and the Environment (CHARGE) initiative—noted that diabetes, maternal obesity, 
or gestational/type II diabetes during pregnancy were found to be associated with a 
higher incidence of autism (Krakowiak et al.  2011  ) . These initial  fi ndings suggest 
that research should continue to examine the role of metabolic factors and mito-
chondrial dysfunction in ASD. 
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 The aggregate contributions of epigenetic changes to ASD are not well understood 
but the possibilities are staggering. Epigenetic mechanisms integrate environmental 
and genetic factors, and help explain the relatively limited success in  fi nding clear 
genetic causes for autism despite known genetic susceptibility. Regarding purines, 
and speci fi cally adenosine, one epigenetic mechanism potentially linking adenosine 
to autism is altered DNA methylation and thus altered gene expression. Changes in 
DNA methylation, particularly in X-linked genes, have been postulated to account 
for autism’s sporadic occurrence and its prevalence in males (Jones et al.  2008  ) . 
Children with autism were determined to have a reduced ratio of  S -adenosylmethionine 
(SAM) to  S -adenosylhomocysteine (SAH), an indicator of methylation capacity 
(James et al.  2006  ) . Previously, changes in the adenosine system have been shown 
to produce epigenetic changes: a loss of adenosine kinase, the main adenosine-
regulating enzyme in the CNS, has been shown to alter DNA transmethylation 
in vivo (Boison et al.  2002  ) .  

    24.1.3   Neurochemistry and Autism 

 It is widely believed that disparate factors which cause autism result in ongoing 
neurochemical changes in the brain. A wide array of neurotransmitter systems has 
been studied, including serotonin, dopamine, norepinephrine, acetylcholine, oxyto-
cin, endogenous opioids, cortisol, glutamate, and gamma-aminobutyric acid 
(Lam et al.  2006  ) . While many results have been compromised by small sample sizes 
and a lack of appropriate comparison samples,  fi ndings to date suggest little support 
for a role of neurotransmitter differences in the symptoms or etiology of ASD. 

 One notable exception is the serotonin system, in which differences have consis-
tently been found in individuals with ASD. Serotonin is involved in regulating mood, 
eating, body temperature, pain sensitivity, hormone release, and general arousal levels. 
Over 30 % of subjects with ASD exhibit elevated blood concentrations of serotonin 
(for review see Buitelaar and Willemsen-Swinkels  (  2000  ) ). However, the importance 
of hyperserotonemia is unknown. To date, it has not been linked to speci fi c social or 
communicative de fi cits in ASD, or to repetitive behaviors (Cook et al.  1990 ; Cuccaro 
et al.  1993  ) ; furthermore, hyperserotonemia is linked to multiple medical and neurop-
sychiatric disorders (see Lam et al.  (  2006  )  for discussion). 

 To date there is some limited evidence for the role of the noradrenergic system in 
ASD (Beversdorf  2010  ) ; animal studies indicate that the dopaminergic system could 
be involved in hyperactivity and stereotyped behavior common in autism. Related to 
this, abnormalities in monoamine oxidase, particularly monamine oxidase A, have 
been considered (Yoo et al.  2009  ) , with consequent effects on multiple monoamine 
transmitters. Other lines of evidence suggest that there could be decreased GABAergic 
or enhanced glutamatergic transmission (Fatemi et al.  2009 ; Purcell et al.  2001  ) . 

 Beyond classical transmitters, oxytocin has been implicated in the symptomatology 
of autism. Whereas children with autism tend to have signi fi cantly lower levels 
of oxytocin in plasma compared to controls, adults with autism have higher levels of 
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oxytocin than controls (Bartz and Hollander  2008  ) . Excessive opioid system activity 
in the brain has been hypothesized to contribute to the social impairments character-
istic of autism. Despite these and other hypotheses regarding underlying neuro-
chemistry, there is currently no biologically validated neurochemical explanation 
for symptoms of ASD. Medications can be prescribed to treat some of the comorbid 
physiological and behavioral features, including depression, anxiety, aggression, 
hyperactivity/impulsivity, seizures, or sleep problems (Findling  2005  ) . Studies estimated 
that 46.7 % of autistic children and adolescents (Witwer and Lecavalier  2005  )  and 
around 60 % of autistic adolescents and adults (Esbensen et al.  2009  )  were taking at 
least one psychotropic medication. Even though psychotropic drugs remove some 
of the hindrances to other therapeutic efforts, they are also associated with adverse 
side effects such as fatigue, irritability, abnormal involuntary movements, or weight 
gain (Esbensen et al.  2009 ; Witwer and Lecavalier  2005  ) . There are  no  current phar-
macological treatments which address the core symptoms of ASD.  

    24.1.4   Metabolism and Autism 

 Gastrointestinal problems and metabolic disturbances appear to be closely related to 
ASD. Recent reviews have highlighted mitochondrial dysfunction and metabolism 
as underlying multiple aspects of ASD (   Frye and Rossignol  2011 ;    Rossignol and 
Frye  2012  ) . In addition, there are several known metabolic impairments associated 
with autistic symptoms. These include phenylketonuria, adenylosuccinate lyase 
de fi ciency, histidinemia, or hyperuricosuric autism    (Page and Coleman  2000  ) . The 
incidence of other metabolic abnormalities, including food allergies (Gurney et al. 
 2006  ) , and the fact that about 40–70 % of children with autism tend to suffer from 
gastrointestinal problems, such as chronic diarrhea or constipation (Valicenti-
McDermott et al.  2006 ; Wang et al.  2011  ) , suggest that some types of ASD may be 
treated with dietary and/or metabolic approaches. 

 In the past few decades, several diets have been described in terms of their effects 
on symptoms of autism, including the gluten-free, casein-free diet, speci fi c carbo-
hydrate diet, body ecology diet, or ketogenic diet (Srinivasan  2009  ) . A survey by 
Witwer and Lecavalier (Witwer and Lecavalier  2005  )  estimated that 15.5 % of 
autistic children or adolescents were on a modi fi ed diet for treatment of autism. 
Overall, these strategies have yielded disappointing or, at best, mixed results. 

 The most prominent type of diet attempted as a treatment for autism is the gluten-
free, casein-free diet. The diet addresses the possibility that undigested opioid 
peptides may pass into the CNS and alter behavior (Srinivasan  2009  ) . Initially 
promising results from a single blind study by Knivsberg et al.  (  2002  )  showed some 
improvements after 1 year of treatment in 20 children with autism. However, a bet-
ter-controlled double-blind placebo-controlled clinical trial showed no statistically 
signi fi cant  fi ndings in 15 children over 12 weeks (Elder et al.  2006  ) . Thus, speci fi c 
aspects of this dietary regimen have not been supported. 

 Taken as a whole, the gluten-free, casein-free diet and other diets intended for 
treatment of autism are not supported by empirical evidence. Exceptions in the case of 
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the ketogenic diet are discussed in detail below. Nevertheless, data from families with 
a variety of developmental disorders indicate signi fi cant enthusiasm for alternative 
and complementary therapies and interventions, and factors such as (1) characteristics 
of alternative practitioners and (2) increased invasiveness and costs of intervention 
contribute to greater adoption of these therapies. Because of the naturally waxing and 
waning course of ASD, and because many families make use of multiple interventions 
simultaneously, it is dif fi cult to distinguish between change(s) due to one speci fi c 
intervention versus another, and change(s) that is part of a broader developmental 
trajectory (see Levy and Hyman  2008  for review). Nevertheless, more targeted 
and hypothesis-driven metabolic therapies may offer some promise in ASD. 

 Recently the adenosine system has been considered as a possible therapeutic 
target for reducing symptoms of autism, and dietary and metabolic approaches may 
be particularly promising (Masino et al.  2009,   2011a,   b ; Ghanizadeh  2010 ; Lara  2010 ; 
Ribeiro and Sebastião  2010  ) . Adenosine is a purine nucleoside, involved in metabo-
lism, neuronal signaling, and gene regulation, and can be considered a homeostatic 
bioenergetic network regulator in the CNS (Boison et al.  2011  ) . As described below, 
and illustrated in Fig.  24.1 , we believe that targeting the adenosine system with 
metabolic approaches is a hypothesis-driven strategy which can ameliorate multiple 
core and comorbid symptoms of ASD.    

    24.2   Purines and Autism 

 Multiple reports over several decades have noted purine abnormalities associated 
with autism diagnoses (Bottini et al.  2001 ; Marie et al.  2002 ; Nyhan et al.  1969 ; 
Page and Coleman  2000  ) . Uric acid is the end product of purine metabolism, and a 
high proportion of children diagnosed with autism excrete excessive uric acid in 
their urine; estimates range from 11 to 28 % (Coleman et al.  1976 ; Rosenberger-
Debiesse and Coleman  1986  ) . These purine abnormalities have not been linked 
directly to neural mechanisms underlying core symptoms of the disorder, and this 
aspect of autism has not been exploited for practical clinical bene fi ts. Here we do 
not catalogue purine abnormalities in ASD, nor do we attempt to prove underlying 
purine or adenosine dysregulation as a metabolic underpinning of the core symptoms 
of ASD. Rather, we outline potential clinical bene fi ts for purines, and particularly 
adenosine, for multiple core symptoms and serious comorbidities in autism. 

    24.2.1   Physiological and Behavioral Evidence 
of Decreased Adenosine 

 Adenosine is found throughout the extracellular space of the CNS and acts via G 
protein-coupled receptors. Acting at A 

1
 Rs, adenosine is an endogenous antiseizure 

molecule (Dunwiddie  1999  ) . In general, adenosine is a sleep-promoter, and antago-
nizing adenosine receptors with caffeine has known psychomotor effects (Burnstock 
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et al.  2011  ) . Notably, people with autism have an increased incidence of epilepsy 
and/or abnormal EEG, and tend to suffer from poor sleep (Malow  2004  ) . Thus it is 
likely that at least a subset of serious comorbidities of autism—sleep disruption, 
increased incidence of seizures, and perhaps anxiety as well—could bene fi t from 
increased adenosine or altered actions at A 

1
 R or A 

2A
 R subtypes (Freitag et al.  2010 ; 

Masino et al.  2011a,   c  ) . Based on animal research, core symptoms such as perseverative 
behavior may also be reduced by increasing adenosine (Tanimura et al.  2010  ) .  

    24.2.2   A Parental Questionnaire Investigating a Link 
Between Adenosine and Autism 

 Our group conducted an exploration into the relationship between adenosine and 
autism via a customized questionnaire offered to parents included in a national 
autism database. Over 2,000 parents with a child with a con fi rmed autism diagnosis 
were invited to participate. This questionnaire focused speci fi cally on core symp-
toms of autism in their child, and queried whether these symptoms improved, did 
not change, or worsened relative to stimuli predicted a priori to increase, or decrease/
have no effect on adenosine. After validation and analysis of responses, the set of 
stimuli predicted to increase adenosine was associated with the most positive impact 

  Fig. 24.1    Common comorbidities of autism, such as disrupted sleep, anxiety, seizures, and repetitive 
behaviors, would be expected to be reduced by an increased in fl uence of adenosine. Adapted from 
Masino et al.  (  2011c  ) . Available from   http://www.intechopen.com/articles/show/title/adenosine-
and-autism-recent-research-and-a-new-perspective           
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on symptoms of autism, and this effect was highly signi fi cant. The relationship 
between increased adenosine and decreased symptoms of autism held across all 
developmental ages    (2–18 years old) (Masino et al.  2011a  ) . 

 Limitations of this approach are that the questionnaire relied on parent report, 
and could not correlate changes in behavior directly with changes in adenosine. 
Because the data were indirect and somewhat noisy we did not have suf fi cient 
power in our  fi nal data set to separately analyze individual behaviors. Some of 
these limitations were unavoidable: adenosine measurements in blood, urine, etc. 
are not informative, and invasive manipulations or measurements are neither practi-
cal nor ethically justi fi ed at this time. A future study could however be designed 
with more power and thus more speci fi city in the analyses. 

 The strengths of this approach are that all parents were naïve to study hypotheses, 
and all stimuli were predetermined regarding their predicted effects on adenosine. 
Furthermore, it is the  fi rst study to make a link between the neuromodulator 
adenosine and core symptoms of autism. Overall, these results comport with 
previous  fi ndings which each found that a subset of these stimuli reduced core and 
comorbid symptoms of autism (Edelson et al.  1999 ; Franke et al.  2006 ; Goldman 
et al.  2010  ) . Regardless of whether or not a dysregulation in adenosine is measur-
able in persons with ASD, increasing adenosine would still seem to offer bene fi ts. 
Decades of animal research have provided consistent proof-of-concept for adenosine-
based therapeutic approaches for multiple neurological disorders (i.e., pain, brain 
injury, stroke, epilepsy; (Lopes et al.  2011  ) ). 

 Typically, adenosine-based drug development has targeted adenosine receptors 
or enzymatic removal of adenosine; thus far this approach has not yielded success 
in the form of an approved pharmacological option. One notable exception is the 
development of adenosine A 

2A
 R antagonist-based approaches for Parkinson’s disease 

(Schwarzschild et al.  2006  ) , yet these have also not been approved to date. 
Nevertheless, based on accumulated evidence for physiological and metabolic 
stimuli that increase adenosine in the CNS (Edelson et al.  1999 ; Franke et al.  2006 ; 
Goldman et al.  2010 ; Kawamura et al.  2010 ; Masino et al.  2011b  ) , there may be 
opportunities to mobilize increased adenosine, either acutely or perhaps chronically. 
Respectively, these stimuli could offer short- or long-term reductions in or relief 
from multiple symptoms, and perhaps enhance possibilities for targeted learning 
and improved management of ASD symptoms.  

    24.2.3   Ketogenic Diet, Adenosine, and Autism 

 Increasingly, metabolic dysfunction is recognized as a key component of neurological 
dysfunction; autism is no exception. However, metabolic therapies for the most part 
remain in their infancy as a treatment option. Notable exceptions include highly 
successful metabolic therapies for speci fi c inborn errors of fatty acid or amino acid 
metabolism, such as phenylketonuria, and for hypercholesterolemia (Collins and 
Leonard  1985  ) . Another exception, in use for over 90 years, and applied more 
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broadly (either with or without a speci fi c metabolic indication) is ketogenic diet 
therapy for epilepsy. Recent work described below has started to link a ketogenic 
diet to increased actions of adenosine in the nervous system. This emerging work 
suggests that a ketogenic diet has signi fi cant promise in treating ASD. 

 The ketogenic diet is a high-fat, low-carbohydrate formula which has been in use 
primarily for pediatric epilepsy. It is also considered the therapy of choice for 
glucose transporter-1 de fi ciency (Harris et al.  2008 ; Ito et al.  2011  ) . In the absence 
of such a speci fi c metabolic indication in epilepsy, it is often considered only as a 
last resort—after a child has failed two or more drugs. Nevertheless, it is consistently 
a highly effective treatment: more than 50 % of patients experience more than a 
50 % reduction in seizures; a signi fi cant subset become seizure free and can discon-
tinue the diet (and medication) after 6 months to 2 years of treatment (Keene  2006 ; 
Martinez et al.  2007  ) . Perhaps most importantly, the ketogenic diet can sometimes 
resolve seizures that are refractory to all drugs available. This is particularly relevant 
for autism due to (1) the high comorbidity between epilepsy and autism: a conserva-
tive estimate is 25 % (Canitano  2007 ; Spence and Schneider  2009  ) , and (2) the 
enormous treatment gap: children co-diagnosed with ASD and refractory epilepsy 
tend to have a seizure disorder of increased severity and suffer with particularly 
poor treatment outcomes (Sansa et al.  2011  ) . 

 As described previously, it has been suggested that gene defects or environmen-
tal in fl uences may result in metabolic dysfunctions that can eventually cause 
behavioral abnormalities associated with ASD, and different types of restrictive 
diets, including a ketogenic diet, have been utilized in attempting to treat autism 
and related disorders. As outlined below, currently there are few studies regarding 
the effects of ketogenic diets on autistic behavior; nevertheless, results appear 
consistently promising thus far. 

 Rett syndrome is a speci fi c type of ASD. Unlike typical gender ratios of 4:1 
boys:girls in autism, Rett syndrome speci fi cally affects girls. It presents with demen-
tia, repetitive hand movements, lack of speech, and severe seizures (Haas et al. 
 1986  ) . Thus far there have been very positive results with vastly improved seizure 
control in two reports of children with Rett syndrome placed on the ketogenic diet 
(Haas et al.  1986 ; Liebhaber et al.  2003  ) . In one of these studies the ketogenic diet 
appeared to improve behavior, sociability, and mood in  fi ve out of seven children 
(Haas et al.  1986  )  and six out of seven gained weight (a positive effect; previously 
their weights were below the 5th percentile). The other report, a case study, also 
noted behavioral improvements (Liebhaber et al.  2003  ) . Complementing these clin-
ical studies of positive effects of the ketogenic diet in children with Rett syndrome, 
a study by Mantis et al.  (  2009  )  described improvements in emotional withdrawal 
and hesitance and also a reduction in anxiety in the MeCP2 308/y  mouse model of Rett 
syndrome when fed a calorically restricted ketogenic diet. The positive effects in 
this mouse study were determined to depend on caloric restriction. 

 There has been only one prospective study investigating whether the ketogenic 
diet affects behavior of children with autism. This pilot study by Evangeliou et al. 
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 (  2003  )  was conducted on 30 children 4–10 years old. Rather than the standard 
ongoing diet administration typical for pediatric epilepsy (Neal et al.  2008  ) , the diet 
was applied intermittently for 6 months; the parents were asked to evaluate their 
child’s behavior using the Childhood Autism Rating Scale. Of the group that main-
tained the diet (18 of 30 children = 60 %), two children reported a signi fi cant 
improvement (>12 units on the scale), eight patients an average improvement (8–12 
units), and eight children a mild improvement (2–8 units). Recently an online 
survey of epilepsy treatments in patients with autism and epilepsy noted that the 
ketogenic diet appeared to improve seizures as well as other clinical factors such as 
sleep, communication, attention, mood, and behavior (Frye et al.  2011  ) . Taken 
together, the results of these studies suggest that the ketogenic diet could potentially 
be used as a new therapeutic option for children with autism.  

    24.2.4   Ketogenic Diet and Adenosine 

 Recent research in vitro and in vivo suggests that a ketogenic diet may reduce 
seizures by chronically increasing the in fl uence of adenosine acting at the A 

1
  recep-

tor subtype (Kawamura et al.  2010 ; Masino et al.  2011b  ) . An in vitro electrophysi-
ological study mimicking the key aspects of ketogenic diet metabolism in 
hippocampal area CA3 showed that suf fi cient or high intracellular ATP and reduced 
extracellular glucose leads to adenosine-based inhibition (Kawamura et al.  2010  ) . 
The reduced glucose activated ATP release via pannexin channels, and ATP was 
then dephosphorylated into adenosine. Adenosine activated A 

1
 Rs leading to opening 

of K +  channels and membrane hyperpolarization/reduced excitability. 
 In an in vivo study using transgenic adenosine kinase-overexpressing mice 

(which exhibit spontaneous electrographic seizures in hippocampus), a ketogenic 
diet reduced seizure frequency by roughly 90 % and shortened seizure duration by 
almost 50 %, effects that were reversible by systemic injection of either glucose or 
an A 

1
 R antagonist, suggesting that the ketogenic diet enhances adenosine levels and 

that its effects depend on reduced glucose levels (Masino et al.  2011b  ) . In addition, 
in another transgenic mouse—with spontaneous electrographic seizures due to dele-
tion of A 

1
 Rs—the ketogenic diet was totally ineffective against seizure activity 

(Masino et al.  2011b  ) . Thus genetic manipulations demonstrate that reduced ade-
nosine, and thus reduced activation of A 

1
 Rs, leads to CNS hyperexcitability—as 

expressed by spontaneous electrographic seizures. Furthermore, this study provides 
genetic, pharmacologic, and metabolic evidence that the ketogenic diet promotes 
adenosinergic inhibition via A 

1
 Rs, possibly through the autocrine mechanism 

described above (Kawamura et al.  2010  ) . This CNS regulation has a potential to 
increase seizure threshold and promote neuronal survival and homeostasis not only 
in epilepsy but also in other conditions, such as various types of brain injuries, 
in fl ammatory and neuropathic pain, behavioral disorders—such as autism, and neu-
rodegenerative disorders (Masino et al.  2009  ) . 
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 To expand on this further, these insights into metabolic regulation of A 
1
 R activity 

could offer signi fi cant potential in treating autism. It is a hypothesis-based meta-
bolic approach with speci fi c expected effects on an array of core and comorbid 
symptoms of autism. As noted above, Masino et al.  (  2011a  )  focused exclusively on 
the relationship between adenosine and autism based on core symptoms quanti fi ed 
via a customized questionnaire. Regarding symptoms comorbid with autism, ade-
nosine is well established as an anticonvulsant, a sleep-promoter, and an anxiolytic. 
While ketogenic diets can have side effects (see Table  24.2 ), and are certainly less 
convenient than typical pharmacotherapy, peripheral side effects typically associ-
ated with adenosine—reduced heart rate, reduced blood pressure, reduced tempera-
ture—are not typically prohibitive side effects with ketogenic diets.   

    24.2.5   Summary of Published Research 

 Table  24.2  summarizes the published connections among adenosine, autism, and 
the ketogenic diet. We compiled research on ten major symptoms associated with 
autism, including repetitive behavior, sleep, anxiety, immune system de fi ciencies, 
and gastrointestinal problems—to determine if there was any published evidence 
relating these symptoms to the ketogenic diet and adenosine. Overall, diverse clini-
cal research suggests that the ketogenic diet can improve behavior, cognition, mood, 
or social life; this compilation of published literature in Table  24.2  suggests strongly 
that many diverse symptoms of autism could be treated with the ketogenic diet, 
perhaps due in part to its effects on adenosine.   

    24.3   Conclusions and Implications 

 At this time, physiological and metabolic treatments that increase adenosine should 
be taken seriously as part of an emerging, hypothesis-driven approach for reducing 
core and comorbid symptoms of autism. Short-term physiological strategies may 
offer bene fi ts, which, while temporary in their effects on adenosine, may open an 
improved window of opportunity for learning, sleep, and similar positive outcomes 
with few drawbacks. By inducing an increase in A 

1
 R activity, the ketogenic diet 

may offer broad therapeutic possibilities. Overall, the ketogenic diet has known 
bene fi ts for epilepsy, there is some evidence for bene fi ts in autism, and the common 
side effects of this diet are minor, short term, or rare with good medical manage-
ment. Thus, the ketogenic diet is a well-established pediatric therapy which—under 
medical supervision—could be considered for children with autism, and may be 
particularly useful in children with comorbid autism and epilepsy.      
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  Abstract   This chapter reviews the role of adenosine in stress-induced behaviors 
such as fatigue and behavioral depression, as characterized by the state of conservation-
withdrawal. Evidence is provided that adenosine A 

2A
  receptors mediate these behaviors 

as seen in a variety of animal models of depression: learned helplessness, behavioral 
despair, reserpine-induced depression, sickness behavior, and cytokine-induced 
behavioral depression. A 

2A
  receptors are colocalized with dopamine D 

2
  receptors on 

the indirect pathway of the striatum where they modulate the binding af fi nity of 
dopamine to the D 

2
  receptor. The striatum is segregated into functionally distinct 

regions, ranging from control of sensorimotor behaviors in the dorsal striatum to 
the motivational aspects of ongoing behavior in the ventral striatum. Preliminary 
evidence suggests that adenosine A 

2A
  receptors in the core of the ventral striatum 

mediate behavioral depression in the learned helplessness paradigm. Activation of 
A 

2A
  receptors in this region blocks the dopaminergic signal from the ventral tegmen-

tal area, resulting in the uncoupling of motivation from ongoing behavior.  

  Keywords   Adenosine A 
2A

  receptor  •  Behavioral depression  •  Conservation-
withdrawal  •  Dopamine D 

2
  receptor  •  Indirect pathway  •  Learned helplessness  

•  Striatum  •  Traumatic stress      

 The discovery of the adenosine receptor and its eventual link to action of methylx-
anthine stimulants (Sattin and Rall  1970 ; Snyder et al.  1981  )  foreshadowed a 
signi fi cant role of this signaling mechanism in behavior, particularly in fatigue-like 
processes. Caffeine and theophylline, the active ingredients in coffee and tea, 
respectively, are widely used to elevate mood, combat fatigue, and reverse the 
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effects of sleep. These compounds derive their stimulant properties by acting as 
nonselective antagonists at brain adenosine receptors. 

 Adenosine signaling is closely linked to cellular energy homeostasis (Fredholm 
and Dunwiddie  1988 ; Newby  1984 ; Meghji  1991 ; Phillis et al.  1987 ; Stone  1981 ; 
Van Wylen et al.  1986  ) . The process is engaged whenever the rate of ATP (adenosine 
triphosphate) utilization exceeds the rate of synthesis. In brain neurons, this type of 
imbalance in the energy supply/demand ratio can result from excessive neural 
activation or from a shortage in brain glucose or oxygen. The nucleoside is produced 
in nanomolar concentrations as cellular work increases via  S -adenosyl- l -
homocysteine (SAH) metabolism and is extruded into extracellular space via 
bidirectional transporters (Geiger and Fyda  1991 ; Parkinson et al.  2011  ) . Adenosine 
also can be rapidly hydrolyzed from extracellular nucleotides by a family of 
ectonucleotidases (Vorhoff et al.  2005  ) . Extracellular adenosine acts as an energy-
dependent neuromodulator of several functions in the brain, including neuronal 
viability, neuronal membrane potential, propagation of action potentials, astrocytic 
functions, microglia reactivity, primary metabolism in both neurons and astrocytes, 
and blood  fl ow (Fredholm et al.  2005 ; Sebastião and Ribeiro  2000  ) . 

 Adenosine exerts its homeostatic and regulatory actions by interacting with four 
G-protein coupled stereospeci fi c receptors: A 

1
 , A 

2A
 , A 

2B
 , and A 

3
  (see Haas and 

Selbach  2000 ; Phillis  2004  for reviews). A 
1
  receptors are widely distributed in the 

brain and mediate adenosine’s inhibitory actions by coupling with a G 
i
  protein that 

inhibits adenylyl cyclase (Linden  1991  ) . A 
2
  receptors mediate adenosine’s excit-

atory actions by coupling a G 
s
  protein that excites adenylyl cyclase (Bruns et al. 

 1986 ; Sebastião and Ribeiro  1996  ) . The A 
2B

  subtype is a low-af fi nity receptor that 
is widely distributed in most brain regions. The high-af fi nity A 

2A
  subtype has a 

much more limited distribution, being localized primarily on enkephaline-containing 
GABAergic neurons in the striatopallidal tract of the striatum (Calon et al.  2004 ; 
Svenningsson et al.  1999  ) . Limited concentrations of A 

2A
  receptors also are found 

in the thalamus (Ishiwata et al.  2005 ; Mishina et al.  2007 ; Weaver  1993  ) , nucleus 
tractus solitarius (Castillo-Meléndez et al.  1994 ; Scislo and O’Leary  2006  ) , and 
cholinergic neurons of the pontine reticular formation (Coleman et al.  2006 ; Ferré 
et al.  2007  ) . A 

3
  receptors are found primarily in the periphery, with high concentra-

tions in testes and mast cells, and are not heavily expressed in the brain. These 
receptors play an important role in regulating in fl ammatory reactions (Gessi et al. 
 2008 ; Linden et al.  1993  ) . 

    25.1   Metabolic Fatigue and Conservation-Withdrawal 

 This molecular mechanism has a natural af fi nity with the behavioral concept of 
conservation-withdrawal. Engel and Schmale  (  1972  )  originally coined this term in 
describing an exaggerated withdrawal response of a psychiatric patient to emotional 
challenges. The reaction unconditionally follows periods of intense catabolic output. 
The sensory unresponsiveness, cognitive dullness, and behavioral depression that 
characterize this state serve as adaptive mechanisms for husbanding limited 
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resources and facilitating the recovery of metabolic homeostasis. The term is used 
more broadly in modern parlance to refer to enervated states associated with physical 
or psychological stress. 

 Conservation-withdrawal is an integral component of major depression and 
related mood disorders (Engel and Schmale  1972 ; Field and Reite  1984 ; Weiner and 
Lovitt  1979  ) . The state most closely corresponds to the affect-less, fatigue compo-
nents of depression, rather than subsuming the entirety of the behavioral, cognitive, 
emotional, and motivational symptoms that comprise the disorder. It also represents 
the aspects of affective disorders that are most accurately modeled in animals. 
Conservation-withdrawal is also a key component of the after-reaction to physical 
and psychological stress. Symptoms of conservation-withdrawal are seen after a 
patient leaves the intensive care unit following a serious injury and are often con-
fused with major depression (Mohta et al.  2003 ; Weiner  1983 ; Weiner and Lovitt 
 1979  ) . These same symptoms also are the hallmark of the after-reaction to traumatic 
uncontrollable stress that has been variously termed learned helplessness (Overmier 
and Seligman  1967  ) , behavioral despair (Porsolt et al.  1977  ) , behavioral depression 
(Weiss et al.  1981  ) , and the distress syndrome (Minor et al.  1991  ) . Finally, conser-
vation-withdrawal is a critical component of  sickness behavior— the lethargy, hypo-
activity, decreased libido, anorexia, anhedonia, and increased sleep that accompanies 
infectious disease (Dantzer  2001 ; Hestad et al.  2003 ; Maes  1995  ) . This dramatic 
shift in ongoing activity, along with the induction of fever, is a highly adaptive strat-
egy for  fi ghting infection (Dantzer  2001  ) . The overlap among mood disorders, the 
after-reaction to traumatic stress, recuperation from injury, and sickness behavior 
(Anisman et al.  2005 ; Dantzer et al.  1999 ; Yirmiya  1996  )  suggests a common bio-
logical mechanism underlying these enervated states. We have argued that the over-
lap is well accommodated by the concept of conservation-withdrawal (Minor et al. 
 1994a,   b,   2006,   2010  ) . 

 This chapter reviews the data relating brain adenosine signaling to conservation-
withdrawal and other stress-related processes. There is now considerable data from 
several laboratories indicating that adenosine activation is critically associated with 
states of conservation-withdrawal. Recent data suggests that the behavior depres-
sion component of this reaction is organized in the striatum, where adenosine regu-
lates the motivational effects of dopamine via an interaction at a D 

2
 -A 

2A
 -mGLU 

5
  

heteromeric receptor complex in the striatopallidal pathway.  

    25.2   Adenosine Signaling in Animal Models 
of Conservation-Withdrawal 

    25.2.1   Learned Helplessness 

 The learned helplessness procedure is a traditional method for assessing the ability 
of psychological variables, such as prediction and control, to modulate the impact 
of traumatic stress. The paradigm also is a leading animal model of Posttraumatic 
Stress Disorder (PTSD) and comorbid depression. 
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 The experiment is a simple two-phase procedure. Sets of three rats are restrained 
in wheel-turn chambers in the pretreatment phase. The  fi rst rat in each triad is 
exposed to a series of controllable shock escape trials. The rat must complete a 360° 
turn of the wheel with its paws following shock onset in order to terminate the 
aversive event on each trial. A second rat receives yoked inescapable (uncontrollable) 
shock on each trial. Shock comes on at the same time for both rats on a trial and 
terminates when the  fi rst rat completes the escape response. Wheel-turn responses 
by the yoked rats are ineffective in altering shock. Thus, both rats receive the same 
intensity pattern and duration of shock on each trial, but differ in the extent to which 
they can exert behavioral control over the stressor. These rats receive 100 such trials 
over a period of 2 h. A third rat is simply restrained in the chamber for the same 
period of time and receives no shock. The restrained rat provides a behavioral and 
physiological baseline from which any differential effects of stressor controllability 
can be assessed during later testing. 

 Although the nature of the test varies with the interests of the experimenter, the 
traditional measure of helplessness has been a performance in a shuttle-escape task 
conducted 24 h after stress pretreatment (Maier et al.  1973  ) . The shuttle-escape 
task consists of  fi ve trials (or FR-1 trials) during which a single shuttle crossing is 
required to terminate shock, followed by 25 trials (or FR-2 trials) during which a rat 
must run from one side of the shuttlebox to the other, then return to terminate shock. 
Both trial types are presented with an average intertrial interval of 60 s; however, 
3 min intervene between trial types, which maximize escape de fi cits in inescapably 
shocked rats without adversely affecting control subjects (Minor and LoLordo 
 1984  ) . Trials terminate automatically if the appropriate response requirement is not 
met within 40 s of shock onset. 

 Groups typically do not differ in mean escape latencies during FR-1 trials. 
However, large performance differences occur when the response requirement is 
made more dif fi cult (FR-2 trials). Rats preexposed to escapable shock in the pretreat-
ment phase perform as ef fi ciently as restrained controls during escape testing. By 
contrast, rats preexposed to yoked inescapable shock show severe impairment, with 
near-maximum escape latencies during the FR-2 trials. This general pattern among 
groups holds for a wide variety of behavioral and biological stress indexes. Moreover, 
because escapably and inescapably shocked rats receive the same pattern, intensity, 
and durations of shock during pretreatment, the differential performance of these 
two groups in the test phase provides unequivocal evidence that some psychological 
variable related to behavioral control, or lack thereof, modulates the impact of the 
shock stressor (Overmier and Seligman  1967  ) . 

 A simpler version of this procedure is often used when testing the ef fi cacy of 
experimental compounds at alleviating stress-induced pathology. Because rats 
exposed to escapable shock do not show behavioral or physiological impairment, 
this condition adds an unnecessary expense to basic pharmaceutical research. Thus, 
much of the research discussed here compares rats exposed to variable-duration 
inescapable shocks during the pretreatment phase with the restrained control. 

 Research over the past decade has yielded a consensus on a number of critical 
issues concerning the psychological and neurobiological determinants of helplessness. 
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Behavioral disturbances following inescapable shock are a consequence of the 
induction and prolonged maintenance of fear during exposure to the uncontrollable 
stressor (Drugan et al.  1984 ; Jackson and Minor  1988 ; Mineka et al.  1984  ) . 
Controllable stress is less debilitating because it is less fear provoking (see Minor 
and Hunter  2002  for a review). The consequence of maintaining an intense catabolic 
reaction during inescapable shock is that a number of neural systems associated 
with fear and stress are rendered hyperresponsive and highly vulnerable to subse-
quent stress for 24–72 h. 

 Inescapably shocked rats enter the test phase of the helplessness experiment in 
an anxious, agitated state. Exposure to comparatively mild stress during the  fi rst 
few shuttle escape trials provokes exaggerated behavioral activation to the shock 
and excessive fear during the interval between trials (Maier  1990 ; Minor  1990  ) . 
This behavioral reaction is correlated with sustaining glucocorticoid secretion (Orr 
and Mann  1992  ) , rapid turnover of brain biogenic amines (Anisman and Zacharko 
 1986  ) , depletion of forebrain norepinephrine (Anisman and Sklar  1979 ; Minor et al. 
 1988 ; Weiss et al.  1981  ) , dopamine (Hranilovic et al.  2008 ; Li et al.  2011  )  and 
 g -aminobutyric acid (GABA) (Petty and Sherman  1980  ) , and excessive release of 
excitatory amino acid transmitters (Hunter et al.  2003  )  and  N -methyl- d -aspartate 
(NMDA) receptor activation (Shors and Servatius  1995  ) . The initial response is 
short-lived and the animal rapidly transitions from a highly catabolic state to one of 
behavioral quiescence, dissociation, or conservation-withdrawal. 

 This general pattern of excessive neural activation is reminiscent of the condi-
tions that compromise brain metabolic homeostasis and result in potent compensa-
tory inhibition by adenosine. Although little was known about the behavioral effects 
of adenosine at the time we started this research, there was evidence that adenosine 
analogs suppress spontaneous motor activity and can produce a semi-hypnotic state 
(Barraco et al.  1983,   1984 ; Dunwiddie and Worth  1982 ; Heffner et al.  1989  ) . These 
properties of receptor agonists suggest adenosine signaling as a plausible mecha-
nism for the behavioral depression and cognitive dysfunction associated with 
conservation-withdrawal and helplessness. 

 Thus, we hypothesized that the excessive and unregulated neural activation that 
characterizes inescapably shocked rats during the  fi rst few minutes of escape testing 
rapidly compromises neural energy homeostasis, resulting in potent compensa-
tory adenosine regulation. Because overactivation occurs in neural pathways asso-
ciated with fear, stress and active coping, adenosine’s inhibitory effect on these 
systems necessarily interferes with active commerce with the environment. The 
animal transitions into a state of conservation-withdrawal and performance de fi cits 
ensue. 

 The least intuitive prediction of this hypothesis, at least from a psychological 
perspective, is that treatment with methylxanthine stimulants just prior to testing in 
inescapably shocked rats should dramatically improve escape performance. The 
conceptual dif fi culty here is that methylxanthines have rather potent anxiogenic 
effects, particularly at high doses. Thus the prediction is that a condition that stems 
from too much fear (Jackson and Minor  1988 ; Minor et al.  1991  )  will be improved 
by increasing fear. 
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 Despite this conundrum, the straightforward prediction is well substantiated. The 
left panel in Fig.  25.1  shows the effects of pretest treatment with various drugs on 
shuttle-escape performance in rats previously exposed to inescapable shock. Each 
point represents the mean FR-2 escape latencies for groups of eight rats. The nonse-
lective adenosine receptor antagonists caffeine and theophylline reversed the effects 
of inescapable shock on later escape performance in a dose-dependent manner rela-
tive to the vehicle control. Amphetamine, a nonxanthine psychomotor stimulant, 
had no bene fi cial effect at any dose under study. The ability of the methylxanthines 
to reverse the helplessness effect was not due to drug state dependency and these 
drugs had no effect on the performance of nonshocked restrained controls.  

 Adenosine analogs also have the predicted effect on escape performance. The 
right panel of Fig.  25.1  shows the FR-2 shuttle escape latencies of groups of rats 
receiving a pretest injection of various adenosine analogs. One group of rats was 
exposed to inescapable shock (IS) and one group was restrained (REST) during the 
pretreatment phase of the experiment. Twenty-four hours later, these groups received 
vehicle (V) 15 min before escape testing and de fi ned the boundaries of the helpless-
ness effect. Other restrained groups were injected with various doses of either: 
(a) 5 ¢ - N -Ethylcarboxamidoadenosine (NECA), a high af fi nity, but nonselective 
adenosine receptor agonist; (b) R(−)-Phenylethyladenosine (R(−)PIA), a high-
af fi nity, highly selective agonist of the A 

1
  receptor; or (c) S(+)-Phenylethyladenosine 

(S(+)PIA), the relatively inactive enantiomer of R-PIA. Later escape testing of these 

  Fig. 25.1    ( Left panel  ) Grand mean FR-2 shuttle-escape latencies as a function of drug type and 
dose. All rats were exposed to unsignaled inescapable shock on day 1. Shuttle-escape testing 
occurred 24 h later. Groups of rats received an i.p. injection of vehicle or various doses of amphet-
amine, caffeine or theophylline 15 min before testing. Each point in the  fi gure is the mean for a 
group of eight rats. ( Right panel  ) Grand mean FR-2 shuttle-escape latencies as a function of drug 
type and dose. One group of rats was exposed to inescapable shock (IS) and one group was 
restrained (REST) in tubes 24 h prior to shuttle escape testing. These groups were treated with 
vehicle 15 min before testing and their performance sets the boundaries for the learned helpless-
ness effect. All other groups were restrained in tubes 24 h before receiving an i.p. injection of the 
nonselective adenosine agonists NECA, the highly selective A 

1
  receptor agonist R(−)PIA, or its 

enantiomer S(+)PIA. Escape testing occurred 15 min later       
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groups clearly indicated that the effects of inescapable shock are mimicked by 
activation of adenosine receptors. The comparison of NECA and R(−)PIA provided 
the  fi rst evidence that this effect may be mediated at the A 

2
  receptor. Moreover, the 

deleterious effects of pretreatment with inescapable shock or pretest treatment with 
NECA on escape performance is not reversed by peripheral treatment with the 
polarized methylxanthine stimulant 8-( p -Sulfopenyl)-theophylline (8-SPT), which 
does not cross the blood–brain barrier, but is completely reversed by theophylline, 
which acts both centrally and peripherally (not shown). These data suggest that the 
site of NECA’s action is the central nervous system (CNS). NECA and inescapable 
shock also interact synergistically. Exposure to an ineffective number of inescap-
able shocks during pretreatment combines with the administration of subthreshold 
doses of NECA just prior to testing to maximize performance de fi cits in the shuttle-
escape task. 

 The contribution of adenosine to the helplessness effect appears to be related to 
neural overactivation and subsequent metabolic failure. Overactivation of glutamate 
neurons in prefrontal cortex substantially impairs later escape performance (Petty 
et al.  1985  ) . The de fi cit is completely reversed by adenosine receptor antagonists, 
suggesting that overactivation leads to compensatory adenosine signaling, which 
then impairs performance (Hunter et al.  2003  ) . Escape performance also is impaired 
by systemic treatment with the glycolytic inhibitor 2-deoxy- d -glucose (2-DG) in a 
dose-dependent manner (Minor et al.  2001  ) . This effect of 2-DG is not a direct 
consequence of glucoprivation or metabolic inhibition per se. Escape de fi cits are 
completely eliminated by peripheral and central administration of caffeine and 
theophylline, but are not reversed by the peripherally acting receptor antagonist 
8-SPT. These data suggest that 2-DG compromises brain energy metabolism, result-
ing in compensatory adenosine regulation. Potent inhibition of brain substrates 
responsible for escape performance ultimately impairs performance. 

 Endogenous extracellular adenosine concentrations are regulated by two mecha-
nisms. The nucleoside is converted to inactive inosine and eventually to uric acid 
via a degradation pathway involving adenosine deaminase (   Geiger and Fyda  1991 ; 
Newby  1981 ;    Noji et al.  2004  ) . The nucleoside also is removed from the synaptic 
cleft via equilibrase nucleoside transporters (ENT1 and ENT2), as well as an active 
transport system involving Na +  exchange (Parkinson et al.  2011  ) . Adenosine is rap-
idly converted to 5 ¢ AMP via adenosine kinase once inside the cell, which stops active 
gradient transport of the nucleoside. 

 Disabling either of these regulatory mechanisms functionally increases synaptic 
adenosine concentrations and its action at extracellular receptors. Thus, if brain 
adenosine signaling mediates the escape de fi cits produced by initial exposure to 
inescapable shock, then enhancing the small and otherwise nondebilitating 
endogenous concentrations produced by prior restraint stress by either blocking 
degradation or uptake transport should disrupt test performance. 

 Woodson et al.  (  1998  )  demonstrated that inhibiting adenosine deaminase with 
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) mimics the effects of inescapable 
shock on shuttle-escape performance in rats. Microinfusion of EHNA into the brain 
ventricles of previously restrained rats impaired test escape performance in a 
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dose-dependent manner. This effect of EHNA, as well as the effect of earlier exposure 
to inescapable shock, was reversed by pretest treatment with adenosine receptor 
antagonist caffeine. A subthreshold dose of EHNA also interacted in synergy with 
preexposure to an ineffective number of inescapable shocks to maximally impair 
shuttle-escape performance at the time of testing. 

 Increasing endogenous adenosine concentrations by blocking the reuptake 
transporter yields a similar pattern of results (Minor et al.  2008  ) . Microinfusion of 
the nucleoside transport blocker  S -(4-nitrobenzyl)-6-theoinosine (NBTI) into the 
right lateral ventricle of rats undergoing restraint stress 24 h earlier produces a large 
de fi cit in shuttle-escape performance, which is comparable to that produced by prior 
exposure to inescapable shock. NBTI impairs escape performance in a dose-
dependent manner. Moreover, a subthreshold dose of the adenosine uptake inhibitor 
acts synergistically with an ineffective number of inescapable preshocks to maximize 
de fi cits in test escape performance, suggesting that NBTI and inescapable shock are 
acting on the same neural mechanism. 

 Analysis of the receptor mediating shock-induced and NBTI-induced escape 
de fi cits using highly selective receptor antagonists supported earlier evidence for an 
A 

2
  receptor. Both types of de fi cits were reversed by the nonselective adenosine 

receptor antagonist caffeine, and the highly selective A 
2A

  receptor antagonist CSC 
(8-(3-chloro-styrl)caffeine) in a dose-dependent manner. The highly selective A 

1
  

(DPCPX: 8-Cyclopentyl-1,3-Dipropylxanthine) and A 
2B

  (CGS 21680) receptor 
antagonists failed to improve performance in rats preexposed to inescapable shock 
or receiving intracerebral ventricular (i.c.v.) infusion of NBTI shortly before escape 
testing. These data strongly suggest that activation of A 

2A
  receptors mediate de fi cits 

in escape performance, regardless of whether those de fi cits occur because of 
prior traumatic stress or by enhancing endogenous adenosine signaling through 
pharmacological means. As discussed in detail later, A 

2A
  receptors have a limited 

and unique distribution in the CNS. Thus, these data have important implications 
for the anatomical locus and mechanism by which adenosine signaling mediates 
behavioral depression.  

    25.2.2   Behavioral Despair 

 Vaugeois and his colleagues have accumulated considerable evidence for a role of 
A 

2A
  receptor signaling in animal models of behavioral despair (see El Yacoubi et al. 

 2003  for a review). They argue on the basis of these data that A 
2A

  receptor antago-
nists may have potent antidepressant properties. 

 Much of the evidence for the role of adenosine signaling in behavioral despair 
comes from studying A 

2A
  receptor knockout mice (El Yacoubi et al.  2001  ) . These 

mice showed increased mobility relative to wild types in both forced swim and 
tail-suspension test, two widely used assessments of the antidepressant action of 
drugs (Porsolt et al.  1977 ; Stéru et al.  1987  ) . Immobility scores in the forced swim 
task in CD1 mice (wild-type controls) are reduced in a dose-dependent manner by 
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caffeine and the highly selective A 
2A

  receptor antagonist SCH 58216. Similar results 
are obtained in the tail-suspension test. Moreover, the bene fi ts of treatment with the 
A 

2A
  receptor antagonist in mice genetically selected for spontaneous helplessness 

were only slightly less that the bene fi ts of the antidepressant imipramine. 
 The bene fi ts of an A 

2A
  receptor antagonist in these procedures are likely to result 

from an interaction with striatal dopamine. The dopamine D 
2
  antagonist haloperidol 

increases immobility in both forced swim and tail-suspension tests (El Yacoubi 
et al.  2001,   2003  ) . Moreover, cotreatment with haloperidol mitigates the behavioral 
activating effects of caffeine in these procedures. Interestingly, cotreatment with 
haloperidol and SCH 58216 decreases the activating effect of the A 

2A
  receptor 

antagonist on spontaneous activity, but did not alter its bene fi ts in behavioral despair 
paradigms.  

    25.2.3   Reserpine-Induced Depression 

 Reserpine was introduced in this country in the early 1950s as a treatment for hyper-
tension (Cooper et al.  1978a ; Gerber et al.  1990 ; Rech and Moore  1971  ) . The extract 
reduces both cardiac output and peripheral vascular resistance by irreversibly binding 
to storage vesicles in monoaminergic neurons and thereby depletes stores of biogenic 
amines in the central and autonomic nervous systems (Norn and Shore  1999 ; 
Schwartz  1981  ) . Cytoplasmic amines are either destroyed by intraneuronal mono-
amine oxidase or diffuse into the synaptic cleft. The end result is that little or no 
active transmitter is released at the synapse following depolarization. Recovery 
from the effects of reserpine requires synthesis of new storage vesicles, which can 
take several days to accomplish after discontinuing treatment (Cooper et al.  1978b ; 
Ponzio et al.  1984  ) . 

 Unfortunately, a signi fi cant portion of the population undergoing reserpine treat-
ment for hypertension developed symptoms of major depression. These symptoms 
were severe enough to require antidepressant drug treatment and, at times, hospitaliza-
tion. This observation, along with the  fi ndings a few years later that monoamine oxi-
dase inhibitors and tricyclic antidepressants enhance brain biogenic amines, persevered 
as the empirical cornerstone of catecholamine (Schildkraut  1965  )  and later monoamine 
theories of depression (Akiskal and McKinney  1975 ; Bunney and Davis  1965  ) . 

 One of the main problems in making a convincing case for a direct role of the 
biogenic amines in reserpine-induced depression is that the time course for their 
depletion does not  fi t the time course for behavioral impairment. For instance, Bean 
et al.  (  1989  )  reported that dopamine (DA) depletion in striatum, nucleus accum-
bens, and frontal cortex occurs rapidly and reaches a maximum about 6 h after an 
intraperitoneal (i.p.) injection of 6 mg/kg of reserpine. DA remained at  fl oor levels 
for about 18 h and then increased thereafter such that DA baselines return to normal 
within 48 h. Behavioral de fi cits persist for a considerably longer period. 

 Huang and Minor (Huang et al.  2004 ; Minor et al.  2003,   2006  )  treated rats with 
an i.p. injection of 6 mg/kg of reserpine and then tested independent groups in a 
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forced swim task for symptoms of conservation-withdrawal at various times 
thereafter. Large de fi cits in swim performance, as characterized by a large increase 
in  fl oating time, were evident as early as 1 h post drug treatment, persisted for at 
least 72 h, and recovered within a week. 

 The determinants of reserpine-induced depression are complex and change over 
time. Moreover, the impairment is likely to be a “downstream” consequence of 
reserpine’s effect on the monoamines rather than a direct result of their depletion 
per se. Adenosine plays a critical role in swim de fi cits as early as 1 h post drug 
treatment and continues to be a critical mediator at all time points thereafter. Caffeine 
and the highly selective A 

2A
  receptor antagonist CSC reverse swim de fi cits at all 

time points under study (Minor and Hanff manuscript submitted). A 
1
  and A 

2B
  receptor 

antagonists have no such bene fi t. 
 Additionally, the proin fl ammatory cytokine interleukin-1 b  (IL-1 b ) increases 

dramatically in the hypothalamus and to a lesser extent in the hippocampus 48–72 h 
after reserpine treatment and then returns to normal levels in the brain within 168 h. 
In this context, the IL-1 b  receptor antagonist has no effect on swim de fi cits 1 h after 
reserpine treatment, but substantially improves performance 48 h later. 

 Although there is only a small literature on the potential interactions between 
adenosine and IL-1 b , it is clear that these pathways interact. For instance, application 
of endotoxin or IL-1 b  on PC12 or THP-1 cell upregulates the density of A 

2A
  recep-

tors and increases extracellular concentrations of adenosine (Bshesh et al.  2002 ; 
Trincavelli et al.  2002  ) . Several investigators have argued on the basis of such data 
that adenosine (an anti-in fl ammatory agent) is induced as negative feedback on 
proin fl ammatory cytokines.  

    25.2.4   Sickness Behavior and Cytokine-Induced 
Behavioral Depression 

 The foregoing analysis of reserpine-induced depression indicates that brain IL-1 b  
concentrations increase as a delayed consequence of drug treatment. Swim de fi cits 
at later time points are improved by blocking brain IL-1 b  receptors and completely 
eliminated by A 

2A
  receptor antagonists (Minor and Hanff manuscript submitted; 

Hanff et al.  2010  ) . The relationship between purine and cytokine signaling suggests 
that adenosine may play a role in sickness behavior. Indeed, the regulatory mecha-
nism that is evident in adenosine’s control of overt behavior may have evolved to 
suppress ongoing behavior at times of illness. 

 Sickness behavior most certainly has a conservation-withdrawal component. 
This behavioral syndrome is induced experimentally by systemic treatment of rats 
with endotoxin (e.g., Lipoplysacchrine; LPS), which indices the synthesis of 
proin fl ammatory cytokines in peripheral macrophages. Kuppfer cells in the liver 
recognize circulating IL-1 b  and serve as a primary immune-to-brain communica-
tion pathway. This signal is transferred via the afferent vagal nerve complex to the 
brain nucleus tractus solitarius (NTS) where IL-1 b  is expressed within 1–2 h of LPS 



54525 Stress, Brain Adenosine Signaling, and Fatigue-Related Behavioral Processes

treatment. The cytokine is also expressed relatively quickly thereafter in a variety of 
other brain nuclei, particularly in the hypothalamus (Anisman et al.  2005 ; Dantzer 
et al.  1999 ; Larson and Dunn  2001 ; Maes  1995  ) . IL-1 b  binds to speci fi c receptors 
throughout the brain to induce sickness behavior, consisting of lethargy, hypoactiv-
ity, decreased libido, anorexia, anhedonia, and increased sleep (Dantzer  2001 ; 
   Larson and Dunn  2001 ). This dramatic shift in ongoing activity, along with the 
induction of fever, is assumed to be a highly adaptive strategy to  fi ght infection. 

 Preliminary evidence clearly supports an interaction between central adenosine 
A 

2A
  and cytokine signaling in the induction and regulation of sickness behavior (see 

Hanff et al.  2010 ; Minor et al.  2006,   2010  for reviews). A de fi cit in forced swim 
performance occurs 24 h after systemic treatment with LPS. The symptoms of 
behavioral depression are reversed by administration of the IL-1 b  receptor antago-
nist into the brain lateral ventricles. The swim de fi cit also is reversed by central or 
peripheral administration of caffeine, the selective A 

2A
  antagonist CSC and the 

nonselective A 
2
  receptor antagonist DMPX (3,7-dimethyl-1-propargylxanthine). 

A 
1
  (DPCPX: 8-Cyclopentyl-1,3-Dipropylxanthine) and A 

2B
  (AX: Alloxozine) 

receptor antagonists have no bene fi cial effects on performance. A de fi cit in swim 
performance also is evident 1 h after infusion of IL-1 b  into the brain lateral ventri-
cles. Performance is again improved by peripheral treatment with caffeine, CSC, or 
AX, but not DPCPX or AX. 

 Overall, considerable evidence from leaned helplessness, behavioral despair, 
reserpine-induced depression, and cytokine-induced sickness behavior and depression 
paradigms, implicate adenosine A 

2A
  receptor signaling (but not other forms of adenos-

ine signaling) in conservation-withdrawal. Adenosine A 
2A

  receptors have a limited 
distribution in the nervous system, being located primarily in the striatopallidal 
(indirect) tract of the striatum. These receptors have an important in fl uence on both 
glutamate and dopamine signaling in this pathway. The molar effects of A 

2A
  receptor 

activation in the striatum appears to increase uncertainty about appropriate courses of 
action and uncouples dopamine’s motivational in fl uence from ongoing behavior. 

 This uncoupling process receives empirical support from recent research with 
striatal A 

2A
  knock-out mice demonstrating that habit formation requires A 

2A
  receptor 

activation (Yu et al.  2009  ) . Habits are formed when speci fi c behaviors consistently 
lead to speci fi c rewards. Under these circumstances the process of executing a 
response and the underlying learned association are simpli fi ed such that the indi-
vidual is no longer aware of the consequences of his actions. In this sense, the 
response is uncoupled from its motivation consequences.   

    25.3   Adenosine, Dopamine, and Metabotropic Heteromers 
in the Striatum 

 Dopamine plays a complex role in the striatum’s contribution to the learning and 
expression of behavior. This neurotransmitter is involved in both appetitive and 
aversive tasks, although two types of dopamine neurons appear to convey positive 
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and negative motivational signals (Matsumoto and Hikosaka  2009  ) . Adenosine 
modulates the role of dopamine by playing a signi fi cant role in regulating dop-
amine’s action. The striatum exerts its function almost exclusively by medium-sized 
spiny GABAergic neurons. These neurons make up more than 90 % of the striatal 
neuronal population and are distributed among two efferent pathways, the direct 
and indirect pathways. (Herrero et al.  2002  ) . See Fig.  25.2  for the inputs and outputs 
of the striatum.  

  Fig. 25.2    This schematic represents the structural organization within the basal ganglia. The four 
functionally distinct sections of the striatum receive diverse inputs from various cortical regions 
and midbrain structures, such as the substantia nigra and ventral tegmental area, as well as the 
thalamus. The functional inputs and outputs of the striatum are  color coded .  Blue  represents areas 
associated with sensorimotor function and transitions through associative regions into  red  limbic 
regions. Adenosine A 

1
  receptors are found on striatal GABAergic neurons containing dynorphin 

and substance P (nigrostriatal, striatopallidal neurons) and to a smaller extent GABAergic neurons 
containing enkephalin (striatopallidal neurons), as well as on cholinergic interneurons. Dopamine 
D 

1
  receptors are found mainly on GABAergic neurons that contain dynorphin and substance P, 

dopaminergic neurons, and cholinergic interneurons. The A 
1
  receptors are thought to modulate D 

1
  

receptors even though they are not often colocalized. The adenosine A 
2A

  receptors are found pri-
marily on GABAergic neurons containing enkephalin and are often colocalized with dopamine D 

2
  

receptors, though they are also found on dopaminergic neurons.  GLU  glutamate,  ACh  acetylcho-
line,  DA  dopamine,  GABA   g -aminobutyric acid,  S/M  primary sensorimotor cortices,  mPFC  medial 
prefrontal cortex,  vmPFC  ventromedial prefrontal cortex,  OFC  orbitofrontal cortex,  SNc  substan-
tia nigra pars compacta,  SNr  substantia nigra pars reticulata,  VTA  ventral tegmental area,  GPe  
globus pallidus external,  GPi  globus pallidus internal,  STN  subthalamic nucleus       
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 Given the overwhelming evidence that the A 
2A

  receptor is contributing to 
conservation withdrawal and other stress related pathology, the known trimeric 
receptor involving adenosine, dopamine, and metabotropic glutamate is of particular 
interest. Adenosine A 

2A
  receptors are located mainly in the striatum on the dendritic 

spines of enkephalin-containing GABAergic neurons. These spines contain receptor 
complexes known as heteromers. The trimeric heteromer of interest contains recep-
tors for adenosine (A 

2A
 ), dopamine (D 

2
 ), and glutamate (mGLU 

5
 ) (Ferré et al.  2007  ) . 

These metabotropic heteromers are found postsynaptically at glutamatergic synapses. 
A 

2A
  and D 

2
  receptors are G protein coupled and are involved in an antagonistic rela-

tionship where adenosine modulates the binding of dopamine (Schultz  2002  ) . 
Adenosine bound to the A 

2A
  receptor decreases the af fi nity of dopamine to bind to the 

D 
2
  receptor. There is also evidence that glutamate and adenosine have a synergistic 

relationship where the functional interaction of adenosine and glutamate is required 
to modulate the effects of dopamine in the striatum (Ferré et al.  2002,   2005 ; Anisman 
and Sklar  1979  ) . Adenosine A 

1
  and A 

2A
  receptors are also colocalized on presynaptic 

glutamate channels, but their function on the control of behavior is still unclear. 
 There are two main pathways within the striatum that contribute opposite 

in fl uence on their targeted nuclei. The direct pathway, also known as the nigrostriatal 
pathway, facilitates movement through tonic input of this positive feedback loop to 
increase the activation of the thalamus, thereby increasing activation of the cortex 
and facilitating movement. Adenosine A 

1
  receptors and dopamine D 

1
  receptors are 

distributed throughout this pathway. The direct pathway has its origins in the 
substantia nigra pars compacta (SNc), where an excitatory dopaminergic signal is 
sent to the dorsal striatum innervating both GABAergic neurons and cholinergic 
interneurons. The dynorphin and substance P-containing GABAergic neurons of 
this area then project to GABAergic neurons in the globus pallidus interna (GPi), 
which in turn target glutamatergic thalamic nuclei via inhibitory GABAergic trans-
mission. The result is an inhibition of the GPi GABAergic neurons by the striatal 
GABAergic neurons, producing an overall excitatory effect in the thalamus. 
Thalamic nuclei then send excitatory glutamate (GLU) to innervate areas of the 
cortex, the subthalamic nucleus (STN), and the pedunculopontine nucleus (PPN), as 
well as back to the substantia nigra. 

 The indirect, or striatopallidal, pathway normally wields an inhibitory in fl uence 
on behavior. The indirect pathway contains a small number of both D 

1
  and A 

1
  recep-

tors, but mostly consists of dopamine D 
2
  and adenosine A 

2A
  receptors. Unlike the D 

1
  

and A 
1
  receptors, the D 

2
  and A 

2A
  are colocalized on the membrane in the striatopal-

lidal enkephalin-containing GABAergic neurons. They are also colocalized on 
cholinergic interneurons and regulate acetylcholine (ACh) release in the striatum. 
The indirect pathway is considered to be the negative feedback loop within the stria-
tum. Inputs from the SNc synapse on the dorsal striatum, which then sends inhibi-
tory enkephalin-containing GABAergic projections to the globus pallidus externa 
(GPe). The GPe sends GABAergic projections to the STN, and the STN in turn 
sends glutamatergic projections to the GPi. The GPi projects to various glutamater-
gic thalamic nuclei via inhibitory GABAergic transmission, resulting in an inhibition 
of the thalamus. It is believed that the A 

2A
  receptor is involved in regulating this 
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inhibition by blocking D 
2
  receptor activation from the substantia nigra or the smaller 

dopaminergic signal from the ventral tegmental area (VTA) to the ventral striatum. 
Activation of the D 

2
  receptors results in a disinhibition of the indirect pathway, 

which facilitates movement by decreasing inhibition to the thalamus (for reviews 
see Gerfen and Surmeier  2011 ; Ferré et al.  2008 ; Haber  2008  ) . 

 Fine-tune control of motor behavior requires interplay of these two pathways. To 
give a functional analogy, the direct pathway can be considered the accelerator of 
behavior, or what initiates movement. As animals become more certain of their 
expected outcomes, more force is applied to the accelerator. The indirect pathway, 
however, can be thought to serve as the brake on behavior when the expected out-
comes are not forthcoming. In this sense, transitioning between behaviors requires 
disengaging the brake and initiating the accelerator. In conservation withdrawal, 
there appears to be potent activation of the brake. 

 This analogy is akin to Gray’s  (  1982  )  analyses of behavioral inhibition which 
results from the discrepancy between predicted and obtained outcomes. Such a 
mismatch increases uncertainty about correct paths of action, and leads to the inhi-
bition of behavior (also see Calhoun  1963  ) . Gray et al.  (  1991  )  subsequently empha-
sized the dopaminergic function of the ventral striatum in behavioral inhibition. 

 The dopamine signal to the striatum from the substantia nigra (nigrostriatal 
pathway) and ventral tegmental area (mesoaccumbens pathway) has long been 
thought of as a prediction error signal (Ljungberg et al.  1992 ; Schultz  1998  ) . 
Prediction error is described as a discrepancy between outcomes that are expected 
versus those that are actually observed. This can be commonly observed with a 
standard Pavlovian procedure, which is a method for conditioning hedonic or 
emotional value to stimuli. An in fl ux of dopamine can be seen immediately following 
the presentation of a biological signi fi cant event. The phasic dopamine signal 
can then be seen to switch to the predictor of that event with repeated presentations. 
If the biologically signi fi cant event does not occur after the predictor as expected, a 
drop in phasic dopamine signaling is observed at the point where the expected 
event was to occur. 

 However, recent evidence suggests that the nigrostriatal and the mesoaccum-
bens pathways may serve different functions (Yin et al.  2008  ) . The nigrostriatal 
pathway serves the dorsal striatum where its main function is the learning and per-
formance of instrumental action. This dopamine signal may re fl ect the value of 
performing the action itself. The mesoaccumbens pathway serves mainly the ventral 
striatum which controls Pavlovian responses. This dopamine signal may re fl ect a 
different function where it encodes the value of the stimuli and of motivational 
states. It is suggested by Yin et al.  (  2008  )  that perhaps the phasic dopamine signal is 
encoding multiple prediction errors as opposed to a single prediction error. More 
recently, Ostlund et al.  (  2011  )  has suggested that tonic dopamine in the striatum 
may be encoding the costs and bene fi ts of responding on an instrumental task, 
thereby controlling the performance of the instrumental response (also see    Salamone 
et al.  2009  ) . The complex function of dopamine in the striatum is still under much 
investigation.  
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    25.4   The Function of the Striatum 

 The striatum, consisting of the caudate, putamen, nucleus accumbens, and olfactory 
tubercle, is the most prominent structure of the basal ganglia and is involved mainly 
in the performance of voluntary and involuntary motor movements. Movement 
disorders, such as Parkinson’s disease and Huntington’s disease, are associated with 
a malfunction of this structure or its output (Albin et al.  1989  ) . Many discussions of 
striatal control of behavior greatly underestimate the complexity of behavioral 
reactions, the value of rewards, and the control of behavior by incentive stimuli. 
Overt behavior is not simply caused by one event or produced by one structure. 
Simple movement through space requires complex interplay among expected 
outcomes, the value of incentive stimuli that redirect behavior, and the level of 
motivation that constrains the range of responses (Bindra  1968  ) . Likewise, the 
striatum is not a singular structure that simply produces behavior when told to. It is 
a structure of integration of cortical, thalamic, and limbic signals, all working 
together within the striatum to produce a wide array of complex behaviors. 

 The striatum can be broken down into four distinct areas, each with its own 
unique contribution to the overall performance of an action. Heimer and Wilson 
 (  1975  )  were the  fi rst to functionally distinguish the dorsal and ventral aspects of the 
striatum based on their connections to other structures. The traditional view assigned 
the dorsal striatum the sensorimotor behaviors and the ventral striatum the more 
associative and emotionally mediated behaviors. The current view of the functional 
distinctions of the striatum is similar to but more complex than the traditional view 
originally postulated. 

 The dorsal striatum, made up of the caudate–putamen complex, is involved in 
the learning and performance of an instrumental response, where one’s action is 
necessary for receiving an outcome (Yin et al.  2008  ) . It can be further divided into 
a dorsal medial segment and dorsal lateral segment with functional dissociation 
(Yin and Knowlton  2004 ; Yin et al.  2004  ) . The dorsal medial striatum (DMS) is 
now known to be involved in the associated aspects of behavior and necessary for 
the learning of an instrumental response. The association made between the response 
and its consequence (or the outcome) is thought to occur in this area and is respon-
sible for goal-directed actions. The dorsal lateral striatum (DLS) is involved in the 
development and performance of a habitual response. The learning of response–
outcome associations takes place in the DMS and with overtraining, come under the 
control of the DLS where the behavior has now morphed into a habit (Yin et al. 
 2008  ) . This sensorimotor region follows the traditional view of the dorsal striatum. 

 The ventral striatum, made up of the nucleus accumbens, plays a role in Pavlovian 
learning, where a stimulus acquires hedonic or incentive value because of its 
predictive relationship with a biologically signi fi cant event. Pavlovian conditioning 
is also a mechanism for controlling instinctive behavior, such as preparatory and 
consummatory behaviors. The ventral medial striatum (VMS) is the core of the 
accumbens and is involved in preparatory behaviors, commonly approach or 
exploration, which allow the organism to come into contact with a goal (Parkinson 
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et al.  2000  ) . The general emotional qualities of this outcome are also mediated by 
this area (Yin et al.  2008  ) . The ventral lateral striatum (VLS) is the shell of the 
accumbens and is responsible for consummatory behaviors, those that allow an 
organism to carry out its goal—or consummate the act. This area is also implicated 
in the hedonics of a response and is thought to encode the speci fi c sensory qualities 
of the outcome (Berridge and Robinson  1998 ; Yin et al.  2008  ) . The ventral striatum 
as a whole is known as the limbic network because of inputs received to the core 
and shell from the limbic structures, allowing for emotional and motivational input 
to interact with ongoing behavior. The Fig.  25.2  color schematic outlines the projec-
tions of the striatum from blue sensorimotor regions transitioning through the asso-
ciative network to the red limbic regions. 

 While each section of the striatum is functionally distinct, there is much inter-
connectivity between segments allowing for the integration of information in a hier-
archical manner (Yin et al.  2008  ) . For example, the dorsal medial striatum is necessary 
for the learning of a goal-directed action, but the ventral striatum is thought to medi-
ate the performance of that action. The large number of projections from the ventral 
striatum to the dorsal segments allows for ventral striatal information to pass to the 
dorsal striatum, suggesting that the ventral striatum may be the starting place of this 
hierarchy.  

    25.5   Adenosine A 2A  Receptor Signaling in Learned Helplessness 

 Adenosine A 
2A

  receptors have been strongly implicated by a variety of paradigms 
related to conservation withdrawal. As A 

2A
  receptors are mainly found colocalized 

with D 
2
  receptors in the indirect pathway of the striatum, this seems a likely region 

to study adenosine’s in fl uence on stress-induced fatigue. 
 The ventral striatum is the site of integration of dopaminergic inputs from the 

mesencephalon and excitatory glutamatergic inputs from the limbic cortices, 
amygdala, and hippocampus (Minor et al.  2006  ) . A common feature of the ventral 
striatum is the dopaminergic pathway to and from the ventral tegmental area. This 
pathway is of particular importance to the aspect of motivation and reward-related 
behaviors (Meredith et al.  2008  ) . The dopaminergic input to the accumbens shell 
and core provides for functionally strong associations to the motivational aspects of 
behavior by combining emotional information from the limbic system with motor 
information (Mogenson et al.  1980  ) . Ferré et al.  (  2007  )  built upon this idea and 
described the ventral striatum as the conversion of motivation and action. As such, 
this region is a plausible center for motivational disorders caused by a dysfunction 
of this conversion, most commonly the development of behavioral depression. 

 Traci Plumb is currently assessing the role of adenosine signaling in the striatum, 
speci fi cally A 

2A
  receptors in the indirect pathway, and its relationship to the devel-

opment of behavioral depression as measured in the learned helplessness procedure. 
The antagonistic interaction of A 

2A
  and D 

2
  receptors is likely to be responsible for 
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the uncoupling of motivation from ongoing behavior often seen in behavioral 
depression (Minor et al.  2006  ) . Therefore, blocking adenosine’s action in this area 
should allow the motivational signal to be transmitted to performance, thereby elim-
inating helplessness. 

 In a preliminary study, a guide cannula was implanted into the ventral medial 
striatum (accumbens core) during stereotaxic surgery. Rats were then exposed to a 
traumatic stress 7 days later in the form of 100, 1 mA tail shocks or simple restraint 
in tubes. Escape performance was measured 24 h later in a shuttle box. Immediately 
before testing, animals were infused with a highly selective adenosine A 

2A
  receptor 

antagonist or vehicle. Subsequent escape latencies were measured as a form of 
behavioral depression. 

 The left panel of Fig.  25.3  shows mean percent freezing for each group during 
the initial FR-1 trials. Freezing is an excellent measure for the amount of fear a rat 
is experiencing at any given time as it is a species-typical defense response (Bolles 
 1971  ) . Groups did not differ in amount of time spent freezing.  

 A comparison of shocked (S[V]) and restrained (R[V]) vehicle controls shows 
the exaggerated fearfulness that is typically observed following traumatic stress. 
Rats exposed to inescapable shock spend more time freezing during the initial trials 
than restrained rats. Blocking adenosine A 

2A
  receptors in the core of the striatum has 

no effect on freezing behavior. This suggests that while the core is involved in the 
coupling of motivation and action, it is not speci fi cally associated with fear behav-
iors. This is not surprising as there is considerable evidence suggesting fear related 
behaviors such as freezing are organized in the ventral periaqueductal gray (De Oca 
et al.  1998  ) . 

  Fig. 25.3    ( Left panel  ) Mean percent freezing in all groups during initial FR-1 trials. Rats were 
exposed to inescapable shock (S) or restraint (R) as a measure of traumatic stress and mild stress 
respectively. They were then injected with CSC, a highly selective adenosine A 

2A
  receptor antago-

nist, or a vehicle (V). Rats exposed to traumatic stress exhibited freezing at a higher rate during the 
initial trials than those exposed to mild stress. CSC had little effect on time spent freezing. ( Right 
panel  ) Mean escape latencies in all groups during FR-2 trials. The standard learned helplessness 
effect is observed between Groups S[V] and R[V] where performance was drastically impaired in 
those exposed to inescapable shock. Injection of CSC in the ventral striatum eliminated the learned 
helplessness effect       
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 The right panel of Fig.  25.3  shows mean escape latencies for each group during 
25 FR-2 trials. The standard learned helplessness effect can be observed between 
the shock and restraint groups given vehicle (S[V] and R[V]). Performance was 
dramatically impaired in the shock control group with the shift to the more complex 
FR-2 trials compared to restraint controls. More importantly, infusion of the ade-
nosine A 

2A
  receptor antagonist CSC in the core of rats exposed to inescapable shock 

was able to completely reverse the helplessness effect. CSC-treated rats performed 
similarly to restraint controls. 

 Further experiments are underway to determine the role of A 
2A

  receptors in the 
remaining three areas of the striatum, but this data clearly suggests that adenosine 
from the core of the striatum plays a role in mediating the escape de fi cits seen in the 
learned helplessness procedure. When A 

2A
  receptors were blocked, the rats were 

able to perform the escape task with no more dif fi culty than those that received a 
milder form of stress the day preceding test, providing evidence that those that 
receive traumatic shock stress show enhanced adenosine signaling on the day of 
test. This enhanced adenosine signaling may result from enhanced glutamate 
signaling with the overactivation of descending glutamatergic projections from the 
frontal cortex. Simultaneous activation of A 

2A
  and mGLU 

5
  receptors within the 

heteromeric complexes of the striatum dramatically reduces the binding af fi nity of 
D 

2
  receptors. This loss of dopaminergic input from the VTA into the core essentially 

uncouples the motivational signal from ongoing behavior. The symptoms of 
helplessness, behavioral depression or conservation-withdrawal ensue.  

    25.6   Overview 

 Adenosine plays a signi fi cant role in stress-induced behaviors. The sensory 
unresponsiveness, cognitive dullness, and behavioral depression that characterize 
conservation-withdrawal are produced by adenosine receptor activation (Minor 
et al.  2006,   2010  ) . Speci fi cally, A 

2A
  receptors have been implicated in a wide array 

of behavioral paradigms relating to behavioral depression, including exposure to 
uncontrollable shock, conditions that produce despair, and pharmacological 
manipulations. 

 A large number of adenosine receptors are organized in the direct and indirect 
pathways of the striatum. Adenosine A 

2A
  receptors are colocalized with dopamine 

D 
2
  receptors on the indirect pathway, where adenosine serves to modulate activation 

of D 
2
  receptors to produce inhibition of behavior. Activating A 

2A
  receptors blocks 

dopamine from the substantia nigra and ventral tegmental area to bind to D 
2
  receptors, 

resulting in behavioral inhibition. The functional consequence of this action is to 
increase uncertainty about the correct course of action and to block dopamine’s 
motivational signal. Certain investigators have suggested on the basis of this 
relationship that adenosine A 

2A
  receptor antagonists may be effective in treating 

certain aspects of depression. The affect-less, fatigue components of major depres-
sive disorder are the most likely candidates (Minor et al.  2006 ; Woodson et al.  1998 ; 
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Bougarel et al.  2011 ; El Yacoubi et al.  2001,   2003  ) . In this regard, the motivational 
components of major depression may not stem from a lack of drive per se, but rather 
from a failure to translate motivation into appropriate action. 

 Adenosine’s contribution to ongoing behavior in the striatum is complex. The 
nucleoside is thought to regulate general motivation of behavior, the error signal 
critical for learning consequences of actions, and the transition from learned 
responses to habits. Each of these functions is organized in an anatomically distinct 
way in the striatum. Adenosine’s contribution to this tripartite organization should 
be determined experimentally. Only then can we get an accurate picture of adenosine’s 
in fl uence on behavior.      
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  Abstract   Despite the development of new classes of antiepileptic drugs during the 
past 40 years, about a third of all patients with epilepsy continue to be refractory to 
conventional treatment. It becomes evident that a disorder of complex network dys-
function, such as epilepsy, cannot be treated in a comprehensive manner with tradi-
tional treatment approaches. In contrast, the homeostatic bioenergetic network 
regulator adenosine is uniquely suited to affect several different pathways and 
mechanisms synergistically on multiple different levels. Adenosine is a known 
endogenous anticonvulsant of the brain. Its levels rise during seizures, and this 
increase in adenosine is part of an endogenous control mechanism to terminate sei-
zures. However, disrupted adenosine homeostasis and resulting adenosine de fi ciency 
is a pathological hallmark of the epileptic brain. Adenosine de fi ciency as such was 
recently shown to be suf fi cient to trigger seizures. Thus, adenosine augmentation 
therapy (AAT) is a rational intervention to treat epilepsy. Unfortunately, systemic 
AAT is not a therapeutic option due to unacceptable side effects. To circumvent this 
problem, focal AATs have been developed based on the rationale to reconstruct 
normal adenosine homeostasis within an epileptogenic brain.  
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    26.1   Introduction 

 Epilepsy, a heterogeneous syndrome characterized by spontaneous recurrent seizures, 
is one of the most frequent neurological conditions and affects around 1 % of the 
population. Seizures can be brief periods of altered consciousness or absences, but 
can also generalize and involve motor functions leading to convulsions. Seizures 
are generated by excessive electrical discharges in clusters of neurons; however the 
cellular and molecular basis of epilepsy is still largely unknown. Today it is widely 
accepted that epilepsy is more complex than merely being a condition of increased 
neuronal excitation and decreased neuronal inhibition, and in particular the contri-
bution of in fl ammatory, glial, bioenergetic, and epigenetic changes to the 
pathophysiology of epilepsy has gained much attention recently (Boison et al. 
 2011a ; Pan et al.  2005 ; Qureshi and Mehler  2010 ; Ravizza et al.  2008 ; Seifert et al. 
 2010 ; Vezzani et al.  2008 ; Williamson et al.  2005  ) . Consequently, epilepsy pres-
ents a disorder of complex network dysfunction, which also becomes evident in a 
wide spectrum of histopathological changes commonly found in the epileptic 
brain. Thus, temporal lobe epilepsy (TLE) is characterized by neural cell loss in 
select areas of the hippocampal formation (e.g., in CA1 and hilus), by granule cell 
dispersion, by mossy  fi ber sprouting, by ectopic neurons and aberrant or recurrent 
circuitry, but also by glial changes that control homeostatic functions of brain 
activity. In many patients, seizures can be suppressed by antiepileptic drugs 
(AEDs), but one-third of all patients, or over 20 million patients with epilepsy 
worldwide, cannot be treated with those AEDs. Findings from the past 15 years 
suggest that dysfunction of adenosine-dependent homeostatic brain functions con-
tributes to the epileptic phenotype, and—consequently—adenosine augmentation 
therapies (AATs) constitute a novel and promising rational approach for seizure 
control in epilepsy.  

    26.2   Limitations of Conventional Epilepsy Therapy 

 Although most currently available AEDs effectively suppress seizures in many 
patients, 30 % of all epilepsies, in particular those of focal origin within the tempo-
ral lobe, have been described as being pharmacoresistant (Loscher and Schmidt 
 2011 ; Nadkarni et al.  2005  ) . Furthermore, severe side effects such as drowsiness, 
sleepiness, or effects on cognition limit the most effective use of those AEDs 
(Nadkarni et al.  2005  ) . Therefore alternative treatment options have been developed 
for clinical applications; those include neurosurgical resection of an epileptogenic 
focus (Wieser  1996  )  or invasive electrical stimulation (Boon et al.  2009  ) . In addi-
tion, alternative treatment options such as cell and gene therapy (Loscher et al. 
 2008  )  or hormonal and dietary interventions (Herzog  2009 ; Kossoff and Rho  2009  )  
are being explored. 
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    26.2.1   Pharmacotherapy 

 A major caveat of the current use of systemic drug formulations are brain-wide side 
effects that are largely due to the unspeci fi c blockade of neurotransmission in gen-
eral (e.g., by sodium channel blockers), while conventional AEDs typically do not 
speci fi cally target the hypersynchronous bursting that is a characteristic of epilepsy. 
Regarding effective drug treatment, the network complexity of epilepsy needs to be 
considered. A major limitation is the fact that the majority of AEDs have been 
designed using the same model systems (i.e., suppression of maximal electroshock-
induced acute seizures) (Loscher and Schmidt  2011  ) ; in addition, currently avail-
able AEDs act on neuronal downstream targets, such as neuronal sodium or 
potassium channels, or enhancement of GABAergic neurotransmission and there-
fore are unlikely to affect the complex pathophysiology of epilepsy on a network 
level (Loscher and Schmidt  2011  ) . Not surprisingly, AEDs at best provide symptom 
control (i.e., suppression of seizures; anti-ictogenesis), but do not affect the underly-
ing pathogenetic processes (i.e., epileptogenesis). Therefore, requirements for more 
effective therapies include (1) ef fi cacy in pharmacoresistant epilepsy; (2) preven-
tion of epileptogenesis and targeting of underlying disease processes; and (3) limi-
tation of side effects by focal mode of action. New concepts and strategies are 
needed to improve treatment options.  

    26.2.2   Surgery 

 Surgical resection of an epileptogenic brain region—if feasible—might be used as 
a last resort for some patients, but is accompanied by risks and the potential for loss 
of function. Although epilepsy surgery can signi fi cantly reduce the seizure burden 
in some patients and improve social outcome (Hamiwka et al.  2011  ) , about 35 % of 
patients in a cohort of 416 patients with epilepsy involving hippocampal sclerosis 
experienced seizure recurrence during the  fi rst postoperative year (Ramesha et al. 
 2011  )  and cognitive changes after epilepsy surgery are common (Sherman et al. 
 2011  ) . In addition, the disruption of mesial temporal structures that play a role in 
mood control may contribute to the development of new-onset major depression 
following mesial temporal lobectomy (Wrench et al.  2011  ) . Alternative surgical 
treatment options include electrical stimulation of either the vagus nerve or deep 
brain structures using implanted electrodes (Boon et al.  2009  ) . Although these 
approaches have demonstrated bene fi ts in a subset of patients, invasive strategies 
are associated with inherent risks. Of note, intracranial electrode implantation is 
associated with signi fi cant risks for brain hemorrhage and infection (5 % risk, each) 
(Theodore and Fisher  2007  ) .   
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    26.3   An Astrocytic Basis of Epilepsy 

 Astrogliosis is a characteristic hallmark of epilepsy (Fig.  26.1 ); however the important 
role of astrocytes in the control of neuronal excitability has only recently been 
appreciated. Astrocytes couple synaptic transmission with the neuro-vasculature via 
the formation of tripartite synapses (Haydon and Carmignoto  2006  ) . Importantly, 
both purinergic (Pascual et al.  2005  )  as well as glutamatergic (Tian et al.  2005  )  
signaling from astrocytes was shown to in fl uence neuronal networks and an 
astrocytic basis of epilepsy has been proposed (Tian et al.  2005  ) . Several lines of 
evidence now demonstrate that disruption of astrocyte-based homeostatic functions 
critically contributes to the pathophysiology of epilepsy. Thus, calcium homeostasis 
in astrocytes from the epileptic brain is perturbed and calcium waves have been 
shown to propagate within the astrocyte network affecting gliotransmission (Halassa 
et al.  2007 ; Halassa and Haydon  2010 ; Haydon and Carmignoto  2006  ) . Impaired K +  
buffering in epilepsy is further aggravated by reduced expression of astrocytic Kir 
channels, which play a fundamental role in astroglial K + -homeostasis (Hinterkeuser 
et al.  2000  ) . Further, failure of the astrocytic glutamine–glutamate cycle, caused by 
downregulation of glutamine synthetase, has been implicated in the pathophysiol-
ogy of astrogliosis-based seizures (Ortinski et al.  2010  ) . As is discussed in more 

  Fig. 26.1    Astrogliosis is a pathological hallmark of the epileptic brain. The image shows hyper-
trophied astrocytes from area CA1 of the hippocampal formation of an epileptic rat 21 weeks after 
systemic kainic acid-induced status epilepticus. Astrocytes are stained in green for glial  fi brillary 
acid protein (GFAP) using immuno fl uorescence techniques. Scale bar: 100  m m       
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detail below, astrocytes play a key role in regulating the homeostatic functions of 
the brain’s endogenous anticonvulsant adenosine (Aronica et al.  2011 ; Boison  2008 ; 
Boison et al.  2010  ) . In addition to the disruption of homeostatic functions of astro-
cytes in epilepsy, changes in the blood–brain barrier (Heinemann et al.  2006  )  and 
glial-based immune functions (Vezzani  2008 ; Vezzani et al.  2008  )  contribute to the 
development of the epileptic phenotype.   

    26.4   Adenosine De fi ciency: A Pathological 
Hallmark of the Epileptic Brain 

    26.4.1   Astrocyte Control of Adenosine Homeostasis 

 The physiological tone of adenosine is largely controlled by an astrocyte-based 
adenosine cycle (Boison  2008 ; Boison et al.  2010  ) . ATP, released by astrocytes via 
regulated vesicular transport (Pascual et al.  2005  )  or via hemichannels (Stout et al. 
 2002  ) , and rapidly cleaved by a cascade of extracellular ectonucleotidases 
(Zimmermann  2000  ) , is a major source of synaptic adenosine. The astrocytic release 
of ATP plays a crucial role in regulating neuronal excitability via adenosine as was 
demonstrated using transgenic mice with an engineered inducible de fi ciency of 
astrocytic ATP release (Pascual et al.  2005  ) . Astrocyte membranes contain two 
types of equilibrative nucleoside transporters that rapidly equilibrate extra- and 
intracellular levels of adenosine (Baldwin et al.  2004  ) . Intracellular adenosine is 
rapidly phosphorylated by the astrocyte-based enzyme adenosine kinase (ADK), a 
mechanism creating a sink for adenosine and driving the in fl ux of adenosine into the 
astrocyte resulting in the clearance of extracellular adenosine (Boison  2006,   2008 ; 
Boison et al.  2010  ) .  

    26.4.2   Regulation of Seizures by Adenosine Kinase 

 The “ADK hypothesis of epileptogenesis” has recently been proposed to highlight a 
biphasic response of changes in adenosine homeostasis that are thought to contrib-
ute the development of seizures in epilepsy (Boison  2008  ) . It appears that any type 
of injury or stress to the brain results in an acute surge of up to micromolar levels of 
adenosine (Clark et al.  1997 ; Gouder et al.  2004 ; Pignataro et al.  2008  ) . This acute 
injury-associated surge of adenosine can further be potentiated by acute downregu-
lation of ADK as shown during the  fi rst hours after experimental stroke or status 
epilepticus (Boison  2008 ; Gouder et al.  2004 ; Pignataro et al.  2008  ) . Whereas the 
acute surge in adenosine provides an important neuroprotective function, it might 
also trigger several downstream pathways linked to epileptogenesis. Downstream 
mechanisms that can be in fl uenced by an acute surge of adenosine include 
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in fl ammatory processes (Hasko et al.  2005 ; Yu et al.  2004  )  and stimulation of microglia 
(Gebicke-Haerter et al.  1996  ) . Increased levels of adenosine can induce downregu-
lation of A 

1
 Rs, but also upregulation of A 

2A
 Rs on astrocytes (Cunha  2005  ) . This is 

of interest because increased occupancy of astrocytic A 
2A

 Rs was demonstrated to 
promote astrocyte proliferation and activation (Brambilla et al.  2003 ; Hindley et al. 
 1994  ) . Based on those mechanisms, the acute injury-induced surge in adenosine 
might contribute to trigger subsequent astrogliosis. Therefore, it is no surprise that 
astrogliosis is common after a variety of insults to the brain, such as traumatic brain 
injury, status epilepticus, or stroke. As is discussed below, one major consequence 
of astrogliosis is overexpression of ADK, resulting in excessive adenosine clearance 
and spontaneous electrographic seizures. Evidence that astrocytic ADK is a key 
molecular link between astrogliosis and neuronal dysfunction in epilepsy has been 
obtained in a variety of experimental paradigms. 

    26.4.2.1   Rodent Models of Acquired Epilepsy 

 To dissect consequences of astrogliosis from other histopathological changes com-
mon in MTLE (e.g., mossy  fi ber sprouting, granule cell dispersion, changes in 
neuronal circuitry) a mouse model was investigated that develops focal astroglio-
sis in the absence of other histopathological changes (Li et al.  2008  ) . The model 
is based on a focal onset status epilepticus, which is triggered by unilateral injec-
tion of the excitotoxin kainic acid into the basolateral amygdala. As a conse-
quence of this injury two focal areas of neuronal cell loss, located in the ipsilateral 
CA3 and within the injured amygdala, are generated (Li et al.  2011,   2008  ) . 
Within 3 weeks both focal areas that were initially injured developed prominent 
astrogliosis and overexpression of ADK (Li et al.  2011,   2008  ) . Frequent sponta-
neous electrographic seizures originating from the two focal areas of ADK over-
expression were identi fi ed (Li et al.  2011,   2008  ) . Remarkably, seizure activity 
coincided temporally with overexpression of ADK (Li et al.  2007a  ) , occurred 
independently in both foci, and remained focal (i.e., did not generalize) (Li et al. 
 2011  ) . These  fi ndings demonstrate spatial and temporal colocalization of 
astrogliosis, overexpressed ADK, and spontaneous seizures, and suggest that astro-
gliosis and/or overexpression of ADK per se and in the absence of any other 
contributing factor for epileptogenesis is a minimum requirement to trigger elec-
trographic seizures.  

    26.4.2.2   Genetically Engineered Mice 

 To address the question whether the isolated overexpression of ADK (i.e., in the 
absence of astrogliosis) might be suf fi cient to trigger seizures, transgenic mice were 
engineered with a global brain-wide overexpression of an  Adk -transgene (Adk-tg 
mice). These animals are characterized by spontaneous hippocampal seizures in the 
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absence of astrogliosis or any other histopathological alteration (Li et al.  2007a  ) . 
Thus, overexpression of ADK per se is suf fi cient to trigger electrographic seizures. 
These  fi ndings were further substantiated using a viral gene expression approach 
based on an adeno-associated virus (AAV) overexpressing a cDNA of  Adk  selec-
tively in astrocytes. Intrahippocampal injection of this viral vector into mice was 
shown to trigger the same type of spontaneous seizures, whereas the injection of an 
AAV expressing an  Adk  antisense construct was able to almost completely abolish 
spontaneous seizures in Adk-tg mice (Theo fi las et al.  2011  ) . Together these data 
de fi ne ADK as rational target for therapeutic intervention.  

    26.4.2.3   Overexpression of ADK in Human Epilepsy 

 The contribution of overexpressed ADK to seizure generation in epilepsy might be 
of wider relevance, since ADK was found to be overexpressed not only in a variety 
of rodent models of TLE (Aronica et al.  2011 ; Gouder et al.  2004  ) , but also in epi-
leptogenic tissue resected from human TLE patients (Aronica et al.  2011 ; Masino 
et al.  2011  ) . In addition, microdialysis studies in human TLE patients have identi fi ed 
lower levels of adenosine in the epileptogenic compared to the contralateral healthy 
hippocampus (During and Spencer  1992  ) . Thus overexpression of ADK and result-
ing disruption of adenosine homeostasis seems to be a pathological hallmark of the 
epileptic brain.  

    26.4.2.4   Pharmacological Approaches for Seizure Suppression 

 If overexpressed ADK and resulting disruption of adenosine homeostasis play a 
major role in seizure generation, then AATs should be highly effective in seizure 
control. Indeed, adenosine A 

1
 R agonists effectively suppress seizures in a variety of 

models including one of pharmacoresistant epilepsy (Gouder et al.  2003 ; Jacobson 
and Gao  2006  ) . However, systemic application of A 

1
 R agonists leads to profound 

cardiovascular and sedative side effects (Monopoli et al.  1994  )  that might be related 
to the sleep-promoting effects of A 

1
 R activation (Bjorness et al.  2009  ) . Alternatively, 

seizure suppression can be achieved by ADK inhibitors such as ABT-702 (Jarvis 
et al.  2000 ; Kowaluk et al.  2000  ) , which are able to amplify the site- and event-
speci fi c increase in adenosine resulting from injury or stress to the brain. Based on 
this rationale those agents could provide antiseizure activity comparable to adenos-
ine receptor agonists (Kowaluk and Jarvis  2000 ; McGaraughty et al.  2005  ) , how-
ever with a more favorable side effect pro fi le. Indeed, pharmacological inhibition of 
ADK was shown to be highly effective in inhibiting epileptic seizures (Gouder et al. 
 2004 ; Kowaluk and Jarvis  2000  )  but systemic ADK inhibition might not be a long-
term therapeutic option for epilepsy due to interference with methionine metabo-
lism in liver (Boison et al.  2002 ; Mato et al.  2008  )  and the risk of brain hemorrhage 
(Erion et al.  2000 ; McGaraughty and Jarvis  2006  ) .    
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    26.5   Focal Adenosine Augmentation Therapy 

 To circumvent side effects of systemic adenosine augmentation and to translate 
adenosine-based therapies into clinical practice focal treatment approaches 
(Fig.  26.2 ) might become a necessity. The feasibility for those translational 
approaches is based on initial clinical data with adenosine, pharmacological  fi ndings, 
availability of focal treatment modalities, and availability of adenosine augmenting 
strategies that are amenable to focal application.  

    26.5.1   Clinical Use and Trials with Adenosine 

 Adenosine as such is an FDA-approved drug, which is clinically used to treat 
supraventricular tachycardia. In addition, adenosine administration is currently 
tested in a variety of clinical trials to study therapeutic effects on in fl ammation, 
cardioprotection, and pain (Fredholm et al.  2011  ) . Intrathecal adenosine infusions 
have been performed in human subjects to study pain responses (Eisenach et al. 
 2002a,   b  ) . Based on clinical evidence to date, the direct application of adenosine to 
a human subject appears to be generally safe. However, since adenosine only poorly 
penetrates the blood–brain barrier and is rapidly metabolized within the circulation, 
systemic adenosine applications might not be a therapeutic option for patients with 
epilepsy.  

  Fig. 26.2    Focal adenosine augmentation strategies. Local levels of adenosine in brain can be 
raised by a variety of strategies illustrated here       
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    26.5.2   Clinical Use of Pharmacological Adenosine Augmentation 

 Adenosine-augmenting pharmacological agents have been and are currently being 
tested in a limited number of clinical studies (Fredholm et al.  2011  ) . Dipyridamole aug-
ments adenosine signaling by blocking adenosine transport and thus reuptake of extra-
cellular adenosine; the short half-life of the drug in vivo has spawned interest in its use 
as coronary vasodilator. The drug is also currently tested as an add-on treatment for 
schizophrenia. Adenosine augmentation is thought to be a promising approach for the 
treatment of schizophrenia (Boison et al.  2011b  )  and clinical studies with the adenos-
ine-augmenting agent allopurinol have demonstrated some bene fi t in patients with 
refractory schizophrenia (Brunstein et al.  2004,   2005  ) . Although a variety of adenosine 
receptor agonists are in clinical development for a variety of conditions (Fredholm 
et al.  2011  )  those approaches seem to be limited to highly speci fi c peripheral applica-
tions and none of those pharmacological approaches has been pursued for the clinical 
treatment of epilepsy, most likely based on the need of focal applications.  

    26.5.3   Rationale for Focal AAT 

 Spatially restricted therapies are considered to be safe and feasible alternatives for 
systemic drug application and due to the focal nature of many epilepsies, focal 
interventions might be preferable (Nilsen and Cock  2004  ) . Neurochemical de fi cits 
that are speci fi c for an epileptogenic focus provide a direct rationale for focal inter-
vention. Accordingly, endogenous antiepileptic compounds such as GABA (Gernert 
et al.  2002 ; Nolte et al.  2008 ; Thompson  2005  ) , adenosine (Anschel et al.  2004 ; 
Boison  2009a ; Boison and Stewart  2009  ) , galanin (Kanter-Schlifke et al.  2007 ; 
Mazarati  2004 ; McCown  2009  ) , or NPY (Noe et al.  2009 ; Sorensen et al.  2008  )  are 
therefore logical therapeutic candidates. Tools for focal drug delivery include poly-
meric brain implants (Kokaia et al.  1994 ; Wilz et al.  2008  ) , cell therapy (Boison 
 2007 ; Loscher et al.  2008 ; Raedt et al.  2007 ; Shetty and Hattiangady  2007  ) , or gene 
therapy (McCown  2004 ; Riban et al.  2009 ; Vezzani  2007  ) . Opposed to the systemic 
use of AEDs, the focal use of an endogenous anticonvulsant and neuroprotectant, 
such as adenosine, is uniquely posed to reconstitute normal signaling within an 
epileptogenic brain area with the prospect to not only suppress seizures but also to 
affect the underlying neuropathology of epilepsy directly (Fig.  26.3 ). In addition, 
the focal delivery of adenosine to the limbic system might be a strategy to limit off-
site effects of adenosine, such as interfering with A 

2A
 R-dependent control of psy-

chomotor functions in the striatum (Shen et al.  2008  ) .   

    26.5.4   Engineering of Adenosine-Releasing Cells 

 The most effective strategy to increase adenosine signaling is disruption of meta-
bolic adenosine clearance. Two molecular strategies have been used to augment 
adenosine release from cells: (1) gene targeting to disrupt the endogenous  Adk  gene 
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(Fedele et al.  2004  )  and (2) RNA interference (RNAi) to knock down ADK expression 
(Boison  2010  ) . Disruption of the endogenous  Adk  gene by homologous recombination 
in murine embryonic stem cells (ESCs) and subsequent selection for ADK de fi ciency 
resulted in ESCs with biallelic disruption of the endogenous  Adk -gene (Fedele et al. 
 2004  ) . After directed differentiation into neural cell populations, 10 5  ADK-de fi cient 
cells released a therapeutically relevant dose of up to 40 ng adenosine per hour. 
Adenosine release under those conditions is most likely due to passive diffusion 
through equilibrative nucleoside transporters. Similarly, therapeutic adenosine 
release in adult stem cells was induced using lentiviral RNAi to downregulate ADK 
in human mesenchymal stem cells (hMSCs) (Ren et al.  2007  ) .   

    26.6   Seizure Suppression and Prevention by Focal 
Adenosine Augmentation 

    26.6.1   Proofs of Principle 

 The  fi rst demonstration that focal adenosine augmentation might effectively control 
seizures was obtained in rats that were electrically kindled in the hippocampus. 
Kindling is based on repetitive administration of sub-convulsive electrical stimulation 
to the limbic system of the brain, which results in a permanent increase in suscepti-
bility and severity of electrically induced seizures (Racine and Burnham  1984  ) . 
The rat kindling model is of high predictive value for the clinical ef fi cacy of AEDs 
(Loscher  2002  ) . Synthetic ethylene vinyl acetate copolymers were engineered to 
release an amount of around 20–50 ng adenosine per day (Boison et al.  1999  )  and 
were implanted into the lateral brain ventricles of rats that had previously been 
kindled in the hippocampus. Recipients of adenosine-releasing polymers were char-
acterized by a strong reduction of convulsive seizures for at least 7 days whereas 
control implants had no effects. This was the  fi rst published demonstration that the 
focal release of adenosine can suppress epileptic seizures (Boison et al.  1999  ) . 
Likewise, intraventricular implants of encapsulated  fi broblasts engineered to release 
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  Fig. 26.3    Disease-modifying effects of adenosine. Combining antiepileptic with neuroprotective 
properties, adenosine might be ideally suited to disrupt a vicious cycle thought to be implicated in 
disease progression of epilepsy       
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adenosine provided robust but transient seizure suppression in kindled rats (Huber 
et al.  2001  ) . The proof of principle that focal adenosine delivery can be of therapeu-
tic bene fi t was subsequently con fi rmed by an independent research group using an 
approach that was based on intracranial adenosine injection in a rat seizure model 
(Anschel et al.  2004  ) .  

    26.6.2   Stem Cell-Based Adenosine Delivery 

 Stem cell therapies are a logical choice for regeneration and repair of the epileptic 
hippocampus (Hattiangady et al.  2008  ) . In addition, adenosine-releasing stem cell-
derived brain implants may exert direct anticonvulsant activity via paracrine effects 
(Güttinger et al.  2005  ) , which can effectively be achieved by injecting stem cells or 
their derivatives into the infrahippocampal  fi ssure of rodents, thereby avoiding 
interference with hippocampal circuitry (Li et al.  2007b  ) . Infrahippocampal implants 
of neural precursor cells derived from murine or human ESCs, as well as hMSCs, 
survive within the infrahippocampal  fi ssure for at least several weeks (Boison 
 2009b ; Li et al.  2009,   2008,   2007b ; Ren et al.  2007  ) . In therapeutic cell transplanta-
tion experiments infrahippocampal grafts of adenosine-releasing stem cells pro-
vided potent seizure control in several experimental paradigms. ESC-derived neural 
precursor cells injected into rats prior to the onset of kindling provided robust sup-
pression of kindling epileptogenesis (Li et al.  2007b  ) . When the same cells were 
injected after intraamygdaloid kainic acid-induced status epilepticus in mice, they 
prevented the development of spontaneous seizures 3 weeks after the injury. In con-
trast, after the same time recipients of control cells had developed recurrent electro-
graphic CA3-seizures at a rate of about four seizures per hour (Li et al.  2008  ) .  

    26.6.3   Transient Focal Adenosine Delivery via Silk 

 To provide a platform for clinical implementation of focal AAT, the natural biopo-
lymer silk was evaluated for the therapeutic delivery of adenosine (Pritchard et al. 
 2010 ; Wilz et al.  2008  ) . Puri fi ed silk  fi broin presents a unique option for therapeutic 
adenosine delivery as outlined in    chapter 28 of this volume. When implanted after 
completion of kindling into fully kindled epileptic rats, implants engineered to 
release 1,000 ng adenosine for only 10 days effectively suppressed seizures for 
exactly those 10 days in fully kindled rats. After expiration of adenosine release 
from the polymers, convulsive stage 4 or 5 seizure activity recurred (Szybala et al. 
 2009  ) . To assess a potential antiepileptogenic effect of focal adenosine delivery, 
unilateral (ipsilateral to side of kindling) implantations with the same adenosine-
releasing or control polymers were performed prior to the onset of kindling. In a 
dose escalation study devices releasing de fi ned doses of up to 1,000 ng adenosine 
per day were implanted into the infrahippocampal  fi ssure of rats prior to the onset 
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of electrical kindling. Focal adenosine release from silk-based polymers dose 
dependently retarded kindling epileptogenesis (Wilz et al.  2008  ) . In a more re fi ned 
study designed to gauge possible antiepileptogenic effects of focal adenosine deliv-
ery, rats were kindled partly in the presence of a silk-based polymer releasing a 
stable but temporally restricted daily dose of 1,000 ng adenosine for only 10 days. 
During the initial kindling recipients of adenosine-releasing implants failed to 
express any convulsive seizures, whereas all control rats reproducibly developed 
generalized convulsive seizure activity. Lack of seizures in the adenosine group 
could either re fl ect suppression of epileptogenesis or merely the suppression of sei-
zures by active augmentation of adenosine signaling. To distinguish between those 
two possibilities, kindling was continued after expiration of adenosine from the 
polymer; i.e., kindling was resumed in the absence of polymer-derived adenosine. 
At the initial kindling stimulations following the washout period none of the rats 
from the adenosine group displayed convulsive seizures and kindling developed 
gradually with increasing number of stimulations. In contrast, all animals from the 
control group resumed kindling at the generalized convulsive seizure stage. This 
experiment demonstrates a disease-modifying and at least partial antiepileptogenic 
effect of transient focal adenosine release (Szybala et al.  2009  ) . Pharmacological 
control experiments with the adenosine A 

1
  receptor antagonist DPCPX further cor-

roborated disease-modifying effects of focal adenosine delivery: Whereas a dose of 
1 mg/kg DPCPX has no effects in non-kindled control animals, DPCPX restores 
stage 5 seizures in fully kindled rats that are protected from transient adenosine 
delivery (Huber et al.  2001  ) . Importantly, DPCPX did not trigger seizures in kindled 
animals that received adenosine-releasing implants prior to the onset of kindling, a 
result that further substantiated a possible antiepileptogenic effect of focal adenos-
ine delivery (Szybala et al.  2009  ) .  

    26.6.4   Gene Therapy 

 As outlined above, high expression levels of ADK have been linked with epileptic 
seizures in animal models of epilepsy (Aronica et al.  2011 ; Gouder et al.  2004 ; Li 
et al.  2011  ) , and overexpression of ADK has been found in hippocampus resected 
from patients with TLE (Aronica et al.  2011 ; Masino et al.  2011  ) . Likewise, trans-
genic overexpression of ADK in the brain of mice is suf fi cient to trigger electro-
graphic seizures (Li et al.  2007a  ) . ADK therefore emerges as a rational target for 
therapeutic intervention and downregulation of ADK in a gene therapy approach 
should therefore constitute a rational strategy for long-term seizure control (Boison 
 2010  ) . In order to assess whether seizure activity can be controlled by modulating 
ADK expression in astrocytes, an adeno-associated virus serotype 8 (AAV8)-based 
expression system was used to permanently alter ADK expression in astrocytes 
based on the expression of an  Adk -cDNA in either sense (to overexpress ADK) or 
antisense (to knock down ADK) orientation (Theo fi las et al.  2011  ) . Cell-type speci fi city 
of ADK expression for astrocytes was achieved by using an astrocyte-selective pGfa 
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promoter. As predicted, AAV8-based overexpression of ADK in astrocytes of the 
hippocampus of wild-type mice resulted in spontaneous electrographic seizures, 
whereas the knockdown of ADK in astrocytes of the hippocampus of Adk-tg mice 
almost completely abrogated any seizure activity (Theo fi las et al.  2011  ) . These data 
provide a proof of feasibility to use gene therapy approaches aimed at downregulat-
ing ADK expression as possible therapeutic avenue for long-term seizure control.   

    26.7   Possible Bene fi t of Focal AAT for Epilepsy 

 Focal AAT is based on a solid rationale and as such is highly suited and ef fi cient in 
controlling epileptic seizures. In addition, newer data suggest that adenosine might 
also have novel disease-modifying and possibly antiepileptogenic effects. 

    26.7.1   Seizure Suppression 

 As outlined above solid evidence exists for the capability of adenosine augmenta-
tion to control epileptic seizures. Importantly, augmentation of adenosine signaling 
was shown to be effective in a model of pharmacoresistant epilepsy (Gouder et al. 
 2003,   2004  ) . Focal adenosine augmentation was shown to effectively suppress sei-
zures in two different species (mice and rats) and in models of electrically induced 
kindled seizures, as well as in models of spontaneous recurrent seizures that resulted 
as a consequence of kainic acid-induced status epilepticus (Huber et al.  2001 ; Li 
et al.  2008  ) . Focal AAT was effective irrespective of the technology used to aug-
ment adenosine signaling. Robust seizure suppression was achieved by infrahip-
pocampal implants of adenosine-releasing silk, adenosine-releasing cells, or by 
gene therapy targeting adenosine metabolism (Huber et al.  2001 ; Szybala et al. 
 2009 ; Theo fi las et al.  2011  ) . As will be discussed in a separate chapter of this vol-
ume a ketogenic diet was recently shown to suppress seizures in mice by augmenta-
tion of adenosine signaling (Masino et al.  2011  ) .  

    26.7.2   Antiepileptogenesis and Disease Modi fi cation 

 Apart from seizure control, therapeutic adenosine augmentation might also modify 
the phenotype and expression of epilepsy, and might have novel antiepileptogenic 
effects. It is important to realize that epilepsy is not just a seizure disorder but the 
expression of a complex pathophysiology that also includes cognitive impairment, 
depression, and sleep disorders, all of which can be linked to disrupted adenosine 
homeostasis. Therefore reconstitution of adenosine-based homeostatic functions 
might not only be of bene fi t for seizure suppression, but also for the treatment of 
epilepsy-associated comorbidities. Thus, therapeutic adenosine augmentation 
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emerges as a holistic approach to treat the complex spectrum of endophenotypes 
associated with epilepsy. 

 Recent  fi ndings support an antiepileptogenic role of focal adenosine augmenta-
tion: (1) Adenosine-releasing implants located close to the hippocampal formation 
suppressed kindling epileptogenesis in rats (Li et al.  2007b ; Wilz et al.  2008  ) . (2) In 
rats that were kindled in the presence of a transient source of adenosine, lack of 
convulsive seizures was maintained even after washout of the adenosine (Szybala 
et al.  2009  ) . (3) Adenosine-releasing stem cell-derived infrahippocampal implants 
in mice prevented the development of hippocampal chronic seizures 3 weeks after 
status epilepticus triggered by an intraamygdaloid injection of kainic acid. 
Remarkably, in recipients of adenosine-releasing cells astrogliosis was markedly 
attenuated and ADK expression levels were almost normal (Li et al.  2008  ) . (4) 
Finally, transgenic mice with increased adenosine levels in forebrain (Shen et al. 
 2011  )  appeared to be completely resistant to epileptogenesis.   

    26.8   Impact and Outlook 

 As outlined above, focal AATs may combine anticonvulsive, neuroprotective, disease-
modifying, and possibly antiepileptogenic properties. It is important to point out 
that the conceptual rationale for focal AAT development differs drastically from 
classical AED development, which is based on a  neuro centric concept. It is unlikely 
that the development of new AEDs that all act on a limited number of neuronal 
targets, which are all isolated downstream components of complex homeostatic net-
works, will lead to any signi fi cant improvement in antiepileptic therapy. In contrast, 
augmentation of adenosine as an upstream modulator of several downstream path-
ways is uniquely suited to affect neuronal excitability on the network level. As an 
 endogenous  anticonvulsant, adenosine is subject to physiological    clearance. Rather 
than leading to toxic accumulations of adenosine, adenosine augmentation is likely 
to restore the adenosinergic equilibrium, thereby avoiding undue side effects. 

 Before clinical implementation of focal AATs several issues need to be resolved. 
These include(1) determination of ED 

50
 s and TD 

50
 s and the respective therapeutic 

index; (2) detailed toxicology or toxicogenomic studies; (3) differentiation of anti-
epileptic ef fi cacy in mechanistically different animal models; (4) determination of 
appropriate time points for therapeutic intervention; (5) determination of appropri-
ate therapeutic targets; and (6) demonstration of long-term ef fi cacy. 

 AATs make rational use of an endogenous seizure-control system of the brain. It 
is important to note that adenosine is already FDA approved for the treatment of 
supraventricular tachycardia and that it has already been used as intrathecal infusion 
in phase I human pain studies (Eisenach et al.  2002a  ) . One possibility for  fi rst safety 
and feasibility studies in a clinical setting could be the infusion of adenosine into an 
epileptic temporal lobe during its surgical removal. When coupled to synchronous 
EEG recordings, a proof of principle could be established that adenosine is effective 
in pharmacoresistant human epilepsy.      
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  Abstract   The ketogenic diet (KD) debuted in the 1920s as a metabolic treatment 
for epilepsy, based on the historical observation that fasting could prevent seizures. 
Similar to fasting, the high-fat, low-carbohydrate KD restricts glucose and favors 
oxidation of fatty acids, which in turn generates ketones for energy. Despite nearly 
a century of clinical use, proof of ef fi cacy was only recently established, and little 
is known about how the KD works. The lure of a continually growing armamen-
tarium of pharmacological options and the inherent challenges in implementing a 
dietary treatment versus a drug have combined to relegate the KD to a therapy of 
last resort. Indeed, better knowledge of how the KD exerts broad-spectrum clinical 
activity would be required to develop enhanced metabolism-based treatments, and 
perhaps even a “diet in a pill.” Recent evidence strongly implicates adenosine as a 
mediator of KD action, as it is well known that adenosine is a fundamental link 
between metabolism and neuronal membrane excitability. Through a greater mech-
anistic understanding of how the KD―and adenosine in particular―works to 
dampen aberrant excitation in the brain, novel insights and molecular targets are 
bound to emerge. However, given the complexity of metabolic pathways in both 
normal and disease states, it will be important to determine speci fi c cause-and-effect 
relationships. At present, given growing interest in metabolic dysfunction as a major 
pathophysiological substrate for a multiplicity of disease states, as well as urgent 
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concerns regarding unbridled healthcare costs worldwide, we predict that research 
in the area of “translational metabolism” will gain further momentum. Here we 
highlight current research on mechanism(s) of KD action, with a focus on adenos-
ine, and promote the concept that the KD is both an accessible and affordable ther-
apy by describing an international case study of recent KD training and initial 
outcomes in the Republic of Georgia.      

    27.1   Introduction: Ketogenic Diet as a Metabolic Therapy 

 The ketogenic diet (KD) enjoys a long-standing track record as an effective treat-
ment for epilepsy    (Freeman et al.  1998 ,  2006 ,  2009 ;    Vining et al.  1998 ; Neal et al. 
 2008,   2009  ) . Historically, the observation that fasting, or a “water diet,” could 
reduce seizure activity spurred the quest for a metabolism-based therapy that could 
mimic the biochemical and therapeutic effects of fasting, yet retain adequate caloric 
and nutritional intake (Wheless  2008  ) . Accordingly, a KD was developed more than 
90 years ago to treat seizures, and it has remained on the treatment landscape ever 
since. Its high-fat low-carbohydrate formulation restricts the amount of glucose 
available to generate adenosine triphosphate (ATP) through glycolysis; this funda-
mental metabolic shift favors fatty acid oxidation that then generates ketones as the 
predominant bioenergetic substrate (Bough and Rho  2007  ) . Despite an early and 
broad understanding of the major biochemical changes induced by the KD, the criti-
cal mechanisms responsible for its anticonvulsant effects have been dif fi cult to 
identify (Vamecq et al.  2005 ; Bough and Rho  2007 ; Maalouf et al.  2009 ; Masino 
and Rho  2012  ) . 

 Notwithstanding the lack of mechanistic information, the KD has experienced 
periods of waxing and waning enthusiasm by clinicians and awareness by the public 
at large (Wheless  2008  ) . Shortly after its initial implementation the KD fell out of 
favor, due primarily to the advent of newer antiepileptic drugs (AEDs) such as phe-
nytoin which were easier to administer and were regarded as being equally 
ef fi cacious (Wheless  2008  ) . This pharmacological bias remained for many decades, 
despite the fact that a signi fi cant fraction of patients with epilepsy typically fail to 
respond to AEDs―with either traditional or newer agents (Mattson et al.  1985 ; 
Kwan and Brodie  2000  ) . While not yet proven, there is a clinical impression that the 
KD may be more effective than drugs, especially since there can be impressive 
response rates in patients with medically-refractory epilepsy (Freeman et al.  2006 ; 
Kossoff and Rho  2009  ) . 

 Numerous clinical reports note 50 % responder rates in at least half the children 
administered the KD, and approximately one-third achieve more than a 90 % 
reduction in their seizures, with 7–10 % becoming seizure free (Kossoff and Rho 
 2009 ; Payne et al.  2011  ) . In further support of the KD’s ef fi cacy in the most chal-
lenging of cases, there is growing evidence that the KD treats refractory status 
epilepticus (Nabbout et al.  2010 ; Nam et al.  2011  ) ―a devastating condition of 
unrelenting seizure activity that can ensue for days and    weeks. While used most 
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often in children, the KD and related dietary formulations are also effective in 
 adolescents and adults (Payne et al.  2011  ) . A recent case report describes how 
 initiation with a KD, and maintenance with a modi fi ed Atkins diet, was able to 
control medically and surgically refractory epilepsy in an adult in a neurocritical 
care unit (Cervenka et al.  2011  ) . 

 Against this historically rich backdrop, there is a current resurgence in consider-
ation of metabolism-based treatments. In addition to the traditional KD and its well-
known medium-chain triglyceride (MCT) variation, there are also low-carbohydrate 
diets for weight loss (such as the Atkins and South Beach/low-glycemic index treat-
ments) which have become increasingly popular as these related approaches are 
associated with more liberal and palatable foodstuffs (Kossoff et al.  2006 ; 
Muzykewicz et al.  2009  ) . Importantly, the KD is now considered a truly interna-
tional treatment for epilepsy, even in underdeveloped countries (Kossoff and 
McGrogan  2005 ; Kossoff et al.  2011  ) . 

 Table  27.1  outlines the energy composition of several diets of varying stringencies―
including a classic KD and a modi fi ed Atkins diet as compared to a “standard” diet. 
A KD is customized to the individual, and takes into account his or her energy and 
protein requirements prior to determining the carbohydrate and fat content of his or 
her diet (hence the ratio, de fi ned by weight as fats to carbohydrate plus protein). For 
example, to provide suf fi cient protein for an inactive adult, a 1:1 ratio may be pre-
scribed. To achieve the very high fat content of a KD, typical meals include a small 
serving of meat,  fi sh, or protein and a small serving of vegetables. Butter, mayon-
naise, vegetable or coconut oil, and heavy cream are incorporated based on prefer-
ences and in amounts required to satisfy the ratio of fat:(protein + carbohydrate) 
(Table  27.1 ).  

 In many ways, the tremendous growth of KD centers worldwide, and scienti fi c 
attention to this non-pharmacological treatment, would not have been possible 
without the sustained efforts of the Charlie Foundation to Cure Pediatric Epilepsy 
(  http://www.charliefoundation.org    ; Santa Monica, California, USA), created by 
Jim and Nancy Abrahams, which brought substantial media attention to the bene fi ts 
of the KD for epilepsy. For example, a 1997 made-for-television movie―“ First Do 
No Harm, ” starring Meryl Streep, documented the KD’s “miraculous” effects on a 
young boy with catastrophic epilepsy which was unresponsive to numerous AEDs. 
Over the past decade and a half, the Charlie Foundation has been an invaluable 
resource for parents, patients, and professionals worldwide―and has been the 

   Table 27.1    Comparison of energy distribution and fat:nonfat ratios of therapeutic ketogenic diets 
(KD), a modi fi ed (Mod) Atkins diet, and a regular diet   

 Energy distribution  Classic KD  Liberal KD  Mod Atkins  Regular a  

 Ratio (fat:nonfat)  4:1  3:1  2:1  1:1  1:1  0.2:1 
 Fat: kilocalories  90 %  87 %  80 %  70 %  64 %  30 % 
 Protein: kilocalories  10 %  13 %  20 %  30 %  30 %  15–25 % 
 Carbohydrate: kilocalories  6 %  45–55 % 

   a  Dietary guidelines for Americans; US Department of Health & Human Services, 2011  

http://www.charliefoundation.org
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driving force for both clinical and scienti fi c activity surrounding the KD. More 
recently, the organization Matthew’s Friends (  http://www.matthewsfriends.org    ), 
spearheaded by Emma Williams and based in the United Kingdom, has quickly 
evolved to represent another major international resource and a voice for advocacy 
and education. Perhaps the greatest testament to the remarkable scienti fi c growth of 
the KD is the fact that compared to the 15 years prior to its renaissance in the mid 
1990s, there has been a tenfold increase in citations indexed on PubMed (  http://
www.ncbi.nlm.nih.gov/pubmed/    ) over the subsequent 15 years. Part of this phe-
nomenal growth is likely due to expanding interest in metabolism and its dysfunc-
tion relative to chronic diseases (WHO Special Issue  2004 ; Uauy et al.  2008  ) .  

    27.2   Mechanisms Mobilized by Ketogenic Diet Therapy 

 Ultimately, to produce anticonvulsant effects, the KD must reduce neuronal activity 
and/or excitability. Accordingly, there has been intense interest in a detailed under-
standing of how the metabolic effects of a KD translate into reduced excitation and/
or a hyperpolarized membrane potential, altered neurotransmitter release or recep-
tor af fi nities, or myriad other mechanisms that would result in fewer seizures 
(Vamecq et al.  2005 ; Bough and Rho  2007 ; Masino and Rho  2012  ) . 

 One cardinal feature is the profound metabolic shift induced by the KD. As noted 
earlier, the KD is high in fat and low in carbohydrates. The enhanced fatty acid 
oxidation and restricted carbohydrate content switch metabolism from the preferred 
ATP-generating pathway―i.e., glycolysis―to intermediary metabolism that results 
in increased production of ketone bodies, decreased glucose, and increased levels of 
circulating fatty acids (Kim do and Rho  2008  ) . Proximal metabolic changes are 
shown in Fig.  27.1  and have been described in more detail elsewhere (Kim do and 
Rho  2008  ) .  

 Regarding the collective mechanisms proposed as relevant or critical to KD ther-
apy, there are a number of excellent reviews and the reader is referred to these 
sources for more comprehensive coverage (Bough and Rho  2007 ; Gasior et al.  2006 ; 
Kim do and Rho  2008 ; Maalouf et al.  2009 ; Rho and Stafstrom  2011 ; Masino and 
Rho  2012  ) . As an overview, these postulated mechanisms include (1) acute and 
chronic biochemical changes observed    with KD administration in vivo (e.g., 
increased ketone production, decreased serum glucose levels, a reduction in the gen-
eration of reactive oxygen species (ROS), increased fatty acid levels (perhaps impor-
tantly, polyunsaturated fatty acids [PUFAs] which possess membrane- stabilizing 
properties), increased bioenergetic reserves (consisting of increased levels of ATP 
and ADP), and a reduction in levels of adenosine kinase, the major adenosine-
metabolizing enzyme) and (2) cellular mechanisms with potentially direct effects on 
neuronal excitability such as opening of ATP-sensitive potassium (K 

ATP
 ) channels 

that cause membrane hyperpolarization (Ma et al.  2007 ; Kawamura et al.  2010  )  and 
acetoacetate-mediated presynaptic release of excitatory neurotransmitters via an 

http://www.matthewsfriends.org
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
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interaction with vesicular glutamate transporters (VGLUTs)    (Juge et al.  2010  ) . 
A schematic summarizing these mechanisms is shown in Fig.  27.2 , and mechanisms 
related to adenosine are discussed in more detail below.   

    27.3   Ketogenic Diet and Adenosine 

 Against this pleiotropic backdrop, and the many parallel and potentially synergistic 
pathways toward a reduction in membrane hyperexcitability, the question arises as 
to where adenosine  fi ts in. Adenosine is in a unique position to translate KD-induced 
changes in metabolism into altered neuronal activity, and may be a critical mecha-
nism for mediating the protective effects of the KD in epilepsy (and perhaps 
other neurological disorders). Similar to the KD, adenosine has been shown to be 

  Fig. 27.1    Metabolic pathways involved in ketogenic diet (KD) treatment. In the liver (hepatocyte, 
 left ), fatty acids are ordinarily converted into acetyl-CoA which enters the tricarboxylic acid (TCA) 
cycle. When fatty acid levels exceed the metabolic capacity of the TCA cycle, acetyl-CoA is 
shunted to ketogenesis. Two acetyl-CoAs can combine through a thiolase enzyme to produce ace-
toacetyl-CoA, which is a precursor for the synthesis of acetoacetate (ACA) and  b -hydroxybutyrate 
(BHB). Acetone, the other major ketone body, is produced primarily from spontaneous decarboxy-
lation of ACA. These ketones are transported from the vascular lumen (capillary,  middle ) to the 
brain interstitial space, and to both glia and neurons. Within neurons ( right ), both ACA and BHB 
are transported directly into mitochondria, and ultimately converted to acetyl-CoA (through sev-
eral enzymatic steps) which then enters the TCA cycle. Abbreviations:  CAT  carnitine-acylcarnitine 
translocase,  FAO  fatty acid oxidation,  ACA  acetoacetate,  BHB   b -hydroxybutyrate,  MCT-1  
monocarboxylate transporter-1,  GLUT-1  glucose transporter-1,  BBB  blood–brain barrier, 
 CPT-1  carnitine palmitoyl transferase-1,  UCP  uncoupling protein,  ATP  adenosine triphosphate, 
(1) 3-hydroxybutyrate dehydrogenase, (2) succinyl-CoA:(CoA:3)3-oxoacid CoA transferase, 
(3) mitochondrial acetoacetyl-CoA thiolase.  MRC  mitochondrial respiratory complex. Reprinted 
with permission from Kim do Y, Rho JM, The ketogenic diet and epilepsy. Curr Opin Clin Nutr 
Metab Care 2008;11(2):113–120       
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  Fig. 27.2    Hypothetical pathways leading to the anticonvulsant effects of the ketogenic diet (KD). 
A KD elevates free fatty acids (FFAs) and reduces glucose ( top ), and each of these consequences 
mobilizes a host of mechanisms which could lead to anticonvulsant actions ( bottom ). Mechanisms 
related to adenosine are shown on the  right . Elevated FFAs lead to chronic ketosis and increased 
concentrations of polyunsaturated fatty acids (PUFAs) in the brain. Chronic ketosis is anticipated 
to lead to increased levels of acetone; this might activate K 

2P
  channels to hyperpolarize neurons 

and limit neuronal excitability. Chronic ketosis is also anticipated to modify the tricarboxylic acid 
(TCA) cycle, as would the presence of anaplerotic substrates such as    triheptanoin. This would 
increase glutamate and, subsequently, GABA ( g -aminobutyric acid) synthesis in brain. Among 
several direct inhibitory actions, PUFAs boost the activity of brain-speci fi c uncoupling proteins 
(UCPs). This is expected to limit reactive oxygen species (ROS) generation, neuronal dysfunction, 
and resultant neurodegeneration. Acting via the nuclear transcription factor peroxisome proliferator-
activated receptor- a  (PPAR a ) and its co-activator peroxisome proliferator-activated receptor  g  
co-activator-1 (PGC-1 a ), PUFAs would induce the expression of UCPs and coordinately up-regulate 
several dozen genes related to oxidative energy metabolism. PPAR a  expression is inversely correlated 
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effective in controlling seizures (likely via actions at the adenosine A 
1
  receptor 

(A 
1
 R) subtype) (Dunwiddie  1999 ; Boison et al.  2011  ) . However, systemic side 

effects, rapid metabolism and promiscuity with other adenosine receptor subtypes, 
and signaling mechanisms have hampered efforts over the past two decades to 
develop adenosine-based therapies for epilepsy. This scenario―in part fueled by 
linking adenosine to the KD―is now changing, and there is growing interest in 
reevaluating purinergic neurotransmission in epilepsy (Boison  2008 ; Masino and 
Geiger  2008 ; Masino et al.  2011a,   b  ) . 

 With respect to the relationship between metabolic changes and adenosine, 
diverse lines of evidence suggest that both the KD and ketones enhance brain energy 
metabolism. De Vivo and colleagues  (  1978  )  were the  fi rst to demonstrate that a KD 
increased ATP levels (and indeed all major measures of cellular bioenergetic 
reserves), and subsequent studies have generally con fi rmed these observations 
(Nakazawa et al.  1983 ;    Bough et al.  2006 ; Nylen et al.  2009 ; Kim do et al.  2010  ) . 

 In addition to increased levels of bioenergetic substrates, investigators have also 
shown that the KD increases mitochondrial numbers and pro fi les (Bough et al. 
 2006 ; Nylen et al.  2009  ) , and preferentially up-regulates genes involved in 

Fig. 27.2 (continued) with interleukin-1 b  (IL-1 b ) cytokine expression; given the role of IL-1 b  in 
hyperexcitability and seizure generation, diminished expression of IL-1 b  cytokines during KD 
treatment could lead to improved seizure control. Ultimately, PUFAs would stimulate mitochon-
drial biogenesis. Mitochondrial biogenesis is predicted to increase adenosine triphosphate (ATP) 
production capacity and enhance energy reserves, leading to stabilized synaptic function and 
improved seizure control. In particular, an elevated phosphocreatine:creatine (PCr:Cr) energy-
reserve ratio is predicted to enhance GABAergic output, perhaps in conjunction with the ketosis-
induced elevated GABA production, leading to diminished hyperexcitability. Reduced glucose 
coupled with elevated free fatty acids is proposed to reduce glycolytic  fl ux during KD, which 
would further be feedback inhibited by high concentrations of citrate and ATP produced during KD 
treatment. This would activate metabolic ATP-sensitive potassium (K 

ATP
 ) channels. Ketones may 

also directly activate K 
ATP

  channels. Reduced glucose alone, under conditions of adequate or 
enhanced energy levels, activates pannexins on CA3 pyramidal neurons, releasing ATP into the 
extracellular space; ATP is converted via ectonucleotidases to adenosine which subsequently acti-
vates adenosine receptors (A 

1
 R). A 

1
 R activation is also coupled to K 

ATP
  channels. Ultimately, opening 

of K 
ATP

  channels would hyperpolarize neurons and diminish neuronal excitability to contribute to 
the anticonvulsant (and perhaps neuroprotective actions of the KD). Increased leptin, seen with KD 
treatment, can reduce glucose levels and inhibit  a -amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor-mediated synaptic excitation. Reduced glucose is also expected to down-
regulate brain-derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B (TrkB, a 
tyrosine kinase) signaling in brain. As activation of TrkB pathways by BDNF has been shown to 
promote hyperexcitability and kindling, these potential KD-induced effects would be expected to 
limit the symptom (seizures) as well as epileptogenesis. Boxed variables depict  fi ndings described 
from KD studies;  up  or  down arrows  indicate the direction of the relationship between variables as 
a result of KD treatment.  Dashed lines  are used to clarify linkages and are not meant to suggest 
either magnitude or relative importance compared to  solid lines . Published previously as Fig: 78-4, 
p. 1015 from ‘Mechanisms of Ketogenic Diet Action’ by Susan A. Masino and Jong M. Rho in 
“Jaspers Basic: Mechanisms of the Epilepsies, 4E” edited by Noebels, J, Avoli M, Rogawski MA, 
Olsen RW, and Delgado-Escueta AV (2012). By permission of Oxford University Press, Inc       
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mitochondrial metabolism (Noh et al.  2004 ; Bough et al.  2006 ). Typically, such 
effects have been observed after maintenance on a KD for 2–4 weeks, but in published 
reports to date, a detailed time course for these effects has not been established. The 
biochemical, ultrastructural, and gene pro fi ling from microarray expression studies 
all comport with animal research and clinical observations to indicate that in most 
cases, the anticonvulsant effects of the KD may take two or more weeks to develop 
(Freeman et al.  2006 ;    Bough and Rho  2007   ; Kossoff and Rho  2009  ) . 

 The compelling evidence that the KD increases ATP levels places the mechanis-
tic spotlight squarely on adenosine. ATP is dephosphorylated rapidly to adenosine 
(via action of ectonucleotidases), and any increase in extracellular ATP will ulti-
mately result in greater activation of adenosine receptors (Dunwiddie et al.  1997 ; 
Cunha et al.  1998 ; Dunwiddie  1999 ; Masino et al.  2002  ) . There is direct evidence 
that the adenosine produced via dephosphorylation of ATP acts on inhibitory A 

1
 Rs, 

which would lead to an anticonvulsant effect (Dunwiddie et al.  1997 ; Cunha et al. 
 1998 ; Masino et al.  2002  ) . This fundamental link between metabolism and neuronal 
activity is discussed in an expanded fashion in an initial review postulating the 
potential mechanistic role of adenosine in KD therapy (Masino and Geiger  2008  ) .  

    27.4   Evidence Linking the Ketogenic Diet to Adenosine 

 Two primary lines of evidence have bolstered support for adenosine’s role in medi-
ating the anticonvulsant effects of the KD. These include (1) an in vitro model of the 
KD―in particular, mirroring two essential features, namely, reduced glucose and 
normal or elevated ATP levels (Kawamura et al.  2010  ) ; and (2) assessment of elec-
trographic seizure activity in cohorts of transgenic mice exhibiting spontaneous sei-
zures, with and without KD treatment (   Masino et al.  2011a,   b  ) . While these 
complementary studies have begun to address basic mechanisms of KD action, 
there are many questions that remain unanswered. 

 Kawamura and colleagues employed cellular electrophysiological techniques to 
address the question of whether a reduction in glucose (along with adequate or 
increased ATP levels) would result in membrane hyperpolarization, a  sine qua non  of 
anticonvulsant activity (Kawamura et al.  2010  ) . This study was designed with the 
assumption that clinically, seizure control relates weakly to blood ketone levels, but 
perhaps more consistently with blood glucose (Freeman et al.  2006  ) . Certainly, ear-
lier studies have supported the concept that calorie restriction (with or without KD 
treatment) exerts anticonvulsant (and potentially anti-epileptogenic) effects (Todorova 
et al.  2000 ; Greene et al.  2001  ) , and that reduced glucose may be more important 
than increased ketosis (Greene et al.  2003  ) , but perhaps not in brain extracellular 
 fl uid (Samala et al.  2011  ) . In animal models, the relationship between blood glucose 
levels and seizure frequency is not consistent (Mantis et al.  2004 ; Hartman et al. 
 2010  ) , but the underlying idea behind reduced glucose is that cellular energy is com-
promised and as such, neurons are simply unable to reach high levels of repetitive 
 fi ring required to sustain seizure activity. This concept, however, is in striking contrast 
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to several lines of evidence demonstrating increased, not decreased, bioenergetics 
(DeVivo et al.  1978 ; Bough et al.  2006 ; Nylen et al.  2009 ; Kim do et al.  2010  ) . 

 The combination of increased intracellular ATP and decreased extracellular glu-
cose revealed a novel adenosine-mediated autocrine mechanism in hippocampal 
CA3 neurons (Kawamura et al.  2010  ) . The CA3 sub fi eld of the hippocampus was 
chosen because it is a highly seizure-prone area. In short, Kawamura and colleagues 
found that ATP―released directly into the extracellular space through pannexin-1 
channels and dephosphorylated to adenosine―led to activation of A 

1
 Rs, which under 

these conditions hyperpolarized the membrane potential via coupling to the opening 
of K 

ATP
  channels (Kawamura et al.  2010  ) . This autocrine inhibition in CA3 did not 

require any direct exposure to ketones; rather, a combination of reduced glucose and 
suf fi cient or increased ATP was all that appeared necessary for this effect. 

 The second major line of evidence invoking adenosine in KD action emerged 
from experiments involving transgenic mice exhibiting spontaneous electrographic 
seizures due to de fi cient adenosine signaling (Masino et al.  2011a,   b  ) . After feeding 
a KD for 3–4 weeks, Masino and colleagues found that the diet reduced seizures by 
90 % in mice overexpressing adenosine kinase (and hence de fi cient in extracellular 
adenosine) but with intact A 

1
 Rs. In contrast, a KD was only partially effective in 

reducing electrographic seizures in mice with a partial complement of A 
1
 Rs and was 

completely ineffective in mice lacking A 
1
 Rs altogether (see Table  27.2 ). Similar to 

clinical reports, where anticonvulsant effects reverse rapidly with glucose infusion 
(Huttenlocher  1976  ) , a systemic injection of glucose restored seizures in mice that 
experienced a KD-induced reduction in seizures. Further supporting the role of 
adenosine in KD action, adenosine kinase was down-regulated in normal mouse 
brain after 3–4 weeks of KD feeding, and levels of this enzyme were increased in 
tissue obtained from human patients with epilepsy, consistent with a de fi ciency in 
adenosine signaling (Masino et al.  2011a,   b  ) . Taken together, these data indicate that 
the anticonvulsant effects of the KD may be in part due to increased adenosine act-
ing at inhibitory A 

1
 Rs, and perhaps further augmented by de fi ciencies in adenosine 

   Table 27.2    Predicted and observed effects of the ketogenic diet in mice with adenosine-based 
electrographic seizures   

 Mouse model 
 A

1
R 

expression 
 Predicted change 
in seizure frequency 

 Observed 
change in seizure 
frequency 

 Glucose-induced 
change in seizure 
frequency 

 Wild type: 
(C57BL/6) 

 Unaltered  N/A (no seizures)  N/A  No change 

  Transgenic :  Adk-tg   Unaltered  Robust suppression  88 % decrease 
( p  < 0.001) 

 Reversed to 85 % of 
baseline (  p  < 0.001) 

  Transgenic :  A  
 1 
  R   +/−    50 % normal  Partial suppression  53 % decrease 

( p  < 0.001) 
 Reversed to 89 % of 

baseline (  p  < 0.001) 
  Transgenic :  A  

 1 
  R   −/−    No receptors  No suppression  4 % decrease 

(N.S.) 
 No change (N.S.) 

  Abbreviations:  Adk-tg  adenosine kinase overexpressing transgenic mice,  A  
 1 
  R   +/−   adenosine recep-

tor subtype 1 heterozygous mutant,  A  
 1 
  R   −/−   adenosine receptor subtype 1 homozygous (null) mutant, 

 N.S.  not signi fi cant. From Masino et al.  (  2011b  )   
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kinase activity. At present, whether the KD induces changes in A 
1
 R expression or 

af fi nity, or alters other aspects of the regulation of adenosine, is unknown. It is clear, 
however, that the relationship between the KD and adenosine signaling must be 
explored in other clinically relevant seizure models. Finally, it would be of great 
interest to determine whether augmentation of adenosine signaling might in fl uence 
epileptogenesis, as there are reports suggesting a disease-modifying effect of the 
KD (Gasior et al.  2006 ; Maalouf et al.  2009 ; Stafstrom and Rho  2012  ) .   

    27.5   Current Recommendations and Emerging Applications 
of Ketogenic Diet Therapy 

 The KD demonstrates an overall success rate equivalent to or perhaps superior to 
available AEDs (Kossoff and Rho  2009  ) . However, with the exception of a few 
tertiary epilepsy centers (and a select few epileptic conditions), the KD has been 
relegated to the status of therapeutic last resort. It is becoming increasingly clear 
that this practice should be reevaluated (Nordli  2009  ) . The most recent and comprehensive 
set of recommendations for implementation of the KD was published in 2009 as 
an international consensus statement commissioned by the Charlie Foundation 
(   Kossoff et al.  2009  b  ) . This document addresses the following clinical management 
considerations: patient selection, pretreatment counseling and evaluation, speci fi c 
dietary therapy selection (indications and contraindications), short-term and long-
term implementation, supplementation with vitamins and minerals, follow-up visits 
and management, adverse event monitoring, concomitant use of AEDs, and even-
tual KD discontinuation. The consensus recommendations were made on the basis 
of best available evidence, considered areas of agreement and controversy, and 
touched upon unanswered questions and future research opportunities. 

 Based on anecdotal clinical observations wherein patients maintain a seizure-
free state even after discontinuation of the KD (Hemingway et al.  2001 ; Marsh et al. 
 2006 ; Freeman et al.  2006  ) , and a rapidly expanding experimental literature attest-
ing to the neuroprotective effects of such high-fat, low-carbohydrate diets (both 
in vivo and in vitro) (Gasior et al.  2006  ) , the notion that the KD may be effective for 
other neurological disorders arose―particularly those conditions associated with 
neurodegeneration (Maalouf et al.  2009 ; Stafstrom and Rho  2012  ) . To date, dietary 
and metabolic therapies have been attempted in either experimental models or 
patients for the following conditions other than epilepsy: headache, neurotrauma, 
Alzheimer disease, Parkinson disease, sleep disorders, brain cancer, autism, and 
pain (Stafstrom and Rho  2012  ) . The general impetus for using various diets to 
treat―or at least ameliorate symptoms of―these disorders stems from both a lack 
of effectiveness of pharmacological therapies and the intrinsic appeal of implement-
ing a more “natural” treatment. 

 Whether adenosine is critically involved in the neuroprotective effects of the KD 
against any or all of these conditions remains to be determined. Certainly, there is 
existing evidence that adenosine acting at A 

1
 Rs can produce neuroprotective actions 
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(Dunwiddie and Masino  2001 ; Masino and Geiger  2008 ; Tozaki-Saitoh et al.  2011 ; 
Gomes et al.  2011  ) . Additionally, chronic adenosine exposure may lead to 
diverse epigenetic effects on DNA/RNA methylation (   Skinner et al.  1986 ; 
Boison et al.  2002 ; Boison  2011  ) . Adenosine and homocysteine are formed from 
S-adenosylhomocysteine, which is produced from S-adenosylmethionine via the 
action of methyltransferases. Thus, altered adenosine would in fl uence the 
S-adenosylmethionine cycle. Adenosine’s role in methylation reactions has long 
been recognized (Henderson  1979  ) , and dysregulated adenosine metabolism (puta-
tively increased due to a genetic loss of adenosine kinase) has been shown to inhibit 
DNA transmethylation. Speci fi cally, a lack of adenosine kinase resulted in decreased 
adenine nucleotides and increased S-adenosylhomocysteine (a potent inhibitor of 
transmethylation reactions) in the liver (Boison et al.  2002  ) . Yet these aspects of 
adenosine metabolism and regulation have not been the focus of adenosine-based 
therapeutics in recent decades—the goals of drug discovery have been primarily to 
in fl uence adenosine receptor signaling. It may be time to revisit the potential bio-
chemical and epigenetic roles of adenosine in determining cellular homeostasis and 
dysfunction in health and disease, respectively (Boison et al.  2011  ) . Clearly epige-
netic changes have enormous potential for disease-modifying effects, and further 
studies are necessary to clarify the long-term consequences of both the KD and 
adenosine on epigenetic nucleic acid modi fi cations.  

    27.6   Use of the Ketogenic Diet in a Developing Country 

 Although the KD originated in the 1920s in the United States, variations on this 
metabolism-based therapy have been established in numerous academic and non-
academic centers in over three dozen countries worldwide (Kossoff and McGrogan 
 2005 ; Kossoff et al.  2011  ) , and there are anecdotal reports of several centers explor-
ing uses of the KD outside of epilepsy, including brain cancer (A. Evangeliou, per-
sonal communication; T. Seyfried, personal communication). One of the authors 
(B.Z.-K.) has provided hands-on training to clinical staff at dozens of regional and 
international medical centers. In developing countries, these training workshops 
have been sponsored by The Charlie Foundation and/or provided free of charge in 
exchange for travel and accommodations. Because of the necessary coordination 
among neurologists, dietitians, and hospital staff, preparation for such visits often 
takes an entire year or more. KD meals are planned using local food supplies and 
sources, cultural preferences, and practices. 

 Box  27.1  highlights KD training and outcomes in the Republic of Georgia, a 
former member of the Soviet Union. The Republic of Georgia suffered from eco-
nomic crisis and civil unrest since the collapse of the Soviet Union, and the health-
care system which had provided complete services for all citizens dissolved under 
the new democracy and is still struggling to recover. Healthcare is no longer free, 
with serious implications for patient care. Whereas in the United States prior laboratory 
studies rule out disorders in fatty acid metabolism and evaluate blood chemistries, 
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  Box 27.1 Recent Training and Initial    Outcomes: Republic of Georgia 

 In 2006, based on his work with pediatric epilepsy, Dr. Gia Milekshevelli, a 
neurologist working in the capital city Tbilisi, Republic of Georgia, received 
the Bernard D’Sousa International Fellowship Award. Dr. Milekshevelli’s 
award included an all-expense, 2-week training at the Children’s Hospital at 
Scottish Rite in Atlanta, Georgia (USA). Dr. Milekshevelli learned about the 
treatments available in the United States for pediatric epilepsy which included 
medication therapy, surgery, and the ketogenic diet. With limited access to 
antiseizure medications in Republic of Georgia, he knew dietary treatment 
was a feasible alternative. 

 With support from the Charlie Foundation, KD training was arranged in 
2007. Dr. Milekshevelli’s daughter, a medical student, served as an inter-
preter for two neurologists and pharmacist during the training and diet ini-
tiation in several patients by the author (B.Z.-K.). Families brought 
everything needed to the hospital to start the diet over 3 days, including 
food, dishes, utensils, soap, bedding, towels, etc., as well as ice and coolers 
to store their food. 

 One adult and two pediatric patients diagnosed with medication-resistant 
epilepsy of unknown etiology were identi fi ed as candidates for the KD (no 
EEG equipment was available to assist with further classi fi cation). All had 
severe developmental and cognitive delays. None had received special educa-
tion and physical or speech therapy, nor did they have assistive devices such 
as special feeding utensils or wheelchairs. Their constant care was provided 
by their families. A KD was calculated for each patient and translated into 
Georgian for the family. The pharmacist reviewed and minimized the carbo-
hydrate content of each patient’s medications; she also provided the vitamin 
and mineral supplements. 

 A 4:1 KD ratio (90 % fat) was used for the children and a 1:1 ratio (70 % 
fat) was used for the adult. A rapid initiation method involved one ketogenic 
meal the  fi rst day, two the second day, and three the third    day. Between meals 
each received a ketogenic beverage to provide the goal of calories for each 
patient. Within 3 days, all of the patients were producing strong urine ketones. 
The families ensured that every bit of food and drop of beverage was con-
sumed, and worked together to prepare meals and share food and ideas to 
make the diet palatable for their children. 

  Case 1 : Patient MR was 20 months of age. Her seizures started at 2 months of 
age and were described as “polymorphic” (characterized by two or more sei-
zure types). She was trialed on an antiseizure medication that cost her family 
an entire month’s salary. Her seizures did not improve, and the family discon-
tinued it after 2 months. At the  fi rst meeting she lay  fl accid in her mother’s 

(continued)



59327 Ketogenic Diet and Epilepsy: The Role of Adenosine

arms for the entire hour. Because she had such poor head control, she was 
spoon-fed thickened ketogenic drinks between meals. She was very weak and 
feeding her took hours each day. 

 Three weeks after starting the diet she was holding her head erect on her 
own and her mother reported that she was cooing for the  fi rst time. Her sei-
zures declined dramatically over the next several months and she eventually 
became seizure free. She has been off of the diet for over a year and now, 
4 years later, she remains seizure and medication free. 

  Case 2 : Patient SK was 3 years old. He had generalized tonic-clonic seizures, 
had been trialed on all seven medications available at the time in Republic of 
Georgia, and was diagnosed with medication-resistant epilepsy. He appeared 
to be at an infant level physically and cognitively. He could sit by himself if 
positioned appropriately, but could not crawl or pull himself up. 
 SK had many seizures during the hospitalization for diet initiation. He had a 
history of constipation and, unfortunately, the KD did not help―constipation 
is a common side effect. He remained on the diet for 3 months. 

  Case 3 : Patient AH was a 34-year-old lean, physically  fi t man. He had gener-
alized seizures, and was diagnosed with medication-resistant epilepsy. He had 
the cognitive function of a child and could only speak in brief phrases. 
 AH had a prolonged seizure during the second day of diet initiation. However, 
he recovered without rescue medication. Over the 4 days of diet initiation his 
language skills improved markedly and he began speaking in full sentences. 
He remained on this very liberal KD for a year. Although he continued to have 
generalized tonic-clonic seizure every few months, his family was satis fi ed 
with the improvement in cognition, especially his verbal skills. When the 
medication Keppra became available in Georgia, he was started on this and 
discontinued the diet. 

 To date, Dr. Milekshevelli remains in contact with the author (B.Z-K.) and 
has placed a total of 12 patients on the diet: seven (58 %) have experienced 
signi fi cant improvement in seizure control, including three (25 %) who are 
seizure free. Although a small cohort, these statistics are impressive. Dr. 
Milekshevelli continues to advance his treatment of people with epilepsy, and 
has invited experts from Europe to visit him and review and offer advice on 
his most challenging patients. In 2009 he received certi fi cation in analyzing 
EEG data and he now has an EEG machine. Most recently, Dr. Milekshevelli 
trained his colleague, a neurologist    in Bulgaria, on KD therapy and continues 
to mentor him.               

Box 27.1 (continued)

(continued)



  Ketogenic diet team members    in the Republic of Georgia: Left to right; three mothers, author 
(B-.Z.K.), and Dr. Gia Milekshevelli  

  One of the mothers in the    Republic of Georgia preparing her child’s diet  

Box 27.1 (continued)



59527 Ketogenic Diet and Epilepsy: The Role of Adenosine

these tests may be unavailable or unreliable in some countries; close monitoring 
with in-patient diet initiation is recommended under these circumstances. 

 Results in multiple countries have replicated published ef fi cacy with pharma-
coresistant epilepsy as well as success when drugs are not available or not 
economically viable. Western diets contain approximately 50 % of energy as car-
bohydrate. KDs limit carbohydrate-rich foods to less than 10 % of energy, and 
protein is consumed in moderate amounts―much lower than the typical Western 
diet. Fat is the KD’s main source of energy and the least expensive food group 
when compared in terms of energy density to carbohydrate (i.e., bread, cereal, 
grains, and fruit) and protein-rich foods (i.e., meat and cheese). In the Republic of 
Georgia, success with a small cohort of patients yielded promising results―25 % 
became seizure free―underscoring that a dietary approach is accessible and 
affordable in countries with limited resources. In India, picture books and simple 
measuring devices allow successful application of the KD available to patients 
who cannot read (J. Nathan, personal communication). The KetoCalculator      pro-
gram (  https://www.ketocalculator.com    ) is written in English and uses the metric 
system for diet calculations; this tool has been used successfully to help adminis-
ter the KD in many countries.     

    27.7   Summary and Conclusions 

 Even though the KD demonstrates an overall success rate equivalent or poten-
tially superior to available AEDs, aside from a few treatment centers it has been 
consistently relegated as a therapy of last resort for epilepsy. However, there is 
growing recognition that the KD should be considered in the treatment algorithm 
at a much earlier stage, and perhaps for a multiplicity of other neurological disor-
ders (Nordli  2009 ; Stafstrom and Rho  2012  )  with speci fi c predictions related to its 
effects on adenosine (Masino et al.  2009  ) . Certainly, it is now well appreciated 
that the KD and its variants constitute both an affordable and accessible metabolic 
therapy. At a scienti fi c level, the positive bioenergetic approach represented by 
the KD may be a general paradigm for restoring brain homeostasis, and is less 
likely to produce treatment resistance and signi fi cant untoward side effects 
(Boison et al.  2011  ) . As the KD approaches its 100th anniversary (i.e., 2021), a 
critical re fl ection of its fascinating saga and its late maturation as a valid clinical 
and scienti fi c entity places the KD on an exciting platform for further advances 
during the next century, especially as the leading metabolism-based treatment for 
a variety of neurological disorders.      
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  Abstract   No system currently exists for controllable, sustained, long-term drug 
delivery via fully degradable implants. While there are a number of biomaterials 
that have been proposed to meet this need, puri fi ed silk  fi broin protein is a unique 
material well suited to controlled release applications, and particularly suited to the 
delivery of neurological therapeutics. Implants derived from silk exhibit the requi-
site biocompatibility and degradation pro fi le for implantable applications, but also 
possess the necessary material properties to provide a diffusion barrier even for 
small molecule drugs and highly controllable material features that can in turn be 
used to tailor drug release behavior. Adenosine has therapeutic potential in a wide 
range of neurological diseases, including pharmacoresistant epilepsy. However, the 
use of adenosine or its analogs is limited by unacceptable systemic side effects. Silk 
implants for controlled, sustained, local adenosine delivery were developed in an 
effort to overcome these limitations. The therapeutic potential of controlled release 
silk implants was demonstrated in the rat model of kindling epileptogenesis. 
Controlled, local adenosine delivery suppressed seizures in a dose-dependent man-
ner and partially delayed the progression of epilepsy, while also avoiding the adverse 
effects of systemic administration and safety risks of xenotransplantation. Silk 
microspheres and silk encapsulated adenosine reservoirs were also investigated. 
Increasing coating thickness of silk encapsulated reservoirs, by increasing either the 
silk solution concentration, crystallinity or the number of silk coatings, delayed 
burst release of adenosine and increased the duration of release. The ability to 
achieve zero-order release pro fi les suggests these tunable implants will be able to 
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maintain therapeutic drug concentrations within narrow windows. Silk-based 
adenosine delivery systems represent a safe and ef fi cient strategy to suppress 
seizures. Further, these degradable, implantable biomaterials could potentially be 
applied to a range of adenosine related pathologies.  

  Keywords   Silk  fi broin  •  Adenosine  •  Biomaterials  •  Drug delivery  •  Controlled 
release  •  Degradable polymers  •  Epilepsy  •  Epileptogenesis      

    28.1   Focal Drug Delivery for Adenosine Delivery in the CNS 

 Systemic periodic administration of therapeutics, such as via oral delivery, bolus 
injection, or intravenous infusion, has been the primary mode of drug delivery for 
decades, despite several signi fi cant disadvantages. Systemic administration relies 
on the circulatory system to bring drugs to their target site of action by distributing 
them throughout the body. Not only does this systemic exposure waste a large 
fraction of the initial drug dose, it can also result in adverse side effects (Langer 
 1980  ) . Further, achieving the sustained drug levels necessary for long-term thera-
peutic ef fi cacy can require repeated administration. Repeated injections can be 
inconvenient and painful (Danckwerts and Fassih  1991  ) , and scheduled self-
administered oral formulations can suffer from poor patient compliance (Lebovits 
et al.  1990  ) . 

 The therapeutic administration of neuroactive molecules to treat neurological 
disorders is particularly challenging. For therapeutics intended to reach the brain, 
there is the added dif fi culty of penetrating the blood brain barrier (BBB). The BBB 
is a physiological and pharmacological barrier comprised of tight junctions between 
the endothelial cells of CNS capillaries which prevent the in fl ux of molecules from 
the bloodstream into the brain (Wang et al.  2002  ) . Limited drug passage through the 
BBB can require intolerably high systemic doses to achieve suf fi cient therapeutic 
doses within the CNS. 

 Despite robust evidence of the involvement of adenosine receptors in several 
pathophysiologies, therapeutically useful manipulation of their activation has been 
limited. Systemic administration of adenosine induced severe systemic side effects, 
including suppression of cardiac function (Dunwiddie  1999  ) . Adenosine is also 
cleared rapidly and has a short half-life and low BBB permeability (Pagonopoulou 
et al.  2006  ) . A system for site-speci fi c, implantable, sustained adenosine delivery is 
therefore desired to enhance its ef fi cacy and to reduce side effects. 

 Focal drug delivery offers many advantages over traditional systemic administra-
tion, including enhanced ef fi cacy and cost-ef fi ciency and reduction or elimination 
of unwanted side-effects. The advantages of local drug delivery are especially 
attractive for the administration of neurological therapeutics. Local delivery in the 
brain would eliminate the need to penetrate the BBB while maintaining high 
concentrations of therapeutic agents at the target site without causing systemic 
toxicity (Maysinger and Morinville  1997 ; Menei et al.  1993 ; Gutman et al.  2000  ) . 
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 Previous attempts to restrict adenosine delivery to target areas in the brain have 
predominantly fallen into three categories: (1) infusion from nondegradable pumps, 
(2) grafts of neuroactive substance-releasing cells, either encapsulated in semiper-
meable membranes or directly transplanted, and (3) drug eluting nondegradable 
polymer implants. A number of reviews have been published on strategies for local 
adenosine delivery (Van Dycke et al.  2011 ;    Boison and Stewart  2009 ). While local 
infusion of adenosine reduced seizures (Van Dycke et al.  2010  )  and wakefulness 
(Portas et al.  1997  ) , this approach may be limited by complications related to the 
implantable pumps, including mechanical failure, obstruction, and infection (Wang 
et al.  2002 ; Barcia and Gallego  2009  ) . Intrathecal or intraventricular catheters suffer 
from drug instability in aqueous solution and fail to deliver drugs directly into the 
parenchyma (Harbaugh et al.  1988  ) . 

 Numerous studies have demonstrated the potential of cell-based delivery strategies 
using various cell sources, including myoblasts (Güttinger et al.  2005b  ) ,  fi broblasts 
(Huber et al.  2001  ) , baby hamster kidney (BHK) cells (Boison et al.  2002  ) , embry-
onic stem (ES) cells (Li et al.  2007 ; Güttinger et al.  2005a ; Uebersax et al.  2006  ) , 
human mesenchymal stem cells (hMSCs) (Ren et al.  2007  ) , astrocytes derived from 
fetal neural proginetor cells (Van Dycke et al.  2010  ) , and ES-cell derived glia 
(Fedele et al.  2004  ) . A review of adenosine-releasing stem cells has been published 
(Boison  2009  ) . While these cell-based approaches are theoretically capable of 
achieving the long-term release critical for chronic disorders like epilepsy, they 
must be carefully balanced against the possible risks of implanting biologically 
active cells into the brain (Barcia and Gallego  2009  ) . In addition, further research to 
ensure long-term cell survival and stable adenosine secretion is needed to effec-
tively implement graft-based local delivery. Although long delivery durations are 
comparably more dif fi cult to achieve with polymer implants, polymeric delivery 
bypasses some of these safety concerns. 

 Controlled, sustained release implants offer the advantages of local delivery, with 
the added bene fi ts of reduced frequency of administration, improved patient conve-
nience and compliance, and drug levels that are continuously maintained in a thera-
peutically desirable range without peaks and valleys (Langer  1980  ) . Ethylene vinyl 
acetate copolymer (EVAc) polymer rods (1 mm height × 0.4 mm diameter) prepared 
with 20 % adenosine (w/w) released approximately 20–50 ng of adenosine per day, 
and when implanted into kindled rat hippocampii, induced a reduction of epileptic 
seizures (Boison et al.  1999  ) . Stage 5 seizures were reduced for at least 7 days and as 
the adenosine release rate diminished, the antiseizure effects gradually decreased and 
expired after 14 days (Boison et al.  1999  ) . EVAc cylinders directly implanted in rat 
brains (4 mm height × 5 mm diameter) also effectively delivered the anticonvulsant 
phenytoin locally, resulting in signi fi cant seizure suppression compared with empty 
control polymer implants (Tamargo et al.  2002  ) . However, EVAc is nondegradable 
and must therefore be retrieved at the completion of therapy. Though the effects of 
retrieval on the brain have not (to our knowledge) been investigated, previous attempts 
with nondegradable reservoirs have demonstrated that the retrieval operation can be 
much more traumatic than the original insertion. The hormone-releasing implantable 
contraceptive device Norplant, for example, was approved for use by the Food and 
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Drug Administration (FDA) in 1990, but was withdrawn in 2002 due to complications 
associated with implant removal (Practice Committee of the American Society for 
Reproductive Medicine  2004  ) . Biodegradable implants would be preferable as they 
alleviate the need for surgical removal of the materials after the conclusion of therapy 
(Danckwerts and Fassih  1991  ) . 

 Though these methods have some limitations, these studies demonstrated the 
therapeutic potential of local adenosine delivery. The success of these approaches 
has led to interest in the development of implantable, biocompatible biomaterials 
for controlled site-speci fi c adenosine delivery.  

    28.2   Silk Biomaterials for Adenosine Delivery in the CNS 

    28.2.1   Biodegradable Polymers for CNS Delivery 

 Numerous biodegradable materials have been investigated for controlled release 
drug delivery, but these degradable biomaterials frequently lack the full scope of 
properties required for implantable drug delivery applications, including biocom-
patibility, nonimmunogenicity, nontoxicity, high mechanical, thermal and chemical 
stability, mild processing to preserve drug bioactivity during encapsulation, and 
stabilizing effects on the incorporated drug (Puppi et al.  2010 ; Wenk et al.  2011  ) . 
Due to the broad spectrum of potential applications, the ability to process the material 
into a wide array of material formats and carrier morphologies is also considered 
advantageous. In addition, to ensure that constructs can perform dual functions (for 
example, as a combined tissue scaffold and drug carrier), materials should possess 
multiple control points through which both implant morphology/material properties 
(such as elasticity, porosity, crystallinity) and release behavior can be dialed in 
(Wenk et al.  2011  ) . 

 Several systems for local intracerebral drug delivery based on biodegradable 
polymers have been reported, particularly for delivering chemotherapy to treat 
brain cancers. Brem et al. prepared wafers from carmustine (BCNU) and a copo-
lymer matrix consisting of 1,3-bis( p -carboxyphenoxy)propane (CPP) 
(GLIADEL® wafers) to be implanted into the resected tumors of patients with 
recurring malignant glioma (Brem et al.  1995  ) . Carboplatin-releasing PLGA 
microspheres injected into the tumors of glioma-bearing rats produced elevated 
carboplatin levels in the tumor tissue compared with the surrounding brain tissue. 
Median survival increased and weight loss decreased for animals receiving drug-
eluting PLGA microspheres compared with animals that received systemic doses 
of carboplatin or empty PLGA microspheres (Chen et al.  1998  ) . Fung et al. 
implanted polyanhydride pellets in monkey brains, and reported high drug 
concentrations within 3 mm of the implant site, and signi fi cant concentrations 
within 5 cm up to 30 days post-implantation (Fung et al.  1998  ) . Reviews of biom-
aterials-based drug delivery for neurologic disease (Whittlesey and Shea  2004  ) ; 
and delivery to the CNS (Patel et al.  2009  )  have been published. 
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 In the  fi eld of drug delivery, implants prepared from the synthetic polymer 
polylactide-co-glycolide (PLGA) have received considerable attention due to their 
ability to degrade in vivo and their tunability in terms of degradation lifetime. The 
degradation rate, rate of drug release, and physical and mechanical properties of 
PLGA implants are adjustable though manipulation of the polymer molecular 
weight or copolymer ratio (PLA–PGA) (Mundargi et al.  2008  ) . However, PLGA 
suffers from numerous critical disadvantages. Degradation of PLGA implants pro-
ceeds via a random, bulk hydrolysis of ester bonds in the polymer chain, which can 
lead to dose dumping. The acidic by-products of PLGA degradation have been 
shown to incite local in fl ammation (Puppi et al.  2010 ; Daugherty et al.  1997  )  and 
instability of the incorporated therapeutic (Varde and Pack  2007  ) , such as acid sen-
sitive peptides and proteins. Further, many PLGA material formats require harsh 
processing conditions, such as high heat or the use of organic solvents (Jain  2000  ) , 
which may inactivate sensitive drugs during device loading. Though the effects of 
low pH and harsh processing conditions on adenosine stability have not been exten-
sively investigated, mild processing options are desirable for many therapeutics. 

 Naturally derived biodegradable biopolymers generally offer superior biocom-
patibility and cell support (Puppi et al.  2010  ) . However, compared with PLGA, 
naturally derived materials often lack the tight control of properties needed for tun-
able drug delivery. Degradation lifetimes in vivo for unmodi fi ed naturally derived 
materials tend to be too short for long-term sustained release applications. Chemical 
cross-linking can be used to slow the degradation rate but can compromise the bio-
logical response to the material, impacting safety or biocompatibility. In addition, 
drug carriers prepared from naturally derived materials tend to become highly per-
meable (especially to small molecules) or disintegrate upon exposure to aqueous 
body  fl uids, releasing drug loads over short time frames (Puppi et al.  2010 ; Siepmann 
et al.  2008 ; Abletshauser et al.  1993  ) . 

 To effectively achieve sustained, local adenosine delivery, biodegradable implants 
must be prepared which exhibit both the biocompatibility and mild processing asso-
ciated with naturally derived biopolymers and the tunability and slow degradation 
associated with synthetic polymers like PLGA.  

    28.2.2   Properties of Silk Biomaterials for Drug Delivery 

 Silk  fi broin is a biologically derived protein polymer isolated from the cocoons of 
the domestic silkworm ( Bombyx mori ) that possesses unique properties for implant-
able and sustained drug delivery applications. Silk possesses excellent biocom-
patibility (Leal-Egaña and Scheibel  2010 ; Tang et al.  2009 ; Meinel et al.  2005 ; 
Seo et al.  2009 ; Panilaitis et al.  2003  ) , robust mechanical strength (Altman et al. 
 2003  )  and has been shown to support cell growth, proliferation, and differentia-
tion (Acharya et al.  2008a ; Wang et al.  2006  ) . Silk degrades to nontoxic products 
in vivo and the degradation time course of silk implants can be controlled from 
weeks to years via regulation of beta sheet content (crystallinity) during processing 
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(Horan et al.  2005 ; Wang et al.  2008a ; Numata and Kaplan  2010  ) . Silk can be 
processed entirely in aqueous systems using mild, ambient conditions of tempera-
ture and pressure (Vepari and Kaplan  2007 ; Lawrence et al.  2008  ) , avoiding the use 
of harsh manufacturing conditions that can degrade incorporated therapeutics (such 
as shear, heat, organic solvents, or extreme pH). Stable, physical cross-linking of 
silk can be achieved during the crystallization process to form beta sheets, negating 
any need for chemical cross-linking and thereby avoiding potentially toxic chemi-
cals. Further, silk has been found to exert a signi fi cant stabilizing effect on encapsu-
lated enzymes and antibodies, even at elevated storage temperatures (Lu et al.  2009, 
  2010a ; Guziewic et al.  2011  ) . 

 Silk also exhibits excellent versatility and tunability in terms of material features. 
Silk  fi broin has been processed into a variety of useful material formats including 
porous tissue scaffolds that structurally mimic the extracellular matrix (ECM) 
(Wang et al.  2006  ) , optical devices (Lawrence et al.  2008  )  and drug carriers includ-
ing sponges, nano- and microspheres,  fi lms, and hydrogels (Wenk et al.  2011 ; 
Pritchard et al.  2011  ) . As a biodegradable carrier, release rates from silk  fi broin are 
dependent on diffusion of drug through the silk, degradation of the silk polymer 
carrier via proteases, or a combination of both mechanisms. Diffusivity can be con-
trolled through carrier morphology (geometry, number of silk coatings, porosity) 
and manipulation of the silk properties, including average molecular weight and 
crystallinity/ b -sheet content. 

 The combined diversity of material formats available for drug delivery, tight con-
trol of the various drug carriers and unique properties of the silk material (biocom-
patibility, biodegradation, stabilization, aqueous processing) result in a broad range 
of silk-based systems available for clinical and scienti fi c applications. Reviews of 
drugs delivered using silk carriers have been published (Wenk et al.  2011 ; Pritchard 
et al.  2011 ; Wang et al.  2010 ; Numata and Kaplan  2010  ) .  

    28.2.3   Fundamentals of Silk Structure and Self-assembly 

  Bombyx mori  cocoon silk consists of two main components: hydrophilic “glue-like” 
sericin proteins and the hydrophobic structural protein  fi broin. For use in biomedi-
cal applications, silk  fi broin must be separated from the sericin proteins to prevent 
an in fl ammatory response in vivo (Panilaitis et al.  2003  ) . The degumming process 
typically relies on exposure to denaturing conditions (such as boiling in an alkaline 
sodium carbonate solution), which removes the sericin protein (Altman et al.  2003 ; 
Vepari and Kaplan  2007  ) . 

 Fibroin is comprised of a heavy chain (approximately 390 kDa) and a light chain 
(approximately 25 kDa) bonded together via a disul fi de bond (Kaplan et al.  1997 ; 
Matsumoto et al.  2006  ) . The heavy chain is a natural block copolymer composed of 
large hydrophobic blocks (domains), much smaller hydrophilic blocks and two 
large hydrophilic blocks at the chain ends (Kim et al.  2004 ; Matsumoto et al.  2006  ) . 
The primary structure of silk  fi broin is dominated by the amino acids glycine, 
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 alanine, serine, valine, and tyrosine with characteristic repetitive sequences of 
GAGAGS, GAGAGY, and GAGAGVGY (Matsumoto et al.  2006  ) . This structure 
(large hydrophobic domains consisting of short side chain amino acids) permits the 
tight packing of stacked sheets of hydrogen bonded antiparallel chains, which forms 
characteristic antiparallel beta-sheet secondary structure that gives silk  fi broin its 
strength and resilience (Vepari and Kaplan  2007  ) . 

 Degummed silk  fi broin  fi bers can be used to prepare  fi ber biomaterials, including 
yarns, sutures, rope, and woven fabrics (Horan et al.  2006  ) . However, most silk 
biomaterials are prepared from regenerated silk  fi broin, which is prepared by solu-
bilizing degummed  fi broin in a hot salt solution (typically ranging from 50 to 70 °C), 
then dialyzing out the salt to obtain an aqueous solution. For solvent processing, 
regenerated silk  fi broin solution can be lyophilized, then dissolved in solvent (usu-
ally 1,1,1,3,3,3-hexa fl uoro-2-propanol [HFIP]). 

 Silk in its prespun water soluble state (silk I) is relatively unstable, and the transi-
tion to the more energetically stable,  b -sheet rich silk II is considered essentially 
irreversible from a thermodynamic perspective (Kaplan et al.  1997  ) . Beta-sheet 
stacking occurs such that methyl groups and hydrogen groups of opposing sheets 
interact to form intersheet stacking in the crystals. The crystal structure is thermo-
dynamically stabilized by van der Waals forces and strong hydrogen bonds that 
form between amino acids perpendicular to the axis of the chains and the  fi ber 
(Vepari and Kaplan  2007 ; Kaplan et al.  1997  ) . 

 In vivo, glandular silk is assembled into highly ordered,  b -sheet rich  fi bers via 
water extraction, changes in pH and salt concentration and mechanical stresses dur-
ing  fi ber spinning that induce chain alignment (Hofmann et al.  2006  ) . These pro-
cesses, along with others that manipulate the factors involved in the assembly 
process, have been biomimetically exploited in vitro. For example, silk  fi lms that 
are dried overnight at ambient conditions retain their silk I conformation (and water 
solubility) (Kaplan et al.  1997  ) , but once the  fi lms are treated with methanol, local-
ized dehydration removes the ordered water molecules that surround the  fi broin 
hydrophobic moieties in the solution state, resulting in  b -sheet formation (Matsumoto 
et al.  2006  ) .  

    28.2.4   Biocompatibility and Biodegradation of Silk in the Brain 

 The biocompatibility of silk  fi broin for CNS therapies has been extensively 
investigated. Silk  fi broin supported the survival and growth of hippocampal neurons 
and neurons cultured in silk  fi broin extract exhibited no signi fi cant difference in 
morphology or cell viability compared to plain neuronal culture medium (Tang 
et al.  2009  ) . Moreover, no signi fi cant difference in mRNA or protein levels of 
growth-associated molecules (determined via immunohistochemistry, real-time 
PCR, and Western Blot) was detected between hippocampal neurons cultured in 
plain neuronal culture medium and medium containing silk  fi broin extract, suggesting 
that silk  fi broin has no signi fi cant cytotoxic effects on the hippocampal neuron 
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 phenotype or function (Tang et al.  2009  ) . Similar studies have demonstrated the 
biocompatibility of silk  fi broin with dorsal root ganglia and Schwann cells (Yang 
et al.  2007a  ) . These biocompatibility studies, combined with the frequent use of silk 
as a suture material in brain and nerve tissue (Dehdashti et al.  2001  and Schmutz 
et al.  1997  )  and studies showing positive outcomes for silk  fi broin-based nerve 
grafts (Yang et al.  2007b ; Uebersax et al.  2007 ; Madduri et al.  2010  ) , demonstrate 
that silk is a safe, supportive biomaterial for CNS applications. 

 As a protein, silk  fi broin is susceptible to biological degradation by proteolytic 
enzymes. The  fi nal degradation products of silk digestion are amino acids which are 
easily absorbed in vivo (Cao and Wang  2009 ; Numata and Kaplan  2010  ) . The deg-
radation behavior of silk is dependent on many factors, including silk processing 
(organic solvent vs. aqueous processing related to crystalline content, silk concen-
tration and porosity (Wang et al.  2008a  ) ), silk material format (Arai et al.  2004 ; 
Yang et al.  2009  ) , type and concentration of enzyme (Arai et al.  2004  ) , and immune 
system response (Wang et al.  2008a  ) . For reviews of silk degradation, see Altman 
et al.  2003 ; Cao and Wang  2009 , and Pritchard et al.  2011 . 

 To assess degradation of silk sponges in the brain, silk sponge porosity was 
compared prior to and 4 weeks post-implantation in a rat brain. Prior to implantation, 
the average silk implant porosity based on surface area analysis was 41.1 % and this 
increased to 50.9 % after implantation (Szybala et al.  2009  ) . This increase in porosity 
suggested that silk-degrading proteases were present in the brain, which is also 
supported by the literature on brain proteases. Chymotrypsin has been shown to 
degrade silk (Li et al.  2003  )  and numerous chymotrypsin-like proteases have been 
identi fi ed in the rat brain, such as caldecrin (Tomomura et al.  2002  ) . The biodegrad-
ability of silk implants in the brain constitutes an advantage for their use in drug 
delivery for neurological applications.  

    28.2.5   Silk Drug Delivery Systems and Adenosine Release 
Studies 

    28.2.5.1   Silk Films 

 To prepare drug loaded silk  fi lms, regenerated silk  fi broin is prepared as previously 
described (So fi a et al.  2001  )  and mixed with an aqueous solution of the drug of 
interest. The solution is cast into  fi lms of the desired thickness and surface area, 
dried at ambient conditions and then treated to produce the desired material and 
release properties. 

 Processing options to physically cross-link silk  fi lms include controlled slow 
drying (Lu et al.  2010b  ) , water annealing (Jin et al.  2005  ) , stretching, compressing 
(Demura et al.  1989  ) , and solvent immersion (including methanol (Hofmann et al. 
 2006  )  and ethanol (Miyairi et al.  1978  ) ). Silk  fi lms that receive no further treatment 
post-drying retain water solubility and dissolve when brought into contact with 
aqueous body tissue (Kim et al.  2010  ) . If desired, chemical cross-linking can be 
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used, such as glutaraldehyde (Acharya et al.  2008b  ) , or 1-ethyl-3-(3-dimethyl 
aminopropyl) carbodiimide (EDC) (Bayraktar et al.  2005  ) . However, it is not clear 
how this impacts degradability in long term. 

 Recently, ultrathin electronics have been mounted onto dissolvable silk  fi lm 
substrates and these patterned  fi lms exhibited spontaneous conformal wrapping 
when applied to the soft, curvilinear surface of the brain tissue. The bene fi t of the 
conformal coverage was demonstrated in neural mapping in a feline animal model 
(Kim et al.  2010  ) . Rapidly dissolving, highly conformational silk  fi lms could also 
be used for drug delivery to improve tissue contact without damaging the soft brain 
tissue. Dissolvable silk  fi lms loaded with 0.5, 0.25, or 0.125 mg of adenosine per 
0.2 mm 2   fi lm released the majority of the drug load (approximately 80 %) within 
15 min of exposure to 37 °C phosphate buffered saline (PBS) (unpublished data). 

 Silk  fi lms are also attractive as coating materials (Pritchard and Kaplan  2011  ) . 
Due to the anti-in fl ammatory and neuroprotective properties of adenosine, adenosine-
eluting silk coatings could potentially improve therapeutic outcomes for neurological 
implants.  

    28.2.5.2   Silk Microspheres 

 Compared with implantable silk material formats, such as  fi lms, sponges, and coated 
dry powder reservoirs, microspheres offer the advantage of being injectable for 
minimally invasive delivery. If spatial stability of the injected particles is a concern, 
microspheres can be imbedded in silk hydrogels to restrict movement to the delivery 
site. Various processes have been used to produce drug loaded silk microspheres, 
including lipid templates (Wang et al.  2007c  ) , spray-drying (Hino et al.  2000,   2003 ; 
Yeo et al.  2003  ) , ethanol and freezing-induced self-assembly (Cao et al.  2007 ; Bessa 
et al.  2010a,   b  ) , salting out (Lammel et al.  2010  ) , water-in-oil emulsi fi cation 
(Imsombut et al.  2010  ) , laminar jet breakup of an aqueous silk solution (Wenk et al. 
 2008  ) , and casting and dissolution of PVA-silk blend  fi lms (Wang et al.  2010  ) . 

 Adenosine containing microspheres have been prepared according to the MeOH-
based lipid protocol (Wang et al.  2007c  ) . Brie fl y, 200 mL of 10 mg/mL adenosine 
stock solution was mixed with 1 mL of 8 % (w/v) silk aqueous solution, which was 
then added to 200 mg of 1,2-dioleoyl- sn -glycero-3-phosphocholine (DOPC) phos-
pholipid that had been dissolved in 1 mL of chloroform, then dried under N 

2
  to a 

 fi lm on the interior of a glass test tube. The solution is diluted, then repeatedly 
freeze-thawed, and then lyophilized. Later, the microspheres are treated with methanol 
(MeOH) to remove the lipids and induce  b -sheet silk physical cross-links to stabilize 
the structures. The resulting microspheres were less than 2  m m in diameter (Wang 
et al.  2007c  ) . Using this protocol, up to 85  m g of adenosine has been loaded per mg 
of silk microspheres (unpublished data). 

 When suspended in PBS, adenosine-loaded silk microspheres exhibit a burst 
release with approximately 75 % of the total drug load released within the  fi rst 24 h, 
with no signi fi cant release after 3 days. Suspending microspheres in a sonication-
induced 1 % (w/v) or 3 % (w/v) silk hydrogel (Wang et al.  2008b  )  did not impact 
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release behavior in PBS, suggesting that for hydrophilic small molecule drugs the 
hydrogels provide structural support but no additional diffusion barrier. In contrast, 
suspending microspheres in aqueous-derived porous silk sponges (as described by 
Kim et al.  2005  )  extended the release in PBS from 3 to 7 days and resulted in 
constant, zero-order adenosine release for the  fi rst 3 days (unpublished data). The 
addition of silk coatings to adenosine-loaded silk microspheres (Wang et al.  2007b  )  
also delayed burst and increased release duration in PBS, as measured by an increase 
in the  fi tted value of the Siepmann–Peppas release exponent ( n ) in the semiempirical 
power law equation (Ritger and Peppas  1987  )  with increased number of silk coatings 
(unpublished data). 

 Adenosine-releasing silk microspheres show promise both for minimally invasive, 
injectable sustained release drug delivery and as a component in composite implants, 
such as microsphere-loaded “plum-pudding” hydrogels and microsphere-loaded 
porous sponges.  

    28.2.5.3   Silk Encapsulated Adenosine Reservoirs 

 A critical challenge in designing sustained release implants is the ability to achieve 
zero-order release rates and maximize drug loading relative to implant volume in 
order to maximize release duration. Reservoir systems are comprised of a drug core 
surrounded by polymer  fi lm (Langer and Peppas  1981  ) . Use of dry powder drug 
reservoirs allows reservoir loading far above the drug’s solubility. Drug concentration 
at the internal wall is continuously maintained above the saturation concentration of 
the drug, resulting in near zero-order release (Langer and Peppas  1981  )  followed by 
a phase of  fi rst-order release once the concentration of drug in the core drops below 
the saturation concentration (Zhou et al.  2010  ) . Studies have shown that a particular, 
desired release pro fi le adapted to the target drug delivery application can be obtained 
by varying the polymer coating formulation and processing parameters (Siepmann 
et al.  2008  ) . 

 Several natural and synthetic degradable polymers have been studied as coating 
materials, but they generally fail to produce zero-order release kinetics or sustained 
release durations due to their material properties. Most studies that investigate natural 
polymers for pill encapsulation focus on delivery of total drug load within short 
time frames corresponding to residence times in the target gastrointestinal organs 
(on the order of hours) for improved oral delivery. Silk  fi broin encapsulated reser-
voirs were investigated to assess their ability to achieve controllable, zero-order, 
sustained release behavior while maintaining biocompatibility and degrading after 
the completion of therapy. Solid adenosine powder reservoirs approximately 10 mm 
in diameter and 2 mm in height were prepared using a manual pill press and coated 
by dipping in aqueous silk  fi broin solution, drying, and then methanol treating. 
Material properties of the silk coating including thickness, crystallinity and 
morphology were investigated to assess the relationships between silk coating 
biomaterial features and adenosine release from silk encapsulated reservoirs. 
Coating thickness was varied through either manipulation of the silk coating  solution 
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concentration (2, 4, 8, 16, and 20 % (w/v)) or number of coatings applied (1, 2, 4, 
or 8 coatings of 8 % (w/v) (Fig.  28.1 )). Single reservoir coatings exhibited 
thicknesses ranged from ~0.1 to ~0.8 mm depending on silk concentration. Release 
studies were performed in PBS at 37 °C and were also performed in proteinase type 
XIV to model the effects of degradation. Increasing the barrier to diffusion, either 
by increasing coating thickness or coating crystallinity was found to delay adenos-
ine burst, decrease average daily release rate, and increase duration of release. 
Release behavior from encapsulated reservoirs was also related to proteolytic 
degradation rate. In the case of encapsulated reservoirs coated with eight layers of 
8 % (w/v) silk, a linear release pro fi le was observed and adenosine release was 
sustained for 14 days (Fig.  28.1g ). The ability to achieve nearly constant release of 
a small molecule suggests these encapsulated reservoirs represent a novel system 
for local adenosine delivery. The relationships elucidated between release rate and 
coating thickness and crystallinity demonstrated the tunability of these systems 
(Pritchard et al.  2010  ) .  

 To investigate a potential strategy for controlling the rate of degradation of the 
reservoir’s coating, silk  fi broin-encapsulated solid powder reservoirs were also pre-
pared to corelease both adenosine and ethylenediamine tetraacetic acid (EDTA) and 
the effect of EDTA release on the rates of degradation and drug release was studied. 
EDTA use in humans is considered to be safe and EDTA has been used for decades 
as a common additive of the food industry to preserve freshness (Furia  1964  ) . EDTA 

  Fig. 28.1    Comparison between an encapsulated reservoir coated with single 8 % (w/v) silk coating 
with an encapsulated reservoir coated with multiple 8 % (w/v) coatings. ( a ) Gross morphology of 
single 8 % (w/v) silk coated reservoir. ( b ) Gross morphology of reservoir coated with eight 8 % 
(w/v) silk coatings. ( c ) and ( e ) SEM images of cross section of single 8 % (w/v) silk coated reser-
voir. ( d  and  f  ) SEM cross section of multiple 8 % (w/v) silk layer coated reservoir. ( g ) Cumulative 
adenosine release from encapsulated adenosine reservoir coated in varied number of 8 % (w/v) silk 
coatings in PBS at 37 °C. 1× = one coating, 2× = two coatings, 4× = four coatings, 8× = 8 coatings. 
 N  = 3, error bars represent standard deviations (where error bars aren’t shown they fall into back-
ground). Scale bars in ( c ) and ( d ) are 1 mm. Scale bars in ( e ) and ( f  ) are 200  m m. (Modi fi ed from 
Pritchard et al.  2010  )        
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release from silk  fi lms inhibited proteolysis compared with empty control  fi lms in 
buffer containing silk-degrading proteases. Release of EDTA from the reservoirs 
inhibited proteolysis of the silk coating and delayed adenosine release in protease 
buffer. These results introduced a promising strategy to control drug delivery 
through the regulation of silk degradation rate, achieved via manipulation of local 
proteolytic activity (Pritchard et al.  2010  ) .    

    28.3   Adenosine-Releasing Combinatorial Silk 
Implants for Epilepsy Therapy 

 Using the rat hippocampal kindling model of epilepsy (described in greater detail 
elsewhere (Wilz et al.  2008 ; Szybala et al.  2009  ) ), the therapeutic potential of silk-
based polymers engineered to release the anticonvulsant adenosine was investigated. 
Silk implants were designed to administer varying doses of adenosine to determine 
effective local dose and to test the hypothesis that different target release rates would 
suppress seizures in a dose-dependent manner. Following this dose-dependence 
study, the effect of adenosine delivery from silk implants on the progression of 
epilepsy was evaluated. 

    28.3.1   Implant Design and Fabrication 

 Silk implants with different target adenosine doses were prepared by imbedding 
adenosine loaded silk microspheres into nano fi lm coated silk  fi broin scaffolds. 
For dose dependence studies, implants were prepared to deliver target doses of 
0 (control), 40, 200, and 1,000 ng of adenosine with the total drug load split roughly 
evenly between three systems: microspheres, macroscale  fi lms, and nano fi lms. 
Microspheres were prepared according to the methanol-based lipid template protocol 
(Wang et al.  2007a  ) . Porous scaffolds were prepared as previously described (Kim 
et al.  2005  )  using the water-based, NaCl-porogen protocol and a suspension of 
adenosine-loaded silk microspheres in 6 % (w/v) silk solution so that the micro-
spheres were imbedded in the  fi nal porous scaffold. The macroscale adenosine-
loaded silk  fi lm coating applied was based on a modi fi ed version of the bulk loaded 
 fi lms described previously (Hofmann et al.  2006  ) . Nano fi lm coatings were applied 
based on a previously described protocol of repeated dipping, washing and drying 
steps (Wang et al.  2007b  )  modi fi ed to accommodate the coating of a 3D porous scaffold. 
These three systems were integrated into a single implantable silk rod approximately 
0.6–0.7 mm in diameter and 3–4 mm in length (as shown in Fig.  28.2 ). Target doses 
were controlled via manipulation of (1) the concentration of microspheres sus-
pended in the porous scaffold, (2) the concentration of adenosine in the macroscale 
coating  fi lm, and (3) the number of drug loaded silk nano fi lms deposited on the 
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system. After drug loading, all implants were coated with three capping layers 
(three subsequent silk dips) to delay burst.  

 Following the dose-dependence study, second generation implants designed to 
deliver target doses of 0 (empty/control) or 1,000 ng adenosine per day over a period 
of 10 days. These implants were designed and fabricated as described above, with 
some slight modi fi cations. Brie fl y, implants were designed to split the target drug 
load evenly between microspheres and multiple macroscale  fi lms that were integrated 
into a single implant and capped with additional burst-delaying silk  fi lms.  

    28.3.2   Release Studies 

 Release studies were carried out by incubating implants in 1 mL of phosphate 
buffered saline (PBS) at 37 °C and removing and replacing the buffer at desired 
time points. Adenosine content in the PBS samples removed from the system was 
measured using a modi fi ed  fl uorescence assay based on conversion of adenosine to 
the  fl uorescent derivative 1, N  6 -ethenoadenosine as previously described (Wojcik 
and Neff  1982  ) . In PBS release studies, the respective polymers released an average 

  Fig. 28.2    Schematic of implant fabrication showing the individual silk-based drug delivery 
components. (1) Adenosine loaded silk microspheres are prepared according to the phospholipid 
template protocol (2) Microspheres are mixed with silk solution, and then porous scaffolds embed-
ded with microspheres are fabricated using NaCl particulate leeching. (3) Porous scaffold is soaked 
in a silk + adenosine solution, reinforcing the implants and coating the implant with a macroscale 
drug-loaded  fi lm. Additional adenosine is loaded with alternating layer-by-layer (LbL) nano fi lm 
coatings via alternate soakings in silk and adenosine solutions. Silk capping layers are added to 
increase the barrier to diffusion (4) Adenosine releasing silk rod is implanted by placing the 
implant in an applicator rod, inserting the applicator rod into the brain tissue and retracting  fi rst the 
outer shaft then the inner piston, leaving the silk implant at the target site of drug delivery (Modi fi ed 
from Wilz et al.  2008  and Boison et al.  2002  )        
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of 0, 33.4, 170.5, and 819.0 ng of adenosine per day over 14 days (daily release rates 
are variable; average daily release is based on total adenosine released over 14 days 
divided by the 14 day release duration (   Wilz et al.  2008  ) ). Though average release 
rate is lower than the original target, this in vitro release data con fi rmed that implants 
designed to deliver varied doses were achieving this goal. Previous dose estimates 
from the literature suggested that an effective adenosine dose would be in the range 
of about 200 ng/day (Huber et al.  2001 ; Boison et al.  1999  ).  

 In vitro release study results showed that the second generation implants sus-
tained release longer than previous implants and achieved release rates closer to the 
target: release of approximately 1,000 ng/day was maintained from day 4 to day 10 
(Fig.  28.3a ) (Szybala et al.  2009  ) . The extended release duration compared with  fi rst 
generation silk implants is ascribed to the increase in the diffusional path length 
achieving by increasing the thickness of both the adenosine-loaded and implant-
capping silk  fi lms.   

    28.3.3   In Vivo Results 

    28.3.3.1   Dose Dependent Seizure Suppression in a Rat Kindling Model 

 The therapeutic potential of adenosine-releasing silk implants was validated in a 
dose response study in the rat model of kindling epileptogenesis. Polymers were 
implanted using a stereotactic implantation device (internal diameter 0.7 mm, exter-
nal diameter 1 mm) as previously described (Boison et al.  2002  ) . The polymer-
loaded device was stereotactically inserted into the brain using a drill hole. Upon 
reaching the target site the 3 mm long polymer was released and deposited within 
the infrahippocampal cleft by slowly retracting the outer tube of the device. Finally, 
the device was fully retracted as described previously (Boison et al.  2002  ) . Thus, the 
implanted polymers were deposited within a formed cavity of 3 mm length within 
the right infrahippocampal cleft and adjacent to the electrode implantation site 
(Fig.  28.1 ). For each dose tested, either  fi ve or six animals received implants. 

 Four days prior to the onset of kindling, adenosine releasing polymers were implanted 
into the infrahippocampal cleft and progressive acquisition of kindled seizures was 
monitored over a total of 48 stimulations. Each rat received a total of eight kindling ses-
sions (each session consisting of six stimulations delivered every 30 min), with sessions 
1–8 corresponding to days 4, 6, 8, 11, 13, 15, 18, and 20 following implantation. 
Behavioral seizures were scored on a scale from 0 to 5 according to the scale of Racine 
(Racine  1978  ) . Animals receiving empty/control silk implants exhibited  fi rst partial sei-
zures during session 2 (around stimulation 10), while  fi rst emergence of partial seizures 
was delayed with increasing doses of released adenosine. In recipients of polymers 
releasing the highest adenosine dose (average release rate = total cumulative release 
divided by total release duration = 819 ng adenosine per day), kindling epileptogenesis 
was delayed by 1 week corresponding to 18 kindling stimulations, and these animals 
required 2.5 times as many stimulations to reach the same kindling state as the  control 



  Fig. 28.3    Antiepileptogenesis study design and results ( a ) Daily release of adenosine from silk-based 
polymers. Adenosine release in vitro was determined for each day shown, based on averaged 
values from  N  = 3 polymers. Note the stable release rate of around 1,000 ng adenosine per day 
from day 4 to 10, corresponding to the predesigned target release rate. Errors are given as ±SD. 
( b ) Assessment of antiepileptogenesis in the rat kindling model according to Silver et al.  (  1991  ) : 
kindling is initiated during drug delivery followed by a washout period of the drug; subsequently, 
kindling is resumed in the absence of the drug. Five potential kindling outcomes are shown:  red , 
normal kindling development of an untreated or sham-treated animal;  dark blue , kindling in the 
presence of a drug with no effects on seizure expression and epileptogenesis;  light blue  kindling 
development under the in fl uence of a drug that suppresses seizures, but not epileptogenesis;  violet  
kindling development under the in fl uence of a drug that exerts partial antiepileptogenic effects; 
 orange  kindling under the in fl uence of a drug that completely suppresses epileptogenesis. Note 
that the criterion for complete suppression of epileptogenesis compared with partial epileptogen-
esis is a shift of the kindling curve to the  right ; the number of drug-free kindling stimulations 
needed to trigger a speci fi c seizure stage should be the same as in control animals. ( c ) Four days 
after implantation of silk-based polymers with daily target release rates for adenosine of 0 ng 
( N  = 7,  red  ), or 1,000 ng ( N  = 5,  blue ) kindling stimulations were delivered at a rate of six stimula-
tions per day on days 4, 5, 6, 7, and 8 following implantation. A total of 30 kindling stimulations 
were delivered. After the 30th kindling stimulation, kindling was discontinued for 9 days to allow 
silk polymers to exhaust their adenosine release. Kindling stimulations were resumed at day 18. 
Seizure stages were averaged across animals from each group for each individual stimulus. Note 
that recipients of a target dose of 1,000 ng adenosine per day resumed kindling at day 18 at a level 
at which kindling was discontinued at day 8. After seven consecutive stage 5 seizures kindling was 
discontinued in control animals due to animal welfare considerations. Errors are given as ±SD 
(Modi fi ed from Szybala et al.  2009  )        
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group. A dose-dependent retardation of seizure acquisition was observed and 
histological analysis of brain samples con fi rmed the correct location of implants and 
electrodes. These results suggested that silk-based delivery of around 1,000 ng of adenos-
ine per day is a safe and ef fi cient strategy to suppress seizures (Wilz et al.  2008  ) . 

 Seizure suppression was also investigated in animals receiving second generation 
adenosine-releasing silk implants. Rats were kindled by hippocampal electrical 
stimulation until all animals reacted with stage 5 seizures at which point adenosine-
releasing or control polymers were implanted into the infrahippocampal  fi ssure 
ipsilateral to the site of stimulation. Subsequently, animals receiving 1,000 ng/day 
silk implants exhibited complete suppression of kindling development during the 
 fi rst 13 stimulations, and continued to display a suppression of seizures compared 
to control animals through stimulation 24. Only at day 11, when in vitro results 
indicated implant-derived adenosine release dropped off, did kindling development 
start to progress in animals receiving adenosine releasing implants. At stimulation 
24, the averaged seizure response of the adenosine implant recipients was stage 
1.3 ± 0.7, while the averaged seizure response observed in the control group was 
stage 3.3 ± 1.2 (Szybala et al.  2009  ) . Side-effects were not monitored in these stud-
ies as focal adenosine augmentation has previously been found to be devoid of 
systemic and sedative side effects (Güttinger et al.  2005b ; Nilsen and Cock  2004  ) .  

    28.3.3.2   Antiepileptogenesis 

 To monitor seizure development in the presence of adenosine, adenosine releasing 
or control polymers were implanted prior to kindling. Animals receiving adenosine-
releasing silk implants showed robust suppression of seizures during the  fi rst 5 days 
of stimulation and exhibited protection from convulsive seizures through 30 stimu-
lations (average seizure score = 1.3 ± 0.5). Recipients of control silk implants that 
received the same kindling stimulation exhibited an average seizure score of 4.9 ± 0.4 
at stimulation 30 (day 8 post implantation). 

 After stimulation 30/day 8, kindling was discontinued for 9 days to allow the silk 
implants to exhaust their adenosine release and resumed at day 18. When kindling 
was resumed, all control animals continued to display stage 4 and 5 seizures, while 
recipients of adenosine-releasing silk implants resumed at stages similar to the levels 
recorded prior to kindling discontinuation (average score of 0.5 ± 0.6), then gradually 
increased in seizure severity until stage 4 and 5 seizures were reached at days 20 and 
21 post implantation. The kindling curve of animals who received approximately 
1,000 ng/day for 10 days following implant exhaustion resembled the kindling 
curve of recipients of control implants, but the number of stimulations required to 
produce comparable seizure responses to animals receiving control implants was 
lower than in those control rats (Fig.  28.3c ). This suggests that focal adenosine 
delivery exerts partial antiepileptogenic effects (Fig.  28.3b ) (Silver et al.  1991  ) . This 
is signi fi cant because currently available antiepileptic drugs are largely limited to 
seizure suppression (antiictogenesis), failing to prevent disease progression (anti-
epileptogenesis) (   Boison and Stewart  2009 ). The traditional symptomatic  treatment 
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approach has little prospect to affect the underlying causes of the disease. The focal 
adenosine delivery from silk implants has potential not only for seizure suppres-
sion, but also for preventative use in patients with high risk of developing epilepsy. 
For example, following traumatic brain injury, implantation of adenosine releasing 
silk scaffolds into the traumatized brain area could improve therapeutic outcomes 
for these patients.    

    28.4   Conclusions and Future Directions 

 These studies demonstrate that silk systems can deliver therapeutically relevant 
drug loads in vivo. Polymers prepared in different doses induced dose-dependent 
retardation of seizure acquisition, validating the therapeutic potential of implants 
and the ability to control dosing. Adenosine-releasing silk implants suppressed 
seizures in a rat kindling model of epilepsy, and also induced partial antiepilepto-
genesis. These studies demonstrated excellent agreement between in vitro release 
study predictions and in vivo response. Taken together, these results con fi rm the 
safety and ef fi cacy of silk drug delivery implants for local delivery of neurologi-
cal drugs, and suggest that these degradable, implantable biomaterial systems 
could potentially be applied to a range of therapeutics. 

 Adenosine is involved in nearly every aspect of cell function, including neuro-
modulation and neurotransmission (   Gan and Habib  2007  ) . Despite the abundance 
of evidence that manipulation of adenosine receptor activation might have signi fi cant 
therapeutic impact, the side effects of systemic adenosine administration have thus 
far limited adenosine’s clinical usefulness. The epilepsy therapy based on adenos-
ine-releasing silk biomaterials that has recently been reported (Wilz et al.  2008 ; 
Szybala et al.  2009  )  could potentially be extended to other adenosine-related 
pathophysiological applications, many of which have been reviewed (Ribeiro et al. 
 2003 ; Boison  2008  ) .      
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  Abstract   Nucleosides have a wide range of physiological and pathophysiological 
roles in the human brain as modulators of a variety of neural functions. For example, 
adenosine, inosine, guanosine, and uridine participate in the mechanisms underly-
ing memory, cognition, sleep, pain, depression, schizophrenia, epilepsy, Alzheimer’s 
disease, Huntington’s disease, and Parkinson’s disease. Consequently, increasing 
attention is now being given to the speci fi c role of nucleosides in physiological and 
pathological processes in the human brain. Different elements of nucleoside system, 
including nucleoside concentrations, metabolic enzyme activity, and expression of 
nucleoside transporters and receptors, may be changed under normal and pathologi-
cal conditions. The alterations suggest that interlinked elements of the nucleoside 
system are functioning in a tightly concerted manner. 

 Nucleoside levels, activity of nucleoside metabolic enzymes, and expression of 
nucleoside transporters and receptors are unevenly distributed in the brain, suggest-
ing that nucleosides have different roles in functionally distinct human brain areas. 
The aim of this chapter is to summarize our present knowledge of the anatomical 
distribution of nucleoside system in the human brain, placing emphasis on potential 
therapeutic pharmacological strategies.  

  Keywords   Nucleosides  •  Anatomical distribution of nucleoside system  •  Human 
brain diseases and therapy  
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  Abbreviations  

  5 ¢ NT    5 ¢ -Nucleotidases   
  A 

1
  receptor/A 

2A
  receptor/

A 
2B

  receptor/A 
3
  receptor     A 

1
 R/A 

2A
 R/A 

2B
 R/A 

3
 R subtype of 

adenosine receptors   
  AC    Adenylate cyclase   
  ADA    Adenosine deaminase   
  Ade    Adenine   
  ADK    Adenosine kinase   
  Ado    Adenosine   
  AMP    Adenosine monophosphate   
  CDP-choline    Cytidine diphosphocholine   
  cN    Cytoplasmic 5 ¢ -nucleotidases   
  CNS    Central nervous system   
  CNT transporters    Concentrative nucleoside transporters   
  CNT1/CNT2/CNT3 transporters     CNT1/CNT2/CNT3 subtype of concen-

trative nucleoside transporters   
  Cyd    Cytidine   
  EC    Extracellular   
  ENT transporters    Equilibrative nucleoside transporters   
  ENT1/ENT2/ENT3/ENT4 transporters     ENT1/ENT2/ENT3/ENT4 subtype of 

equilibrative nucleoside transporters   
  “es” nucleoside transporters     Equilibrative, NBTI sensitive type of 

ENT transporters   
  GABA     g -Aminobutyric acid   
  GDA    Guanine deaminase   
  GMP    Guanosine monophosphate   
  Gn    Guanine   
  Guo    Guanosine   
  Hyp    Hypoxanthine   
  IMP    Inosine monophosphate   
  Ino    Inosine   
  NBTI     S -(4-nitrobenzyl)-6-thioinosine   
  PLC    Phospholipase C   
  PNP    Purine nucleoside phosphorylase   
  Urd    Uridine   
  Xn    Xanthine         
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    29.1   Introduction 

 Nucleosides such as adenosine (Ado), guanosine (Guo), inosine (Ino), and uridine 
(Urd) have a role in the regulation of neuronal and glial functions in the brain (Burnstock 
et al.  2011 ; Dobolyi et al.  2011 ; Fields and Burnstock  2006 ; Haskó et al.  2004 ; Schmidt 
et al.  2007  ) . In addition, nucleosides participate in physiological and pathophysiologi-
cal processes in the brain, such as the regulation of sleep and memory, epilepsy, 
Parkinson’s disease, and Alzheimer’s disease (Dobolyi et al.  2011 ; Huang et al.  2011 ; 
Lopes et al.  2011 ; Sperlágh and Vizi  2011  ) . Increasingly, nucleoside derivatives and 
uptake or metabolic inhibitors are being used in clinical or preclinical drug develop-
ment for the treatment of different diseases, ranging from viral infections to neurode-
generative disorders (Boison  2011 ; Lopes et al.  2011 ; Parkinson et al.  2011  ) . 

 Regional differences occur in the nucleoside system of the human central nervous 
system (CNS). Nucleoside levels, metabolic enzymes, transporters, and receptors 
are unevenly distributed in the human brain (Baldwin et al.  2005 ; Barnes et al.  2006 ; 
Dawson  1971 ; Fredholm et al.  2001 ; Jennings et al.  2001 ; Kovács et al.  1998,   2010a ; 
Nagata et al.  1984 ; Norstrand et al.  1984 ; Norstrand and Glantz  1980 ; Pennycooke 
et al.  2001 ; Phillips and Newsholme  1979 ; Ritzel et al.  2001  ) . In addition, nucleoside 
concentrations are dependent on age and gender (Kovács et al.  2010b  ) . These results 
suggest region-, age-, and gender-dependent functions of nucleosides in the human 
brain. Correlations have been observed between the (1)  S -(4-nitrobenzyl)-6-thioinosine 
(NBTI) binding site and the density of adenosine deaminase (ADA) immunoreactive 
neurons (Geiger and Nagy  1986  ) , (2) regional differences in nucleoside levels and 
the nucleoside metabolic enzyme activities and distribution of adenosine receptors 
(Kovács et al.  2010a  ) , (3) ENT1 subtype of equilibrative nucleoside transporters 
(ENT1) and A 

1
  adenosine receptor subtype (A 

1
 R) density (Jennings et al.  2001  ) , and 

(4) A 
1
 R density and 5 ¢ -nucleotidase (5 ¢ NTs) levels (Fastbom et al.  1987  ) . Interactions 

have also been observed between ADA and A 
1
 Rs, resulting in the facilitation of 

agonist binding to A 
1
 Rs and the enhancement of receptor functionality in the human 

caudate nucleus (Gracia et al.  2008  ) . These results strengthen the hypothesis that the 
so-called “purinome” groups nucleoside and nucleotide receptors, transporters, 
metabolic enzymes and ligands together to organize purinergic signaling (Kovács 
and Dobolyi  2011 ; Volonté and D’Ambrosi  2009  ) . Complex anatomical, biochemi-
cal, and pharmacological analyses of the purinome are necessary to understand the 
functions of nucleoside system and to develop novel and safe drugs to treat various 
CNS diseases. 

 The aim of this chapter is to summarize the anatomical distribution of the nucle-
oside system in the human brain and to examine their potential for the development 
of pharmacological therapies. We focus on four nucleosides, Ado, Ino, Guo, and 
Urd. The available knowledge regarding the physiological and/or pathophysiologi-
cal role of other nucleosides in the human brain is too limited for comprehensive 
evaluation. We brie fl y summarize some relevant features of the brain nucleoside 
system. Then we describe the anatomical distribution of nucleoside levels, meta-
bolic enzymes, transporters, and receptors. Finally, we discuss their potential as 
targets of pharmacological therapeutics.  
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    29.2   Nucleosides in the Human Brain: Metabolism, 
Transporters, and Receptors 

    29.2.1   Metabolism 

 Ribonucleic acids (RNA) and deoxyribonucleic acids (DNA) are synthesized from 
nucleotides that are composed of nucleosides and phosphate moieties. Nucleosides 
contain purine or pyrimidine bases connected to a pentose moiety. The major purine 
ribonucleosides are Ado, Guo, Ino, while the major pyrimidine ribonucleosides are 
cytidine (Cyd), Urd, and thymidine (Thd) (Linden and Rosin  2006  ) . Nucleosides 
are synthesized de novo in the liver and can be partly obtained from food. They are 
transported into the brain and metabolized to their corresponding nucleotides. De 
novo synthesis of nucleosides in the adult brain is limited. Therefore, a salvage 
mechanism in the brain preserves the purine and pyrimidine nucleosides and bases. 
The main precursors of nucleotides in the brain are Ado, adenine (Ade), hypoxan-
thine (Hyp), guanine (Gn), Urd, and Cyd. To maintain the synthesis of ribo- and 
deoxyribonucleotides, hypoxanthine phosphoribosyltransferase (HGPRT; hypoxan-
thine-guanine phosphoribosyltransferase) catalyzes the conversion of Hyp-inosine 
monophosphate (IMP) and Gn-guanosine monophosphate (GMP; Fig.  29.1 ). 
Adenosine kinase (ADK) converts Ado to adenosine monophosphate (AMP), but 
Ado can also be metabolized to IMP in salvage reactions. Ade is metabolized to 
AMP by the adenine phosphoribosyltransferase (APRT) salvage enzyme. Cytidine 
deaminase (CDA) and uridine-cytidine kinase (UCK) salvage Cyd and Urd (Ipata 
et al.  2011  ) .  

 The degradation pathway of adenine nucleotides in the brain can convert AMP 
to IMP-Ino-Hyp or Ado-Ino-Hyp (Fig.  29.1 ). These metabolic steps are catalyzed 
by cytoplasmic 5 ¢ -nucleotidases (cN, 5 ¢ NT), AMP deaminase (AMPDA), ADA, 
and purine nucleoside phosphorylase (PNP).  S -adenosylhomocysteine (SAH) can 
be converted to Ado by adenosylhomocysteinase (SAHH,  S -adenosylhomocysteine 
hydrolase). The main route of guanine-ribonucleotide catabolism is the GMP-
Guo-Gn-xanthine (Xn) pathway catalyzed by cN, PNP, and guanine deaminase 

Fig. 29.1 (continued) deaminase; I: Nucleoside transporters; II: ATP channels and transporters; 
III: K +  channels; IV: Ca 2+ -channels; A 
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0
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 Ino  Inosine;  IP  

 3 
  Inositol 1,4,5-triphosphate;  MAPK  Mitogen-activated protein kinase;  MTA  

5 ¢ -deoxy-5 ¢ -methylthioadenosine;  PIP2  Phosphatidylinositol bisphosphate;  PKA  Protein kinase 
A;  PKC  Protein kinase C;  PLC  Phospholipase C;  SAH S -adenosylhomocysteine;  sNUC  Synthetic 
nucleosides/nucleoside analogues;  UA  Uric acid;  UMP  Uridine monophosphate;  Ura  Uracil;  Urd  
Uridine;  UrdR  Urd receptor;  UTP  Uridine triphosphate;  Xn  Xanthine;  XOi  Xanthine oxidase 
inhibitors       
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  Fig. 29.1    Nucleoside production, transport and receptor signaling.  Abbreviations : 1: Nucleoside 
mono- and diphosphate kinases and nucleoside di- and triphosphate phosphatases; 2:  GMPR  GMP 
reductase; 3:  GMPS  GMP synthetase; 4:  IMPDH  IMP dehydrogenase; 5:  AMPDA  AMP deami-
nase; 6:  ASL  Adenylosuccinate lyase; 7:  ASS  Adenylosuccinate synthetase; 8:  UCK  Uridine-
cytidine kinase; 9:  5 ¢ NT  5 ¢ -Nucleotidase; 10:  ADK  Adenosine kinase; 11:  UP  Uridine phosphorylase; 
12:  PNP  Purine nucleoside phosphorylase; 13:  GDA  Guanine deaminase; 14:  XO  Xanthine oxidase; 
15:  ADA  Adenosine deaminase; 16:  MTAP  5 ¢ -deoxy-5 ¢ -methylthioadenosine phosphorylase; 17:  SAHH  
S-adenosylhomocysteine hydrolase; 18:  APRT  Adenine phosphoribosyltransferase; 19:  HGPRT  
Hypoxanthine phosphoribosyltransferase (hypoxanthine-guanine phosphoribosyltransferase); 20: 
ecto-ATPase; 21: ecto-ADPase; 22:  ecto-5 ¢ NT  ecto-5 ¢ -nucleotidase (eN); 23:  ecto-ADA  ecto-adenosine 
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(GDA; Fig.  29.1 ). In the  fi nal step of purine catabolism in the human brain, Xn is 
converted to uric acid (UA) by xanthine oxidase (XO). The following enzymes 
regulate the extracellular (EC) Ado concentration: ecto-5 ¢ -nucleotidase (eN), ecto-
adenosine kinase (ecto-ADK), and ecto-adenosine deaminase (ecto-ADA) 
(Fernández et al.  2010 ; Firestein et al.  1999 ; Ipata et al.  2011 ; Yegutkin  2008 ; 
Zimmermann  1996  )  (Fig.  29.1 ).  

    29.2.2   Transporters 

 Nucleosides are transported into and released from brain cells via nucleoside trans-
porters (Fig.  29.1 ). Two types of nucleoside transporters are expressed in the human 
brain. The equilibrative nucleoside transporter family (ENT transporters; bidirec-
tional facilitated diffusion) contains four ENT transporter types: ENT1–ENT4. 
NBTI partially inhibits ENTs at the nM concentration range (“es”: equilibrative, 
NBTI sensitive type of ENTs, e.g., ENT1), whereas NBTI insensitive transporters 
are inhibited by NBTI only at the  m M concentration range (“ei”: equilibrative, 
NBTI insensitive type of ENTs, e.g., ENT2). The concentrative nucleoside trans-
porter family (CNT transporters; unidirectional, sodium-dependent) includes six 
CNT transporter types (N1–N6) that are classi fi ed based on the types of nucleo-
sides transported and sodium transport coupling (Baldwin et al.  2005 ; Barnes et al. 
 2006 ; Jennings et al.  2001 ; Parkinson et al.  2011 ; Pennycooke et al.  2001 ; Ritzel 
et al.  2001  ) .  

    29.2.3   Receptors 

 All four known adenosine receptor subtypes (A 
1
 , A 

2A
 , A 

2B
 , and A 

3
 : also known as P1 

receptors) have been identi fi ed in the human brain (Fredholm et al.  2001 ; Jennings 
et al.  2001  ) . Adenosine receptors are G-protein-coupled receptors (GPCR; Fig.  29.1 ). 
A 

1
 Rs couple to “inhibitory” G-proteins (G 

i
  and G 

0
 ) and inhibit adenylate cyclase 

(AC). A 
2A

 Rs and A 
2B

 Rs, however, stimulate AC using “stimulatory” G-proteins 
(G 

S
 ). A 

2A
 Rs may also activate AC via G 

olf
 -proteins. Similar to A 

1
 Rs, A 

3
 Rs inhibit 

AC by coupling with G 
i
 -proteins. G 

q
  proteins can couple to A 

2B
  and A 

3
 Rs and stimu-

late phospholipase C (PLC) activity. A 
1
 Rs can also stimulate PLC and modulate the 

activity of K +  and Ca 2+  channels. In addition, the existence of yet unidenti fi ed nucle-
oside receptors cannot be excluded. For example, a novel subtype of adenosine 
receptors (A 

4
 ) has been proposed based on electrophysiological and pharmacologi-

cal criteria in the brain (Corn fi eld et al.  1992 ; Luthin and Linden  1995 ; Tucker and 
Linden  1993  ) . It is also conceivable that Urd, Guo, and Ade have their own recep-
tors (UrdR, GuoR, AdeR, respectively; Fig.  29.1 ) that are used to execute certain 
functions in the nervous system (Bender et al.  2002 ; Borrmann et al.  2009 ; Kimura 
et al.  2001 ; Schulte and Fredholm  2003 ; Traversa et al.  2002  ) .   
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    29.3   Anatomical Distribution of the Nucleoside System 
in the Human Brain 

    29.3.1   Distribution of Nucleoside Levels 

 The concentration of nucleotide triphosphates, such as adenosine triphosphate 
(ATP), guanosine triphosphate (GTP), uridine triphosphate (UTP), and cytidine 
triphosphate (CTP), are 2–3 orders of magnitude higher (0.2–5 mM) in the human 
brain than that of nucleosides are. Consequently, the degradation of nucleotide 
triphosphates (Fig.  29.1 ) may increase the levels of corresponding nucleosides 
over baseline concentrations. For example, a 5–60 min period of ischemia was 
found to cause rapid degradation of nucleotide triphosphates and increase the 
concentrations of nucleosides and their metabolites (Ado, Guo, Ino, Hyp, and 
Xn) by 2–150 times that of baseline (Berne et al.  1974 ; Bjerring et al.  2010 ; Eells 
and Spector  1983 ; Hagberg et al.  1987 ; Kovács et al.  2010a ; Melani et al.  2003 ; 
Traut  1994  ) . 

 Both animal and human experiments have determined that nucleoside concentra-
tions are unevenly distributed in different brain areas (Kékesi et al.  2006 ; Kovács 
et al.  2010a,   2011  ) . Kovács and colleagues (Kovács et al.  2005  )  developed an 
extrapolation method that allows realistic estimates of the in vivo nucleoside levels 
from postmortem frozen and microwave-treated brain bank samples. Using this 
method, a nucleoside map of the human brain, consisting of 61 brain and 4 spinal 
cord areas, was constructed. High Ado (15.9–23.9 pmol/mg), Urd (44.1–66.2 pmol/
mg), Ino (107.7–161.5 pmol/mg), and Guo (17.7–26.4 pmol/mg) concentrations 
were observed in several regions, including the cochlear nuclei, vestibular nuclei, 
cerebellar cortex, supraoptic nucleus,  fl occulonodular lobe, spinal trigeminal 
nucleus, temporal and occipital cortices, caudate nucleus, nucleus basalis, medial 
geniculate body, amygdala, spinal central gray, and ventral horn of the spinal 
cord (Table  29.1 ). The lowest concentrations of Ado (1.4–7.9 pmol/mg), Urd 
(15.7–22.0 pmol/mg), Ino (29.8–53.8 pmol/mg), and Guo (4.1–8.8 pmol/mg) were 
measured in the entorhinal cortex, septum, habenula, zona incerta, substantia nigra, 
locus coeruleus, preoptic area, pulvinar, and inferior colliculus (Table  29.1 ). 
Nucleoside metabolites such as Hyp, Xn, and uracil/Ura, (Fig.  29.1 ) were also 
unevenly distributed in the human brain (Kovács et al.  2010a  ) .  

 Age and gender may modulate nucleoside expression. For example, the levels of 
Ino and Ado in the frontal cortex increase with age. Urd, Ino, and Guo concentra-
tions are higher in the frontal cortex and white matter of middle-aged women when 
compared to middle-aged men, whereas Ado levels are lower in the frontal cortex of 
both middle-aged and elderly women when compared to men (Kovács et al.  2010b  ) . 
These results suggest that the nucleoside microenvironment in the human brain may 
be an important factor in the aging processes and nucleosides might play a part in 
the reduced vulnerability of female brains to excitotoxic insults (Kovács et al. 
 2010b  ) .  
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   Table 29.1    Levels of nucleosides, activity of some nucleoside metabolizing enzymes, and rela-
tive density of nucleoside transporters and adenosine receptors in the human CNS   

 Anatomical distribution of nucleoside system 

 Nucleosides in the CNS 

  Nucleosides    Nucleoside levels (pmol/mg wet weight)  
  Ado   High (15.9–23.9): cochlear nuclei, vestibular nuclei, cerebellar cortex, supraoptic 

nucleus,  fl occulonodular lobe 
 Intermediate (8.0–15.8): spinal cord (ventral and dorsal horn) + , amygdala + , 

temporal + , and prefrontal cortex + , caudate nucleus + , mediodorsal thalamic 
nucleus +  

 Low (1.4–7.9): frontal, somatosensory, cingulate, and entorhinal cortex; hip-
pocampus, nuclei of diagonal band, septum, globus pallidus externa, ventral 
lateral nucleus, habenula, pulvinar, zona incerta, preoptic area, paraventricular 
nucleus, dorsomedial nucleus (hypothalamus), lateral hypothalamic area, 
substantia nigra, inferior colliculus, locus coeruleus, dorsal vagal nuclei, 
nucleus accumbens + , spinal central gray 1  

  Ino   High (107.7–161.5): cochlear nuclei, spinal trigeminal nucleus 
 Intermediate (53.9–107.6): frontal, temporal, somatosensory + , prefrontal + , 

cingulate + , and occipital cortex; caudate nucleus, substantia innominata, 
nucleus basalis, nucleus accumbens + , reticular formation (medulla oblongata), 
amygdala + , cerebellar nuclei, spinal cord (ventral and dorsal +  horn), mediodor-
sal thalamic nucleus + , spinal cord (white matter) 

 Low (29.8–53.8): entorhinal and parahippocampal cortex; hippocampus, nuclei of 
diagonal band, habenula, pulvinar, zona incerta, paraventricular nucleus, 
substantia nigra, inferior colliculus, locus coeruleus 1  

  Guo   High (17.7–26.4): cochlear nuclei; temporal and occipital cortex; caudate nucleus, 
nucleus basalis, medial geniculate body, amygdala +  

 Intermediate (8.9–17.6): insular, prefrontal + , entorhinal + , cingulate + , and 
somatosensory cortex + ; white matter (cerebral and cerebellar), nuclei of 
diagonal band, substantia innominata, lateral geniculate body, hippocampus + , 
nucleus accumbens + , cerebellar nuclei, mediodorsal thalamic nucleus + , spinal 
cord (ventral and dorsal +  horn) 

 Low (4.1–8.8): septum, habenula, pulvinar, zona incerta, paraventricular nucleus, 
lateral hypothalamic area, substantia nigra, superior colliculus, inferior 
colliculus, locus coeruleus, spinal cord (white matter) 1  

  Urd   High (44.1–66.2): cochlear nuclei, temporal and occipital cortex, cerebellar 
cortex, amygdala + , spinal central gray, spinal cord (ventral horn) 

 Intermediate (22.1–44.0): cerebral and cerebellar white matter, somatosensory + , 
prefrontal + , cingulate + , insular and entorhinal cortex; hippocampus + , caudate 
nucleus, globus pallidus externa, anterior nuclei (thalamus), substantia nigra, 
inferior colliculus, nucleus accumbens + , locus coeruleus, inferior olive, 
reticular formation (medulla oblongata), cerebellar nuclei, mediodorsal 
thalamic nucleus + , spinal cord (white matter), spinal cord (dorsal horn) +  

 Low (15.7–22.0): ventral anterior nucleus, zona incerta, preoptic area, motor 
facial nucleus 1  

(continued)
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 Metabolic enzymes of nucleosides in the CNS 

  Enzymes    Activity level  
  5 ¢ NT   nmol/h/mg protein: 

  High (749–1,123): temporal cortex, thalamus (medial and lateral), colliculus 
superior 

  Intermediate (375–748): parietal lobe, cingulate cortex, insula, caudate nucleus, 
putamen, pallidum (internal), claustrum, thalamus (anterior), subthalamic nucleus, 
nucleus ruber, substantia nigra, amygdala, hypothalamus, midbrain (paramedian) 

  Low (210–374): cerebellar cortex, lateral geniculate body, pallidum (external), 
centrum semiovale, corpus callosum, mamillary body, internal capsule 2  

  ADA   nmol of ammonia/min/g of wet weight: 
  High (387–579): white matter of frontal, orbital and temporal lobe 
  Intermediate (194–386): gray matter of frontal, occipital, orbital, parietal and 

temporal lobe; pons, putamen, hippocampus, caudate nucleus, globus pallidus, 
thalamus, midbrain, cerebellar white matter, white matter of parietal, cingulate, 
and occipital lobe; corpus callosum 

  Low (16–193): gray matter of cingulate cortex and cerebellum; hypothalamus, 
medulla oblongata, spinal cord 3  

  ADK   nmol/min/g wet weight: 
  High (16.4–19.4): hypothalamus, pons, hind brain 
  Intermediate (13.1–16.3): cerebellum, temporal cortex, corpus callosum, occipital 

cortex 
  Low (9.8–13.0): parietal lobe, frontal cortex 4  

  PNP   Substrate transformed ( m mol)/min/g wet weight: 
  High (223–261): pons, midbrain, thalamus, white and gray matter of occipital lobe, 

amygdala 
  Intermediate (183–222): caudate nucleus, white matter of cerebellum, medulla 

oblongata, white matter of frontal lobe, gray matter of temporal, parietal, and 
frontal lobe; corpus callosum 

  Low (143–182): gray matter of cerebellum, white matter of temporal and parietal 
lobe, putamen, spinal cord 5  

  GDA   Substrate transformed ( m mol)/min/mg protein 
  High (12.9–19.2): thalamus, mamillary body 
  Intermediate (6.5–12.8): parietal cortex, caudate nucleus, putamen, pons (basis), 

hippocampus, substantia nigra 
  Low (0.005–6.4): cerebellum, olivary nucleus, corpus callosum, lateral geniculate 

body 6  

 Nucleoside transporters in the CNS 

  Transporter family 
(gene)  

  Relative density (by comparison of different brain areas with each other)  

  ENT1  (SLC29A1)  High: frontal and parietal cortex 
 Intermediate: temporal and occipital cortex, thalamus, midbrain, caudate 

nucleus, putamen, globus pallidus 
 Low: medulla oblongata, pons, cerebellum, hippocampus 7  

  ENT2  (SLC29A2)  High: midbrain, pons, cerebellum 
 Intermediate: medulla oblongata, thalamus 
 Low: frontal, occipital, temporal, and parietal cortex; hippocampus, caudate 

nucleus, putamen, globus pallidus 7  

Table 29.1 (continued)

(continued)
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 Nucleoside transporters in the CNS 

  ENT3  (SLC29A3)  High: occipital and temporal lobe, corpus callosum, medulla oblongata, 
putamen 

 Intermediate: frontal lobe, paracentral gyrus, pons, hippocampus, nucleus 
accumbens, thalamus, spinal cord, cerebellum (right) 

 Low: parietal lobe, cerebellum (left), amygdala, caudate nucleus, substantia 
nigra, pituitary gland 8  

  ENT4  (SLC29A4)  High: temporal lobe, paracentral gyrus, amygdala, caudate nucleus, 
hippocampus, medulla oblongata, putamen 

 Intermediate: parietal and occipital lobe, pons, cerebellum (right), corpus 
callosum, thalamus, pituitary gland, spinal cord, substantia nigra, 
nucleus accumbens 

 Low: frontal lobe, cerebellum (left) 9  
  CNT1  (N2/cit; 

SLC28A1) 
 Uniform distribution 10  

  CNT2  (N1/cif; 
SLC28A2) 

 High: cerebellum, putamen, hippocampus, medulla oblongata 
 Intermediate/low: amygdala, cerebral cortex, frontal, occipital, and 

temporal lobe; substantia nigra, thalamus, spinal cord 10  
  CNT3  (N3/cib; 

SLC28A3) 
 High: hippocampus, medulla oblongata, pituitary gland 
 Intermediate/low: frontal, parietal and occipital lobe; corpus callosum, 

cerebellum, amygdala, caudate nucleus, putamen, thalamus, temporal 
lobe, paracentral gyrus, pons, substantia nigra, nucleus accumbens, 
spinal cord 11  

 Adenosine receptors in the CNS 

  Receptor type    Relative density (by comparison of different brain areas with each other)  
  A  

 1 
   High: frontal, parietal and occipital cortex; caudate nucleus, putamen, globus 

pallidus 
 Intermediate: temporal cortex, thalamus, hippocampus 
 Low: medulla oblongata, midbrain, pons, cerebellum 7  

  A  
 2A 

   High: caudate nucleus, putamen, globus pallidus, nucleus accumbens 7,12  
 Intermediate/low: frontal, temporal, parietal, and occipital cortex; thalamus, 

hippocampus, medulla oblongata, midbrain, pons, cerebellum 7  
  A  

 2B 
   Uniform distribution 13  

  A  
 3 
   High: cerebellum, hippocampus 

 Intermediate/low: other brain areas 13  

  The levels of nucleosides in brain and spinal cord areas were compared to the grand average 
concentration values of the total brain and spinal cord areas (Kovács et al.  2010a  ) . We also listed 
some brain and spinal cord areas, which are implicated in particular CNS diseases, even though 
their nucleoside levels did not differ from average values (these brain areas are labeled by “+”) 

  References :  1 Kovács et al.  2010a ;  2 Nagata et al.  1984 ;  3 Norstrand et al.  1984 ;  4 Phillips and 
Newsholme  1979 ;  5 Norstrand and Glantz  1980 ;  6 Dawson  1971 ;  7 Jennings et al.  2001 ;  8 Baldwin 
et al.  2005 ;  9 Barnes et al.  2006 ;  10 Pennycooke et al.  2001 ;  11 Ritzel et al.  2001 ;  12 Svenningsson et al. 
 1997 ;  13 Fredholm et al.  2001 ;  Abbreviations : Nucleosides— Ado  Adenosine,  Guo  Guanosine,  Ino  
Inosine,  Urd  Uridine; Nucleoside metabolizing enzymes— 5 ¢ NT  5 ¢ -Nucleotidase,  ADA  Adenosine 
deaminase,  ADK  Adenosine kinase,  GDA  Guanine deaminase,  PNP  Purine nucleoside phosphory-
lase. For nucleoside transporter and nucleoside receptor abbreviations, see text  

Table 29.1 (continued)
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    29.3.2   Distribution of Nucleoside Metabolic Enzymes 

 Nucleoside metabolic enzymes form a complex network, including several alternative 
metabolic pathways (Ipata et al.  2011 ; Kovács et al.  2011  )  (Fig.  29.1 ). The distribution 
and activity of nucleoside metabolic enzymes are uneven in the human brain, 
re fl ecting spatial differences in the nucleoside metabolic network. The distribution 
of 5 ¢ NTs, ADA, ADK, PNP, and GDA (Fig.  29.1 ) activities in the human brain have 
been previously described (Dawson  1971 ; Nagata et al.  1984 ; Norstrand et al.  1984 ; 
Norstrand and Glantz  1980  )  (Table  29.1 ). 

 The activities of 5 ¢ NT, PNP, and GDA are high in the thalamus (Table  29.1 ). 
High to intermediate activity of 5 ¢ NT was found in several brain regions, including 
the temporal cortex, colliculus superior, basal ganglia, nucleus ruber, substantia 
nigra, amygdala, and hypothalamus. In contrast, the cerebellar cortex, lateral genic-
ulate body, pallidum, corpus callosum, and mamillary body showed low activity 
levels of this enzyme. 

 Interestingly, the white matter of frontal, orbital, and temporal lobes contain the 
highest ADA activity, while only intermediate activity has been observed in the gray 
matter of these brain areas (Table  29.1 ). An intermediate ADA activity was also 
found, e.g., in the basal ganglia, pons, hippocampus, and thalamus. On the contrary, 
low ADA activity was measured in the cerebellum, hypothalamus, medulla oblon-
gata, and spinal cord. Others have observed the highest level of ADA activity in the 
hypothalamus (Phillips and Newsholme  1979  ) . 

 High ADK activity has been found in the hypothalamus, pons, and hind brain. 
The temporal and occipital cortices and cerebellum show intermediate ADK activ-
ity, whereas the parietal lobe and frontal cortex contain low levels of this enzyme 
(Table  29.1 ). GDA activity is also high in the mamillary body. Intermediate GDA 
activity was measured in the parietal cortex, basal ganglia, substantia nigra, and hip-
pocampus, with the lowest activity in the cerebellum. High PNP activity was also 
revealed in the pons, midbrain and amygdala whereas low enzyme activity was 
demonstrated, e.g., in the putamen and spinal cord. 

 Spatial differences in the distribution of nucleosides are correlated with nucleo-
side metabolic enzyme activities and the neuron–glia ratio in the human brain 
(Kovács et al.  2010a  ) . Nucleoside metabolism is different in neuronal and glial cells 
(Ceballos et al.  1994 ; Zoref-Shani et al.  1995  ) . Consequently, alterations in the glia/
neuron may cause regional differences in nucleoside levels. However, the correla-
tion between the neuron–glia ratio and nucleoside levels in the human brain is weak 
(Kovács et al.  2010a  ) . Importantly, the neuron–glia ratio is changed in some brain 
areas implicated in the development of major depressive and bipolar disorders, 
schizophrenia, Huntington’s and Alzheimer’s disease, and frontotemporal dementia 
(Bowley et al.  2002 ; Brauch et al.  2006 ; Harper et al.  2008 ; Öngür et al.  1998 ; Roos 
et al.  1985  ) . 

 Table  29.1  shows that altered nucleoside metabolic enzyme activity may result in 
an uneven distribution of nucleosides and their metabolites in the human brain 
(Kovács et al.  2010a  ) . For example, high or intermediate 5 ¢ NT activity and low or 
intermediate ADA/ADK activity can generate elevated Ado, Ino, and Guo levels 
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(Fig.  29.1 ) in the temporal cortex and caudate nucleus (Table  29.1 ). High 5 ¢ NT, PNP 
and GDA activities may result in low Guo levels in thalamic areas, such as the habe-
nula, pulvinar, and zona incerta (Table  29.1 ). 

 Altogether, these results suggest that the uneven distribution of nucleoside levels 
may be due to complex interactions between regionally different glia–neuron ratios 
and nucleoside metabolic enzyme activities.  

    29.3.3   Distribution of Nucleoside Transporters 

 The distribution of nucleoside transporters in the human brain is uneven, and the 
regionally different distribution of nucleoside transporters re fl ects the functional 
signi fi cance of nucleoside neuromodulation in different brain areas (Baldwin et al. 
 2005 ; Barnes et al.  2006 ; Jennings et al.  2001 ; Pennycooke et al.  2001 ; Ritzel et al. 
 2001  ) . 

 ENT1 expression is high in the frontal and the parietal cortices, whereas the 
occipital and temporal lobe shows the highest ENT3 activity and high or intermedi-
ate ENT4 activity (Table  29.1 ). Intermediate or low ENT3 and ENT4 density occurs 
in the frontal and parietal lobes. Low levels of ENT1 expression are found in the 
medulla oblongata and the pons, whereas these brain areas show high to intermedi-
ate ENT2 expression. ENT2 expression is low in cortical areas and the basal gan-
glia. All ENT transporters are expressed at intermediate levels in the thalamus. The 
hippocampus shows low or intermediate ENT levels with the exception of ENT4, 
which is expressed at high levels in this brain area. 

 CNT transporters are also widely distributed in the human brain. Relatively high 
expression of CNT subtypes (CNT1, CNT2, and CNT3) occurs in the cerebellum, 
putamen, hippocampus, and medulla oblongata (Table  29.1 ).  

    29.3.4   Distribution of Nucleoside Receptors 

 The distribution of adenosine receptors in the brain re fl ects the physiological activ-
ity and effects of Ado in brain structures, whereas changes in the density of adenos-
ine receptors may indicate functional and pathological changes (Boison  2005 ; 
Fastbom et al.  1986,   1987 ; Jenner et al.  2009  ) . 

 Adenosine receptors are unevenly distributed in the human brain (Fredholm et al. 
 2001 ; Jennings et al.  2001  )  (Table  29.1 ). High expression of A 

1
 Rs has been mea-

sured in several cerebral cortical areas and the basal ganglia. The temporal cortex, 
thalamus, and hippocampus contain intermediate levels of A 

1
 Rs, whereas the cere-

bellum, midbrain, pons, and medulla oblongata show low density of this adenosine 
receptor type. A 

2A
 Rs are expressed at high levels in the basal ganglia and high A 

3
 R 

density occurs in the cerebellum and hippocampus. In other brain areas, A 
2A

  and 
A 

3
 Rs are expressed at lower levels. Uniform distribution of A 

2B
 Rs, however, has 

been shown to occur.   
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    29.4   Implications for Therapy 

 Drugs acting on the nucleoside system are widely used for therapeutic purposes 
(Table  29.2 , Fig.  29.1 ). Nucleoside metabolic enzyme inhibitors are used in antican-
cer therapies and the treatment of gout. In addition, several different nucleoside 
transport inhibitors are used as coronary vasodilators. Drugs acting on adenosine 
receptors are also used as vasodilators and to treat cardiac arrhythmias, carcinomas, 
rheumatoid arthritis, acute renal failure, and asthma. In addition, some synthetic 
nucleosides (nucleoside drugs) are used in antiviral and anticancer therapies.  

 Some drugs acting on the adenosine system have already been tested for the 
potential to treat brain disorders (Table  29.2 ). Based on its distribution and physio-
logical roles in the CNS, the adenosine system has much wider potential for the 
treatment of pain, movement and mood disorders, schizophrenia, epilepsy, drug 
addiction, insomnia, multiple sclerosis, dementias, and stroke. Guanosine and Ino 
may also be neuroactive purines with therapeutic potential (Deutsch et al.  2005 ; 
Schmidt et al.  2007  ) . The recent discovery of pyrimidine nucleotide receptors and 
the emerging neural functions of Urd imply that this pyrimidine nucleoside could 
also have therapeutic applications in the future (Cansev  2006 ; Connolly and Duley 
 1999 ; Dobolyi et al.  2011  ) . 

 In the following sections, we discuss several neurological disorders where drugs 
acting on the nucleoside system may have therapeutic potential (Table  29.2 ). 

    29.4.1   Movement Disorders 

 The initiation of movement is governed by the interaction of the motor cortex, the 
thalamus, and a circuit consisting of several members of the basal ganglia, including 
the striatum, globus pallidus, and substantia nigra. The underlying pathologies for 
Parkinson’s and Huntington’s diseases are loss of nigrostriatal dopaminergic cells 
and degeneration of GABA/enkephalin neurons projecting from the striatum to the 
external globus pallidus, respectively (Harris et al.  2009  ) . 

 Nucleosides and nucleoside metabolic enzymes are found in brain areas involved 
in movement disorders (Dawson  1971 ; Kovács et al.  2010a ; Nagata et al.  1984 ; 
Norstrand et al.  1984 ; Norstrand and Glantz  1980  )  (Table  29.1 ). Nucleoside trans-
porters are present in the caudate nucleus, putamen, globus pallidus, and substantia 
nigra (Barnes et al.  2006 ; Jennings et al.  2001 ; Ritzel et al.  2001  ) . Caudate nucleus, 
putamen, and globus pallidus contain high levels of A 

1
  and A 

2A
 Rs (Jennings et al. 

 2001  ) . In particular, striatopallidal GABAergic enkephalin-containing neurons in 
the basal ganglia show the highest expression of A 

2A
 Rs (Durieux et al.  2011 ; Popoli 

et al.  2007  ) . These A 
2A

 Rs tightly interact structurally and functionally with the 
dopamine D2 receptor and have been suggested to drive striatopallidal output bal-
ance (Xu et al.  2005  ) . 
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 In cases of dopaminergic hypofunction, A 
2A

 R activation contributes to the 
overdrive of the indirect pathway (Schiffmann et al.  2007  ) . A 

2A
 R antagonists 

(Table  29.2 ), therefore, have the potential to restore this inhibitor imbalance. 
Consequently, these drugs have therapeutic potential in diseases of dopaminergic 
hypofunction such as Parkinson’s disease. Indeed, A 

2A
 R antagonists have been 

effective in a variety of animal models of Parkinson’s disease (Bastia et al.  2005 ; 
Chen et al.  2001 ; Hodgson et al.  2010 ; Kanda et al.  1998,   2000  ) . Furthermore, caf-
feine ameliorates the freezing of gait that occurs in Parkinson’s disease patients 
(Kitagawa et al.  2007  ) . A number of clinical trials are under way to evaluate the 
potential of A 

2A
 R antagonists in the treatment of Parkinson’s disease (Table  29.2 ), 

and the modulation of A 
1
  and A 

2A
 Rs may be effective in the treatment of Huntington’s 

disease as well (Blum et al.  2003 ; Chou et al.  2005 ; Popoli et al.  2007  ) . 
 Uridine might also be potentially effective in the treatment for Parkinson’s dis-

ease. Coadministration of uridine monophosphate (UMP) and docosahexaenoic 
acid known to increase Urd levels and synapse formation in the brain increased 
striatal dopamine levels and alleviated the behavioral effects of 6-hydroxydopamine 
injections in a rat model of Parkinson’s disease (Cansev et al.  2008  ) .  

    29.4.2   Addiction 

 Although the different classes of drugs of abuse in fl uence numerous neurotransmit-
ter systems within the brain, all either directly or indirectly enhance the activity of 
the mesolimbic dopaminergic system. Within this system, ascending dopaminergic 
 fi bers project from the ventral tegmental area to the prefrontal cortex and nucleus 
accumbens, areas that are involved in the rewarding effects of drugs of abuse (Lajtha 
and Sershen  2010 ; Willuhn et al.  2010  ) . 

 Similar to the striatum, the level of A 
2A

 Rs is also particularly high in the nucleus 
accumbens (Ferré et al.  2007 ; Svenningsson et al.  1997  ) , an area that contains low 
to intermediate levels of nucleosides (Kovács et al.  2010a  )  and ENT3, ENT4, and 
CNT3 transporters (Baldwin et al.  2005 ; Barnes et al.  2006 ; Ritzel et al.  2001  )  
(Table  29.1 ). Based on the presence of nucleoside transporters in the nucleus 
accumbens, transport inhibitors might have therapeutic potential in the treatment 
of drug addiction and alcoholism (Table  29.2 ). Indeed, adenosine transport in the 
nucleus accumbens decreases following chronic administration of morphine to 
rats (Brundege and Williams  2002  ) . Adenosine may inhibit the reward process via 
A 

2A
 Rs (Baldo et al.  1999  ) . In animal models, A 

2A
 R agonists inhibit cocaine self-

administration, while antagonists reinstate this behavior (Knapp et al.  2001 ; 
Weerts and Grif fi ths  2003  ) . Furthermore, mice lacking the A 

2A
 R exhibit attenu-

ated reward processes (Castane et al.  2006  ) . Some novel human data also supports 
the involvement of the adenosine system in addiction. An elevated A 

2A
 R binding 

af fi nity was found in platelets of patients suffering from pathological gambling 
(Martini et al.  2011  ) . Clinical trials based on these data are expected in the near 
future (Lopes et al.  2011  ) .  
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    29.4.3   Pain Management 

 Nociceptive impulses  fi rst reach the posterior horn of the spinal cord. From here, 
information is transmitted to several brain regions involved in nociception. The 
reticular formation regulates arousal reactions and autonomic re fl exes to pain, and 
thalamic nuclei relay and differentiate the nociceptive stimuli. Speci fi c nuclei of the 
hypothalamus mediate autonomic and neuroendocrine responses. The limbic sys-
tem mediates the emotional and motivation-related aspects of nociception, while the 
somatosensory cortex is mainly responsible for pain differentiation and localization 
(Apkarian et al.  2005  ) . Additional pathways descending from a handful of brain 
regions, including the periaqueductal gray, rostroventromedial medulla, lateral 
reticular nucleus, and some brainstem monoamine cell groups, modulate nocicep-
tion (Heinricher et al.  2009  ) . 

 Nucleosides and their metabolic enzymes and transporters have been observed in 
different regions of large anatomical structures such as the spinal cord, medulla 
oblongata, midbrain, thalamus, hypothalamus, and diencephalon (Table  29.1 ). 
However, there is little data on the presence of nucleoside system in the speci fi c 
areas of nociceptive circuitry in the brain, and further studies are needed. 
Nevertheless, a signi fi cant expression of A 

1
 Rs has been described in primary sen-

sory neurons associated with nociceptive pathways (Lima et al.  2010  ) . 
 There is a great body of evidence indicating that the activation of A 

1
 Rs produces 

antinociception (Curros-Criado and Herrero  2005  ) . Mice lacking the A 
1
 R exhibit 

hyperalgesia (Johansson et al.  2001  ) . Consequently, drugs that target the nucleoside 
system have potential for the treatment of pain. GP-3269, an adenosine kinase 
inhibitor (Fig.  29.1 ), and GW-493838, an A 

1
 R agonist, may be useful in the treat-

ment of pain and migraines (Elzein and Zablocki  2008 ; Erion et al.  1997 ; Kowaluk 
and Jarvis  2000 ; McGaraughty et al.  2005 ; Wiesner et al.  1999  )  (Table  29.2 ). 
Guanosine was also found to have an antinociceptive effect in mice (Schmidt et al. 
 2009  ) , suggesting that it may also be a potential target for the treatment of pain.  

    29.4.4   Mood Disorders 

 Anxiety, panic disorder, mania, and different forms of depression do not involve major 
neuronal degeneration in any brain regions. Nevertheless, animal studies and various 
imaging techniques have identi fi ed a number of limbic brain regions that play a role 
in the etiology of mood disorders. These regions include the prefrontal and cingulate 
cortices, septohippocampal circuits, amygdala, hypothalamus, and central gray matter 
of the midbrain (Garakani et al.  2006 ; Kalia  2005  ) . Neurons in the locus coeruleus and 
raphe nuclei are thought to modulate these systems, explaining the effects of nora-
drenergic and serotonergic drugs on mood disorders (Fava  2003  ) . 

 Only some of these structures have been studied for the presence of the elements 
of the nucleoside system (Table  29.1 ). The amygdala is particularly rich in nucleosides 
(Kovács et al.  2010a  ) . Intermediate or high activities of 5´NT and PNP occur in the 
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amygdala and the frontal and cingulate cortices (Nagata et al.  1984 ; Norstrand and 
Glantz  1980  ) . Intermediate/low CNT2 and CNT3 levels are also observed in the 
amygdala and frontal cortex (Ritzel et al.  2001  ) . ENT4 is abundant only in the 
amygdala, while ENT1 is believed to be the major equilibrative nucleoside trans-
porter subtype in the frontal cortex (Barnes et al.  2006 ; Jennings et al.  2001  ) . A high 
level of A 

1
 Rs is found in the frontal cortex. Similar to the stratium (Schiffmann et al. 

 2007  ) , the cortex also contains adenosine receptors both pre- and postsynaptically 
(Kirmse et al.  2008  ) . Some other important brain regions, including the periaque-
ductal gray and monoamine systems, however, have not been systematically inves-
tigated for the presence of nucleoside metabolic enzymes and transporters. 
Nevertheless, the nucleoside system is expected to be a target for new drugs to treat 
mood disorders (Boison et al.  2012  ) . Caffeine, a competitive antagonist of the A 

1
  

and A 
2A

 Rs (Fredholm et al.  1999  ) , promotes anxious behavior both in animal mod-
els and humans (Klein et al.  1991  ) , and A 

2A
 R polymorphisms are associated with 

increased incidence of panic disorder and depression (Hamilton et al.  2004 ; Lam 
et al.  2005 ; Tsai et al.  2006  ) . In addition, mice lacking A 

1
  or A 

2A
 Rs demonstrate 

anxiogenic-like behaviors (Gimenez-Llort et al.  2002 ; Johansson et al.  2001 ; Ledent 
et al.  1997  ) . Indeed, the application of an A 

1
 R antagonist might be an effective treat-

ment strategy for patients with anxiety disorders (Table  29.2 ). Allopurinol has been 
found to elicit therapeutic effects in the treatment of mania (Akhondzadeh et al. 
 2006  )  (Table  29.2 , Fig.  29.1 ). Chronically administrated Guo produced anxiolytic 
effects in mice (Vinadé et al.  2003  ) , suggesting a potential role of this purine nucle-
oside in the management of anxiety.  

    29.4.5   Schizophrenia 

 Pharmacological studies indicate the involvement of dopaminergic and glutamater-
gic neurons in the etiology of schizophrenia. A leading current hypothesis is that 
schizophrenia arises due to abnormalities in the dopamine–glutamate system of the 
corticostriatal pallidothalamic circuit, including the prefrontal cortex, nucleus 
accumbens, ventral tegmental area, mediodorsal thalamic nucleus, and ventral pal-
lidum. Some drugs inducing drug dependence, probably by increasing the level of 
dopamine in the nucleus accumbens, also cause hallucinations suggesting that sur-
plus dopamine may be a common ethiological factor. In addition to abnormalities in 
the corticostriatal system, alterations in the ventral limbic circuits of the dopamine–
glutamate system, including the hippocampus, enthorinal cortex, and basolateral 
amygdala, may also be involved (Ross et al.  2006  ) . 

 There is an intermediate to high level of nucleosides in most of the brain regions 
implicated in schizophrenia (Kovács et al.  2010a  )  (Table  29.1 ), and the evidence 
suggests that schizophrenia is associated with a hypofunctioning adenosine system 
(Lara et al.  2006  ) . Adenosine levels can be increased by inhibiting adenosine 
transporters or xanthine oxidase with dypiridamole or allopurinol, respectively 
(Fig.  29.1 ). Both of these treatments had bene fi cial antipsychotic effects in clinical 
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trials when administered in combination with haloperidol (Akhondzadeh et al.  2000, 
  2005  )  (Table  29.2 ). Furthermore, psychotic symptoms in schizophrenic patients are 
worsened by caffeine (Lucas et al.  1990  ) . An interaction between adenosine and the 
dopamine system (Ferré et al.  1997  )  or the glutamate system (De Mendonca et al. 
 1995 ; Gerevich et al.  2002  )  could be driving these effects. Indeed, A 

2A
 R agonists 

and antagonists may have therapeutic potential for different types of psychosis 
(Table  29.2 ). 

 In animal models, some of the effects of haloperidol were augmented by coad-
ministration with Urd (Agnati et al.  1989 ; Myers et al.  1994  ) . Chronic Urd admin-
istration was also found to increase stereotypy scores and catalepsy induced by an 
acute haloperidol injection (Agnati et al.  1989  ) . Furthermore, chronic Urd treatment 
reduced expression of dopamine receptors and enhanced their turnover rate in the 
striatum (Farabegoli et al.  1988  ) . These data suggest that Urd coadministration 
might enhance the antipsychotic actions of traditional neuroleptics. 

 Moreover, the neuroprotective and neurotrophic effects of Guo may also be 
advantageous for the treatment of schizophrenia; Guo was found to attenuate hyper-
locomotion induced by dizocilpine, a pharmacological model of schizophrenia, in 
mice (Tort et al.  2004  ) .  

    29.4.6   Epilepsy 

 Epilepsy is characterized by a variety of recurrent symptoms resulting from the 
synchronous or sustained discharge of a group of neurons. The pathophysiology 
of epilepsy is poorly understood, and so far, there is no clear association between 
the abnormal function of a speci fi c group of neurons and the genesis of seizures. 
There is some evidence, however, that the impairment of inhibitory signals, often 
occurring in the neocortex and hippocampus, may be primarily involved (Bertram 
 2009  ) . 

 In the human hippocampus, ADA and GDA have intermediate activity (Dawson 
 1971 ; Norstrand et al.  1984  )  (Table  29.1 ). Adenosine and Ino levels are low, but 
intermediate concentrations of Guo and Urd are present (Kovács et al.  2010a  ) . 
Based on their abundance, ENT4, CNT2, and CNT3 are believed to be the major 
nucleoside transporters in the hippocampus (Barnes et al.  2006 ; Ritzel et al.  2001  ) . 
Furthermore, an intermediate level of A 

1
  and intermediate/low level of A 

2A
 R is 

present (Jennings et al.  2001  ) . Indeed, the interaction of Ado with the inhibitory 
A 

1
 R has been shown to have anticonvulsant effects in animal models (Barraco 

et al.  1984 ; Fedele et al.  2006  ) . As A 
1
 R agonists have peripheral cardiac and central 

sedative side-effects, adenosine kinase inhibitors (Fig.  29.1 ) have been used to 
indirectly increase Ado levels (Boison  2008  ) . These drugs were shown to have 
anticonvulsant properties (McGaraughty et al.  2005  ) . In particular, GP-3269, an 
adenosine kinase inhibitor, was found to be useful for the treatment of epilepsy 
(Erion et al.  1997 ; Kowaluk and Jarvis  2000 ; McGaraughty et al.  2005 ; Wiesner 
et al.  1999  )  (Table  29.2 ). 
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 Recently, the distribution of A 
2A

 Rs in the brain has been found to be altered in an 
animal model of human absence epilepsy (Wistar Albino Glaxo/Rijswijk rat: WAG/
Rij), both before and after appearance of absence seizures (D’Alimonte et al.  2009  ) . 
A low density of A 

1
 Rs was also found in the thalamic reticular nucleus in another 

animal model of human absence epilepsy (Genetic Absence Epilepsy Rat from 
Strasbourg: GAERS) when compared with control animals (Ekonomou et al.  1998  ) . 
These results suggest that adenosine receptors might represent a novel target for the 
treatment of absence epilepsy. 

 The anticonvulsant effects of Urd have also been hypothesized; Urd was found 
to reduce penicillin- (Roberts  1973 ; Roberts et al.  1974  ) , pentylenetetrazole- 
(Dwivedi and Harbison  1975  ) , and electroconvulsion-induced (Piccoli et al.  1971  )  
seizures in experimental rodent models of epilepsy. Indeed, Urd is released follow-
ing depolarization and inhibits unit activity (Dobolyi et al.  1999,   2000  ) . Recently, 
Urd has been found to act as an antiepileptogen in hippocampal kindling models 
(Zhao et al.  2006,   2008  ) . In addition, Guo prevented seizures induced by quinolinic 
acid and other glutamatergic agents (De Oliveira et al.  2004 ; Schmidt et al.  2000  ) . 
These data suggest that Urd and Guo also have antiepileptic potential.  

    29.4.7   Insomnia 

 EEG recordings and other evidence indicate that sleep affects most cortical areas. 
Sleep waves are generated by an interaction between cortical and thalamic circuits, 
including thalamic reticular and relay nuclei. Sleep states are regulated by speci fi c 
brain centers, and dysfunction of these regions leads to insomnia. Serotonergic and 
noradrenergic projections ascending from the brainstem and histaminergic cells in 
the tuberomamillary nucleus promote consciousness, while the preoptic area of the 
hypothalamus and cholinergic neurons in the basal forebrain and tegmental nuclei 
of the pons promote sleep. Orexinergic cells in the lateral hypothalamus may also 
have important on/off functions regarding sleep states (Datta and Maclean  2007 ; 
Saper  2006  ) . The involvement of Ado in regulating sleep has long been suspected 
due to the hypnotic effects of adenosine analogues (Radulovacki  1985  ) . The distri-
bution of Ado and its inhibitory A 

1
 R and increases of Ado levels in metabolically 

challenged cells are relatively ubiquitous. Furthermore, caffeine and theophylline 
are widely used as stimulants of the CNS. Therefore, the hypothesis emerged that, 
during daytime activity, ATP is degraded to adenosine, which could induce sleep. 
Indeed, prolonged wakefulness is known to increase Ado levels in the basal forebrain 
that, in turn, may decrease the activity of cholinergic cells to promote sleep 
(Porkka-Heiskanen and Kalinchuk  2011  ) . A selective decrease in CNT2 mRNA 
levels was demonstrated in the cerebral cortex of sleep-deprived rats (Guillén-
Gómez et al.  2004  ) . These data suggest that adenosine receptor agonists and 
 nucleoside transport inhibitors might be effective in the treatment of sleep disor-
ders (Table  29.2 ). 
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 Uridine was identi fi ed as an active component of a sleep-promoting substance 
puri fi ed from the brainstem of sleep-deprived rats (Borbely and Tobler  1989 ; Inoue 
 1986  ) . Infusion of Urd increased slow wave and paradoxical sleep (Honda et al. 
 1984  ) . Intraperitoneally injected Urd resulted in a dose-dependent appearance of 
slow-wave sleep when administered shortly before onset of the dark period (Honda 
et al.  1985  ) . Based on these data, drugs elevating Urd levels in the brain should be 
tested for the treatment of insomnia in future studies.  

    29.4.8   Dementia 

 Alzheimer’s disease is a progressive, degenerative disease of the brain that is the 
most common cause of dementia in the elderly. Typical pathological features of 
Alzheimer’s disease are neuritic plaques and neuro fi brillary tangles occurring pri-
marily in the cholinergic basal forebrain and the hippocampus, frontal, parietal, and 
temporal lobes of the cerebral cortex (Peskind  1996  ) . 

 The cerebral cortex and the basal forebrain contain all elements of the nucleoside 
system (Table  29.1 ). Neuroprotection achieved by manipulating the brain nucleo-
side system could be bene fi cial in the treatment of dementia. Animal models impli-
cate the involvement of A 

2A
 Rs in the development Alzheimer’s disease. Caffeine 

and A 
2A

 R antagonists prevent beta-amyloid (25–35)-induced cognitive de fi cits in 
mice (Dall’Igna et al.  2007  ) . Additionally, caffeine elevates alertness and improves 
cognition in humans (Eskelinen et al.  2009 ; Ritchie et al.  2007  ) . These effects might 
be due to altered acetylcholine release by A 

2A
 Rs (Cunha et al.  1995 ; Jin and Fredholm 

 1997  ) . In addition to receptor antagonists, propentofylline, an inhibitor of “es” 
nucleoside transporters, has established neuroprotective effects (Kittner et al.  1997  ) , 
and its administration to patients with Alzheimer disease and vascular dementia 
resulted in functional improvements in clinical trials (Mielke et al.  1998  ) . 

 Low to intermediate Ado levels but intermediate to high A 
1
 R density has been 

observed in brain areas implicated in Alzheimer disease (Table  29.1 ), and loss of 
human hippocampal A 

1
 Rs has been shown in dementia patients (Deckert et al. 

 1998  ) . Therefore, A 
1
  receptor antagonists are potential targets for the treatment of 

dementia and cognitive disorders (Table  29.2 ). Administration of a nucleoside–
nucleotide mixture reduced memory deterioration in elderly senescence-accelerated 
mice (Chen et al.  2000  ) . In addition, age-dependent alterations in the adenosine 
system have been found (Kovács et al.  2010b ; Meyer et al.  2007  ) . These  fi ndings 
suggest that Ado might participate in the pathophysiology of learning and memory 
disorders, as well as the normal aging process. 

 In animal studies, Urd was found to improve certain types of memory function 
(Holguin et al.  2008 ; Teather and Wurtman  2003,   2005,   2006  ) . Therefore, increased 
Urd formation may mediate the positive effects of cytidine diphosphocholine (CDP-
choline) on verbal memory in aging humans (Spiers et al.  1996  ) . Consequently, 
CDP-choline and other nutritional components that increase brain Urd levels 
(Wurtman et al.  2000  )  may be important, especially during the early phases of 
Alzheimer’s disease (Van der Beek and Kamphuis  2008 ; Wurtman et al.  2009  ) . 
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 Recently, Guo has been found to protect against beta-amyloid-induced apoptosis 
(Pettifer et al.  2004  ) . This effect appeared to be mediated by the antiapoptotic prop-
erties of Guo (Di Iorio et al.  2004  ) . Guanosine was also found to modulate memory 
processes: its pretraining administration impaired retention of inhibitory avoidance 
responses in rats (Roesler et al.  2000  ) . Furthermore, the amnesic effects associated 
with GMP pretreatment are also dependent on its conversion to Guo (Saute et al. 
 2006  )  (Fig.  29.1 ).  

    29.4.9   Stroke 

 In stroke, tissue damage is most often caused by ischemia resulting from an 
occluded blood vessel (Dietrich  1998  ) . Neuroprotection by manipulation of brain 
nucleoside system may be bene fi cial in stroke victims. Adenosine and other nucle-
osides are elevated during ischemia (Rudolphi et al.  1992  ) . While adenosine 
released from neurons or accumulated by the extracellular degradation of released 
ATP could reach a concentration ef fi cient for the activation of adenosine receptors, 
a pathophysiological release from neurons as well as glial cells occurs during an 
ischemic event (Latini and Pedata  2001  ) . Agonist stimulation of the A 

1
 R may 

inhibit excessive neuronal  fi ring and may enhance local cerebral blood  fl ow 
(O’Regan  2005  ) , reducing brain damage following experimentally induced isch-
emia in animals. Indeed, lacking the A 

1
  receptor exhibited decreased hypoxic neu-

roprotection in mice (Johansson et al.  2001  ) . Thus, Ado may be involved in 
ischemic preconditioning, an endogenous neuroprotective mechanism (Liu et al. 
 2009  ) . Consequently, drugs that act on adenosine receptors, adenosine metaboliz-
ing enzymes, and nucleoside transporters (Table  29.2 , Fig.  29.1 ) and increase EC 
Ado levels could be targets for the development of clinical therapeutics suitable for 
treatment of ischemic brain disorders (Stone  2002 ; Von Lubitz  2001  ) . Importantly, 
the effectiveness of all of these potential therapies may vary between patients due 
to differences in the spatial distribution of the nucleoside system (Table  29.1 ). 
Indeed, the nucleoside system may be modulated differently in men and women 
(Kovács et al.  2010b  ) . Changes in nucleoside levels in female brain cortical sam-
ples may serve as a protective mechanism against excitotoxic insults, suggesting 
that several normal and pathological brain functions are based on gender-depen-
dent nucleoside microenvironments in humans. 

 Other nucleosides might also have neuroprotective functions in response to isch-
emic injury, and increasing their expression might be bene fi cial both during and 
after an ischemic attack. In animal models, Guo had neuroprotective effects in both 
in vitro and in vivo stroke models (Chang et al.  2008  ) . Inosine was also shown to 
reduce ischemic brain injury in rats (Shen et al.  2005  ) . Inosine and Guo preserved 
the viability of cultured astrocytes, neurons (Jurkowitz et al.  1998 ; Litsky et al. 
 1999  ) , and brain slices maintained under hypoxic or hypoglycemic conditions 
(Frizzo et al.  2002  ) . The potential neuroprotective effects of Guo are also supported 
by the  fi nding that neuronal and astrocytic cell cultures are able to release Guo and 
Ado under both basal and ischemic conditions (Ciccarelli et al.  2001  ) .  
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    29.4.10   Multiple Sclerosis 

 Multiple sclerosis is characterized by multiple symptoms of brain and spinal cord 
dysfunction that re fl ect degeneration of particular areas of the nervous system that 
are involved. The affected regions vary between patients and are not speci fi c to the 
disease. The pathological hallmark is in fl ammatory demyelination and axonal 
lesions. In fl ammation is primarily driven by autoreactive lymphocytes, which 
recruit immune cells, such as macrophages, causing tissue damage (Hauser and 
Oksenberg  2006  ) . 

 A synthetic nucleoside, cladribine, was shown to be effective in the treatment of 
multiple sclerosis (Table  29.2 ). The biologic activity of cladribine is dependent on 
the preferential accumulation of cladribine phosphates in cells with a high intracel-
lular ratio of deoxycytidine kinase to 5 ¢ NT. Cladribine-phosphates incorporate into 
DNA, interfering with DNA synthesis and repair and inhibiting enzymes involved 
in DNA metabolism, such as DNA polymerase and ribonucleotide reductase. This, 
in turn, leads to DNA strand breaks and, ultimately, cell death (Leist and Weissert 
 2011  ) . Because activated macrophages, but not neuronal and glial cells, have a high 
deoxycytidine kinase to 5 ¢ NT ratio (Ceruti et al.  2000 ; Nagata et al.  1984  ) , cladrib-
ine can selectively inhibit the damaging in fl ammatory process that occurs in multi-
ple sclerosis. 

 Inosine may also have bene fi cial effects in the treatment of multiple sclerosis 
(Markowitz et al.  2009  ) . These data suggest that regional differences in nucleoside 
system may in fl uence the pathological processes of multiple sclerosis, but further 
studies are needed to con fi rm this hypothesis. 

 In conclusion, the current data suggest that nucleoside system offers promising 
drug targets for the treatment of a variety of brain disorders, including Alzheimer’s, 
Huntington’s and Parkinson’s diseases, epilepsy, and schizophrenia. Unfortunately, 
although the nucleoside system has been implicated in the development and treat-
ment of a number of brain disorders, a systematic investigation of the nucleoside 
system in most brain areas has not yet been performed. These data are needed to 
elucidate therapeutic strategies driven by the anatomical distribution of nucleoside 
system. In addition, attention must be given to the effects of gender and age in future 
studies. These data are eagerly awaited and will help form the foundation for studies 
of the physiological and pathophysiological functions of nucleosides and for the 
development of effective treatments for several CNS diseases.       
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