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Preface 
 

In this book, the authors present current research in the study of the biology, diet, eating 

habits and disorders of rabbits. Topics discussed in this volume include the rabbit brain as a 

model of structural neuroplasticity; a survey on the studies of rabbit prion proteins; the effect 

of reduced dietary consistency on the fiber properties of rabbit jaw muscles; the use of rabbits 

to investigate the pathogenesis of disease; the assessment of sperm DNA damage in rabbits 

using the Halomax assay; nutritional effects of plant oil and seeds in rabbit feeding; and 

current studies on the etiology of obstructive dysfunction of the male rabbit urinary bladder. 

Chapter I – Plasticity is the ability to make adaptive changes related to the structure and 

function of a system. The central nervous system of mammals is endowed with structural 

plasticity, although prevalently composed of genetically-determined neural circuits which 

confer it a substantially static structure. Since two decades we know that such plasticity also 

involves the genesis of new neurons in the postnatal period and during adulthood (adult 

neurogenesis). Adult neurogenesis in mammals has been investigated mainly in laboratory 

rodents (mice and rats), and to a lesser extent in other species. Beside some differences 

concerning the amount of neurogenesis and its possible functional role, the genesis of new 

neurons in mammals is generally restricted to the same brain regions (neurogenic zones). 

Unexpectedly, some additional neurogenic processes have been found to occur in different 

brain regions of postnatal and adult rabbits. Despite the Orders Lagomorpha and Rodentia 

being quite similar, such difference is quite astonishing. In addition, some features of rabbit 

neurogenesis are more similar to humans than to rodents. Taking into account that adult 

neurogenesis is a phylogenetically highly conserved feature, yet with strong adaptation to the 

ecological niche of each animal groups, the rabbit could be an excellent model for studying 

the logic of neuroplasticity in mammals and its possible role in brain repair. 

Chapter II - In 2012 Nov-Dec, an article named “Naturally prion resistant mammals: a 

utopia?” seems to have killed all the articles of the past few decades reporting rabbits are 

resistant to prion infection. As we all well know, “Multiple amino acid residues within the 

rabbit prion protein inhibit formation of its abnormal isoform”. Which is right and which is 

wrong? Thus, at this moment, it is very worth doing a detailed survey on the studies of rabbit 

prion proteins by this article. 

Chapter III - The dynamic nature of muscle fibers enables them to adapt to altered 

functional requirements by changing their myosin heavy chain (MyHC) isoform and cross-

sectional area. Although these changes may occur under various conditions, muscular activity 

plays an essential role in modulating the phenotypic properties of muscle fibers. In jaw 

muscles, muscular activity is influenced by the consistency of the available food. It has been 
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shown that the continuous intake of a liquid diet, which eliminates masticatory effort, reduces 

muscular activity and, in turn, the functional capacity of jaw muscles. However, little is 

known about how jaw muscles respond to a reduction in dietary consistency within the 

normal range of compressive strengths of foods. Therefore, the present study investigated the 

effect of the long-term intake of such a diet on the MyHC composition and the fiber cross-

sectional area of jaw muscles in the rabbit.  

Male juvenile rabbits were randomly divided into two groups, which were raised on diets 

of different consistency from weaning to puberty. The experimental group was fed pellets 

requiring significantly reduced peak loadings, and thus lower level of jaw-muscle activity, to 

break the pellet in comparison with the standard pellets fed to the control group. At puberty, 

the MyHC composition and the corresponding cross-sectional area of fibers in the superficial 

masseter, superficial temporalis, medial and lateral pterygoid, and digastric muscles of both 

groups were determined using immunohistochemistry.  

The proportion and cross-sectional area of fibers co-expressing MyHC-I and MyHC-

cardiac alpha were significantly smaller in the masseter muscles of the animals that had been 

fed the soft pellets than in those of the controls. In contrast, the proportions and cross-

sectional areas of the various fiber types in the other jaw muscles did not differ significantly 

between the groups.  

These findings suggest that the long-term reduction in the dietary consistency contributes 

to selective disuse resulting in structural adaptation of the masseter muscle, the jaw-closing 

muscle primarily responsible for generating occlusal force during chewing, reflected in 

decreases in the proportion and cross-sectional area of its slow fibers. At the same time, it 

appears that the reduced activity during mastication of a diet with the consistency of soft 

foods normally eaten by rabbits is sufficient to prevent disuse atrophy in the other jaw 

muscles. Overall, the rabbit masticatory system seems to be relatively rigid, manifesting few 

diet-specific changes in the fiber properties of jaw muscles. 

Chapter IV - The rabbit (Oryctolagus cuniculus) belongs to the taxonomic order 

Lagomorpha and exists in three forms: wild, feral and domestic. This good natured and 

medium-sized animal is widely used in biomedicine to investigate many aspects of human 

disease. Data generated from rabbits have provided researchers with a wealth of useful 

scientific information. Pharmacological, surgical, immune and genetic investigations have 

reinforced the notion that they have physiological and anatomical similarities to man, facts 

that can be exploited in disease prevention and treatment studies. 

In recent years the scope of their use has increased dramatically and now covers a myriad 

of human conditions: cerebrovascular disease including Alzheimer‟s, cardiovascular, 

reproductive including erectile dysfunction, lung, liver, kidney and bone diseases, as well as 

viral infection. Development of transgenic rabbit models has also opened up new 

opportunities to look at disease-induced alterations in the genome. This chapter describes 

these models and evaluates their usefulness in reproducing the clinical characteristics and 

treatment of various human diseases. 

Chapter V - While it may be possible to obtain a broad view of semen quality from the 

rabbit ejaculate using assessments of sperm concentration, motility and morphology, none of 

these estimates provide information about the integrity of sperm chromatin, which in other 

species, has proven to be an interesting new approach for gaining insight about the semen 

sample with regards to its potential for successful fertilization and embryonic development. 

This study was conducted to evaluate a sperm DNA fragmentation assessment methodology 
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based on the capacity of controlled protein depletion (Halomax-assay) to assess rabbit SDF 

and which was validated against indirect (comet assay) and direct (in situ nick-translation) 

measures of sperm DNA damage. There was a high degree of correlation between estimates 

of sperm DNA fragmentation using the Halomax and the neutral comet assay (r
2 

= 0.964; 

p<0.001); there was also a direct correlation between Halomax assay and the results obtained 

from DNA labelling using forced polymerase nucleotide incorporation by means of the in situ 

nick translation assay. The validated Halomax assay was then used to determine the baseline 

level of SDF and sperm DNA longevity from 63 HYLA commercial breed rabbits and 

calculated as the rate of SDF degradation (r-SDF) following incubation at 38 ºC for 7h. The 

mean (± SEM) baseline level of SDF obtained after ejaculation was 9.1 ± 1.2 %. The mean (± 

SEM) rate of SDF (rSDF) obtained after 7h of incubation was 2.62 ± 0.34% per h. 

Differences in the baseline level of SDF and in the r-SDF were found among different 

animals. The procedures outlined in this study now allow SDF measurement to be 

implemented in rabbit AI centres as a routine assay to select for high quality semen doses 

with reduced levels of chromatin damage after ejaculation and which show a low rate of DNA 

damage following incubation in an environment that mimics the female reproductive tract. 

Chapter VI - This study aims to review various rabbit experiments on the effects of 

supplementating mixed feed with plant oils (corn and palm) or oilseeds (false flax, golden 

flax, chia, and perilla seeds). Apparent digestibility and lipid traits in the longissimus dorsi 

muscle of growing rabbits fed with these fat sources are reviewed. Moreover, our results are 

compared with similar works on rabbit nutrition. 

Fat sources influence the fatty acid (FA) composition of rabbit body fat. Even though 

meat and meat products are often associated with nutrients considered to be unhealthy, in fact 

rabbit meat offers excellent nutritive and dietetic properties. Further improvements to rabbit 

meat production can be achieved by adding functional compounds associated with animal 

feed fortification or enrichment. Among these functional compounds long-chain n-3 

polyunsaturated fatty acids (n-3 PUFA) have many known beneficial effects on health. 

False flax, golden flax and chia seed supplementation in mixed feed increases the 

apparent digestibility of most of the nutrients, and false flax and golden flax in particular 

improved ether extract digestibility in weaned crossbred rabbits. A similar result was also 

obtained in rabbits fed mixed feed supplemented with corn oil, with less impressive resultsfor 

those supplemented with palm oil. 

The FA profile in rabbit meat mainly reflects the dietary oil sources. The saturated FA 

and monounsaturated FA contents were lower in the muscles of animals fed the corn oil diet 

than in those of rabbits given the palm oil diet. In contrast, total PUFA and n-6 PUFA content 

was lower in the muscles of rabbits fed the unsaturated palm oil diet than in animals given the 

corn oil diet. 

In rabbits fed a diet with increasing quantities of oilseed, the saturated FA and 

monounsaturated FA proportions in the longissimus dorsi muscle decreased, while PUFA 

increased. Oilseed dietary supplementation has shown to be effective in raising the n-3 PUFA 

proportion in the meat and decreasing the n-6/n-3 PUFA ratio. 

In conclusion, these results showed that the use of diets with corn oil or supplemented 

with different oilseeds was effective in reducing the saturation, atherogenic and thrombogenic 

indexes, with consequent benefits on the nutritional quality of rabbit meat for consumers, 

with no significant adverse effects on digestibility in growing rabbits. 
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Chapter VII - Bladder dysfunction secondary to benign prostatic hyperplasia (BPH) is a 

major affliction of aging men. Although the symptoms of BPH are related to the effects of an 

enlarging prostate there appears to be no direct relationship between prostate size and severity 

of obstructive bladder dysfunction. Therefore, urodynamic findings cannot accurately predict 

either level of bladder pathology or potential for recovery following surgery or 

pharmacological therapy. Thus, biomarkers that can identify the severity of male obstructive 

bladder dysfunction and at what point the dysfunction becomes irreversible would be of 

significant value in the management of the disorder.  

The progression of obstructive bladder dysfunction from compensated bladder function 

through severe bladder decompensation is mediated primarily by four processes: 1) Cyclical 

ischemia followed by reperfusion (I/R) mediated by the hypertrophied bladder smooth muscle 

and compression of the blood vessels during contraction. 2) Increase in intracellular free 

calcium mediated by the ischemia resulting in activation of specific intracellular proteases, 

lipases, and phospholipases that result in cellular and intracellular damage. 3) The progressive 

increase in the severity of the I/R results in increased free radical generation that cannot be 

handled by the intracellular antioxidant mechanisms such as superoxide dismutase (SOD) and 

catalase resulting in progressive obstructive bladder dysfunction. And 4) progressive 

replacement of functional smooth muscle with connective tissue mediated by the cellular and 

subcellular damage to the muscle resulting in irreversible full stage obstructive dysfunction. 
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Abstract 
 

Plasticity is the ability to make adaptive changes related to the structure and function 

of a system. The central nervous system of mammals is endowed with structural 

plasticity, although prevalently composed of genetically-determined neural circuits which 

confer it a substantially static structure. Since two decades we know that such plasticity 

also involves the genesis of new neurons in the postnatal period and during adulthood 

(adult neurogenesis). Adult neurogenesis in mammals has been investigated mainly in 

laboratory rodents (mice and rats), and to a lesser extent in other species. Beside some 

differences concerning the amount of neurogenesis and its possible functional role, the 

genesis of new neurons in mammals is generally restricted to the same brain regions 

(neurogenic zones). Unexpectedly, some additional neurogenic processes have been 

found to occur in different brain regions of postnatal and adult rabbits. Despite the Orders 

Lagomorpha and Rodentia being quite similar, such difference is quite astonishing. In 

addition, some features of rabbit neurogenesis are more similar to humans than to 

rodents. Taking into account that adult neurogenesis is a phylogenetically highly 

conserved feature, yet with strong adaptation to the ecological niche of each animal 

groups, the rabbit could be an excellent model for studying the logic of neuroplasticity in 

mammals and its possible role in brain repair.  

                                                        
*
 Correspondence: Luca Bonfanti DVM, PhD. Department of Veterinary Sciences, and Neuroscience Institute 

Cavalieri Ottolenghi (NICO), Regione Gonzole, 10 - 10043 Orbassano (TO); Tel. 0039 011 6706606; Fax 

0039 011 6706621; E-mail: luca.bonfanti@unito.it. 
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Introduction 
 

Plasticity, namely the ability to make adaptive changes related to the structure and 

function of the system, is an essential attribute of biological tissues and organs allowing 

adaptation to challenging environment and compensatory adaptation after traumatic injury or 

pathology. In addition, at least in some tissues, plasticity can also produce repair and 

regeneration (Ferguson and O'Kane, 2004). Nevertheless, such reparative capacity 

remarkably vary in different tissues/organs. Those undergoing continuous cell renewal (e.g., 

skin, blood, cornea, many epithelia) do contain multiple and disperse units of stem cell niches 

(e.g., intestinal crypts, hair follicle bulge in the skin, endosteal and perivascular hematopoietic 

niches in bone marrow; Nystul and Spradling, 2006; Morrison and Spradling, 2008). After 

injury, regeneration in these 'labile' tissues is favored by the persistence of undamaged stem 

cell niches. On the other hand, the adult central nervous system (CNS) of mammals can be 

considered as substantially static, both under the profile of cell renewal and of tissue repair 

(Bonfanti, 2011, 2013). The CNS reparative capacity is higher in invertebrates and non-

mammalian vertebrates, whereas it has been largely lost in some animal groups, such as birds 

and mammals (Masaki and Ide, 2007; Bonfanti, 2011). A fundamental feature of CNS 

structure is its connectional, neurochemical and functional specificity which allows specific 

cell types to be connected and to act in a relatively invariant way (Frotscher, 1992). The 

mammalian CNS is a highly complex structure made up of a huge number of neurons (10
11

), 

an even higher number of glial cells (10
12

) and around 10
9
 synapses per cubic millimetre 

(10
15

/mm
3
 in humans; Chklovskii et al., 2004). Its architectural specificity is attained during 

development and maintained in the adult through a vast cohort of membrane-bound and 

extracellular matrix molecules, mainly involving adhesion molecules and their receptors with 

permissive and/or instructive functions (Gumbiner, 1996). Most of these molecules, as well as 

different types of inhibitory factors, are also responsible for CNS stabilization thus leading to 

the well known incapability of mammals to undergo neuronal regeneration and repair 

(Caroni, 1997). In addition, with respect to other organs, the CNS shows structural 

peculiarities since neurons and glial cells possess ramified, intermingled processes, some of 

which projecting very far from the cell body. This fact makes the CNS not simply a „mass‟ of 

organized cells but a complex set of circuits in which a remarkable portion is composed of 

„cables‟ and synaptic contacts. For this reason, along with the old allocation of nerve cells as 

„perennial‟ (non-renewable), the word «regeneration» in neuroscience was originally 

restricted to the re-growth/re-elongation of cell processes by surviving cell bodies after injury 

(e.g., axonal regeneration (Davies et al., 1997).  

Besides this feature of substantially static architecture, structural plasticity is another 

attribute of the CNS, complementary to specificity (Zilles, 1992).  

 

 

CNS Structural Plasticity 
 

In addition to molecular changes (functional adaptive plasticity), which theoretically does 

not affect the shape of cells, structural plasticity involves changes which modify the shape 

and structure of the CNS at the cellular level (Bonfanti, 2006; Theodosis et al., 2008). An 

important distinction should be made between developmental and adult structural plasticity, 
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the former, being at the basis of CNS formation. Developmental plasticity is fundamental for 

building up the specificity of the mature CNS, allowing the occurrence of morphogenetic 

processes which involve massive structural changes (e.g., cell proliferation, cell migration, 

axonal/dendritic growth), undergoing a progressive downregulation during the postnatal 

period (Bonfanti and Peretto, 2011). The transition from developing to mature CNS leads to a 

stabilization of connections and ultimately to a substantially unrenewable tissue. The time-

course of such a transition depends on the species, usually being linked to the complexity of 

the brain and its functions (Kornack, 2000). What remains after the downregulation of 

developmental plasticity is adult plasticity, which can be considered as an exception to the 

rule, restricted to specific locations, at the anatomical and/or the cellular level (Bonfanti, 

2006, 2011, 2013). 

In the extraordinary heterogeneity of CNS cellular composition different aspects of 

plasticity frequently overlap. Hence, the concept of structural plasticity can be further 

dissected by considering different types of cells (glial, neuronal) and different parts of the cell 

involved, as well as their relationships with the surrounding elements. Progressive degrees of 

morphological changes can be found: from synaptic plasticity, to axonal/dendritic growth and 

neuron-glial plasticity. A profound change in the concept of structural plasticity occurred in 

the 1990s, starting from two striking findings: the occurrence of a adult neurogenesis and cell 

migration within the forebrain subventricular zone (SVZ; Lois and Alvarez-Buylla, 1994), 

and the first isolation of adult neural stem cells (Reynolds and Weiss, 1992). These studies 

strengthened the idea that most typical developmental processes, ultimately converging to the 

genesis of new neurons, actually exist in the adult mammalian CNS (Gage, 2000; Alvarez-

Buylla and Garcìa-Verdugo, 2002; Kempermann, 2002; Carleton et al., 2003). Yet, neural 

stem cells of the mammalian CNS are restricted to two stem cell niches (neurogenic zones; 

see below). In many renewable tissues, the ability to dynamically redistribute and activate 

new niches is an important strategy for regenerative capacity (Wright et al., 2001; Morrison 

and Spradling, 2008). By contrast, in some stable organs showing low cell renewal rates, but 

retaining remarkable potentialities for compensatory hyperplasia upon functional demands, 

e.g., kidney and liver, stem cells and their niches appear to be less active (Kung and Forbes, 

2009; Little and Bertram, 2009). As to the CNS, although we know that it is remarkably 

plastic under the profile of neural connection reorganization, e.g., experience-dependent 

(structural) synaptic plasticity (Holtmaat and Svoboda, 2009), the high topographical 

restriction of the only two stem cell niches do not allow regeneration in most of the neural 

parenchyma (Bonfanti, 2011,2013). 

 

 

Neurogenesis 
 

The word 'neurogenesis' indicates all those processes leading to building up the CNS 

through embryonic and fetal phases. Final CNS architecture is the result of cell divisions and 

precise cell-cell and cell-substrate interactions starting from a few undifferentiated cells in the 

neural tube (Bayer and Altman, 2004). The primitive neural tube is organized around the 

ventricular cavities which partially will persist in the adult filled with cerebrospinal fluid. In 

the neurogenic process, peri-ventricular germinative layers provide the source for most 

neuronal and glial cell precursors. These precursors subsequently populate the CNS 
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parenchyma mainly by centrifugal, radial migration from the neuraxis toward the pial surface, 

following a precise spatial and temporal pattern which allows undifferentiated cells to 

differentiate in their final destination and to establish appropriate connections (Rakic, 1990; 

Misson et al., 1991; Marin and Rubenstein, 2003). The primitive germinal layers consist of a 

ventricular zone (VZ) containing direct descendants of the primitive neuroectoderm 

(neuroepithelium), and a subventricular zone (SVZ), which later emerges from the VZ. The 

SVZ contains rapidly proliferating cells and expands at early postnatal development, 

eventually giving rise to subsets of neurons and glial cells (Levison, 2006).  

Hence, the embryonic CNS is a highly dynamic environment undergoing dramatic 

changes in cell number and position, paralleled and followed by refinement of cell 

relationships at single projection and synapse level. After birth, through a brief postnatal 

period whose length depends both on species and brain complexity/size (Kornack, 2000), the 

CNS parenchyma undergoes stabilization, thus making plasticity an exception to the rule. 

 

 

Adult Neurogenesis 
 

Twenty years ago, the discovery was made that neural stem cells do exist even in the 

adult CNS (Reynolds and Weiss, 1992) accounting for adult neurogenesis throughout life 

within restricted brain regions of many mammals (Lois and Alvarez-Buylla, 1994; Gage, 

2000; Kornack and Rakic, 2001a; Bernier et al., 2002; Luzzati et al., 2003; Rodriguez-Perez 

et al., 2003; Amrein et al., 2007), including humans (Eriksson et al., 1998; Sanai et al., 2004; 

Curtis et al., 2007). New neurons are continuously produced within two neurogenic sites 

harbouring neural stem cell niches, the forebrain subventricular zone (SVZ) and the 

hippocampal subgranular zone (SGZ) (reviewed in Bonfanti and Ponti, 2008). Since then, a 

lot of detail has been made available about the cell composition, structure, organization, 

function and modulation of these neurogenic regions (Luskin, 1993; Lois and Alvarez-Buylla, 

1994; Bonfanti and Theodosis, 1994; Doetsch et al., 1997; Gage, 2000; Alvarez-Buylla and 

Garcìa-Verdugo, 2002; Carleton et al., 2003; Kempermann et al., 2004; Seri et al., 2004; 

Zhao et al., 2006; Ihrie et al., 2011).  

 

 

Forebrain SVZ 
 

In laboratory rodents, an anterior extension of the SVZ forms a solid chord of migrating 

cells through the olfactory peduncle and bulb axes called rostral migratory stream (RMS; 

Lois and Alvarez-Buylla, 1994; Bonfanti and Theodosis, 1994; Figure 1). Both SVZ and 

RMS contain two main cell compartments: i) newly generated, migrating neuroblasts, in the 

form of tangentially-oriented chains (Doetsch and Alvarez-Buylla, 1996; Lois et al., 1996), 

and ii) protoplasmic astrocytes organized to form a dense meshwork throughout the SVZ 

area, giving rise to longitudinally-oriented channels called glial tubes (Lois et al., 1996; 

Peretto et al., 1997; Figure 1).  
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Figure 1. Schematic representation of the two main neurogenic sites in the adult rodent brain (adapted 

from Bonfanti and Ponti, 2008). Genesis of new neurons occurs in two main brain areas (in the middle): 

the olfactory bulb (OB) and the hippocampus (H). Their germinative layers are respectively the SVZ 

(bottom and right) and the subgranular zone (SGZ, left). The SVZ is composed of two main 

compartments: astrocytic glial tubes, and tangential chains of neuronal precursors, the latter sliding 

within the glial ensheathment (adapted from Peretto et al., 1997). In electron microscopy they 

correspond to type A cells (a) and type B cells (b). A third cell type (C cell, c) is present in the stem cell 

niche (left, top; adapted from Doetsch et al., 1997); e, ependyma. The SVZ chains dissolve in the 

olfactory bulb, whereby single neuroblasts move radially through the main (MOB) and accessory 

(AOB) olfactory bulb layers (Gr, granular layer; GL, glomerular layer). RE, rostral extension (rostral 

migratory stream). The hippocampal SGZ is located in the inner layer of the dentate gyrus (DG, left 

top) and gives rise to granule cells (GC) with dendrite arborisation in the molecular layer (ml) and an 

axon projecting to the Ammon's horn (Ah). Even in the absence of glial tubes and chains, cell types 

similar to those described in the SVZ form a stem cell niche in the SGZ (left, bottom; adapted from Seri 

et al., 2004). For details on the functional relationships among different cell types, see text.  

The SVZ was the first site in which neural stem cells were isolated (Reynolds and Weiss, 

1992) and identified as astrocytes (Doetsch et al., 1999), being considered as the major stem 

cell reservoir of the mature brain (Gage, 2000). Neuroblasts (also referred to as type A cells; 

Lois et al., 1996) have a leading and trailing process, a large nucleus and a thin rim of 

electrondense cytoplasm, with abundant free ribosomes. Astrocytes (type B cells) are stellate-

shaped cells detectable by immunocytochemical staining for GFAP and deriving from 

postnatal transformation of embryonic radial glia (Merkle et al., 2004). In addition to A and B 

cell types, a third element with intermediate ultrastructural features and high proliferative 

capacity has been identified as type C cells, considered as „transit amplifying‟ cells forming a 

bridge between slow proliferating stem cells and their progeny (Doetsch et al., 1997; Ponti et 

al., 2013). After a few cell divisions occurring within 4 days, each astrocytic neural stem cell 

is estimated to give rise to 16 young neurons (neuroblasts; Ponti et al., 2013). Neuroblasts 

generated in the rodent SVZ migrate within the glial tubes, performing a particular type of 
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PSA-NCAM-dependent tangential „chain migration‟ which allows a long distance 

displacement (about 5 mm in mice) towards the olfactory bulb (Bonfanti and Theodosis, 

1994; Lois and Alvarez-Buylla, 1994; Hu et al., 1996). Chain migration is proper to adult 

neurogenesis, the first SVZ chains being detectable during the second/third postnatal week in 

rodents (Peretto et al., 2005). Once in the olfactory bulb, the migrating neuronal precursors 

leave the glial tubes and pursue their migration radially as isolated neuroblasts through 

parenchymal layers of the main (Lois and Alvarez-Buylla, 1994) accessory olfactory bulb 

(Bonfanti et al., 1997; Figure 1). Most of these cells differentiate within the granular layer as 

GABA-containing granule cells, whereas a smaller subpopulation reaches the glomerular 

layer becoming dopaminergic periglomerular cells (Betarbet et al., 1996; De Marchis et al., 

2004). By marking newly born granule cells with GFP-encoding retrovirus injected in the 

SVZ, it has been shown that both granule (Carleton et al., 2003) and periglomerular neurons 

(Belluzzi et al., 2003) grow dendritic spines, display spontaneous synaptic currents, and form 

synapses with other bulbar neurons, although they have distinct electrophysiological 

properties from old neurons. Thus, the SVZ provides new local inhibitory interneurons that 

synaptically integrate into olfactory bulb circuitry likely regulating the spatial and temporal 

coding of mitral and tufted cells at the first sensory relay of olfaction. It has been estimated 

that about 1% of total olfactory bulb interneurons are added each day in the adult, one-half of 

them dying between 15 and 45 days after their birth (Petreanu and Alvarez-Buylla, 2002; 

Doetsch and Hen, 2005).  

 

 

Hippocampal SGZ 
 

The dentate gyrus is part of the hippocampal formation, located in the dorsal-caudal part 

of the telencephalon, beneath the corpus callosum (Witter and Amaral, 2004). It is a three-

layered cortex (allocortex) made up of small neurons called granule cells which form a 4-10 

cell thick layer comprised between two fiber layers (the hilus and the molecular layer). 

Progenitor cells divide in the inner part (SGZ), with the progeny giving rise to mature granule 

cells that extend an axon within the mossy fibre pathway during the first four days which 

reaches Ammon‟s horn during the first month (Hastings and Gould, 1999; van Praag et al., 

2002; Zhao et al., 2006; Figure 1). Most newly generated cells die during the first two weeks 

(Kempermann et al., 2003). The surviving elements translocate their cell body through the 

outer layers for a few microns and successfully integrate into circuits in about six weeks 

(Hastings and Gould, 1999; Van Praag et al., 2002). It has been estimated that about 250.000 

new neurons are added to the rodent dentate gyrus within one month, representing 6% of the 

total number in this area (Cameron and McKay, 2001). The generation of hippocampal cells 

in humans was recently analysed by measuring the concentration of nuclearbomb-test-derived 
14

C in genomic DNA, estimating a rate of 700 new neurons per day (Spalding et al., 2013). 

The rate of adult hippocampal neurogenesis significantly decreases with age, more evidently 

than the forebrain SVZ (Kuhn et al., 1996). Since hippocampal newly born cells differentiate 

locally, no chain migration can be found in the dentate gyrus. Instead of SVZ glial tubes, 

radial and horizontal astrocytes are present, the former being a special type of SGZ radial 

glia-like astrocyte, similar to the type B cells described in the forebrain (Figure 1). These glial 

cells can divide and give rise to the granule cell precursors, probably representing the stem 
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cell compartment of the hippocampus (Seri et al., 2004). Hippocampal neurogenesis is 

modulated by many factors. It has been used as a model for quantitative studies aimed at 

unravelling how cell production and survival are regulated. For example, an enriched 

environment increases the survival of newly born cells (Kempermann et al., 1997; Gould et 

al., 1999a) whereas stress conditions exert the opposite effect (Mirescu and Gould, 2006). 

Hormonal levels (Tanapat et al., 1999), physical activity (Van Praag et al., 1999) and diverse 

experimental/lesion paradigms (Parent et al., 1997; Kokaia and Lindvall, 2003) also affect 

hippocampal neurogenesis, although the exact mechanisms are still obscure (Gould et al., 

1999a; Mirescu and Gould, 2006).  

Notwithstanding differences in the anatomical distribution and cytoarchitecture of the 

two neurogenic sites, a common pattern can be found in their cell composition under a 

morphological and functional profile. Both the SVZ and the SGZ are persistent, active 

germinative layers associated respectively with the anterior part of the lateral ventricles and 

the inner layer of the hippocampal dentate gyrus (Figure 1). Astrocytic stem cells in both 

neurogenic sites do derive from VZ radial glia cells (Kriegstein and Alvarez-Buylla, 2009). 

While the SVZ maintains direct contact with the ventricles, the SGZ loses such contact during 

development. The SVZ neuronal precursors undergo long-distance migration to reach their 

final site of destination in the olfactory bulb whereas those generated within the dentate gyrus 

differentiate locally. Once integrated, these cells prevalently replace dead neurons in the 

olfactory bulb or add to preexisting populations in the hippocampus (Imayoshi et al., 2008). 

In both systems, adult neurogenesis is modulated during learning of different tasks, thus it 

may play a role in learning and memory (Gould et al., 1999a; Leuner et al., 2006; Lledo et al., 

2006). From the functional point of view, adult neurogenesis has been related to adaptation to 

ecological pressures (Barker et al., 2011). At present, this is one of the most satisfactory 

functional explanations in the entire phylogenetic tree, along with multiple, genetically 

determined variables spanning from the brain anatomy/developmental history to the animal 

lifespan (Amrein et al., 2011). This range of possibilities can also be increased by non-genetic 

variables, such as experience-dependent cues (Johnson et al., 2010; Barker et al., 2011; 

Kempermann, 2012). Benefits of adult neurogenesis appear to converge on increased 

neuronal and structural plasticity subserving coding of novel, complex, and fine-grained 

information, usually with contextual components that include spatial positioning (Konefal et 

al., 2013). Three main hypotheses for the functions and adaptive significance of adult 

neurogenesis, which are not mutually exclusive, involve pattern separation, memory 

consolidation, and olfactory spatial. Roles for neurogenic plasticity have also been suggested 

for a wide range of human physiological functions and pathological conditions (Sohur et al., 

2006; Konefal et al., 2013). 

 

 

A link between Adult Neurogenesis and  

Brain Repair Is not Granted 
 

At the beginning of the nineties, the discovery of neural stem cells and adult neurogenesis 

led many people to consider definitively broken the dogma of the CNS as made up of non-

renewable elements (Gage, 2000; Gross, 2000). This finding triggered new hopes for brain 

repair, yet, twenty years later, the dream of regenerative medicine applied to CNS injuries and 
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neurodegenerative diseases is still very far (Arenas, 2010; Lindvall and Kokaia, 2010). As a 

matter of fact, adult neurogenesis in mammals occurs mainly within the two restricted 

neurogenic sites (see above), and, as a direct consequence of such topographical localization, 

most of the CNS parenchyma out of the SVZ and SGZ remains substantially a non-renewable 

tissue (Bonfanti, 2013). An indirect proof of this statement resides in the fact that most of the 

traumatic/vascular injuries and neurodegenerative diseases, which actually occur in “non-

neurogenic” regions, have still not found efficacious therapies capable of restoring CNS 

structure and functions through cell replacement (Arenas, 2010).  

Nevertheless, during the last decade, new heterogeneity has been revealed by studies 

showing a substantial and widespread gliogenic (Horner et al., 2000; Dawson et al., 2003; 

Butt et al., 2005; Nishiyama et al., 2009), and to a lesser extent, neurogenic potential (Dayer 

et al., 2005; Luzzati et al., 2006; Ponti et al., 2008) within the CNS parenchyma, namely, in 

those areas previously considered as non-neurogenic (reviewed in Bonfanti and Peretto, 2011; 

Bonfanti, 2013). This new field of investigation revealed many unexpected potentialities for 

de novo cell genesis in the CNS, although most aspects of parenchymal neuro-glio-genesis 

remain quite obscure and ill-defined.  

 

 

Parenchymal Neurogenesis 
 

All neurogenic processes occurring outside the two germinal layers (SVZ and SGZ) are 

indicated as parenchymal neurogenesis, since located in the CNS parenchyma. Spontaneous 

parenchymal neurogenesis can be considered as a very rare phenomenon in mammals, and its 

regional location has been shown to be dependent on the animal species, age, and 

physiological/pathological states (Bonfanti and Peretto, 2011). Different examples have been 

described in rodents (Dayer et al., 2005; Kokoeva et al., 2005), rabbits (Luzzati et al., 2006; 

Ponti et al., 2008), and monkeys (Gould et al., 2001; Bernier et al., 2002), with remarkable 

interspecies differences. Most parenchymal neurogenesis described in adult rodents seems to 

occur spontaneously at very low levels, rather being elicited/enhanced after specific 

physiological or pathological conditions (Ohira et al., 2009; Pierce and Xu, 2010).  

Among the unsolved issues of parenchymal neurogenesis are the numerous reports which 

have not been confirmed by further studies or by other laboratories (Gould et al., 1999b; 

Magavi et al., 2000; Nakatomi et al., 2002; Zhao et al., 2003; Rivers et al., 2008; Guo et al., 

2010), along with a series of data which have been denied in studies trying to reproduce the 

same results (Kornack and Rakic, 2001b; Richardson et al., 2011; Frielingsdorf et al., 2004). 

Hence, it is evident that we still not grasp the real limits and/or opportunities of parenchymal 

neurogenesis and that further studies are required before finally accepting, or denying the 

existence of each 'unusual' neurogenic process. On the other hand, what appears clear is that 

some stem/progenitor cells in the parenchyma are able to give rise to new neurons in 

experimental and/or pathological conditions (Luzzati et al., 2011; Ohira et al., 2009; Pierce 

and Xu, 2010). Various examples of 'reactive' neurogenesis are known to occur after different 

types of CNS injury. Beside neurogenesis induced from adjacent neurogenic sites (Arvidsson 

et al., 2002; Thored et al., 2006), some neurogenic/gliogenic processes are also thought to 

start from local, parenchymal progenitors (Luzzati et al., 2011; Ohira et al., 2009; Komitova 

et al., 2006). For instance, local progenitors in layer I of the rat cerebral cortex, which in 
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normal conditions seem to be rather quiescent, are activated after ischemia giving rise to new 

cortical interneurons (Ohira et al., 2009). Also in a slow and progressive model of striatal 

neuronal degeneration, besides activation of SVZ progenitors, genesis of neuroblasts has been 

found to occur also from local progenitors in mice (Luzzati et al., 2011). This suggests that 

certain pathological states can stimulate either migration of progenitors from the adult SVZ or 

activation of local neuronal progenitors. Yet, one of the issues which remain poorly 

investigated is whether the adult brain parenchyma belonging to spontaneously non 

neurogenic areas could be endowed with quiescent progenitor cells which can be stimulated 

to awake under specific environmental conditions, independently from the contribution of 

germinal layers. 

A case placed in between the spontaneous and experimentally-induced neurogenesis is 

that of the hypothalamus. Several publications based on experiments carried out on rodents 

have been reporting data on this brain region as a new site for adult constitutive neurogenesis 

in mammals (for review see Cheng, 2013).  

 

 

Figure 2. Differences in the overall organization of forebrain ventricular cavities in rabbit and rodents: 

an open olfactory ventricle (OV) remains associated with the SVZ rostral extension (rostral migratory 

stream, RMS) of rabbits; another extension of the lateral ventricle, the inferior horn (IH) is present in 

the well developed temporal lobe of lagomorphs (arrowhead). These ventricular extensions are absent 

in the smaller brain of rodents (adapted from McFarland et al., 1969; Leonhardt, 1972; Bonfanti and 

Ponti, 2008). 

Several unresolved aspects make parenchymal neurogenesis a difficult territory to be 

explored: (i) the contrast between a wide range of potentialities displayed by parenchymal 

progenitors isolated in vitro and far more restricted potentialities which can be observed in 

vivo (Palmer et al., 1999; Belachew et al., 2003), (ii) the existence of studies reporting 

neurogenesis in parenchymal regions which have been denied or not confirmed by other 

researchers (Gould et al., 1999b; Magavi et al., 2000; Kornack and Rakic, 2001b), and (iii) 

the real origin of progenitors which are induced to proliferate/migrate in different lesion 

models (either mobilized from neurogenic sites or activated locally within the parenchyma 

(Arvidsson et al., 2002; Nakatomi et al., 2002; Thored et al., 2006; Luzzati et al., 2011). 

In conclusion, alternative and multiple forms of plasticity involving neurons can overlap 

within the CNS parenchyma, affecting preexisting cells/circuits and increasing the complexity 

of the whole picture of brain structural remodeling. Notably, in recent years differences in 
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adult neurogenesis have been emerging among mammals, so that there are several reasons for 

further analysis of adult mammalian neurogenesis in a comparative perspective.  

 

 

Figure 3. Organization of the subventricular zone (SVZ) neurogenic niche in different mammals. Most 

differences concern the astrocytic spatial organization and the neuroblast assembly into chains. Type C 

cells and displaced ependymal cells are not showed. Although still fragmentary, the data available 

suggest some general principles: (i) chain assembly could be linked to robust and fast cell migration; 

(ii) chain assembly and cell migration are not directly linked with persistence ⁄ closure of the olfactory 

ventricle; (iii) glial meshwork density is not directly linked with chain assembly nor cell migration. 

Note that rabbit SVZ architecture is different from both that of rodents and that of animals endowed 

with large brains (bovine, monkey, humans), yet more similar to that of humans in the part located 

close to the ventricle (adapted from Bonfanti and Peretto, 2011). 

 

The Rabbit as a Model for Postnatal and  
Adult Neurogenesis 

 

The New Zealand white rabbit (Orictolagus cuniculus) belongs to the lagomorphs (order 

Lagomorpha), forming a distinct order compared with rodents (order Rodentia), despite being 

grouped together in the past. Rabbits are both domestic and laboratory animals, yet from the 

neurological point of view they are mainly used as models in vision research (Manning et al., 

1994).  

As neuroanatomy is concerned, in contrast with a deep knowledge in rodents few detailed 

studies have been performed in lagomorphs, making it difficult to set up comparative 

considerations. Two evident features concerning rabbit brain anatomy can be relevant to adult 

neurogenesis: the occurrence of more prominent cerebral ventricular extensions and more 

expanded temporal lobes (Figure 2). Differences in the overall brain anatomy have been 

proposed as relating to a different shape and extension of the ventricles, since “cerebral 

ventricles are primordial hollows of the brain that reflect in changes of their configurations 

and size the development and growth of the neural tube” (McFarland et al., 1969). Besides a 

basic common plan, the ventricles of mammals vary in relation to the different degrees of 

expansion of different CNS parts (e.g. the neocortex can vary up to 10.000-fold range in 

surface in different species; Kornack, 2000). 
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The lateral Ventricles and SVZ of Rodents and Lagomorphs 
 

In many domestic animals including dogs, cats, cows, sheep and rabbits the lateral 

ventricle is prolonged into a persistent olfactory ventricle, whose walls do not collapse after 

birth (McFarland et al., 1969; Leonhardt, 1972; Figure 2). This feature does not seem to be 

related to brain size since an open olfactory ventricle is absent and replaced by a solid chord 

of tissue both in rodents and primates, including humans (McFarland et al., 1969). The tissue 

forming the rostral migratory stream in rodents is replaced in rabbits by a SVZ rostral 

extension ensheathing the dorsal part of the olfactory ventricle (Figure 2). Another extension 

of the lateral ventricular system called inferior horn and protruding ventrally within the 

temporal lobe, is absent in rodents but present in rabbits and primates, and correlates well to 

the expanded temporal lobes of these species (McFarland et al., 1969; Leonhardt, 1972; 

Figure 2). This trend is confirmed by the occurrence of a posterior horn in species with 

massive development of the occipital lobes and high degree of visual specialization, 

maximally evident in primates and humans.  

The rabbit SVZ, delineated as an area in which a high proliferation rate, chains of PSA-

NCAM+/doublecortin+ cells, and an astrocytic meshwork do overlap (Luzzati et al., 2003; 

Ponti et al., 2006a), extends along the lateral wall of the lateral ventricle and the dorsal part of 

the olfactory ventricle (rostral extension). From the posterior part of the lateral ventricle, a 

ventral lateral extension (Luzzati et al., 2003) lines the lateral ventricle inferior horn, 

somehow adapting to a different ventricular conformation with structures which are absent in 

rodents.  

 

 

Cytoarchitecture of the Rabbit SVZ 
 

Concerning the rabbit SVZ internal arrangement, three main differences are found 

compared with rodents: (1) heterogeneous distribution of the chain and glia compartments; 

(2) simultaneous occurrence of isolated neuroblasts and very large chains; (3) existence of a 

looser astrocytic meshwork (Ponti et al., 2006a). Two distinct parts can be detected all along 

its extension: a „ventricular‟ SVZ, adjacent to the ventricular wall and containing small 

aggregates of neuroblasts immersed within a relatively dense glial/ependymal sheath, and an 

„abventricular‟ SVZ, detached from the ventricles and containing large chains of neuroblasts 

immersed in a loose network of astrocytic processes (Figure 3). This distinction is reinforced 

by a thick band of tissue, poor in cells and enriched in nerve fibres and glial processes, which 

could be reminiscent of the „hypocellular gap‟ of the human SVZ (Quinones-Hinojosa et al., 

2006; Figure 3). Another common feature is the absence of well organized glial tubes, 

replaced by an incomplete astrocyte row reminiscent of the human „astrocyte ribbon‟ (Sanai 

et al., 2004). Something similar has also been described in the bovine SVZ (Rodriguez-Perez 

et al., 2003; Figure 3), suggesting that in non-rodent mammals the glial meshwork could be 

less tightly-packed and less compartmentalized than in rodents. On the other hand, a striking 

difference between rabbit and human SVZ consists of large chains in the rabbit abventricular 

SVZ in contrast with the absence of chains on both sides of the astrocyte ribbon in humans. 

About 10-20 medium-large chains are visible, some of which include up to 15-20 nucleated 

cells in transverse section (Ponti et al., 2006a; schematically represented in Figure 3). Thus, 

the SVZ appears structurally more heterogeneous in lagomorphs than in rodents, suggesting 
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that both chain and glia compartments can differ in their architecture and mutual relationship, 

in relatively close mammalian species. Studies carried out on rodents show SVZ chains are 

not present at birth but they assemble around the third postnatal week (Peretto et al., 2005). In 

rabbits the pattern of chain formation is observed very early, starting from postnatal day 10 

(Ponti et al., 2006a). This difference is strengthened by the fact that postnatal development is 

temporally different in these species, being earlier in rodents (puberty occurs in the first or 

second postnatal months) than in rabbits (around the fourth month). On the other hand, the 

rabbit SVZ glial compartment will never attain the degree of organization typical of rodent 

glial tubes (Peretto et al., 1997, 2005), thus appearing to retain a certain degree of 

„morphological immaturity‟ for quite a long period. After ultrastructural analysis of the SVZ 

associated with the lateral ventricle, in which most of the stem cell niche is expected to occur, 

the same cell types described in rodents were found, yet with a different spatial organization. 

The absence of glial tubes and chains in the rabbit ventricular SVZ, along with the occurrence 

of astrocytes forming a row parallel to the ependyma, makes this structure somehow more 

similar to the human stem cell niche than that of rodents (Doetsch et al., 1997; Sanai et al., 

2004; Quinones-Hinojosa et al., 2006; summarized in Figure 3).  

 

 

Extensions of the Rabbit SVZ within the Brain Parenchyma 
 

In addition to its internal arrangement, another intriguing feature of the rabbit SVZ is the 

occurrence of numerous extensions entering the surrounding mature parenchyma (Figure 4). 

These parenchymal chains were identified after serial reconstruction of brain tissue sections 

immunostained for PSA-NCAM revealing two groups of chain-like aggregates: (1) anterior 

chains, leaving the rostral extension and immersed within the corpus callosum beneath the 

frontal cortex (Figure 4), and (2) posterior chains, apparently leaving the ventral-lateral 

extension, along the external capsule (Luzzati et al., 2003). The real nature of chains is 

confirmed by ultrastructural reconstruction and analysis of BrdU-treated animals at different 

post-injection survival times, showing no cell proliferation within the parenchymal chains yet 

revealing the occurrence of newly generated cells after 5-10 days (Luzzati et al., 2003; Ponti 

et al., 2006a). The immunoreactivity for PSA-NCAM and doublecortin on these tangentially-

oriented bulks of cells as well as the ultrastructural features of bipolar neuroblasts displayed 

by their cellular components are both features of „chain migration‟ (Lois et al., 1996; Luzzati 

et al., 2003; Ponti et al., 2006a). On the other hand they are relatively glia-independent, being 

directly in contact with axons (anterior chains) or at the interface between white and gray 

matter, including contact with mature neurons and oligodendrocytes (posterior chains). 

Similarly to abventricular SVZ chains, parenchymal chains are very large, abundantly 

trespassing the average number of cells found in rodents (usually 3-5). The „compact‟ 

morphology of anterior chains (Figure 4) is consistently different from the more irregular, 

„laminar‟ arrangement of the posterior ones, made up of clusters and rows of cells which 

partially disaggregate and re-aggregate as they progress through the tissue. Anterior chains 

show continuity with large chains of the abventricular SVZ, in some cases following blood 

vessels in their shift from SVZ to white matter (Ponti et al., 2006a). The affinity between 

chains of neuroblasts and blood vessels appears quite important since it has been 

demonstrated to occur in the mouse striatum following a stroke (Yamashita et al., 2006). 

Interestingly, the occurrence of rabbit anterior chains is limited to the postnatal/peripuberal 
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period (Ponti et al., 2006a). This is another feature similar to humans, in which a stream 

reaching the ventro-medial prefrontal cortex has been described during the first 18 months of 

life (Sanai et al., 2011; see also Bonfanti and Peretto, 2012). 

 

 

Figure 4. An anterior parenchymal chain of neuroblasts (PC) in a 6-month-old rabbit. After 

reconstruction, the chain is followed along a blood vessel (bv) through the white matter of the corpus 

callosum and in the frontal cortex (Cx). On the right another parenchymal chain viewed with electron 

microscopy within the corpus callosum. ov, Olfactory ventricle; DCX, doublecortin (from Bonfanti and 

Peretto, 2012). 

On the other hand, the posterior parenchymal chains due to their fragmentary 

arrangement and distribution could be made up of locally generated elements characterized by 

inconstant relationships with the SVZ. Indeed, even appearing as a homologue of the 

„temporal stream‟ described in monkeys (Bernier et al., 2002) they could hardly be 

considered as a true SVZ extension. The in vivo observations carried out on rabbits show that 

chains of neuroblasts can be found in various contexts but suggest that cell migration outside 

the SVZ and its glial meshwork, although possible, could turn out more difficult and 

inefficient by the occurrence of non-glial substrates. In other terms, if a glial substrate is not 

essential for the occurrence of chain migration, when it does occur in the form of sheaths 

(glial tubes) it could provide a favourable environment.  

Notwithstanding the occurrence of many PSA-NCAM+ cells with typical bipolar-shaped 

morphology of migrating elements, radially-oriented in the cortical/subcortical areas adjacent 

to parenchymal chains, no newly generated cells are detectable in the cortex and a few newly 

born cells were occasionally observed in the amygdala one month after the BrdU treatment 

(Luzzati et al., 2003).  

In conclusion, migration in parenchymal chains could be discontinuous and slow if 

compared to that directed to the olfactory bulb through the SVZ. Although it is very unlikely 

that such alternative routes could provide functional cell addition/renewal in the brain 

parenchyma (apart from the amygdaloid regions), their existence show the heterogeneity of 

SVZ arrangement in mammals leaving open possibilities for modulation of such endogenous 

sources of cell progenitors in the perspective of brain repair. 
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Protracted Neurogenesis in the Cerebellum 
 

Mammalian neurogenesis has a species-specific timetable, with detectable differences at 

both embryonic and postnatal stages. This is related to differences in length of gestation and 

postnatal growth period prior to puberty (Bayer and Altman, 2004). In addition to species-

specific variations, the temporal windows of onset and downregulation of neurogenetic 

processes can be heterogeneous throughout the neuraxis. For instance, most neocortical 

neurons are generated during mid-gestation whereas some neuronal cell populations continue 

to be added after birth in the cerebellum, hippocampus and olfactory bulb (reviewed in Rakic 

et al., 2004). Thus, although in most CNS regions germinative layers are exhausted at birth, in 

some locations they persist postnatally or throughout adulthood (Figure 5).  

The mammalian cerebellum is a typical example of postnatal neurogenesis aimed at 

establishing a huge population of granule cells during the period in which the animal is 

interacting with the external environment. For such 'neurogenesis regionalization', the 

cerebellum is a remarkable model of protracted neurogenesis (Bonfanti and Peretto, 2011). 

Although the genesis of most cerebellar cell types occurs very early from the 

periventricular neuroepithelium lining the 4th ventricle (Figure 6 A), interneurons and some 

astrocytic glial cells complete their centrifugal migration through the white matter and their 

specification postnatally (Maricich and Herrup, 1999; Grimaldi et al., 2009). Cell 

proliferation of these progenitors still occurs in prospective white matter. In addition, the 

postnatal mammalian cerebellum undergoes a protracted genesis of granule cells through a 

transitory, secondary germinative layer localized on its surface: the external germinal layer 

(EGL; Figure 6 A-C).  

The EGL is formed by tangential subpial displacement of cell precursors from the 

germinal trigone of the 4th ventricle, then leads to protracted genesis of the granule cell 

population by radial, centripetal migration of cell precursors. This transitory germinal zone 

progressively reduces its thickness as the granule cell precursors migrate deep into the cortex, 

then disappear at specific ages in different species (from 3 weeks in mice to 11 months in 

humans, which is very early compared with puberty; reviewed in Ponti et al., 2008, 2010; 

Figure 6 A-C).  

In rodents, the delayed proliferation, specification and differentiation of glial cells and 

interneurons coming from the prospective white matter is concluded before the end of granule 

cell genesis (Grimaldi et al., 2009; Leto et al., 2009). After this stage, no more cell genesis is 

detectable, as no germinal layers remain active, so that cerebellar plasticity throughout life is 

granted solely by synaptic changes in pre-existing circuits. Under the functional profile, this 

delayed genesis of granule cells and interneurons shares a logic with the role of cerebellar 

circuits in learning ⁄ adapting motor skills to the environmental cues the animal is dealing 

with during postnatal ⁄ young stages of its life. This process does not involve simply the 

addition of new neurons, but also the choice between different types of cell specification 

(Grimaldi et al., 2009; Leto et al., 2009). The delayed cerebellar neurogenesis might be 

considered as part of the critical periods that allow formation of new synaptic contacts as well 

as involving the recruitment of new neurons. 

Recent comparative work carried out by our laboratory on the cerebellum of New 

Zealand white rabbits revealed a far more complex situation, as in these lagomorphs 

protracted neurogenesis extends around and beyond puberty (Ponti et al., 2006b, 2008).  
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Figure 5. Different developmental extensions of protracted and persistent neurogenesis. Black, 

postnatal extensions of embryonic neurogenesis (delayed morphogenesis). Shades of grey indicate 

different rates of cell genesis, usually decreasing with increasing age (note the exception of the guinea 

pig). DCX, doublecortin; EGL, external granule layer; G, glial progeny; gN, glial and neuronal progeny 

(prevalently neuronal); Map5, microtubule-associated protein 1B; N, neuronal progeny; nbs, 

Neuroblasts; SCZ, subcallosal zone; SGZ, subgranular zone; SPL, subpial layer; SVZ, subventricular 

zone; VMM, ventral migratory mass; VMS, ventral migratory stream (adapted from Bonfanti and 

Peretto, 2011). 

The Rabbit Subpial Layer (SPL) 

Unlike the forebrain, the mammalian cerebellum was considered incapable of any 

spontaneous cell production after the delayed genesis of granule cells occurring in the 

postnatal cerebellar cortex (see above). In rodents, after EGL exhaustion direct contact 

between pia mater/Bergmann glial endfeet and parallel fibres characterizes the cerebellar 

surface (Altman and Bayer, 1997) and no signs of cell proliferation can be detected in the 

cerebellar cortex (Bonfanti et al., 1992; Dusart et al., 1999; Ponti et al., 2006b). These facts 

match with the notion of the cerebellum as made up of non-renewable elements. 

Nevertheless, we reported in rabbits the existence of a secondary germinal matrix persisting 

beyond puberty in subpial position, called subpial layer (SPL, Ponti et al., 2006b), thus 

suggesting that this is not a general rule in mammals. 

The SPL originates from structural modification of the EGL and is capable of generating 

PSA-NCAM+/doublecortin+ neuronal precursors oriented tangentially on the cerebellar 

surface and assembled into chains (Figure 6 C,D). Thousands of subpial chains are regularly 

arranged with a medial to lateral orientation and cover the whole cerebellum from the 2
nd

 to 

the 5
th

 month of life, then disappearing after puberty. We showed that subpial chains are made 

up of neuronal precursors and share features with forebrain SVZ chains (Ponti et al., 2006b). 

Cell proliferation occurs among chains, the newly born neuroblasts being incorporated within 

them in the subsequent days. By studying the shift from EGL to SPL in young rabbits we 
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found that SPL chains form through fragmentation of the EGL pre-migratory layer around the 

end of the first postnatal month, then increase their distance and progressively dilute on the 

cerebellar surface until they disappear (Figure 6 C,D,G). Although we do not have direct 

evidence of cell migration in rabbit SPL chains, they could be involved in the tangential 

displacement of neuronal precursors which has been shown to occur in the mouse EGL pre-

migratory layer prior to engagement in radial migration (Komuro et al., 2001). The lengthy 

persistence of rabbit SPL chains do suggest that remarkable structural plasticity could persist 

in the relatively mature environment of the peripubertal rabbit cerebellar cortex. The newly 

generated cells of the SPL are detectable far beyond the estimated end of rabbit granule cell 

genesis (Smith, 1963) and show an absolutely different morphology and distribution 

compared with the „ectopic‟ granule cells described in the molecular layer of the rabbit 

cerebellar cortex (Spacek et al., 1973).  

Interestingly, in parallel with the persistence of the SPL, high amounts of 

PSA+/doublecortin+ newly born cells were also detectable within the cerebellar cortex, and 

some of them were still present at subsequent ages, after the disappearance of the SPL. An 

hypothesis explaining the occurrence of young cortical cerebellar neurons in the absence of 

an active germinative layer could be linked to a delayed arrival of immature interneuron 

precursors coming via radial migration from the underlying white matter, as classically 

described for cerebellar cortex interneurons of neuroepithelial origin (Maricich et al., 2001).  

 

Genesis of Interneurons in the peripuberal and Adult Cerebellar Cortex 

Until a few years ago, it was universally accepted that in the cerebellum all processes of 

delayed neuronal cell genesis were exhausted with the end of granule cell genesis and 

concurrent EGL (Altman, 1972) or SPL (Ponti et al., 2006b) disappearance. Yet, further 

studies carried out on rabbits revealed substantial genesis of cerebellar interneurons until 

peripubertal ages, and to a lesser extent, in adult animals (Ponti et al., 2008). These cells are 

PSA-NCAM+/doublecortin+/Pax2+ neurons that continue to proliferate within the cerebellar 

cortex parenchyma in the absence of any residual germinal layers (Ponti et al., 2008, 2010). 

The presence of the trancription factor Pax2 indicate that these cells are neuroepithelial-

derived elements (Weisheit et al., 2006), thus originally coming from the periventricular 

germinative layer through withe matter radial migration (see Maricich et al., 2001). This 

neurogenic process occurs spontaneously in the intact rabbit CNS, even in fully adult animals 

(1-2 year old rabbits; summarized in Figure 6 G). The newly generated Pax2+ interneurons 

were followed by BrdU injection and long-term survival (2 months); they also express PSA-

NCAM and doublecortin during the first 3 weeks of their life, thus revealing their 

morphology of bipolar, migratory cells, which is followed by a typical neuronal morphology, 

being GABA positive, and negative for Sox2 and Olig2 (Ponti et al., 2008; Figure 6 E). We 

know the cellular source, but it is not clear if cell divisions occur either within the white 

matter or the cerebellar cortical grey matter (the first BrdU+ ⁄ PSA-NCAM+ cells are 

detectable several days after injection; Ponti et al., 2008), although the occurrence of bipolar 

double-stained cells suggests they could come from the white matter.  

At present, this is the only case of adult neurogenesis known in the mammalian 

cerebellum. Nevertheless, such a process has been documented in adult rabbits up to 3 years 

old, then progressively decreasing in intensity (10 ⁄ 1 in the first 6 months, and once again 10 ⁄ 

1 from 6 months to 3 years; Ponti et al., 2008).  
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Figure 6. Protracted neurogenesis in the cerebellum of young/adult rabbits. A, Exhaustion of 

germinative layers in the pre- and post-natal cerebellum of rodents. B, Estimated end of granule cell 

genesis in different mammals. C, Persistence of subpial layer (SPL) and parenchymal genesis of 

neuronal and glial precursors in the rabbit cerebellar cortex, with respect to rodents. D, Ultrastrucural 

evidence for SPL chains of neuroblasts (top, longitudinal; bottom, transversal). E, Two populations of 

newly generated cells in the peri-puberal rabbit cerebellum (left, neuronal-shaped cells; right, 

multipolar cells). F, The two cell populations acquire and lose cellular markers at different stages of 

their postmitotic life. G, Time course of germinative layer-dependent and independent cell genesis in 

the rabbit cerebellum (adapted from Ponti et al., 2010). 
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Subsequent ages have not been investigated, yet the substantial decrease in newly 

generated cerebellar neurons suggests a further dilution⁄exhaustion of the process in older 

rabbits.  

Under the comparative profile, the rabbit cerebellar neurogenesis appears as a unique 

example of protracted neurogenesis in mammals whose functional meaning remains obscure. 

Its decreasing rate suggests that the rabbit cerebellum pursue its growth (and structural 

plasticity) for extended peripuberal-young/adult periods. 

These results obtained in lagomorphs show that remarkable differences may exist in 

mammals, perhaps requiring further comparative re-examination of postnatal cerebellar 

development by taking into account different functional aspects. Little is known about which 

factors determine the timing of the onset of walking, which represents a fundamental 

milestone in motor development of mammals (altricial vs. precocial mammals; Sanchez-

Villagra and Sultan, 2001). Hoofed animals start walking within hours after birth, both 

rodents and small carnivores require days or weeks, and non-human primates take months 

(approximately 1 year in humans) to achieve this locomotor skill (Garwicz et al., 2009). 

 

 

Striatal Adult Neurogenesis 
 

Although different degrees of cell proliferation have been described in the adult striatum 

of some mammals (see above), full demonstration that the genesis of new neurons can occur 

spontaneously in this brain region has been provided in lagomorphs. Clusters of newly 

generated cells do exist in the nucleus caudatus of the rabbit (Luzzati et al., 2006). These cells 

co-express PSA-NCAM and doublecortin, and form small chain-like structures which have 

been shown to be independent from the adjacent SVZ by the use of intraventricular cell tracer 

injections and cultured explants (Luzzati et al., 2006). This spontaneous genesis is attributable 

to clusters of proliferating cells located within the striatal parenchyma. As in other adult 

neurogenic sites, PSA-NCAM is transiently expressed on striatal neuronal precursors, being 

detectable shortly after cell proliferation and disappearing in the late phases of neuronal 

differentiation into calretinin+ interneurons, herein occurring within 2 months (Luzzati et al., 

2006).  

Unlike other examples of structural plasticity in rabbit, whose existence is limited to a 

delayed postnatal period (e.g. anterior parenchymal chains and see below), the occurrence of 

spontaneous, local striatal neurogenesis has been consistently observed in fully adult animals. 

Nevertheless, the survival of newly born striatal neurons after 2 months is limited to 1% of 

the initial BrdU+ cell population, thus indicating the rabbit striatum as a favourable 

environment for genesis rather than for survival of newly born cells. 

 

 

Gliogenesis 
 

Another intriguing aspect of plasticity in the adult CNS tissue involves parenchymal glial 

progenitors which are still capable of cell division during adulthood (reviewed in Dawson et 

al., 2003; Nishiyama et al., 2009; Boda and Buffo, 2010; Bonfanti, 2013). Most of these 

progenitors display neural developmental markers of the glial lineage, express a chondroitin 

sulfate proteoglycan (Nerve/glial antigen 2, Ng2; referred to as Ng2+ cells; Stallcup, 1981), 
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and are committed to the oligodendrocyte lineage (Nishiyama et al., 2009). The Ng2+ cells 

are generally considered as synantocytes (Butt et al., 2005) or polydendrocytes (Nishiyama, 

2007), endowed with multiple functions in physiology and pathology which are still far from 

being utterly elucidated. A proportion of these cells persist in the adult in a phenotypically 

immature form (Dawson et al., 2003; Nishiyama, 2007; Trotter et al., 2010), most of which 

do continue to proliferate throughout life, thus being considered the main cycling population 

of the mature mammalian CNS (Simon et al., 2011). 

The widespread location of these progenitor cells within the white and grey matter of all 

brain and spinal cord regions makes them extremely promising as an endogenous source for 

repair. Yet, in spite of intense investigation carried out during the last decade, such 

progenitors remain largely obscure in their identity and physiology, due to a scarce 

availability of stage-specific markers. In particular, what appears difficult is the distinction 

between real cell populations and various differentiation stages of the same population. We 

recently focused on a subset of multipolar, polydendrocyte-like cells we found in the rabbit 

cerebellum (Ponti et al., 2008; Crociara et al., 2013; Figure 6 E). We called these elements 

mMap5 cells since they express the microtubule associated protein 5 (Map5), which is known 

to be present in most neurons (Schoenfeld et al., 1989; Riederer, 2007). These cells show a 

morphology (ramified, multipolar) and a molecular signature (e.g., Olig2 expression) 

reminiscent of synantocytes/polydendrocytes, and some of them are newly generated within 

the mature cerebellar parenchyma (Ponti et al., 2008). The Map5 molecule (Riederer et al., 

1986; also referred to as Map-1B, Map1X, or Map1.2), belongs to a family of large and 

fibrous microtubule associated proteins (Maps) and shows a very wide range of expression in 

the CNS. Map5 is the first Map detectable in neurons of the developing nervous system, 

expressed at high levels in growing axons/growth cones and usually downregulated after 

cessation of axonal growth (reviewed in Riederer, 2007). Nevertheless, the protein remains 

expressed in the whole CNS during adulthood, its phosphorylated form reaching high levels 

within some regions endowed with plasticity, or under conditions that elicit axonal/synaptic 

plasticity in relation to physiological conditions and in response to injury (Riederer, 2007). 

We characterized the morphology, phenotype, regional distribution, proliferative dynamics, 

and stage-specific marker expression of these cells in the rabbit and mouse CNS (Crociara et 

al., 2013).  

We showed that mMap5 cells can be better visualized in rabbit than in mouse, what 

probably accounts for the fact they were not described in vivo for long time. In mice, mMap5 

cells were never found to co-express the Ng2 antigen. They appear to be a population of glial 

cells sharing features but also differences with Ng2+ progenitor cells. We showed that 

mMap5 cells are newly generated, postmitotic parenchymal elements of the oligodendroglial 

lineage, thus being a stage-specific population of polydendrocytes (Crociara et al., 2013). 

Interestingly, the number of mMap5 cells is progressively reduced in the brain of adult/old 

animals, but can increase in neurodegenerative and traumatic conditions (Crociara et al., 

2013). 

The occurrence of mMap5 cells was also assessed in other mammalian species, including 

guinea pig, cat, sheep, monkey and human.  
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Conclusion 
 

In this chapter, some intriguing processes of structural plasticity specifically existing in 

rabbits have been reported and compared with our knowledge in other mammals. On the 

whole, the rabbit brain is characterized by the following features: i) the existence of local, 

parenchymal neurogenesis within the striatum throughout life; ii) the persistence of streams of 

newly generated neuroblasts reaching the frontal cortex during the juvenile period; iii) the 

persistence of a transitory germinal layer (subpial layer, SPL) on the cerebellar surface, 

extending the post-natal EGL beyond puberty; iv) the occurrence of post-puberal and 

young/adult genesis of interneurons within the cerebellar cortex; v) the presence of an SVZ 

architecturally different from that of rodents and somehow similar to that of humans. 

Most of these processes are examples of 'protracted' neurogenesis, thus extending 

postnatally embryonic neurogenesis (see Figure 5). Rather than a singular event that suddenly 

appears during adulthood, adult neurogenesis has long been recognized as the continuation of 

postnatal neurogenic activity. During the first postnatal weeks, significant cellular changes 

occur within the germinal layer-derived neurogenic sites: SVZ and dentate gyrus (see for 

example Tramontin et al., 2003; Peretto et al., 2005) and cerebellar granule cells are 

generated by the postnatal EGL. Yet, the dynamics of neurogenic processes in the peripuberal 

and adult rabbit cerebellum are strikingly different from those described in rodents and other 

mammalian species studied so far (Ponti et al., 2006a, 2008). The production of new cell 

progenitors, including neuronal precursors, does not cease after the end of granule cell 

genesis, but continues at remarkable rates up to and beyond puberty, although progressively 

decreasing with age. Thus, the rabbit cerebellar cortex could represent a permissive 

environment for widespread parenchymal neurogenesis, as the frontal cortex seems to 

represent for the anterior parenchymal chains. In mammals, the first postnatal weeks are 

critical as the brain growth rate is maximal, and changes during this period can have a great 

impact on overall brain function later in life. In parallel, clinically relevant dysregulations can 

occur during this postnatal period, and such changes can have an impact on cognitive function 

later in life (Kuhn and Blomgren, 2001). For its peculiar features in terms of protracted 

neurogenesi the rabbit could be a good experimental model for studying the 

neurodevelopmental aspects of adult neurogenesis. 

In addition, local, parenchymal cell progenitors capable of generating neurons are present 

within the rabbit striatum througout life (Luzzati et al., 2006), indicating that in lagomorphs 

constitutive parenchymal neurogenesis can persist in different CNS regions. In that 

perspective, some regions of the rabbit CNS could be considered atypical in mammals. What 

it is not yet clear, at present, is whether an „atypical‟ niche is required for the activation of 

resident (quiescent) parenchymal progenitors. Other than investigating the quality of 

stem/progenitor cells in the perspective of cell transplant or induced local activation, maybe 

should be also important to understand more about the local tissue environment in which they 

live. 
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Abstract 
 

In 2012 Nov-Dec, an article named “Naturally prion resistant mammals: a utopia?” 

(Prion 6(5):425-429; Proc Natl Acad Sci USA 109(13):5080-5085, written by Chianini F 

and Fernández-Borges N et al.) seems to have killed all the articles of the past few 

decades reporting rabbits are resistant to prion infection. As we all well know, “Multiple 

amino acid residues within the rabbit prion protein inhibit formation of its abnormal 

isoform” (J Virol 77(3):2003-2009). Which is right and which is wrong? Thus, at this 

moment, it is very worth doing a detailed survey on the studies of rabbit prion proteins by 

this article. 
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Introduction 
 

In 2012, “mad rabbit disease” was reported being generated through saPMCA (serial 

automated Protein Misfolding Cyclic Amplification) in vitro and the rabbit prion generated is 

infectious and transmissible [1-3]. However, classical studies have showed that rabbits have 

low susceptibility to be infected by diseased prions (PrP
Sc

) [4-15] as horses and dogs. Thus, at 
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this moment, this article carries an important task to do a detailed survey on the studies of 

rabbit prion protein (RaPrP). 

 

 

The Detailed Survey 
 

In this section, we do the survey accroding to research advancements of RaPrP research 

from the Year 1976. Scrapie is a prion disease in sheep and goats. In 1976, Barlow and 

Rennie (1976) made many attempts to infect rabbits with the ME7 scrapie and other known 

prion strains but all failed at last [6]. 

In 1984~1985, some antibodies to the scrapie protein were reported by Prusiner‟s 

research group [16,17]. The antibodies to the scrapie agent were produced after immunization 

of rabbits with either scrapie prions or the prion protein PrP(27-30). The monospecificity of 

the rabbit antiserum raised against PrP(27-30) was established by its reactivity after affinity 

purification, and the rabbit antiserum to PrP(27-30) was successfully produced. In 1985, the 

characterization of antisera raised in rabbits, against scrapie-associated prion diseases and the 

prion human Creutzfeldt-Jakob disease (CJD), was studied in [18].  

In 1986, Takahashi et al. (1986) reported, rabbits immunized with the fraction P4 

containing scrapie infectivity prepared from mouse brains raised antibodies against three 

major polypeptides of [19]. Cho (1986) reported that the antibody to scrapie-associated fibril 

protein roduced in a rabbit identifies a cellular antigen [20]. Barry et al. (1986) reported that 

rabbit antisera to a synthetic peptide PrP-P1 constructed based on PrP(27-30) were found by 

immunoblotting to react with PrP(27-30) and its precursor PrP
Sc

(33-35), as well as with a 

related protease-sensitive cellular homologue PrP
C
(33-35), this means scrapie (PrP

Sc
) and 

cellular (PrP
C
) prion proteins share polypeptide epitopes [21]. An enzyme-linked 

immunosorbent assay showed that rabbit antiserum to PrP(27-30) was more reactive with 

PrP(27-30) than with PrP-P1; conversely, antiserum to PrP-P1 was more reactive with the 

peptide than with the prion proteins [21]. Shinagawa et al. (1986) reported “immunization of 

a rabbit with the (synthetic) peptide conjugated with ovalbumin induced specific antibodies” 

corresponding to the N-terminal region of the scrapie prion protein (PrP
Sc

) [22]. “Rabbit 

antisera were raised to SAFs (scrapie-associated fibrils) isolated from mice infected with the 

ME7 scrapie strain and to SAFs isolated from hamsters infected with the 263K scrapie strain” 

[23,24]. Robakis et al. (1986) clearly pointed out that rabbit brain is resistant to scrapie 

infection [25] in 1986.  

In 1987, there were several reports on rabbits. Bockman et al. (1987) identified by 

immunoblotting human & mouse CJD prion proteins (HuPrP
Sc

 and MoPrP
Sc

) using rabbit 

antisera raised against hamster scrapie prion proteins (HaPrP
Sc

) [26]. Wade et al. (1987) 

found a 45 kD protein in scrapie-infected hamster brain has a signal to inoculate rabbits [27]. 

Kascsak et al. (1987) reported “MAb (monoclonal antibody) 263K 3F4 (that was derived 

from a mouse immunized with hamster 263K PrP
Sc

 reacted with hamster but not mouse 

PrP
Sc

) recognized normal host protein of 33 to 35 kilodaltons in brain tissue from hamsters 

and humans but not from bovine, mouse, rat, sheep, or rabbit brains” [28]. Wiley et al. (1987) 

used rabbit monospecific antisera raised against synthetic peptides corresponding to the N-

terminal 13 or 15 amino acids of PrP(27-30) and rabbit antisera raised against infectious 

prions or PrP(27-30) purified from scrapie-infected hamster brains to immunostaine 
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glutaraldehyde-perfused hamster brains [29]. Hay et al. (1987) found the evidence for a 

secretory form of the cellular prion protein (PrP
C
) “cell-free translation studies in rabbit 

reticulocyte lysates supplemented with microsomal membranes gave results: while one form 

of HaPrP (hamster brain prion protein) was found as an integral membrane protein spanning 

the membrane at least twice, another form of HaPrP was found to be completely translocated 

to the microsomal membrane vesicle lumen” [30]. 

In 1998, Caughey et al. (1988) detected the immunoprecipitation of PrP synthesis using a 

rabbit antibody specific for a 15 amino acid PrP peptide and concluded that “either PrP is not 

the transmissible agent of scrapie or the PrP is not processed appropriately in this cell system 

to create the infectious agent” [31]. Barry et al. (1988) undertook ELISA (enzyme-linked 

immunosorbent assay) and immunoblotting studies with rabbit antisera raised against three 

synthetic PrP peptides of PrP(27-30), PrP
Sc

, and PrP
C
 and concluded that the three proteins 

are encoded by the same chromosomal gene [32]. Baron et al. (1998) found “polyclonal rabbit 

antiserum to SAF protein was reacted with brain sections from scrapie-infected mice, two 

familial cases of transmissible dementia, and three cases of Alzheimer's disease (AD)” and 

“evidence of the similarity of SAF protein to PrP(27-30)” [33]. Gabizon et al. (1988) found 

“polyclonal RaPrP antiserum raised against NaDodSO4/PAGE-purified scrapie prion protein 

of 27-30 kDa reduced scrapie infectivity dispersed into detergent-lipid-protein complexes” 

[34]. Roberts et al. (1998), “using monoclonal antibodies to a synthetic peptide corresponding 

to a portion of beta-protein and rabbit antiserum to hamster scrapie PrP(27-30), examined in 

situ amyloid plaques on sections from cases of neurodegenerative diseases” and their “results 

emphasize the need for classification of CNS (central nervous system) amyloids based on the 

macromolecular components comprising these pathologic polymers” [35]. 

In 1989, Gabizon et al. (1989) reported that “polyclonal rabbit PrP antiserum raised 

against sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)-purified 

PrP(27-30) reduced scrapie infectivity dispersed into DLPC (detergent-lipid-protein 

complexes)” [36]. “Kuru plaque is a pathognomonic feature in the brain of patients with CJD 

and in the brain of CJD-infected mice” [37], Kitamoto et al. (1989) reported “kuru plaques 

from CJD-infected mice were immunolabeled with rabbit anti-murine prion protein (PrP) 

absorbed with human PrP, but not so with mouse anti-human PrP” [37]. Farquhar et al. 

(1989) “Two polyclonal antisera were raised in rabbits against the scrapie-associated fibril 

protein (PrP) prepared from sheep and mice” [38]. 

In 1990, Yost et al. (1990) reported that in the rabbit reticulocyte lysate system, an 

unusual topogenic sequence in the prion protein fails to cause stop transfer (the polypeptide 

chain across the membrane of the endoplasmic reticulum) of most nascent chains [39]. Lopez 

et al. (1990) reported a completely translocated (secretory) topology form of the major 

product synthesized in rabbit reticulocyte lysates (RRL) [40]. 

In 1991, Di Martino et al. (1991) reported the characterization of two polyclonal 

antibodies which were raised by immunizing rabbits with two non carrier-linked synthetic 

peptides whose amino acid sequences corresponded to codons 89-107 (peptide P1) and 219-

233 (peptide P2) of the translated cDNA sequence of murine PrP protein [41]. Ikegami et al. 

(1991) detected the scrapie-associated fibrillar protein in the lymphoreticular organs of sheep 

by means of a rabbit-anti-sheep PrP (the scrapie-associated fibrillar protein) polyclonal 

antibody by Western blot analysis [42]. 

In 1992, Hashimoto et al. (1992) did immunohistochemical study of kuru plaques using 

antibodies against synthetic prion protein peptides. Two synthetic peptides were used to 
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immunize rabbits and produce antisera (anti-N and anti-M) [43]. Kirkwood et al. (1992) using 

rabbit antiserum raised against mouse PrP detected an abnormal PrP (prion protein) from the 

brains of domestic cattle with spongiform encephalopathy (SE) [44]. 

In 1993, the Western blot analysis was performed with rabbit serum against the sheep 

SAF [45]. To determine if amyloid deposits be visualized by immunocytochemical 

techniques, Guiroy et al. (1993) used a rabbit antiserum directed against scrapie amyloid 

(PrP27-30) to stain formalin-fixed, formic acid-treated brain tissue sections from several 

animal species with natural and experimental transmissible mink encephalopathy (TME) [46]. 

Groschup and Pfaff (1993) reported that “rabbit antisera to synthetic peptides representing 

amino acid sequence 108 to 123 of PrP of cattle, sheep and mice reacted strongly with 

modified PrP of the homologous host but not, or only poorly, with PrP of heterogeneous 

origin” [47]. Miller et al. (1993) did the immunohistochemical detection of prion protein in 

sheep with scrapie using a primary antibody obtained from a rabbit immunized to PrP
Sc

 

extracted from brains of mice with experimentally induced scrapie [48]. 

In 1994, Groschup et al. (1994) investigated with eight different anti-peptide sera raised 

in rabbits against various synthetic peptides representing segments of the amino acid (aa) 

sequence 101-122 of ovine, bovine, murine and hamster PrP, and found that “the region close 

to the actual or putative proteinase K cleavage sites of PrP seems to exhibit high structural 

variability among mammalian species” [49]. Xi et al. (1994) detected the proteinase-resistant 

protein (PrP) in small brain tissue samples from CJD patients using rabbit polyclonal 

antibody against hamster PrP(27-30) [50]. Schmerr et al. (1994) used a fluorescein-labeled 

goat anti-rabbit immunoglobulin as an antibody and used rabbit antiserum for immunoblot 

analysis, and PrP
Sc 

was solubilized and reacted with a rabbit antiserum specific for a peptide 

of the prion protein [51].  

In 1995, Yokoyama et al. (1995) used antisera raised in rabbits against three peptides PrP 

150-159, PrP 165-174, and PrP 213-226 of mouse prion and concluded that rabbit antiserum 

against the MAP (multiple antigenic peptide) representing amino acid sequence 213-226 of 

mouse PrP is useful as a diagnostic tool for prion disease of animals [52]. 

In 1996, Yokoyama et al. (1996) detected species specific epitopes of mouse and hamster 

prion proteins by anti-peptide antibodies, where the antisera were produced in rabbits [53].  

In 1997, Madec et al. (1997) undertook Western blot analyses using rabbit antiserum that 

recognized both normal and pathologic sheep prion proteins to study the biochemical 

properties of PrP
Sc

 in natural sheep scrapie [54]. Loftus and Rogers (1997) cloned RaPrP 

open reading frame (ORF) and characterised rabbits as a species with apparent resistance to 

infection by prions [55]. Groschup et al. (1997) raised antisera in rabbits and chicken against 

sixteen synthetic peptides which represent the complete amino acid sequence of ovine PrP to 

generate antibodies to further regions of PrP, in order to immunochemical diagnosis and 

pathogenetic studies on prion diseases [56]. In [57], “the Ure2p yeast prion-like protein was 

translated in vitro in the presence of labeled [35S]methionine in either rabbit reticulocyte 

lysate (RRL) or wheat germ extract (WGE) cell-free systems”. In 1997, Korth et al. (1997) 

found that RaPrP was not recognized by a conformational antibody specific for PrP
Sc

-like 

structures [8].  

In 1999, Takahashi et al. (1999) immunized rabbits with four synthetic peptides and 

compared the immunoreactivity of antibodies to bovine prion proteins (bovine-PrPs) from 

various species by immunoblotting and immunohistochemistry [58] and they identified two 

regions in bovine-PrP which appear suitable for raising antibodies that detect various kinds of 
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PrPs, and one region (Ab103-121) which appears suitable for raising antibodies that detect 

several species of PrPs [58]. 

In 2000, Garssen et al. (2000) did applicability of three anti-PrP peptide sera including 

staining of tonsils and brainstem of sheep with scrapie [59]. “The three rabbit antibodies 

(R521, R505, R524) were produced, and raised to synthetic peptides corresponding to 

residues 94-105, 100-111, and 223-234, respectively, of the sheep prion protein” [59]. “The 

usefulness of all three anti-peptide sera in the immunohistochemical detection of PrPSc in 

brain stem and tonsils of scrapie-affected sheep was demonstrated and compared with an 

established rabbit anti-PrP serum” [59]. Zhao et al. (2000) using prokaryotic expressed GST-

PrP fusion protein as antigen, found that “rabbits were immunized subcutaneously” [60]. 

In 2001, Kelker et al. (2001) showed that “combination of authentic rabbit muscle 

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) with tNOX (a cell surface NADH 

oxidase of cancer cells) renders the GAPDH resistant to proteinase K digestion” [61]. 

Vol'pina et al. (2001) reported “rabbits were immunized with either free peptides or peptide-

protein conjugates to result in sera with a high level of antipeptide antibodies” to the bovine 

spongiform encephalopathy (BSE) prion disease [62]. Bencsik et al. (2001) identified prion 

protein PrP “using either RB1 rabbit antiserum or 4F2 monoclonal antibody directed against 

AA 108-123 portion of the bovine and AA 79-92 of human prion protein respectively” and 

“showed the close vicinity of these PrP expressing cells with noradrenergic fibers” [63]. In 

[64], “the rabbits were immuned with bovine prion protein (BoPrP
C
) which was expressed in 

E. coli and anti-PrPC antibody (T1) was obtained”, and Li et al. (2001) could detect BSE and 

scrapie with T1 antibody [64]. 

In 2002, Laude et al. (2002) reported “In one otherwise refractory rabbit epithelial cell 

line, a regulable expression of ovine PrP was achieved and found to enable an efficient 

replication of the scrapie agent in inoculated cultures” [65]. Takekida et al. (2002) established 

a competitive ELISA to detect prion protein in food products using rabbit polyclonal 

antibodies that were raised against bovine prion peptides [66]. 

In 2003, Vorberg et al. (2003) found multiple amino acid residues (such as GLY99, 

MET108, SER173, ILE214) within the RaPrP inhibit formation of its abnormal isoform [4]. 

The authors made some substitutions of mouse PrP amino acid sequence by rabbit PrP amino 

acid sequence and found (i) at the N-terminal region (residues 1-111) the PrP
Sc

 formation is 

totally prevented, (ii) at the central region (residues 112-177), the constructed PrP failed to be 

converted to protease resistance, (iii) at the C-terminal region (residues 178-254) the 

formation of PrP
Sc

 is drastically decreased but is not abolished completely [4]. Thus, rabbit 

cells are negatively affected by the formation of PrP
Sc

. Jackman and Schmerr (2003) 

synthesized fluorescent peptides from the prion protein and produced the corresponding 

antibodies in rabbits against these peptides, and at last detected abnormal prion protein in a 

tissue sample [67]. Gilch et al. (2003) reported “treatment of prion-infected mouse cells with 

polyclonal anti-PrP antibodies generated in rabbit or auto-antibodies produced in mice 

significantly inhibited endogenous PrP
Sc

 synthesis” and found “immune responses against 

different epitopes when comparing antibodies induced in rabbits and PrP wild-type mice” 

[68].  

In 2004, Brun et al. (2004) reported the development and further characterisation of a 

novel PrP-specific monoclonal antibody 2A11, which reacts with PrP
C
 from a variety of 

species including rabbit [69]. Sachsamanoglou et al. (2004) described “the quality of a rabbit 

polyclonal antiserum (Sal1) that was raised against mature human recombinant prion protein 
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(rHuPrP)” [70]. Senator et al. (2004) investigated “the effects of cellular prion protein (PrP
C
) 

overexpression on paraquat-induced toxicity by using an established model system, rabbit 

kidney epithelial A74 cells, which express a doxycycline-inducible murine PrP
C
 gene” [71]. 

In 2005, Golańska et al. (2005) used 2 different anti-14-3-3 antibodies: rabbit polyclonal 

and mouse monoclonal antibodies to analyze the 14-3-3 protein in the cerebrospinal fluid in 

CJD [72]. 

In 2006, Dupiereux et al. (2006) investigated the effect of PrP(106-126) peptide on an 

established non neuronal model, rabbit kidney epithelial A74 cells that express a doxycycline-

inducible murine PrPC gene [73]. Biswas et al. (2006) reported “a rabbit polyclonal anti-

serum raised against dimeric MuPrP (murine prion protein) cross-reacted with p46 (a 46 kDa 

species) and localized the signal within the Golgi apparatus” [74]. Gao et al. (2006) reported 

recombinant neural protein PrP can bind with both recombinant and native apolipoprotein E 

(ApoE) in vitro, where the “ApoE-specific antiserum was prepared by immunizing rabbits 

with the purified ApoE3” [75]. Kocisko and Caughey (2006) reported “rabbit epithelial cells 

that produce sheep prion protein in the presence of doxycycline (Rov9) have been infected 

with sheep scrapie” [76]. Xiao et al. (2006) used the method “two male rabbits were 

immunized for 4 times with the purified protein, and the antiserum against NSE protein was 

collected and evaluated by ELISA, Western blotting and immunohistochemistry” and 

concluded “high expression of HuNSE (human neuron-specific enolase) is obtained in E. coli 

and the prepared antiserum against HuNSE can be used potentially for diagnosis of prion-

associated diseases and other nervous degeneration diseases” [77]. 

In 2007, Oboznaya et al. (2007) reported “antibodies to a nonconjugated prion protein 

peptide 95-123 interfere with PrP
Sc

 propagation in prion-infected cells”, where “rabbits were 

immunized with free nonconjugated peptides” [78]. Handisurya et al. (2007) reported 

“Immunization with PrP-virus-like particles induced high-titer antibodies to PrP in rabbit and 

in rat, without inducing overt adverse effects. As determined by peptide-specific ELISA, 

rabbit immune sera recognized the inserted murine/rat epitope and also cross-reacted with the 

homologous rabbit/human epitope differing in one amino acid residue. Rabbit anti-PrP serum 

contained high-affinity antibody that inhibited de novo synthesis of PrP
Sc

 in prion-infected 

cells” [79]. Bastian et al. (2007) did an experiment “spiroplasma mirum, a rabbit tick isolate 

that had previously been shown to experimentally induce spongiform encephalopathy in 

rodents, was inoculated intracranially (IC) into ruminants” and at last concluded 

“Spiroplasma spp. from transmissible spongiform encephalopathy (TSE) brains or ticks 

induce spongiform encephalopathy in ruminants” [80]. Dong et al. (2007) did the interaction 

analysis between various PrP fusion proteins and the tubulin in vitro, where the native tubulin 

was extracted from rabbit brian tissues [81]. 

In 2008, it was said that “ovine prion protein renders rabbit epithelial RK13 cells 

permissive to the multiplication of ovine prions, thus providing evidence that species barriers 

can be crossed in cultured cells through the expression of a relevant ovine PrP
C
” [82]. Sakudo 

et al. (2008) “developed a mammalian expression system for a truncated soluble form of 

human prion protein with the native signal peptide but without a glycosylphosphatidylinositol 

(GPI)-anchor site, driven by the peptide chain elongation factor 1alpha promoter in stably 

transfected rabbit-kidney epithelial RK13 cells, to investigate the SOD (superoxide 

dismutase) activity of mammalian prion protein” and concluded “GPI-anchorless human 

prion protein is secreted and glycosylated but lacks superoxide dismutase activity” [83]. Shin 

et al. (2008) cloned a prion protein (PrP) Glu218Lys gene from Korean bovine (Bos taurus 
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coreanae) and raised the production of rabbit anti-bovine PrP antibody [84]. Lawson et al. 

(2008) reported “rabbit kidney epithelial cells (RK13) are permissive to infection with prions 

from a variety of species upon expression of cognate PrP transgenes” [85]. 

In 2009, Hanoux et al. (2009) reported “when injected into rabbits, (a synthetic peptide) 

CDR3L generated anti-SAF61 anti-Id polyclonal antibodies that exclusively recognized 

SAF61 mAb but were unable to compete with hPrP for antibody binding” [86]. Tang et al. 

(2009) reported fibrinogen, one of the most abundant extracellular proteins, has chaperone-

like activity: it maintains thermal-denatured luciferase in a refolding competent state allowing 

luciferase to be refolded in cooperation with rabbit reticulocyte lysate, and it also inhibits 

fibril formation of yeast prion protein Sup35 (NM) [87]. Differed from the reaction with N-

terminal proline/glycine-rich repeats recognizing rabbit polyclonal antibody, seven 

monoclonal antibodies (mAbs) against chicken cellular prion protein (ChPrP
C
) were obtained 

by Ishiguro et al. [88]. Fernandez-Funez et al. (2009) found RaPrP does not induce 

neurodegeneration in the brains of transgenic flies [7]. 

In 2010, Nisbet et al. (2010) created a mutant mouse PrP model containing RaPrP 

specific amino acids at the GPI anchor site and found that the GPI anchor attachment site (ω 

site) controls the ability of PrP
C
→PrP

Sc
 and the residues at ω and ω+1 of PrP are important 

modulators of this pathogenic process [11]. Nisbet et al. (2010) recognized that “rabbits are 

one of a small number of mammalian species reported to be resistant to prion infection” [11]. 

Wen et al. (2010) using multidimensional heteronuclear NMR techniques reported that the 

I214V and S173N substitutions result in distinct structural changes for RaPrP
C
 [12, 13] and 

concluded that the highly ordered β2-α2 loop may contribute to the local as well as global 

stability of the RaPrP protein [13]. Wen et al. (2010) also recognized “rabbits are one of the 

few mammalian species that appear to be resistant to TSEs due to the structural characteristics 

of RaPrP
C
 itself” [13]. Fernandez-Funez et al. (2010) showed that “RaPrP does not induce 

spongiform degeneration and does not convert into scrapie-like conformers” [89]. Bitel et al. 

(2010) examined “changes in muscle tissue in a classic model of diabetes and hyperglycemia 

in rabbits to determine if similar dysregulation of Alzheimer Aβ peptides, the prion protein 

(PrP), and superoxide dismutase 1 (SOD1), as well as nitric oxide synthases is produced in 

muscle in diabetic animals” [90]. Khan et al. (2010) found the propensity to form β-state (the 

β-sheet-rich structure) is greatest for hamster PrP, less for mouse PrP, but least for the PrP of 

rabbits, horses and dogs under different conditions and using two-wavelength CD (Circular 

Dichroism) method they also found a key hydrophobic staple-like helix-capping motif 

keeping the stability of RaPrP‟s X-ray crystallographic molecular structure [5].  

In 2011, Zocche et al. (2011) used the methods “rabbit aortic smooth muscle cells were 

challenged for 4, 8 and 18 hours, with angiotensin-II, tunicamycin and 7-ketocholesterol, and 

rabbit aortic arteries were subjected to injury by balloon catheter”, and got the results “the 

PrP
C
 mRNA expression in rabbit aortic artery fragments, subjected to balloon catheter injury, 

showed a pronounced increase immediately after overdistension” [91]. Mays et al. (2011) 

reported “PrP
Sc

 was efficiently amplified with lysate of rabbit kidney epithelial RK13 cells 

stably transfected with the mouse or Syrian hamster PrP gene” [92]. Julien et al. (2011) 

reported the different overall sensitivities toward NMR urea denaturation with stabilities in 

the order hamster ≤ mouse < rabbit < bovine protein, and they also investigated the effect of 

the S174N mutation in rabbit PrP
C
 [93]. Zhou et al. (2011) found that the crowded 

physiological agents Ficoll 70 and dextran 70 have effects significantly inhibiting fibrillation 

of rabbit prion protein [14,15]. Fernandez-Funez et al. (2011) also acknowledged that 
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“Classic studies showing the different susceptibility to prion disease in mammals have 

recently found support in structural and transgenic studies with PrP from susceptible (mouse, 

hamster) and resistant (rabbit, horse, dog) animals” [94].  

In 2012, Chianini et al. (2012) generated rabbit PrP
Sc

 in vitro subjecting unseeded normal 

rabbit brain homogenate to saPMCA and found the rabbit PrP
Sc

 generated in vitro is 

infectious and transmissible [2] and they declared “rabbits are not resistant to prion infection” 

[2]. Kim et al. (2012) reported “elk prion protein (ElkPrP
C
) has been confirmed to be capable 

of rendering rabbit epithelial RK13 cells permissive to temporal infection by chronic wasting 

disease (CWD) prions.” [95]. Fernández-Borges et al. (2012) reported the results of [2] and 

pointed out it is not reasonable to attribute species-specific prion disease resistance based 

purely on the absence of natural cases and incomplete in vivo challenges; the concept of 

species resistance to prion disease should be re-evaluated using the new powerful tools 

available in modern prion laboratories, whether any other species could be at risk [3]. 

In 2013, Vidal et al. (2013) studied the saPMCA and reported that rabbits are an 

apparently resistant species to the original classical cattle BSE prion [96]. Wang et al. (2013) 

reported rabbits are “insensitivity to prion diseases” [97]. Wang et al. (2013) aimed to 

investigate “potential mechanisms contributing to prion resistance/susceptibility by using the 

rabbit, a species unsusceptible to prion infection, as a model” [98] and investigated “the 

expression level and distribution of LRP/LR (laminin receptor precursor/laminin receptor) in 

rabbit tissues by real-time polymerase chain reaction and by immunochemical analysis with a 

monoclonal anti-67 kDa LR antibody” [98] and at last their findings confirmed the prion 

resistance in rabbits [98]. Sweeting et al. (2013) produced X-ray structures of mutants in the 

β2-α2 loop and reported that the helix-capping motif in the β2-α2 loop modulates β-state 

misfolding in RaPrP, and still acknowledged “rabbit PrP, a resistant species” [99].  

 

 

Conclusion 
 

In this article, we focused on the research advances in rabbit prion protein (RaPrP) to 

give a detailed review. We noticed that the rabbit prion in [2,3] was just produced through 

saPMCA in vitro not by challenging rabbits directly in vivo with other known prion strains, 

and the saPMCA result of [2,3] was refused by the test of cattle BSE [96]. All other RaPrP 

research results generally agree with each other to look rabbits as a resistant species to prion 

diseases. 
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Abstract 
 

The dynamic nature of muscle fibers enables them to adapt to altered functional 

requirements by changing their myosin heavy chain (MyHC) isoform and cross-sectional 

area. Although these changes may occur under various conditions, muscular activity 

plays an essential role in modulating the phenotypic properties of muscle fibers. In jaw 

muscles, muscular activity is influenced by the consistency of the available food. It has 

been shown that the continuous intake of a liquid diet, which eliminates masticatory 

effort, reduces muscular activity and, in turn, the functional capacity of jaw muscles. 

However, little is known about how jaw muscles respond to a reduction in dietary 

consistency within the normal range of compressive strengths of foods. Therefore, the 

present study investigated the effect of the long-term intake of such a diet on the MyHC 

composition and the fiber cross-sectional area of jaw muscles in the rabbit. 

Male juvenile rabbits were randomly divided into two groups, which were raised on 

diets of different consistency from weaning to puberty. The experimental group was fed 

pellets requiring significantly reduced peak loadings, and thus lower level of jaw-muscle 

activity, to break the pellet in comparison with the standard pellets fed to the control 

group. At puberty, the MyHC composition and the corresponding cross-sectional area of 

fibers in the superficial masseter, superficial temporalis, medial and lateral pterygoid, and 

digastric muscles of both groups were determined using immunohistochemistry. 

The proportion and cross-sectional area of fibers co-expressing MyHC-I and MyHC-

cardiac alpha were significantly smaller in the masseter muscles of the animals that had 
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been fed the soft pellets than in those of the controls. In contrast, the proportions and 

cross-sectional areas of the various fiber types in the other jaw muscles did not differ 

significantly between the groups.  

These findings suggest that the long-term reduction in the dietary consistency 

contributes to selective disuse resulting in structural adaptation of the masseter muscle, 

the jaw-closing muscle primarily responsible for generating occlusal force during 

chewing, reflected in decreases in the proportion and cross-sectional area of its slow 

fibers. At the same time, it appears that the reduced activity during mastication of a diet 

with the consistency of soft foods normally eaten by rabbits is sufficient to prevent disuse 

atrophy in the other jaw muscles.  

Overall, the rabbit masticatory system seems to be relatively rigid, manifesting few 

diet-specific changes in the fiber properties of jaw muscles. 

 

 

Introduction 
 

Jaw Muscles 
 

From a classical anatomical perspective, the jaw muscles are divided into elevator and 

depressor groups. The elevator group consists of the masseter, temporalis, and medial 

pterygoid muscles, while the depressor group consists of the geniohyoid, mylohyoid, and 

digastric muscles. The lateral pterygoid muscle completes the system. Because its two heads 

have different actions, this muscle cannot be regarded exclusively as elevator or depressor 

(McNamara, 1973; Juniper, 1981). 

Jaw muscles, like all skeletal muscles, are capable of powerful contractions by virtue of 

the regular organization of their contractile proteins. The cellular units of a skeletal muscle 

are the muscle fibers, long cylindrical cells with multiple nuclei. Each muscle fiber contains 

many myofibrils that run parallel to its length. The myofibrils are composed of sarcomeres, 

arranged end to end. Sarcomeres, the contractile units of a skeletal muscle fiber, consist of 

two types of myofilament organized into regular arrays with a partially overlapping structure. 

The thin filaments contain mainly actin, whereas the thick filaments contain mainly myosin. 

Myosin consists of two intertwined heavy peptide chains (Gazith et al., 1970) and four light 

peptide chains (Lowey and Risby, 1971). Because it contains the ATPase, which determines 

the unloaded shortening velocity, the myosin heavy chain (MyHC) is primarily responsible 

for the contraction velocity of the muscle fiber (Staron, 1991; Larsson and Moss, 1993).  

On the basis of the MyHC isoform they contain, skeletal muscle fibers have been 

classified into slow (type I) and fast (type II) fibers, with subclassification of fast fibers 

including types IIA, IIB, and IIX (e.g., Schiaffino and Reggiani, 1994). Motor unit size, fiber 

diameter, contraction velocity, and tetanic force increase successively by fiber type in the 

order of I, IIA, IIX, and IIB (Sciote and Kentish, 1996; Sciote et al., 2003), while fatigue 

resistance decreases in the same order (Bottinelli et al., 1996).  

Jaw muscles are notably different from other skeletal muscles. For instance, healthy adult 

jaw-closing muscles express MyHC-fetal and MyHC-cardiac alpha, MyHC isoforms typically 

present in developing and cardiac muscle, respectively, in addition to types I, IIA, and IIX 

(Sciote et al., 1994). The contraction velocity of MyHC-fetal fibers seems to be low 

(D‟Antona et al., 2003); the contraction velocity of MyHC-cardiac alpha fibers lies between 

those of MyHC-I and -IIA fibers (Kwa et al., 1995; Sciote and Kentish, 1996; Galler et al., 
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2002). Many of the jaw-muscle fibers are hybrids, expressing two or more MyHC isoforms in 

various combinations (Bredman et al., 1991; Monemi et al., 1996, 1998; Korfage et al., 

2005a, 2005b). These hybrid fibers have contractile properties intermediate to those of pure 

fibers. For instance, hybrid fibers that express both MyHC-I and -IIA are faster than pure 

MyHC-I fibers but slower than pure MyHC-IIA fibers. The diversity of MyHC isoforms and 

the large number of hybrid fibers present in jaw muscles provides a mechanism that allows 

very fine gradation of contraction velocity (Pette, 2002).  

 

 

Muscle Adaptation 
 

The ability to adapt to varying requirements is an archetypical characteristic of tissues, 

which modify their properties in accordance with the mechanical environment. Skeletal 

muscles are able to change their anatomical characteristics, such as size and fiber types, to 

adapt to altered functional requirements (Adams et al., 1993; Pette, 2002). For instance, 

resistance training by means of repeated isometric contraction and relaxation causes an 

increase in muscle thickness and enhances muscular strength (Hather et al., 1991; Staron et 

al., 1994). In contrast, detraining or immobilization of a muscle leads to disuse atrophy.  

The structural adaptive growth is associated with changes in individual fibers, which can 

adapt to varying requirements by changing from one fiber type into another (Adams et al., 

1993; Pette and Staron, 1997). Muscle fibers can change their phenotype by switching 

different MyHC isoform genes on or off. In mammals, this conversion of fiber types follows a 

strict order: MyHC-I  -IIA  -IIX  -IIB or vice versa (Schiaffino and Reggiani, 1994). 

Although fiber-type transitions can occur under the influence of various factors and 

conditions (Grünheid et al., 2009), muscular activity plays an essential role in modulating the 

phenotypic properties of muscle fibers (Roy et al., 1991; Kernell et al., 1998; Gorassini et al., 

1999). In general, increased muscular activity elicits transition towards slower, more fatigue-

resistant fiber types and enlargement of fiber cross-sectional area, whereas reduced muscular 

activity induces transition towards faster, more fatigable fiber types and a decrease in fiber 

cross-sectional area (Thomason and Booth, 1990; Adams et al., 1993; Caiozzo et al., 1996; 

Jarvis et al., 1996; Tipton et al., 1996; Pette and Staron, 1997; Grossman et al., 1998; Pette, 

2001).  

The fiber types of jaw muscles can be determined using monoclonal antibodies raised 

against various isoforms of purified MyHC (Bredman et al., 1991, 1992; Korfage and van 

Eijden, 2003). The cross-sectional areas of individual fibers can be quantified on 

microphotographs of transverse sections of the muscle. When subsequent sections are 

incubated with antibodies directed against various MyHC isoforms, the cross-sectional area of 

a fiber can be related to its MyHC isoform content (Korfage et al., 2000). 

 

 

Dietary Consistency 
 

The activity of jaw muscles can be altered experimentally by changing the consistency of 

the available food. For instance, the continuous intake of a soft diet, which requires less 

masticatory effort, has been shown to reduce the activity and, in turn, the functional capacity 
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of jaw muscles (Kiliaridis and Shyu, 1988; Liu et al., 1998). Although this experimental 

approach has been used in various species, information on the associated changes in MyHC 

composition and fiber cross-sectional area in the rabbit jaw muscles is scarce as previous 

investigations (Negoro et al., 2001; Langenbach et al., 2003; Kitagawa et al., 2004) were 

limited to the masseter muscle. Therefore, an experiment was performed to investigate the 

effect of a reduction in the dietary consistency on the MyHC composition and the fiber cross-

sectional area of the rabbit masseter, temporalis, medial and lateral pterygoid, and digastric 

muscles.  

 

 

Animal Experiment 
 

Animals 
 

Sixteen male juvenile New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 

the Netherlands) were used. When obtained, they were 6 weeks old and weighed 1,402 ± 189 

g. The animals were housed individually in metal cages with perforated plastic floors, kept in 

a climate controlled room (22.0 ± 0.9°C) with a 12-hour light-dark cycle, and fed a 

commercially manufactured pelleted diet (Arie Blok, Woerden, the Netherlands) and water ad 

libitum. All animals were kept under identical conditions before they were randomly divided 

into two equal-sized groups at the age of 8 weeks. 

 

 

Experimental Design 
 

The experimental group was fed a diet of soft pellets requiring significantly reduced peak 

loadings (10 N/cm
2
), and thus level of jaw-muscle contractions, to break the pellet in 

comparison with the standard pellets (120 N/cm
2
) fed to the control group. The pellets did not 

differ in size or nutritional value. No environmental enrichment was provided in order to 

prevent the animals from gnawing. Body weight and physical condition were checked weekly 

to monitor growth and health of the animals. At the age of 20 weeks, the animals were 

sedated with 0.6 ml/kg body weight of a 1:3 mixture of xylazine (Sedazine, AST Farma, 

Oudewater, the Netherlands) and ketamine (Ketamine, Alfasan, Woerden, the Netherlands), 

and killed by an intravenous overdose of sodium pentobarbital (Euthesate, Ceva Sante 

Animale, Naaldwijk, the Netherlands). The experiment had been approved by the local 

Animal Ethics Committee and was performed in accordance with the animal care and welfare 

guidelines of the National Institute of Health.  

 

 

Analysis of Muscle Fibers 
 

The fibers of the superficial masseter, superficial temporalis, medial and lateral 

pterygoid, and digastric muscles were analyzed using immunohistochemistry. The muscles 

were cut from their attachment sites with the jaws of the animals closed to ensure that the 
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muscles were not stretched. All muscles were obtained within 8 hours post mortem, rapidly 

frozen in liquid nitrogen-cooled isopentane, and stored at –80°C for further processing.  

Serial sections (10 µm) were cut perpendicular to the main fiber direction of the muscles 

in a cryomicrotome (CM 1850, Leica Microsystems, Nussloch, Germany), mounted on glass 

slides coated with 3-aminopropyltriethoxysilane, and fixated overnight in a mixture of 

methanol, acetone, acetic acid, and water (35:35:5:25) at –20°C. The sections were incubated 

with five monoclonal antibodies raised against different MyHC isoforms: antibody 219-1D1 

detected MyHC-I, antibody 249-5A4 detected MyHC-cardiac alpha, antibody 333-7H1 

detected MyHC-IIA, antibody 332-3D4 detected MyHC-IIA and MyHC-IIX, and antibody 

340-3B5 detected MyHC-IIA, MyHC-IIX, and MyHC-IIB (Sant‟ana Pereira et al., 1995). The 

binding of the antibodies was visualized using the indirect unconjugated immunoperoxidase 

(PAP) technique with nickel-diaminobenzidine as a substrate (Hancock, 1986).  

 

 

Figure 1. Example of an area of the superficial masseter muscle incubated with antibodies against 

myosin heavy chain (MyHC)-I (A), MyHC-cardiac alpha (B), MyHC-IIA (C), MyHC-IIA and -IIX (D), 

and MyHC-IIA, -IIX, and IIB isoforms (E). The drawing (F) shows some of the fiber types: (1) MyHC 

type I + cardiac alpha, (2) MyHC type cardiac alpha, (3) MyHC type cardiac alpha + IIA, and (4) 

MyHC type IIA. 
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The MyHC composition of muscle fibers was determined on five consecutive sections of 

each muscle per animal. The sections were evaluated at ×100 magnification using a light 

microscope equipped with a digital camera (Orthoplan, Leitz, Wetzlar, Germany). Depending 

on the cross-sectional area of the muscle, either two (temporalis, lateral pterygoid, and 

digastric), four (medial pterygoid), or six (masseter) areas of each section were evaluated. All 

fibers that could clearly be identified in each of the five sections were classified according to 

their reaction to the various antibodies (Figure 1). A total of 33,103 fibers were analyzed.  

On the basis of their MyHC composition, and thus contraction velocity, the fibers were 

divided into three groups: fibers containing MyHC-I, MyHC-cardiac alpha, or a combination 

of these MyHCs were considered slow fibers (Galler et al., 2002); fibers containing MyHC-

IIA, MyHC-IIX, MyHC-IIB, or a combination of these MyHCs were considered fast fibers; 

fibers containing a combination of the MyHC types belonging to slow and fast groups were 

considered intermediate fibers (Pette and Staron, 2001). The cross-sectional areas of the 

muscle fibers, which had been classified on the basis of the MyHCs they expressed, were then 

quantified by a custom-made computer program (Korfage et al., 2006a). 

 

 

Statistical Analysis 
 

Mean values and standard deviations of fiber-type proportions and fiber cross-sectional 

areas of the masseter, temporalis, medial and lateral pterygoid, and digastric muscles were 

calculated for each group of animals. Differences between the groups were tested for 

statistical significance, for each muscle separately, using a Mann-Whitney rank sum test after 

the data had been tested for normality (Kolmogorov-Smirnov test). P-values of less than 0.05 

were considered statistically significant. 

 

 

Results 
 

All animals grew continuously throughout the experimental period. Their body weight 

increased from 1,930 ± 269 g at 8 weeks of age, when the change in dietary consistency was 

introduced, to 3,589 ± 375 g at 20 weeks of age in the experimental group, and from 1,901 ± 

167 g at 8 weeks of age to 3,529 ± 183 g at 20 weeks of age in the control group. The body 

weight of the animals did not differ significantly between the groups at any time. The animals 

in the experimental group did not show any change in their masticatory pattern in response to 

the reduced food hardness. Mean values and standard deviations of the proportions and 

corresponding cross-sectional areas of the various fiber types in the jaw muscles are shown in 

Tables 1 and 2. No fibers expressing MyHC-IIB were detected in any of the muscles studied. 

Statistical testing revealed significant differences in the population of slow fibers between the 

groups: the fibers co-expressing MyHC-I and MyHC-cardiac alpha accounted for a smaller 

proportion in the masseter muscles of the experimental animals than in those of the controls. 

These fibers had also smaller cross-sectional areas in the experimental group than in the 

control group. The proportions and cross-sectional areas of the various fiber types in the other 

jaw muscles did not differ significantly between experimental and control animals. The 

relatively large standard deviations indicate substantial interindividual variation in fiber-type 

composition and fiber cross-sectional area in both groups.  



 

Table 1. Fiber-type proportions in jaw muscles of rabbits raised on diets of different consistency 

 

Fiber-type proportion (%) 

 Masseter Temporalis Medial pterygoid Lateral pterygoid Digastric 

 Soft diet Control Soft diet Control Soft diet Control Soft diet Control Soft diet Control 

Slow fibers 

 Ia 0 ± 0 0.03 ± 0.09 0.04 ± 0.10 0.07 ± 0.13 0.10 ± 0.16 0.04 ± 0.10 0.02 ± 0.06 0.05 ± 0.10 5.76 ± 3.57 7.68 ± 4.80 

 αa 9.70 ± 

8.38 

7.81 ± 5.61 0.43 ± 0.74 0.69 ± 1.26 14.74 ± 

5.93 

11.54 ± 4.9 2.58 ± 2.43 3.45 ± 2.55 0.08 ± 0.15 0.14 ± 0.20 

 I + αa 10.29 ± 

4.72* 

17.58 ± 

5.48* 

3.56 ± 3.19 5.75 ± 6.60 12.08 ± 

5.67 

12.57 ± 4.54 14.95 ± 

6.78 

17.11 ± 4.33 24.19 ± 

8.67 

19.09 ± 6.08 

Intermediate fibers 

 I + α + 

IIAa 

0.94 ± 

1.00 

0.50 ± 0.79 1.64 ± 1.35 2.35 ± 3.22 0.29 ± 0.29 0.42 ± 0.74 0.19 ± 0.32 0.42 ± 0.67 1.68 ± 1.13 2.06 ± 1.25 

 I + α + 

IIX
a
 

0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.99 ± 1.91 0.71 ± 0.62 

 I + IIAa 0.92 ± 

1.65 

0 ± 0 1.15 ± 2.99 0.67 ± 1.17 0 ± 0 0 ± 0 0.04 ± 0.08 0.03 ± 0.07 0.17 ± 0.38 0.21 ± 0.18 

 I + IIXa 0 ± 0 0 ± 0 0.03 ± 0.08 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

 α + IIAa 17.81 ± 

8.42 

14.08 ± 4.63 1.78 ± 1.37 2.23 ± 1.81 12.15 ± 

3.82 

14.59 ± 4.76 1.58 ± 1.79 1.26 ± 0.78 1.32 ± 1.42 1.28 ± 0.83 

 α + IIXa 0.04 ± 

0.12 

0.27 ± 0.52 0 ± 0 0.05 ± 0.15 0.11 ± 0.31 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Fast fibers 

 IIA
a
 59.70 ± 

9.05 

57.28 ± 9.94 71.05 ± 

15.61 

72.18 ± 

19.60 

57.35 ± 

6.15 

56.44 ± 5.79 69.71 ± 

8.16 

65.67 ± 7.29 65.72 ± 

8.45 

67.47 ± 9.56 

 IIXa 0.60 ± 

1.21 

2.45 ± 3.13 20.32 ± 

15.03 

16.01 ± 

14.57 

3.18 ± 2.56 4.41 ± 5.79 10.91 ± 

5.86 

12.00 ± 9.44 0.09 ± 0.25 1.36 ± 3.70 

Results are mean values ± standard deviations. 
a
 Myosin heavy chain isoform. α, cardiac alpha. 

* Statistically significant difference between groups, Mann-Whitney rank sum test P < 0.05. 

 

 



 

Table 2. Cross-sectional area of the various fiber types in jaw muscles of rabbits raised on diets of different consistency 
 

Fiber cross-sectional area (µm²) 

 Masseter Temporalis Medial pterygoid Lateral pterygoid Digastric 

 Soft diet Control Soft diet Control Soft diet Control Soft diet Control Soft diet Control 

Slow fibers 

 I
a
  231 ± 0 110 ± 0 221 ± 0 1,381 ± 585 995 ± 0 587 ± 0 637 ± 42 1,142 ± 210 1,104 ± 404 

 αa 1,759 ± 

263 

1,624 ± 566 363 ± 114 438 ± 139 1,758 ± 405 2,040 ± 245 792 ± 342 784 ± 174 348 ± 13 500 ± 387 

 I + αa 1,085 ± 

90* 

1,258 ± 

289* 

439 ± 268 566 ± 264 1,189 ± 389 1,360 ± 288 714 ± 259 695 ± 134 1,158 ± 231 1,111 ± 377 

Intermediate fibers 

 I + α + 

IIAa 

1,856 ± 

1,166 

1,614 ± 623 765 ± 773 977 ± 665 1,469 ± 655 2035 ± 463 444 ± 82 889 ± 381 1,125 ± 285 1,184 ± 399 

 I + α + 

IIXa 

        1,169 ± 135 920 ± 382 

 I + IIAa 3,677 ± 

3,246 

 312 ± 280 723 ± 204   951 ± 864 711 ± 0 635 ± 120 923 ± 535 

 I + IIXa   488 ± 0        

 α + IIA
a
 1,896 ± 

485 

2,019 ± 588 410 ± 228 592 ± 325 2,185 ± 485 2,518 ± 511 729 ± 290 729 ± 159 1,537 ± 365 1,220 ± 364 

 α + IIXa 1,976 ± 0 2,342 ± 265  5,287 ± 0 2,446 ± 0      

Fast fibers 

 IIAa 4,748 ± 

615 

4,775 ± 

1,255 

1,531 ± 692 1,853 ± 621 4,297 ± 687 4,830 ± 

1,035 

1,483 ± 281 1,524 ± 257 2,762 ± 516 2,474 ± 813 

 IIXa 6,116 ± 

4,669 

6,749 ± 809 3,141 ± 

1,120 

3,637 ± 

1,218 

5,742 ± 

1,695 

6840 ± 1396 2,223 ± 425 1,835 ± 751 3,976 ± 0 2,026 ± 6 

Results are mean values ± standard deviations. 
a
 Myosin heavy chain isoform. α, cardiac alpha. 

* Statistically significant difference between groups, Mann-Whitney rank sum test P < 0.05. 
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Discussion 
 

The results of the present experiment provide a comprehensive description of the fiber 

properties of rabbit jaw muscles both under steady-state conditions and after a reduction in 

dietary consistency from weaning to puberty. The immunohistochemical determination of 

their MyHC composition allowed accurate characterization of the muscle fibers (Sant‟ana 

Pereira et al., 1995), including those expressing the cardiac alpha MyHC isoform. However, it 

should be noted that, with the antibody panel used, it was not possible to detect hybrid fibers 

that co-express MyHC-IIA and MyHC-IIX. These fibers might have been misclassified as 

type IIA fibers.  

A comparison of the proportions of the various fiber types reveals that the fiber-type 

composition varies among the muscles studied. For instance, the masseter and medial 

pterygoid muscles contain the highest percentage of slow and intermediate fibers as well as 

the highest percentage of hybrid fibers. It appears that these jaw closers, which are the largest 

muscles in the rabbit masticatory system, are well suited to perform slow, tonic movements 

and to produce a smooth, gradable force. In contrast, the temporalis muscle contains the 

highest percentage of fast fibers and the smallest percentage of hybrid fibers. These 

differences suggest that the fiber-type compositions of muscles within a particular muscle 

group differ and that the temporalis muscle is significantly faster than the other jaw closers.  

Among the muscles studied, the masseter muscle contains the highest proportion of fibers 

expressing MyHC-cardiac alpha in combination with either MyHC-I or MyHC-IIA. The 

functional significance of these hybrid fibers is based on their contractile properties, which lie 

between those of pure fibers (Larsson and Moss, 1993; Widrick et al., 1996). For instance, 

hybrid fibers co-expressing MyHC-I and -cardiac alpha are faster than pure type I fibers but 

slower than pure type cardiac alpha fibers. Because of these properties, jaw-muscle fibers can 

use the cardiac alpha MyHC isoform as a “fine-tuning” link protein between the slow-type 

MyHC-I and the fast-type MyHC-IIA isoforms.  

It has been suggested that high proportions of hybrid fibers in muscles under steady-state 

conditions match specific functional demands (Korfage et al., 2005b). The greater the number 

of different hybrid fibers, the more a continuum exists in contractile properties. In the 

masseter muscle, this continuum in contractile properties might contribute to a more precise 

modulation of mandibular position and occlusal force. Furthermore, the proportion of hybrid 

fibers is considered to be a reflection of the adaptive potential of a muscle because co-

expression of MyHC isoforms is also a characteristic of fibers in transition from one pure 

fiber type to another (Stephenson, 2001; Pette, 2002). During these transitions, the fibers can 

change from a pure fiber type, which expresses only one MyHC isoform, into another pure 

fiber type via a hybrid fiber type, which expresses the old as well as the new MyHC isoform. 

The high proportion of hybrid fibers under steady-state conditions might, therefore, be 

indicative of the adaptive potential of the rabbit masseter muscle. 

In addition to the differences in fiber-type composition, there is also a difference in fiber 

cross-sectional area among the jaw muscles. The masseter and medial pterygoid muscles 

have, in general, the largest cross-sectional areas of all fiber types. The only exception is the 

mean cross-sectional area of pure type I fibers, which is largest in the digastric muscle. The 

digastric muscle also has the smallest range of fiber cross-sectional areas. For instance, its 

pure type IIX fibers have about 3-4 times the cross-sectional areas of pure type I fibers, 
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whereas in the masseter muscle, which has the largest range of cross-sectional areas, pure 

type IIX fibers have about 25-30 times the cross-sectional areas of pure type I fibers. In 

general, the differences in cross-sectional area are more pronounced in jaw closers than in jaw 

openers.  

The proportions and cross-sectional areas of the various fiber types in the jaw muscles, as 

well as the degree of interindividual variation in fiber-type composition and fiber cross-

sectional area, are in accordance with those reported for developing rabbit jaw muscles (van 

Wessel et al., 2005; Korfage et al., 2006a, 2006b, 2009). A number of factors contribute to 

the large interindividual variation in fiber-type composition (Korfage et al., 2005b). For 

instance, fiber-type composition is related to age and gender, and is subject to hormonal and 

local, activation- and stretch-related, influences. As in the present experiment the animals 

were matched for age and gender in order to exclude influences of ageing and sexual 

dimorphism (English et al., 1999), the interindividual variation was most likely the result of 

other factors known to influence the phenotypic properties of jaw-muscle fibers, such as 

individually different masticatory patterns (Kemsley et al., 2003) or levels of testosterone 

(Reader et al., 2001).  

The experimental reduction in dietary consistency caused significant changes in the 

MyHC composition and the cross-sectional area of some fibers in the masseter muscle, while 

those of the other jaw muscles remained unchanged. These results suggest intermuscular 

differences in the adaptive response of the jaw muscles to the altered functional conditions. It 

appears that, despite a concerted use of muscles in the masticatory system, the experimental 

stimulus did not affect all jaw muscles in the same way. This disparity is most likely based on 

the different functions of the jaw muscles during mastication. For instance, the masseter 

muscle elevates the mandible and generates occlusal force during the power stroke (Widmer 

et al., 2003) while the superficial temporalis and digastric muscles stabilize and open the jaw, 

respectively (Weijs et al., 1989). During chewing, it requires less muscle force to break soft 

food than to break hard food but the force necessary to stabilize or open the jaw is, in all 

likelihood, independent of the hardness of the ingested food. It appears that the reduction in 

dietary consistency altered only the functional loading of the muscles that are the main 

generators of the force necessary to crush the pellets. Therefore, only the masseter muscle 

adjusted its fiber-type composition and fiber cross-sectional area, while the other jaw muscles 

were unaffected by the change in dietary consistency. 

In addition to the intermuscular differences in the adaptive response, there were 

differences in the adaptive response among the various fiber types in the masseter muscle. 

The reduction in dietary consistency induced a significant decrease in the proportion and the 

cross-sectional area only in fibers of the slow fiber compartment, most likely as a 

consequence of the frequency of their recruitment during chewing. Following the so-called 

“size principle” (Henneman, 1981), the motor units of jaw muscles are recruited in a strict 

hierarchical order (Scutter and Türker, 1998). Small motor units with predominantly slow 

fibers are recruited at lower force threshold levels than the larger ones with faster fibers. 

Mastication of pellets requires comparatively low forces. It has been shown by means of 

electromyography that the majority of jaw-muscle contractions during chewing in rabbits 

generate only 20 percent of the maximum force (Langenbach et al., 2004). In order to 

generate this force level, predominantly small motor units are recruited as their fibers are 

optimally suited for sustained contractions requiring relatively low force (Maxwell et al., 

1980). It can be assumed that mainly the fibers of these motor units adapted their MyHC 
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composition and cross-sectional area to the reduced masticatory load. Larger motor units with 

faster fibers, which are only used during larger efforts for brief periods of time, are not 

recruited during chewing and consequently not affected by an alteration in food hardness.  

The present findings are, on the whole, in agreement with those of other studies that 

investigated the effect of reduced masticatory function on the phenotypic properties of rabbit 

jaw muscles. For instance, the masseter muscles of rabbits fed a liquefied diet after puberty 

adapted to the reduced dietary consistency by decreasing the cross-sectional area of their slow 

fibers (Langenbach et al., 2003). When the animals were fed a powdered diet soon after 

weaning, the masseter muscles also responded with a decrease in the percentage of type I 

fibers and a concomitant increase in type IIA fibers (Negoro et al., 2001; Kitagawa et al., 

2004), which indicates a shift in the fiber-type composition towards a higher proportion of 

fast fibers.  

It has to be noted that, although the experimental approach of feeding a liquefied or 

powdered diet imposes greater differences in masticatory functional loads on experimental 

and control animals, it alters more than just the dietary consistency, too. Liquefied or 

powdered food eliminates the need for mastication (Mavropoulos et al., 2004) and changes 

the pattern of food uptake from incising and chewing into licking and sucking (Kitagawa et 

al., 2004). In contrast to this experimental approach, the present experiment used purpose-

made soft pellets, which did not change the feeding behavior of the experimental animals. 

With regard to the difference from the consistency of the standard pellets fed to the control 

animals, these pellets mimicked the difference in the compressive strength between hard and 

soft foods normally eaten by rabbits. 

Studies on other species, such as ferrets (He et al., 2004) and rats (Kiliaridis et al., 1988) 

found, in accordance with the present results, no significant differences in the fiber-type 

composition of the temporalis and digastric muscles after the normal diet had been changed to 

a liquefied one. In contrast, when rats were fed by gastric gavage (Sfondrini et al., 1996), the 

population of IIB fibers in both the temporalis and the digastric muscles increased while the 

population of IIA and IIX fibers decreased. It seems that the complete elimination of 

masticatory movements leads to severe disuse atrophy of all jaw muscles.  

Adaptive responses depend on timing, duration, and intensity of a given stimulus. In the 

present experiment, the stimulus, i.e., the reduction in dietary consistency, induced significant 

changes in the phenotypic properties of the less recruited masseter muscles. It seems, 

therefore, unlikely that the timing or the duration of the stimulus were ineligible to induce 

adaptive changes in the other jaw muscles. Considering the changes in fiber properties 

reported after complete elimination of masticatory movements, it is more likely that the 

stimulus was not of appropriate nature or sufficiently intensive to effectuate significant 

changes in the other muscles. A different type or more intensive stimulus might be required to 

induce changes in the phenotypic properties of the fibers in the other jaw muscles. 

 

 

Conclusion 
 

The long-term reduction in the dietary consistency within the normal range of 

compressive strengths of foods normally eaten by rabbits contributes to selective disuse of the 

muscles that are less recruited as a consequence of the lower force level necessary to crush 
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the food. It appears that only these muscles adapt structurally to the reduced functional load. 

The adaptive changes are reflected in decreases in the proportion and cross-sectional area of 

slow fibers in the affected muscles. At the same time, it seems that the reduced masticatory 

muscular activity is sufficient to prevent disuse atrophy in the other jaw muscles. Overall, the 

rabbit masticatory system appears to be relatively rigid, manifesting few diet-specific changes 

in the fiber properties of jaw muscles. 
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Abstract 
 

The rabbit (Oryctolagus cuniculus) belongs to the taxonomic order Lagomorpha and 

exists in three forms: wild, feral and domestic. This good natured and medium-sized 

animal is widely used in biomedicine to investigate many aspects of human disease. Data 

generated from rabbits have provided researchers with a wealth of useful scientific 

information. Pharmacological, surgical, immune and genetic investigations have 

reinforced the notion that they have physiological and anatomical similarities to man, 

facts that can be exploited in disease prevention and treatment studies. 

In recent years the scope of their use has increased dramatically and now covers a 

myriad of human conditions: cerebrovascular disease including Alzheimer‟s, 

cardiovascular, reproductive including erectile dysfunction, lung, liver, kidney and bone 

diseases, as well as viral infection.  

Development of transgenic rabbit models has also opened up new opportunities to 

look at disease-induced alterations in the genome. This chapter describes these models 

and evaluates their usefulness in reproducing the clinical characteristics and treatment of 

various human diseases. 

 

 

Introduction 
 

The use of animal models in biomedical science, whilst controversial remains a very 

powerful tool in understanding various human diseases, in developing new medical/surgical 
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procedures and in evaluating therapeutic interventions. Animal models also have the 

advantage that they eliminate factors such as ethnicity, economic and geographic variables, 

drug interaction, diet, gender and age differences that limit clinical studies [1] In this regard, 

the rabbit model has found prominence due to physiological and anatomical similarities to 

humans, making it suitable for the study of different human pathologies [2]. Although rabbits 

appear rodent-like in some morphological features, protein sequencing data suggests that they 

may be more closely related to primates than rodents [3], which may account for the 

perceived similarities to humans. 

The ancestral home of the European rabbit (Oryctolagus cuniculus, part of the taxonomic 

order Lagomorpha), is believed to be the Iberian Peninsula [4]. There are around 35 breeds 

and more than double that number of varieties in Great Britain, which exist in three forms: 

wild, feral and domestic [4].  

The New Zealand White rabbit is the most commonly used in scientific studies and to a 

lesser extent the Dutch Belted and the Flemish Giant breeds. The breeds also show variation 

in their body weight, ranging from about 1kg for the Netherland Dwarf, to 6 kg or more for 

the Flemish Giant [4]. They are not generally kept longer than 4 years under laboratory and 

commercial conditions, as their physiological functions deteriorates with age [4]. Another 

factor that encourages their use in scientific studies is derived from the wealth of biological 

information in the literature on rabbit blood, urine, cerebrospinal, synovial, digestive and 

reproductive secretions [4], which can be compared to disease-induced changes.  

Traditionally, rabbits have been used in the production of polyclonal and monoclonal 

antibodies [2], surgical procedures [5] and teratogenicity testing of pharmaceutical 

compounds [6]. However, in recent years the scope of their use has increased dramatically 

and now covers a myriad of human conditions: cerebrovascular disease including 

Alzheimer‟s, cardiovascular, reproductive including erectile dysfunction, lung, liver, kidney 

and bone diseases, as well as viral infection.  

Development of transgenic rabbit models has also opened up new opportunities to look at 

disease-induced alterations in the genome. This chapter describes these models and evaluates 

their usefulness in reproducing the clinical characteristics of several diseases, which may help 

in the formation of new treatment strategies.  

 

 

1. Cerebrovascular Disease 
 

Cerebrovascular disease is a group of brain dysfunctions related to disease of blood 

vessels supplying the brain. These include stroke, which is a focal neurologic deficit caused 

by a change in cerebral circulation; the second leading cause of death worldwide [7]. It results 

from ischemic (brain infarction), as well as, intracerebral or subarachnoidal hemorrhage [8]. 

Approximately 80% of all strokes are ischemic, 10% are due to intracerebral hemorrhage, and 

the rest are subarachnoidal hemorrhages [8]. 

The magnitude of the stroke burden on the healthcare system necessitates urgent work 

towards developing novel therapies, including neuroprotective drugs, safer and more effective 

thrombolytic drugs, mechanical interventions, and restorative (neuroregenerative) agents. 
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1.1. Ischemic Stroke 
 

Ischemic stroke is often caused by occlusion of the middle cerebral artery or one of its 

branches. This can be mimicked in rabbits, resulting in permanent ischemia in a controlled 

manner [9]. The occlusion limits the blood capacity to deliver oxygen causing cerebral tissue 

damage.  

A potential treatment option that has been investigated in rabbits involves the intravenous 

administration of dodecafluoropentane emulsion, an efficient transporter of oxygen. This 

agent decreases infarct volume by protecting the rabbit brain tissue from ischemia possibly by 

decreasing the degree of hypoxia [9]. Thromboembolic stroke, the most common in humans, 

has also been mimicked in rabbits to test thrombolytic agents [10-12], as well as to investigate 

the consequences of thrombolysis, such as hemorrhagic transformation [13]. 

 

 

1.2. Hemorrhagic Stroke 
 

Strokes caused by intracerebral and subarachnoid hemorrhages are associated with high 

mortality and most survivors are burdened with severe disability. Rabbits have been used to 

investigate intracerebral hemorrhages [14], the most common model involves autologous 

blood injection into the desired brain region [15, 16]. Similarly, subarachnoid hemorrhages 

have also been induced in the rabbit [17-20]. Oxidative stress and brain edema are thought to 

be contributing factors in the development of the subsequent brain injury. This is supported 

by the finding that antioxidants, such as alpha lipoic acid and saline saturated with hydrogen, 

attenuate this type of brain injury by reducing oxidative stress [18, 19]. 

 

 

1.3. Alzheimer’s Disease 
 

Alzheimer‟s disease is a neurodegenerative, late-onset disorder of the brain, characterized 

clinically by a progressive disturbance in memory, judgement, reasoning and olfaction [21]. 

Pathologically, this results in changes in brain structure, including increased ventricular 

volume, extracellular accumulation of amyloid beta protein containing plaques, and loss of 

synaptic connectivity/integrity [21, 22]. Although, the vast majority of cases are sporadic with 

unknown etiology, altered cholesterol homeostasis and oxidative stress are now considered 

risk factors [21-23].  

Autopsy studies; have also highlighted a possible link between heart disease, cholesterol 

and Alzheimer‟s disease [24, 25]. Many of the markers associated with Alzheimer‟s disease 

have been observed in cholesterol-fed rabbits [22], including central accumulation of amyloid 

beta and cognitive deficits [24, 25], as well as increased oxidative stress [23]. Indeed, removal 

of dietary cholesterol or treating the rabbit with cholesterol-lowering drugs [25, 26], as well 

as reducing oxidative stress with caffeine [23] have all been shown to reverse/reduce the 

severity of Alzheimer‟s disease. 

In general, rabbit models of stroke and Alzheimer‟s disease are able to reproduce 

important pathophysiological events relevant to the human condition, which potentially can 

help in the development of novel treatment regimes.  
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2. Cardiovascular Disease 
 

Approximately one-third of the total deaths worldwide per annum, amounting to over 17 

million people, are due to cardiovascular disease [27], making it the leading cause of death 

[28], with a major impact on morbidity [27]. Complications arising from this disease are due 

to complex multifactorial pathologies, in which genetic and environmental factors are 

implicated. Rabbit models have been developed to replicate many of the features of human 

cardiovascular disease.  

 

 

2.1. Atherosclerosis 
 

Atherosclerosis is a chronic inflammatory disorder and the underlying risk factor for most 

cardiovascular disease [29]. The rabbit has become an important animal model to study 

human development of the disease [30]. Cholesterol-fed rabbits are popular, since they 

accumulate large amounts of cholesterol in their plasma [30] and develop atherosclerotic 

changes in the arterial intima, similar to humans [31]. The Watanabe heritable hyperlipidemic 

(WHHL) rabbit develops hypercholesterolemia due to a binding-defective mutation of the 

low density lipoprotein receptor, with atherosclerotic progression similar to human familial 

hypercholesterolemia [32]. These animals have been used to study destabilization of 

atheromatous plaques and to evaluate drugs that reduce plasma cholesterol levels and 

suppress atherosclerosis. Spontaneous myocardial infarction-prone WHHL rabbits are another 

strain developed by selective breeding of coronary atherosclerosis-prone WHHL rabbits. 

These animals have severely stenosed coronary arteries due to atherosclerotic lesions, similar 

to patients with coronary heart disease [33]. 

Dyslipidemia treatment regimes using cholesterol-fed rabbits have primarily focussed on 

reducing hypercholesterolemia with drugs such as HMG-CoA reductase inhibitors (statins). 

Atorvastatin prevented atherosclerotic changes in rabbits fed high cholesterol diets by 

lowering plasma lipids [34], as well as by cholesterol-independent mechanisms [35] and by 

an antioxidant action [36]. Fluvastatin in combination with the AT1 receptor antagonist 

losartan also inhibited atherosclerotic development and reduced inflammation in a similar 

rabbit model [37]. In addition, paditaxel-eluting stents surgically placed in the thoracic aorta 

of cholesterol-fed rabbits simultaneously given atorvastatin, resulted in a marked 

improvement of advanced atherosclerosis [38]. Ezetimibe, a potent inhibitor of sterol 

absorption that selectively blocks the uptake of dietary cholesterol in the small intestine also 

inhibited atherosclerosis [39]. Similarly, WHHL rabbits given the antioxidant probucol [40], 

the AT1 receptor blocker irbesartan [41] or the neurohypophyseal peptide oxytocin, which 

inhibits inflammation [42] all showed reduced progression of atherosclerosis.  

 

 

2.2. Diabetes Mellitus 
 

Diabetes mellitus is a chronic condition where blood glucose concentration is 

uncontrollably high, due to impaired insulin homeostasis. Type 1 diabetes mellitus (T1DM or 

insulin dependent diabetes mellitus) is caused by a reduction in circulating insulin [43, 44]. 
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Type 2 diabetes mellitus (T2DM or non-insulin dependent diabetes mellitus) results from 

insulin resistance, so that even if the absolute insulin concentration is normal or elevated, it is 

inappropriately low for the prevailing circulating glucose concentration [45,46]. The global 

prevalence of diabetes mellitus in 2000 was estimated to be 171 million, a figure predicted to 

double by 2030, due to population growth, aging, urbanisation, increasing obesity and 

physical inactivity [47].  

The New Zealand White rabbit is known to develop diabetes mellitus spontaneously [48], 

however, most studies use experimental diabetic models, where the pancreatic β-cells have 

been selectively destroyed with the cytotoxic chemical agent, alloxan [49,50]. The diabetic 

condition was significantly ameliorated when these rabbits were given glibenclamide, the 

most potent sulfonylurea [51]. While, orally administed nanoparticles containing 

glibenclamide produced a better release profile, with enhanced efficacy and bioavailability 

compared to conventional glibenclamide [52]. Similarly, plant extracts from caralluma sinaica 

and catharanthus roseus (Apocyanaceae) were as effective as glibenclamide in reducing blood 

sugar levels in diabetic rabbits [53,54]. The antidiabetic action of metformin, another popular 

antidiabetic drug has also been demonstrated in this model [55].  

 

 

2.3. Cardiac Disease 
 

Cardiac disease such as myocardial infarction and dilated cardiomyopathy contribute to 

cardiovascular-induced morbidity and mortality. 

Myocardial infarction is caused by a blockage in coronary arteries, primarily due to 

atherosclerosis or thrombosis [56] and is characterized by necrosis of myocardiocytes due to a 

reduction in cardiac blood supply. Conventional treatment such as percutaneous coronary 

intervention, coronary-artery bypass graft surgery and anti- or dissolution- thrombotic therapy 

can reduce death rate to a certain extent [57].  

Myocardial infarction leading to acute ischemia has been created in rabbits using several 

techniques. One method involves the partial ligation of the descending coronary artery [58, 

59]. While other methods include endovascular coil occlusion of the marginal artery [60], 

balloon occlusion developed from percutanous translaminal coronary angioplasty [61], and 

the percutaneous, minimally-invasive, closed-chest model [62]. The antihypertensive drug 

ramipril, an angiotensin-converting enzyme inhibitor, decreased the incidence of myocardial 

infarction-induced ventricular tachycardia and fibrillation in rabbits [63]. The atherosclerosis-

prone WHHL rabbit strain can also be used to studying many aspects of coronary heart 

disease [33].  

Stem cell therapy has emerged as a promising treatment for cardiac and vascular repair. 

This form of treatment aims to rebuild functional myocardium by transplanting exogenous 

stem cells or by activating native stem cells to induce endogenous repair [64]. Granulocyte 

colony stimulating factor improved the survival of rabbits with myocardial infarction by 

inducing bone marrow stem cell mobilization and homing to infarcted areas [65].  

Dilated cardiomyopathy is a primary myocardial disease characterized by chamber 

dilation associated with impaired systolic and diastolic function [66], which can lead to 

congestive heart failure. Matsui et al. described a rabbit model of dilated cardiomyopathy 

producing morphological changes in the heart similar to those found in the human disease by 

immunization with synthetic peptides [67]. Doxorubicin used as a chemotherapeutic agent, 
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has also been reported to induce cardiotoxicity causing dilated cardiomyopathy in rabbits 

[68]. Rabbit models will continue to play an important role in cardio-pathophysiology 

research, especially as stem cell research moves forward.  

 

 

3. Lung Disease 
 

Asthma, chronic obstructive lung disease, chronic bronchitis and emphysema are primary 

examples of the pathological consequences of chronic lung disease and are usually associated 

with airway inflammation, airway hyperresponsiveness and mucous overproduction [69]. The 

similarity between rabbits and humans in terms of airway anatomy and responses to 

inflammatory mediators exemplifies the value of this species in the investigation of the 

pathophysiology of lung disease.  

 

 

3.1. Asthma 
 

Asthma is due to reversible airway obstruction, airway inflammation, and increased 

airway responsiveness to both physical and chemical stimuli [70]. Many of these features are 

found in rabbit asthmatic models, which are often sensitive to the same drugs as humans [69]. 

Endogenous glucocorticoids suppress the asthmatic state induced in rabbits following 

inhalation of the proasthmatic and proinflammatory cytokine, IL-13 [71]. G proteins, in 

particular the Gβγ subunit of Gi protein, regulate the allergic asthmatic phenotype, including 

the induction of airway hyperresponsiveness and inflammation. This response was suppressed 

by pretreatment with an inhaled membrane-permeable anti-Gβγ blocking peptide (similar to 

glucocorticoid pre-treatment) in the ovalbumin sensitized rabbit, a model of allergic asthma 

[72]. The inflammatory response seen in asthmatic patients include infiltration of 

inflammatory cells into lung tissues, high levels of IgE and IgG1 in sera, thickening of airway 

epithelial tissue, and excessive mucous secretion due to goblet cell hyperplasia and 

hypertrophy of mucous glands [69].  

 

 

3.2. Lung Inflammation 
 

Lung inflammation can be induced in rabbits by direct intratracheal instillation of 

particulate matter. The antiinflammatory effect of lovastatin attenuated the recruitment and 

activation of alveolar macrophages and polymorphonuclear leukocytes, reducing local 

proinflammatory cytokine production, and promoting the clearance of particulate matter from 

lung tissues [73]. Anti-inflammatory and antioxidant treatment with glucocorticoids and N-

acetylcysteine, respectively, reduced pulmonary surfactant dysfunction in the rabbit 

meconium-induced oxidative lung injury model [74]. Moreover, the selective PDE3 inhibitor 

olprinone, demonstrated potent antioxidative and anti-inflammatory properties in the same 

rabbit model [75]. Further evidence that oxidative stress plays an important role in the 

development of lung injury comes from the finding that tetomilast, a potent inhibitor of 
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superoxide production and oxidative stress, protected rabbits against porcine pancreatic 

elastase-induced emphysema [76].  

 

 

3.3. Acute Lung Injury and Acute Respiratory Distress Syndrome  
 

Acute lung injury and acute respiratory distress syndrome are clinical syndromes defined 

by varying degrees of acute hypoxemic respiratory failure, pulmonary infiltrates, pulmonary 

edema (influx of protein-rich fluid into the alveolar spaces) and poor lung compliance. 

Conventional mechanical ventilation therapy is fundamental in acute respiratory distress 

syndrome treatment. Inhaled nitric oxide has been used clinically to improve oxygenation and 

reduce lung injury in these syndromes. Acute lung injury and oxidative stress can be induced 

in rabbits by tracheal infusion of warm saline. Inhaled nitric oxide attenuated oxidative stress 

and histopathological and inflammatory lung injury in these animals [77]. 

 

 

3.4. Stem Cell Therapy 
 

It is now recognised that the rabbit serves as a good platform to evaluate stem-cell-based 

therapies [69]. The purpose of stem cell transplantation is to replace damaged or lost cells in 

an organ or tissue and genetic correction.  

Most organs contain their own small reservoir of stem cells, also called progenitor cells, 

which are recruited to start dividing and replace cells that have died during normal aging or to 

repair small areas of damage. Several potential sources of progenitor cells for airway 

epithelium have been identified, including exogenous stem cells [78]. The ability to repair 

tissue by endogenous lung epithelial progenitor cells is often insufficient as the natural repair 

capacity appears to diminish with age [79]. Autologous transplantation of peripheral blood-

derived circulating endothelial progenitor cells partly restored pulmonary endothelial function 

and effectively attenuated endotoxin-induced acute lung injury in rabbits by direct endothelial 

repair and indirect immunomodulation of antioxidation and antiinflammation (80). 

 

 

4. Liver Disease 
 

4.1. Nonalchoholic Fatty Liver Disease 
 

Nonalchoholic fatty liver disease covers a spectrum of disorders from simple steatosis to 

nonalcoholic steatohepatitis, which develop without excessive alcohol consumption [81,82]. 

Increasingly, it is being recognized as a problem not only in developed countries but 

worldwide [83].
 
The hallmark of the disease is accumulation of intracytoplasmic triglyceride 

within hepatocytes that can ultimately lead to cirrhosis and liver failure, as well as 

hepatocellular carcinoma [81,82]. 

Ogawa et al. created a model of steatohepatitis, in which advanced fibrosis (pre-cirrhosis 

stage) was produced by feeding rabbits a high fat diet [82]. They noted that ezetimibe, which 

blocks intestinal cholesterol absorption from the diet attenuated steatohepatitis, suggesting its 
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clinical use for treating human liver diseases caused by elevated cholesterol [82]. The 

intragastric administration of carbon tetrachloride induced chronic liver damage, similar to 

primary hepatic cirrhosis [84,85]. In this model, collagenase supplementation via portal vein 

infusion retarded hepatic cirrhosis development and caused the regression of established 

cirrhosis [86]. 

 

 

4.2. Acute Hepatic Failure 
 

Acute hepatic failure is a severe liver injury accompanied by hepatic encephalopathy 

which causes multiorgan failure with high mortality. Popular methods for creating this 

disease in rabbits include the use of hepatotoxic chemical agents such as acetaminophen 

(paracetamol) and galactosamine, as well as infective procedures, which reproduce a number 

of important clinical characteristics of acute hepatic failure [84]. 

D-galactosamine can cause serious metabolic alterations and hepatic necrosis, including 

histological and biochemical changes in the rabbit compatible with acute hepatic failure [87]. 

Allogeneic mononuclear bone marrow cell transplantation at multiple sites in the liver was 

found to reduce galactosamine-induced liver pathology, suggesting that this therapy is an 

effective way to repair liver injury [88]. 

Acute hepatic failure can also occur by infecting rabbits with rabbit hemorrhagic disease 

virus [89]. The viral antigen was found in hepatocytes post-infection [90] and the rabbits had 

clinical signs characteristic of human acute hepatic failure [89]. N-acetylcysteine and 

melatonin were both found to be hepatoprotective in this model, due to modulation of 

apoptosis [91, 92].  

 

 

4.3. Hepatic Ischemia-Reperfusion Injury 
 

The morbidity associated with liver transplantation and major hepatic resections is partly 

a result of ischemia-reperfusion injury [93]. Reperfusion of a previously ischemic organ 

triggers a cascade, collectively termed ischemia–reperfusion injury that leads to production of 

reactive oxygen species and an increased secretion of systemic inflammatory mediators 

[94,95]. Hepatic ischemia-reperfusion injury can be created in rabbits by liver lobar ischemia 

followed by reperfusion [96,97]. 

Propofol a short-acting, hypnotic/amnestic agent known to improve hepatic perfusion in 

the rabbit decreased the leakage of liver enzymes and markedly reduced histological lesions 

following hepatic injury [96]. Similarly, the non-essential amino acid glycine reduced the 

injury by reducing the systemic inflammatory response, and maintaining cellular energy 

production [97]. 

The knowledge gained from animal models of hepatic ischemia-reperfusion injury has 

the potential to improve the outcome of patients following hepatic surgery.  

 

 

 

 

 



The Use of Rabbits to Investigate the Pathogenesis of Disease 69 

5. Kidney Disease  
 

Acute Kidney Injury and Chronic Kidney Disease 
 

Patients with acute kidney injury may require renal replacement therapy and have an 

increased risk of chronic kidney disease [98]. Glomerular hyperfiltration, hypertension and 

proteinuria are key mediators of chronic kidney disease and are associated with activation of 

proinflammatory and profibrotic signaling pathways in proximal tubular epithelial cells, 

which can progress to end-stage kidney disease [99].  

Both acute kidney injury and chronic kidney disease are now recognized as integrated 

disorders that share common pathways, such as cell death, proliferation and differentiation, 

inflammation and fibrosis. Acute kidney injury is caused by many events including; ischemic 

episodes bacterial toxins and urinary tract obstruction [98], while hypertension and diabetic 

nephropathy are the main causes of chronic kidney disease in adults [100].  

Although, very little information has been generated on rabbit models of chronic kidney 

disease, Lau et al. found diabetic nephropathy developed in alloxan-treated rabbits 

characterized by elevated serum creatinine and proteinuria, as well as a decrease in creatinine 

clearance [101]. These variables were normalized with vardenafil, a phosphodiesterase type 5 

inhibitor commonly used to treat erectile dysfunction. Rabbit studies on acute renal injury 

have mainly focussed on the renal ischemia-reperfusion model. Yakut et al found that 

iloprost, a stable prostacyclin analog, inhibited oxygen-free radical production and 

levosimendan, which has anti-inflammatory and anti-apoptotic properties, were both effective 

treatment options for acute renal injury [102]. Further support for the role of reactive oxygen 

metabolites in this disease comes from the finding that Renshen polysaccharides increased 

endogenous antioxidants catalase and superoxide dismutase, decreasing renal oxidative injury 

in this rabbit model [103]. 

Bacterial infection caused by the enterohemorrhagic strain of Escherichia coli is known 

to cause renal disease in humans. This can also be investigated in the rabbit, since Dutch 

Belted rabbits infected with this bacterium develop hemolytic-uremic syndrome-like disease 

[104]. 

 

 

6. Reproductive Disease and Erectile Dysfunction 
 

6.1. Endometriosis 
 

Endometriosis is a common, hormone-dependent gynecological disease, resulting in 

growth of endometrial glands and stroma outside the uterus. It is an inflammatory condition 

associated with elevated reactive oxygen species, infertility and pain [105]. Systemic 

administration of progesterone has been used to simulate pregnancy, relieving pain and 

control disease progression, however, this form of treatment has poor compliance because of 

side effects [106].  

Yuan et al. [106] created endometriosis in rabbits and found that those treated with an 

intracystic injection of levonorgestrel-loaded polylactic acid microspheres achieved high 

levels of drug localized in the endometrial cysts: these caused a reduction in size as well as 
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endometrial atrophy of the cysts. This study suggests that this form of treatment may be an 

alternative to surgery.  

 

 

6.2. Ectopic Pregnancy 
 

An ectopic pregnancy is where the fetus develops outside the uterus, typically in the 

fallopian tube and is the leading cause of maternal deaths during early pregnancy [107]. 

Suitable animal models to investigate this disorder are rare, as this is essentially a human 

disorder; nevertheless, rabbits at mid pregnancy were used to investigate the feasibility of 

intrachorionic injection therapy or hyperthermia in ectopic pregnancy. The application of 

hyperthermia or intrachorionic injection therapy terminated the ectopic products of gestations, 

suggesting this mode of treatment has clinical potential [108].  

 

 

6.3. Preterm Birth 
 

In humans, preterm birth refers to a birth prior to the 37th week of gestation and occurs in 

more than 10% of all pregnancies. It is considered a global risk factor threatening women‟s 

health, with 60%–80% perinatal mortality, and is frequently associated with preeclampsia 

(characterized by hypertension and proteinuria), infections and fetal abnormalities [109]. 

Gorenberg et al., found that pregnant rabbits injected with RU486 (mifepristone; a 

synthetic steroid progesterone receptor antagonist used as an abortifacient) caused non-

infection-mediated preterm birth [110]. Pregnant rabbits inoculated transcervically with 

prevotella bivia associated with bacterial vaginosis, developed a chronic intrauterine and fetal 

infection that was accompanied by preterm birth in up to 33% of cases [111]. Premature birth 

in pregnant rabbits also occurred following transcervical inoculation of Escherichia coli. 

Antibiotic treatment with ampicillin-sulbactam (a combination of the common penicillin-

derived antibiotic and an inhibitor of bacterial beta-lactamase, respectively) given to these 

rabbits prolonged pregnancy and reduced perinatal mortality if administered early [112]. 

Similar results were obtained following treatment with recombinant human lactoferrin, which 

has an anti-inflammatory action, as well as an antibacterial action [113]. 

 

 

6.4. Feto-Placental Development 
 

Embryonic and feto-placental development in the rabbit is similar to humans, making it a 

particularly suitable model to investigate the importance of embryo and fetal development on 

offspring and adult health. Insights into human reproduction have been obtained from the 

rabbit, due to exact staging of early embryonic developmental and maternal pregnancy and 

the similarity of placental morphology and function between both species [114].  

The growth of the fetus is determined by maternal diet and hypercholesterolemia can 

cause increased fatty streak formation in human fetal arteries and accelerate atherosclerosis 

during childhood [115]. This is also the case in rabbits; maternal hypercholesterolemia 

increased postnatal atherogenesis, whereas lowering maternal plasma cholesterol and 

antioxidant treatment greatly reduced fetal and postnatal atherogenesis [115]. It is likely that 
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placental permeability to lipoproteins is affected, since increased amounts of collagen were 

observed in fetal tissues when the maternal rabbits had hypercholesterolemia. This alteration 

results in increased susceptibility to atherosclerosis in adult life, representing a risk factor for 

the early development of disease, which may appear even in the prenatal period (116). These 

findings stress the importance of prenatal control of lipoprotein levels, as a preventative factor 

against the early development of atherosclerosis.  

Selective ligature of pregnant rabbit uteroplacental vessels reproduced similar 

cardiovascular features to those observed in human fetuses with intrauterine growth 

restriction [117]; this led to increased mortality and histological brain changes [118]. It has 

also been observed that rabbits with mild and moderate maternal hypertension differentially 

alter placental structure and gene expression, affecting placental functional capacity, which 

may contribute to the programming of hypertension in the offspring [119]. 

 

 

6.5. Erectile Dysfunction 
 

Penile erection is a hemodynamic process involving increased arterial inflow and 

restricted venous outflow, co-ordinated with corpus cavernosum smooth muscle relaxation. 

[120]. NO is an important mediator of this process, as it initiates corpus cavernosal smooth 

muscle relaxation through the formation of cGMP [121,122]. Erectile dysfunction is a 

condition where impaired corpus cavernosal relaxation has developed due to a reduction in 

the cGMP/NO pathway. It is defined as the persistent inability to attain and maintain an 

erection adequate to permit satisfactory sexual performance and can affect up to 50% of men 

aged between 40 –70 years old [123].
 
The association between erectile dysfunction and 

cardiovascular disease has confirmed that it is another manifestation of atherosclerotic 

vascular disease with the same risk factors, such as hypertension, dyslipidemia, diabetes 

mellitus and smoking [120,124]. 

The structure of the rabbit penis is similar to humans and several rabbit models have been 

developed to investigate the physiological and biochemical nature of erectile dysfunction 

[125]. The anesthetized rabbit is useful, since it allows the administration of drugs by several 

routes, including intracavernous injection, as well as hemodynamic recordings in parallel with 

intracavernosal pressure measurements, an indicator of penile erection [125].  

Stimulation of the cavernous nerve caused an erection in these rabbits [126] as did 

intracavernosal injection of sildenafil [127], while animals with vasculogenic impotence 

showed evidence of intracavernosal pressure decay [128].  

The conscious rabbit model can also be used to assess compounds with potential for 

treating erectile dysfunction, in particular the efficacy and mechanism of PDE5 inhibitors 

[129,130]. The PDE5 inhibitor DA-8159 enhanced the erectile activity of conscious rabbits 

following surgical transection of the spinal cord, highlighting the potential for drug-induced 

preservation of erectile function in patients with spinal cord injury [131]. 

The prevalence of erectile dysfunction in diabetic men is up to 70%, highlighting the 

magnitude of the problem in this patient group [132, 133]. Studies using diabetic rabbits 

confirm that this is due to a reduction in cGMP/NO levels and corpus cavernosal smooth 

muscle relaxation [134]. The accumulation of cGMP following treatment with PDE5 

inhibitors and the subsequent increase in smooth muscle relaxation is crucial in treating 

diabetic erectile dysfunction [134, 135].  
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It is recognised that benign prostatic hyperplasia can cause partial bladder outlet 

obstruction [136], linked to erectile dysfunction [137,138], where sexual performance is 

related to the severity of the prostatic hyperplasia [139]. The clinical consequence of these 

associations can be reproduced in rabbits by tying a ligature around the proximal urethra at 

the base of the bladder neck [140]. This resulted in erectile dysfunction [141,142], which was 

improved by losartan and vardenafil [142].  

 

 

7. Bone Disease 
 

7.1. Osteoporosis 
 

Osteoporosis the most common bone disease develops because of low bone mineral 

density and deterioration of bone structure, as a result the bone becomes weak and fractures 

easily, especially in postmenopausal women [143]. It can be reproduced in rabbits following 

bilateral ovariectomy with methylprednisolone treatment [144], or by giving 

methylprednisolone [145] or dexamethasone [146] alone. Dental implant osseointegration can 

be impaired in medical conditions where bone mass is reduced, such as glucocorticoid-

induced osteoporosis. This condition was alleviated by intermittent parathyroid hormone 

treatment, which enhanced the bone response around titanium dental implants placed in the 

proximal tibia of female rabbits [144]; similar findings were observed following treatment 

with the bisphosphonate zoledronic acid [145] and ibandronate [146].  

 

 

7.2. Osteomyelitis 
 

Osteomyelitis is an acute or chronic inflammation of the bone secondary to a bacterial or 

fungal infection, which can be a complication of injury or surgery.  

Tibial osteomyelitis has been induced in rabbits using methicillin-resistive 

staphylococcus aureus bacterial infection. Leukocyte- and platelet-rich plasma gel, used to 

enhance tissue healing was found to exhibit antimicrobial efficacy in this model, suggesting 

that a combination of the plasma gel and antibiotics could be a favorable mode of treating 

osteomyelitis [147]. Bacterial-induced osteomyelitis was also treated in rabbits using 

polymethylmethacrylate, a matrix-based antibiotic delivery system with xylitol. The xylitol 

increased the porosity of polymethylmethacrylate, which enhanced the antibiotic elution 

[148]. 

 

 

7.3. Osteonecrosis 
 

Osteonecrosis is a condition that develops as a consequence of temporary or permanent 

loss of blood supply to bone, which results in that part of the bone dying by necrosis and 

apoptosis. Rabbits with steroid-induced osteonecrosis were successfully treated with 

granulocyte colony-stimulating factor and stem cell factor [149]. While transplantation of 

hepatocyte growth factor-transgenic mesenchymal stem cells promoted recovery from 
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osteonecrosis of the femoral head in rabbits [150]. Equally, cryopreserved autologous bone 

marrow-derived mononuclear cells, which contain bone marrow-derived stem cells, also 

promoted bone regeneration and neovascularization in these rabbits [151].  

 

 

8. Viral Infection 
 

Viruses can be spread by simple contact, exchanges of saliva, coughing, or sneezing. 

Some require sexual contact, while others go through the fecal-oral route via contaminated 

food or water, or require an insect to carry them from person to person. Treatments for viral 

infections require either vaccination for prevention or antiviral drugs, which inhibit their 

progression. The rabbit has been used to investigate several viral infections. The threat of 

bioterrorism has caused concern that smallpox infection may be reintroduced. Only rabbitpox 

virus infection in rabbits shows patterns of natural airborne transmission similar to smallpox 

[152]. Using this model, the antiviral drug ST-246 or the vaccine Imvamune were found to be 

highly effective in protecting rabbits against the infection [153, 154]. The antiviral drug 

CMX001, also afforded effective protection against rabbitpox, supporting the notion that this 

form of treatment could be feasibility for orthopox virus infections in humans [155]. 

Monoclonal antibodies against smallpox are also effective against rabbitpox, which may 

control smallpox disease in immunocompetent or immunodeficient humans [156]. 

Hepatitis E virus is a major cause of enterically transmitted human hepatitis; the rabbit is 

also susceptible to this viral infection but can be protected by HEV p179 vaccine action [157]. 

Herpes simplex virus type 1 epithelial keratitis is another viral infection that can be 

transmitted to rabbits. Geldanamycin the antibiotic with broad-spectrum antiviral action 

significantly reduced the severity of this infection [158]. Finally, topical dexamethasone 

minimized the clinical symptoms of adenovirus infection in rabbit eyes, a potential treatment 

for epidemic adenoviral keratoconjunctivitis [159]. 

 

 

9. Transgenic Rabbits 
 

The development of novel transgenic tools adapted to the laboratory rabbit has opened 

new opportunities in precise tissue and developmental stage specific gene expression [2]. 

Transgenic rabbits are now a well used model for several diseases, since by introducing 

genetic mutations of human genes, rabbit models can more accurately reflect human 

pathophysiology [160-162]. To date, cardiovascular diseases have been most studied, the 

transgenic rabbit models providing insight into atherogenesis and lipoprotein metabolism. 

About a dozen proteins have been expressed, helping to elucidate their metabolic role in 

atherosclerosis [162]. They include apolipoproteins affecting low-density and high-density 

lipoprotein concentrations and enzymes (hepatic lipase, lipoprotein lipase and lecithin-

cholesterol acyltranferase), which alter the metabolism and plasma profiles of the different 

lipoprotein classes [162].  

Elevated levels of plasma high-density lipoproteins are associated with a low incidence of 

cardiovascular disease. These lipoproteins contain apolipoprotein AI and AII. It is generally 

accepted that apolipoprotein AI provides protection against atherosclerosis. However, the role 
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of apolipoprotein AII is unclear; although transgenic rabbits expressing human apolipoprotein 

AII develop combined hyperlipidemia and have markedly reduced plasma high-density 

lipoproteins [163], there is still retention of atheroprotective properties [164]. Apolipoprotein 

CIII has been implicated in hypertriglyceridemia and is an independent risk factor for 

coronary heart disease. Transgenic rabbits overexpressing the human apolipoprotein CIII 

gene develop hypertriglyceridemia, similar to that in patients [165]. Although, these studies 

provide evidence that the transgenic rabbit is a valuable tool to study human hyperlipidemia 

in relation to cardiovascular disease, more work is required to elucidate their exact role. 

Long QT syndrome is a heritable disease associated with electrocardiograph QT interval 

prolongation, ventricular tachycardia, and sudden cardiac death in young patients [166]. 

Transgenic rabbits expressing the human genes for Long QT have been used as a model to 

test potential side effects of anesthetic agents in subjects genetically predisposed to sudden 

cardiac death [167] and evaluate therapeutic compounds for the treatment or prevention of 

Long QT syndrome [168,169].  

The mammalian heart expresses 2 cardiac myosin isoforms, α- and β- myosin heavy 

chain. A decrease in the α-myosin heavy chain is a common feature of human heart failure, 

while overexpression in transgenic rabbits proved to be cardioprotective against tachycardia-

induced cardiomyopathy [170]. 

Retinitis pigmentosa is the name given to a group of inherited retinal disorders 

characterized by a progressive loss of rod and cone photoreceptors and eventual atrophy of 

the entire retina. A transgenic rabbit model of retinal degeneration has been generated by 

pronuclear injection of the bacterial artificial chromosome transgenic construct into their 

embryos [171]. Transcorneal electrical stimulation of photoreceptors was found to be 

neuroprotective, as it slowed the rate of decrease of the electroretinogram in these rabbits 

[172]. 

 

 

Conclusion 
 

Rabbit models have, and continue to play, a pivotal role in understanding the 

pathophysiological consequences of human disease progression and developing treatment 

strategies. These models mimic many of the features of human disease and as such are 

appropriate and effective research tools. However, as no animal model fully represents all 

aspects of human disease the challenge for future researchers will be to develop new rabbit 

models to further dissect the complexities and pathomechanisms of disease. Each model 

should be carefully selected in accordance with the clinical problem under investigation, 

while the therapeutic recommendations derived from such studies should be restricted to each 

particular pathophysiological situation. 

The use of transgenic rabbits is relatively new and has not been fully exploited. However, 

it has the potential to open up areas of genome research, which may revolutionize genetics. It 

is likely that translating laboratory work using rabbits into clinical practice will lead to major 

breakthroughs in the treatment of many diseases in the future. 
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Abstract 
 

While it may be possible to obtain a broad view of semen quality from the rabbit 

ejaculate using assessments of sperm concentration, motility and morphology, none of 

these estimates provide information about the integrity of sperm chromatin, which in 

other species, has proven to be an interesting new approach for gaining insight about the 

semen sample with regards to its potential for successful fertilization and embryonic 

development. This study was conducted to evaluate a sperm DNA fragmentation 

assessment methodology based on the capacity of controlled protein depletion (Halomax-

assay) to assess rabbit SDF and which was validated against indirect (comet assay) and 

direct (in situ nick-translation) measures of sperm DNA damage. There was a high degree 

of correlation between estimates of sperm DNA fragmentation using the Halomax and the 

neutral comet assay (r2 = 0.964; p<0.001); there was also a direct correlation between 

Halomax assay and the results obtained from DNA labelling using forced polymerase 

nucleotide incorporation by means of the in situ nick translation assay. The validated 

Halomax assay was then used to determine the baseline level of SDF and sperm DNA 

longevity from 63 HYLA commercial breed rabbits and calculated as the rate of SDF 

degradation (r-SDF) following incubation at 38 ºC for 7h. The mean (± SEM) baseline 

level of SDF obtained after ejaculation was 9.1 ± 1.2 %. The mean (± SEM) rate of SDF 

(rSDF) obtained after 7h of incubation was 2.62 ± 0.34% per h. Differences in the 

baseline level of SDF and in the r-SDF were found among different animals. The 

procedures outlined in this study now allow SDF measurement to be implemented in 
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rabbit AI centres as a routine assay to select for high quality semen doses with reduced 

levels of chromatin damage after ejaculation and which show a low rate of DNA damage 

following incubation in an environment that mimics the female reproductive tract. 

 

Keywords: Reproduction in rabbits; male factor; sperm DNA fragmentation; Sperm 

chromatin dispersion 

 

 

Introduction 
 

In this era of assisted reproductive technology, the concept of the spermatozoon as an 

important carrier of valuable inheritable information has typically not received the required 

attention. For each ejaculate, the andrologist routinely evaluates sperm parameters such as 

motion characteristics, membrane quality, morphology and concentration in order to acquire 

information about the potential capacity for fertility, but more often than not, the contribution 

of damaged DNA in the ejaculate is not assessed. This lack of attention to evaluating the 

quality of sperm chromatin and the state of the deoxyribonucleic acid molecule, the so called 

sperm DNA fragmentation (SDF), is no doubt, one of the primary reasons why pregnancy 

rates achieved after the application of artificial reproduction techniques (ART) is not closer to 

100%. Particularly in domestic animal production, there has been only marginal interest given 

to the integrity of the DNA molecule despite its critical role for syngamy and subsequent 

embryonic development and pregnancy and yet different research groups have consistently 

shown that SDF is of high importance for reproductive outcome (Lopes et al., 1998; Evenson 

et al., 1999; Agarwal and Allamaneni 2004; Zini and Libman, 2006; Shafik et al., 2006; 

Bungum et al., 2007; Bungum 2012). We argue that the assessment of sperm DNA integrity 

should be included as part of the standard seminogram and to ignore the putative relevance of 

SDF on pregnancy is to ignore a major contributor towards male factor infertility and in the 

case of animal production, leads to a waste of resources in maintaining low efficient animals 

for the purposes they have been acquired.  

Our research group first published SDF assessment for boars in a commercial piggery 

and were greatly surprised by the incidence of an unusually high level of SDF in commercial 

straws, which occurred in approximately 15% of the boars (López-Fernández et al. 2008a). 

Although the measurement of SDF in domestic animals is gaining increasing acceptance, 

studies determining sperm DNA damage in rabbits are limited (Gogel et al. 2000; 2002) and 

only based on the sperm chromatin structure assay optimised for human spermatozoa 

(Evenson, 1991). The Sperm Chromatin Structure Assay (SCSA) was one of the first 

strategies developed to assess SDF (Evenson, 1991). This methodology exploits a very simple 

rationale, in which a mild acidic solution is exposed to the native chromatin, resulting in the 

denaturation of putative double-stranded or single-stranded breaks existing in the sperm DNA 

and the consequent formation of single strand stretches of DNA. These single stranded 

stretches are then stained with the DNA binding fluorochrome acridine orange that fluoresces 

green with double-stranded non-denatured DNA and red with single-stranded denatured 

DNA, thereby allowing for the quantification of the population of sperm cells with 

fragmented DNA using a flow cytometer or by fluorescence microscopy. Another approach 

that has been successfully implemented to assess sperm DNA breakage is based upon the 

enzymatic addition of labelled nucleotides to the ends of an existing DNA break and includes 
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the proven techniques of terminal deoxynucleotidyl transferase (TdT)-mediated nick end 

labelling (TUNEL) or in situ nick translation (ISNT) using E. coli DNA polymerase 

(Domínguez-Fandos et al., 2007; Gosálvez et al., 2011). The comet assay, with different 

variants such as the neutral comet (N-Comet), alkaline comet (Fernández et al., 2001) or two 

dimensional comets (Enciso et al., 2009) as a combination of both strategies, has also been 

demonstrated to be an efficient means of detecting sperm DNA damage. These comet assays 

consist of performing single-cell gel electrophoresis on spermatozoa trapped on microgels; 

because of the differential resistance encountered by DNA molecules of different sizes when 

moving through the gel, a characteristic “comet” distribution is formed after fluorescent 

staining, with a dense head containing long molecules of DNA and a tail of varying length 

with shorter fragments of DNA. Thus, DNA breakage can be evaluated by measuring the 

number of cells with “migration tails”. The length of the tail and/or percentage of DNA 

contained in the tail can then be correlated with the degree of DNA damage.  

Another method for sperm DNA fragmentation and the one that we shall explore in this 

chapter is the Sperm Chromatin Dispersion (SCD) test (Fernández et al., 2009; Gosálvez et 

al., 2011a). Originally designed for use with human spermatozoa, this procedure has now 

been applied and validated across a wide range of species from invertebrates to domestic 

animals and wildlife (Cortés-Gutiérrez et al., 2008; Portas et al., 2009; Zee et al., 2009a). This 

methodology is based on a controlled DNA denaturation and protein depletion, which finally 

produces different sperm morphologies that can be correlated with presence of DNA damage. 

In the case of non-primate species, this procedure gives rise to haloes of chromatin dispersion 

due to the spreading of nuclear DNA loops and/or fragments of DNA when the spermatozoon 

contains fragmented DNA. The size of the halo produced after massive protein depletion is 

related to the amount of sperm DNA damage contained in the spermatozoa (Zee et al., 

2009b). One of the major limitations for a widespread use of SDF assessment across different 

species is the varying nature of the para-crystaline structure of the sperm chromatin, which 

renders the DNA molecule highly compacted and protected, making it difficult to assess the 

actual state of the DNA molecule directly without some form of chemically induced change 

to the structure of the DNA molecule. Given that the protein of the sperm cell differs between 

different species, the procedure for protein depletion is therefore typically likely to be species 

dependent, so that the SCD needs to be co-validated with other methodologies such as ISNT 

and Comets. The aim of the present investigation was to evaluate a commercial version of 

Halomax assay adapted for rabbit spermatozoa and validate the technique against direct 

incorporation of labelled nucleotides on DNA breaks using ISNT and the Neutral-Comet 

assay (N-Comet). Additionally, we used the SCD to determine the prevalence of SDF in a 

commercial rabbit population and examine the longevity of rabbit sperm DNA following 

incubation at body temperature to test for differences among individuals. 

 

 

Material and Methods 
 

Animals and Semen Collection 
 

This study utilized HYLA commercial breed rabbits that were randomly selected from a 

population resident in a commercial Spanish rabbit-breeding centre. Semen samples were 



J. Gosálvez, C. López-Fernández, F. Arroyo et al. 90 

collected using an artificial vagina (Amantea; IMV, Technologies, France) from 81 sexually 

mature males during the peak of the breeding season in spring. Semen from 18 animals was 

used to conduct the initial validation studies of a modified Halomax assay by means of direct 

(In situ Nick Translation -ISNT) and indirect (Neutral Comet assay -N-Comet-) comparative 

evaluations. Semen samples from the remaining 63 rabbits were then used to determine the 

baseline level of DNA fragmentation with the breeding facility and examine sperm DNA 

dynamic loss of DNA quality following extended incubation at 38 ºC.  

 

The Halomax Assay 

The degree of DNA damage in each sample was quantified using a commercial version of 

the sperm chromatin dispersion test (Halomax, Halotech SL Madrid, Spain). The Halomax 

assay has previously been used in a range of mammalian species such as boar, stallion, bull, 

ram, elephants or cervids (Gosálvez et al., 2011b), but never used to assess SDF in rabbits in 

a large sample. Ejaculate volume ranged from 0.3 to 0.6 ml, but given that the sperm 

concentration is typically high (150 to 500 × 10
6 

mL
-1

), all semen samples were adjusted to a 

concentration of 10 x 10
6
 mL

-1 
using RPMI Media 1640 (Life Technologies; Carlsbad, 

California, US). A volume of 25 L of diluted sample was added to a vial containing low 

melting point agarose at 37 ºC and gently mixed. The agarose-sperm mixture (10 L) was 

then prepared on pre-treated slides provided in the kit and covered with a glass coverslip. 

After gently pressing on the coverslip, each slide was placed in a refrigerator for 5 min to 

produce a microgel; once formed, the coverslip was removed from the microgel and the slide 

placed horizontally in 10 mL of the lysing solution provided in the kit for 5 min to achieve 

controlled protein depletion. The treated microgel containing partially de-proteinized sperm 

was then subsequently washed in dH2O for 5 min and dehydrated in a series of ethanol baths 

(70%, 90% and 100%.). Once dehydrated, sperm were stained with the DNA binding 

fluorochrome DAPI (D9542 Sigma-Aldrich; St. Louis, MO, USA) using a stock prepared at 

10% and diluted 1:10 with an anti-fading solution at the time of analysis under the 

microscope.  

 

In Situ Nick Translation Assay 

Direct validation between the morphology of the sperm processed using the Halomax 

assay and the actual presence of DNA fragmentation was performed by direct incorporation 

of labelled nucleotides using in situ nick translation, according to the methodology previously 

described for boar sperm (Enciso et al., 2006); only chromatin containing DNA damage 

incorporates the labelled nucleotides after the ISNT assay and the morphology of the labelled 

spermatozoa can be directly compared with the morphology obtained after the Halomax 

assay. For this purpose, spermatozoa were loaded into microgels and processed as per the 

Halomax assay but not including the dehydration step. Once protein depletion was completed, 

the slide was washed in phosphate buffer saline for 10 min. Following this washing step the 

microgel was not allowed to dry out and the slide further incubated for 5 min in the buffer 

used for ISNT but without DNA polymerase. The buffer was then removed and 100 L of the 

polymerase reaction buffer containing 25 units of DNA-polymerase-I (New England 

BioLabs, Beverly, MA, USA) and biotin-16-dUTP in the nucleotide mix, was directly 

pipetted onto the slide, covered with a plastic coverslip and incubated in a humidified 

chamber for 5, 20, and 30 min at 37 ºC to compare the level of DNA labelling on each 
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spermatozoon. After washing in a Tris-buffer (TBE; pH 8; 0.089 M Tris, 0.089 M boric acid, 

and 0.002 M EDTA) the slides were dehydrated in sequential 70% - 90% - 100% ethanol 

baths and air-dried. The incorporated biotin-16-dUTP was detected after incubation for 30 

min with avidin conjugated with fluorescein isothiocyanate (Thermo Scientific; Rockford, IL, 

USA). The sperm in the microgels were counterstained using propidium iodide (2 mg/mL) in 

Vectashield (Vector, Burlingame, CA, USA). As a control, a designated area of the slide was 

incubated with the reaction buffer alone, omitting the DNA-polymerase I. Control 

experiments were performed on the same slide by constructing a physical barrier (gel 

scratched off slide) between areas of the microgel exposed with and without polymerase to 

avoid possible diffusion of the enzyme. Following ISNT, spermatozoa with varying degrees 

of chromatin damage were digitally photographed at 600x magnification and the proportion 

of nuclei that stained positively with the DNA label determined. The ISNT unlabelled 

spermatozoa typically stained only red if the nucleotides were not incorporated but green if 

DNA damage was present (see Figure 2). 

 

Comet Assay 

Indirect evaluation on the ability of the Halomax-assay to assess SDF was validated using 

the N-Comet assay. The assay was conducted on microgel slides that were treated with the 

same lysis solution as those used for the Halomax-assay for 5 min. The lysis solution was 

removed using a 1xTBE buffer solution for 5 min and the processed microgels 

electrophoresed using 1xTBE buffer (12 min; 20 V); DNA fragments resulting from double-

stranded DNA breaks migrated from the nucleus toward the anode. The slide was then 

removed from the electrophoretic tray and placed in 0.9% sodium chloride solution for 2 min, 

followed by 5 min in 0.4 M Tris-hydrochloride buffer (pH 7.5) and 2 min in 1xTBE; finally 

an ethanol series (70%, 90%, and 100%) was used to dehydrate the microgels. For 

visualization of the DNA comet, the slides were stained with propidium iodide and viewed 

under a fluorescence microscope. At least 300 cells were analyzed for each individual semen 

sample using a 40X objective. A Pearson correlation of the frequencies of SDF observed after 

the slides were processed with Halomax and the level of DNA damage determined by the N-

Comet assay was conducted. 

 

Dynamics of DNA Fragmentation 

In order to determine the sperm DNA longevity, aliquots of each diluted sample were 

incubated at 38 ºC using RPMI media. SDF (proportion of sperm with fragmented DNA) was 

assessed after incubation for 0h, 2h and 7h. Replicates of the same semen samples were used 

as internal control for each ejaculate; estimates obtained for each time period were not to be 

significantly different from each other (p<0.05). A replicate of each sperm sample during the 

dynamic assessment of sperm DNA damage is important to ensure that results are not 

compromised by problems presented by microgel detachment or slide processing failure.  

 

Image Capture and Analysis 

All slides were analyzed using a Leica DMRB (Leica Microsystems, Wetzlar, Germany) 

epifluorescence microscope using 40x or 60x magnification Plan-Fluotar lenses. Single-band 

fluorescence block filters (Semrock, Rochester, USA) for green and red fluorescence 

visualization were used. Images were captured using a cooled CCD DFC-350-FX Leica for 
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16-bit gray-level imaging. In the case of ISNT, where simultaneous fluorescence visualization 

using two channels was performed, each captured image was filed as separated channels in 

gray level; image merging was performed with Adobe Photoshop CS (Adobe Systems 

Incorporated, San Jose, CA, USA). Colour image construction using gray-level images were 

performed using channel assignation merging within Adobe Photoshop. Image analysis was 

performed to assess the differences of DNA labelling observed among the different 

spermatozoa after ISNT. For this purpose, integrated density (a correlation between the area 

in pixels and the value associated to each pixel) was obtained on each sperm after DNA 

labelling. The values among 3000 randomly scanned sperm nuclei were compared after 

background subtraction and automatic threshold to select the region of interest; in this case 

the green signal obtained after ISNT. Integrated density calculations were performed using 

Image J free software for image analysis (NIH, Bethesda, Maryland, USA).  

 

Statistical Analysis 

SPSS 19 software package for Windows (SPSS Inc., Chicago, IL, USA) was used for 

statistical analysis and graphic production. Correlation analysis was assesses using a non-

parametric Pearson correlation. Differences in dynamic behaviour of SDF where analysed as 

survival curves using the Kaplan-Meier estimator statistic; curves were compared using the 

log-rank test. Significance was defined as p < 0.05. 

 

 

Results 
 

Halomax Assay 
 

Semen samples processed with the Halomax assay resulted in two fundamentally 

different sperm morphotypes; sperm nuclei that displayed small compact haloes of chromatin 

dispersion (basal haloes of dispersed chromatin) were regarded as those with unfragmented 

DNA (Figure 1a), while nuclei showing evidence of moderate (Figure 1b) or large haloes 

(Figure 1c) were interpreted as possessing fragmented DNA. A general microscope field of 

view documenting spermatozoa with and without haloes of dispersed chromatin after 

fluorescence staining is showed in Figure 1d. 

 

 

Figure 1. (Continued). 
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Figure 1. Sperm DNA damage visualized after the Halomax assay. Sperm nuclei that displayed small 

compact haloes of chromatin dispersion corresponded to spermatozoa with unfragmented DNA (a); 

Spermatozoa showing evidence of moderate (b) or large haloes (c) were interpreted as spermatozoa 

presenting fragmented DNA. Panel (d) shows a general microscope field with spermatozoa with and 

without haloes of dispersed chromatin. 

 

Direct Visualization of SDF after the In Situ Nick Translation Assay 
 

The optimal experimental conditions to visualize DNA labelling in order to produce a 

low level of unspecific background staining occurred after 30 min of polymerase extension. 

Using this protocol, there was direct correspondence between enzymatic incorporation of 

modified nucleotides and those sperm heads that showed haloes of chromatin dispersion 

irrespective of the size of the halo exhibited after protein depletion (Compare Figure 2a 

“Halomax assay” with Figure 2b and c “ISNT assay”). Using image analysis, the background 

signal obtained in spermatozoa showing absence of haloes after in situ polymerase DNA 

extension (sperm containing non fragmented DNA) was in the order of 80 % lower than the 

values obtained in those spermatozoa with a halo of dispersed chromatin (sperm containing 

fragmented DNA). The halo size observed in some spermatozoa with a small and residual 

core was up to double the size of the halos observed after direct fluorescence DNA labelling 

(Figure 2c). In general, the larger the size of the halo the smaller was the nucleoid core 

(compare Figure 2b with Figure 2c). 

 

 

Correlation between the N-Comet and the Halomax Assay 
 

After treating spermatozoa with the Halomax assay or with the N-Comet assay, both 

techniques showed similar morphological evidence associated with the sperm DNA damage, 

especially when the morphology of the basal haloes was compared (compare Figure 2d and b 

with 2e and f). While the basal halo is the manifestation of partial protein depletion without 

evidence of DNA damage, these haloes are also observed after the N-Comet assay (compare 

arrowed spermatozoa in Figure 2e and f). In the case of the Halomax assay, DNA fragments 

emerging from a remnant central core and visualized as a large halo of dispersed chromatin 

(Figure 2a and d) are equivalent to the fragmented DNA in the tail of the comet (Figure 2e 

and f).  
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Figure 2. Visualization of sperm DNA damage in rabbits using the Halomax assay (a and d), In situ 

nick translation (b and c) and the N-Comet assay (e and f). 

 

 

Figure 3. Correlation between sperm DNA fragmentation coincidently assessed with the Halomax and 

N-Comet assays. 

In the N-Comet assay, a reduction in the core is also observed as the intensity of the DNA 

damage increases and corresponds to the DNA fragments localized in the tail which tends to 

be less visible and separated from the remnant nuceloid core. In order to determine whether 

the Halomax assay was detecting the same form of DNA damage as that detected in the N-
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Comet assay, a further validation was performed using 16 different sperm samples that were 

simultaneously processed with both techniques; there was a strong correlation between the 

SDF values obtained with the two techniques (Figure 3; Pearson correlation; r
2 

= 0.964; 

p<0.001). 

 

 

Baseline and Dynamic Assessment of Sperm DNA Quality Loss  
 

The raw data for each individual and frequency distribution of the values for SDF 

observed for all 63 rabbits is documented in figure 4. The mean (± SD) baseline level using 

the Halomax assay was 9.2% ± 9.5%. The distribution of the SDF values did not fit a normal 

distribution and only 5 % of the sperm samples exhibited levels of SDF higher than 15% and 

can, therefore, be considered out of the normal distribution (Figure 4b).  

 

 

Figure 4. Net SDF values observed in 63 individual semen samples (Figure 4a) and the corresponding 

frequency distribution. SDF value ranges were established from 0 - 5%, from 5.1 - 10%, from 10.1 - 

15% or higher than 15.1%.  
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Figure 5. Rabbit sperm DNA fragmentation dynamics after incubation at 38 
o
C for 7h. The mean for all 

the SDF values at each time interval is highlighted in a dashed red line.  

Sperm DNA longevity in the same semen samples was also assessed over an incubation 

period of 7h at 38 ºC to calculate the r-SDF. The mean (± SEM) r-SDF was 1.79% ± 0.34 of 

DNA damage per hour (Figure 5). Differences in the rate of SDF among different samples, 

taking into account the sperm DNA longevity, was assessed using a maximum likelihood 

estimator (Kaplan Meier) to compare the survival rate; statistical differences were found (Log 

Rank: Mantel-Cox; χ2 = 25.9; P < 0.0001). The baseline level of SDF observed in each 

sample was not determinant on the r-SDF observed in each case as the correlation coefficient 

obtained was very low (Pearson: r
2
 0.064; p = 0.620). 

 

 

Discussion 
 

The results presented in this study revealed strong concordance between direct 

visualization of DNA damage observed after direct incorporation of labelled nucleotides 

using ISNT, the indirect visualization of the sperm DNA damage as detected by the N-Comet 

and the results obtained interpreting the haloes after using the Halomax assay. The differences 

in the sperm morphology observed between the N-Comet and Halomax assay are mainly due 

to how the DNA damage was visualized. In the Halomax assay, chromatin expansion was 

evidenced by detecting a peripheral halo emerging from a central core; in sperm free of DNA 

damage, this expansion was formed by small DNA loops. However, for sperm with 

significant DNA damage, the halo was substantially larger and showed a “spotty” or “stellar” 

configuration, which is formed by small DNA fragments emerging from a residual nucleoid 

core; our observations were further confirmed by the application of DNA polymerase to label 

the free 3´-5´ends of DNA after ISNT. The larger the amount of DNA damage, the larger the 

size of the haloes detected using forced-polymerase nucleotide incorporation and the smaller 

the size of the nuclear core. In the N-comet assay, those sperm nuclei with a “spotty” halo 
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were also likely to be displaced on the X-axis when the spermatozoa were subjected to an 

electrophoretic field. In general, DNA containing breaks is more easily affected by protein 

depletion since the free ends of the DNA breaks behave as origins of DNA denaturation and 

probably the proteins are also differentially affected after the lysing process. Basically, this is 

the rationale of the classical unwinding assays employed for many years for the quantification 

of DNA breaks in radiobiology and mutagenesis and would explain differences in the 

proportion of DNA damage determined when different sized haloes are compared (López-

Fernández et al., 2008b; Zee et al., 2009b). Something similar is occurring when the DNA is 

displaced after being forced to move in an electrophoretic field when the comet assay is 

performed. In this case, differences in the size of the core, in the amount of DNA collected in 

the tail and the length of the comet displacement are all related to the differences in the 

amount of DNA damage per spermatozoa.  

In the case of the Halomax assay and halo production, it is evident that the polymerases 

used in ISNT were able to incorporate labelled nucleotides into the DNA nicks inherent to the 

fragmented DNA with high efficiency. This nucleotide incorporation is possible because a 

large part of the protamines have been removed, rendering the DNA molecule more 

accessible to the direct action of polymerases. This is the reason why the ISNT signal is 

mainly concentrated at the halo, since most of the fragmented DNA is concentrated here. In 

situ polymerization of labelled nucleotides after ISNT gave rise to halos of chromatin 

dispersion that were larger than those detected by direct application of the fluorochrome after 

the Halomax assay was performed; this is probably because the size of the fragments at the 

most peripheral areas of the halo are formed by very small DNA fragments which do not 

produce DNA complexes by resonance energy transfer with the fluorochrome to produce a 

visible signal. The in situ forced expansion of the small DNA fragments after ISNT produce a 

more detectable signal.  

The results of this investigation have shown that the level of SDF observed in rabbits is 

relatively low with a mean SDF value of around 9%. After removing those individuals that 

did not fit to a normal distribution, this value decreases to a 6.8% (SD 2.2). These SDF values 

are similar to those observed in other species where males were highly selected for 

reproductive purposes, such as Holstein bulls (González-Marín et al., 2011), boar (López-

Fernández et al., 2008a) or ram (López-Fernández et al., 2008b). The presence of low values 

for SDF is not frequent in other species such as the human, which has a mean normal value 

for SDF around 15% to 25% (Gosálvez et al. 2011b; Evenson, 2013) or stallions where the 

threshold value for normality is on the order of a 16% (López-Fernández et al., 2007 and 

Gosálvez unpublished data). We suggest that a SDF around 7% can be considered as an initial 

estimate of sperm DNA normality for this synthetic breed until further data are obtained. 

Additionally, we have observed that rabbit sperm samples may exhibit a diverse range of 

rates of SDF; this phenomenon has been observed in all species that have been examined thus 

far (López-Fernández et al., 2008a;b; Johnston et al. 2012; Imrat et al., 2012) and indicated 

the existence of an inter-individual variation regards sperm DNA longevity. Such variation 

may be associated with a differential level of protamination achieved during sperm 

maturation and is probably dependent on genetic and “stress” related factors (Balhorn 2011; 

Gill-Sharma et al., 2011) during histone/protamine transition. The r-SDF associated with each 

sample was not dependent on the initial value of SDF observed for each sample. It would be 

interesting to test whether the fertilizing capacity of those sperm samples showing superior 
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DNA longevity (low r-SDF) was actually higher than those observed in semen samples with a 

high r-SDF. 

While the pregnancy rate of rabbit populations in captivity is high and may range from 

75% to 90 % (Castellini and Lattaioli, 1999; Viudes de Castro and Vicente, 1997), it also 

been shown to fluctuate with season (Tůma et al., 2010) as well as with the different use of 

semen extenders for artificial insemination (Carluccio et al., 2004). Improvements in 

reproductive efficiency in rabbits do not seem to be a priority as with other domestic animals 

such as bulls or stallions and this phenomenon is reflected in what appears to be the 

production of high quality gametes in this species, a fact which was evidenced by the 

relatively low level of SDF observed for most of the animals used in this experiment and the 

limited increase in sperm DNA fragmentation over the period of incubation.  

We suggest three main reasons for assessing SDF in rabbits; (1) maintenance of sperm 

quality control of the hybrid lines when producing new breeds and genetic lines, (2) selection 

of bucks to improve reproductive potential and (3) the use of the rabbit as an experimental 

model to explore the relationship between sperm quality and pregnancy outcome. The rabbit 

is an ideal species to examine the relationship between the r-SDF and pregnancy rate, since 

the offspring per female is high and the turnover of female pregnancy is also high. 

Additionally, the r-SDF can be easily determined by means of a dynamic assessment as 

calculated in this experiment and the female factor could be minimized given that the same 

females can be inseminated using sperm with a high or a low rate of SDF.  
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Abstract 
 

This study aims to review various rabbit experiments on the effects of 

supplementating mixed feed with plant oils (corn and palm) or oilseeds (false flax, golden 

flax, chia, and perilla seeds). Apparent digestibility and lipid traits in the longissimus 

dorsi muscle of growing rabbits fed with these fat sources are reviewed. Moreover, our 

results are compared with similar works on rabbit nutrition. 

Fat sources influence the fatty acid (FA) composition of rabbit body fat. Even though 

meat and meat products are often associated with nutrients considered to be unhealthy, in 

fact rabbit meat offers excellent nutritive and dietetic properties. Further improvements to 

rabbit meat production can be achieved by adding functional compounds associated with 

animal feed fortification or enrichment. Among these functional compounds long-chain 

n-3 polyunsaturated fatty acids (n-3 PUFA) have many known beneficial effects on 

health. 

False flax, golden flax and chia seed supplementation in mixed feed increases the 

apparent digestibility of most of the nutrients, and false flax and golden flax in particular 

improved ether extract digestibility in weaned crossbred rabbits. A similar result was also 

obtained in rabbits fed mixed feed supplemented with corn oil, with less impressive 

resultsfor those supplemented with palm oil. 

The FA profile in rabbit meat mainly reflects the dietary oil sources. The saturated 

FA and monounsaturated FA contents were lower in the muscles of animals fed the corn 

oil diet than in those of rabbits given the palm oil diet. In contrast, total PUFA and n-6 

PUFA content was lower in the muscles of rabbits fed the unsaturated palm oil diet than 

in animals given the corn oil diet. 

                                                        
 
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In rabbits fed a diet with increasing quantities of oilseed, the saturated FA and 

monounsaturated FA proportions in the longissimus dorsi muscle decreased, while PUFA 

increased. Oilseed dietary supplementation has shown to be effective in raising the n-3 

PUFA proportion in the meat and decreasing the n-6/n-3 PUFA ratio. 

In conclusion, these results showed that the use of diets with corn oil or 

supplemented with different oilseeds was effective in reducing the saturation, atherogenic 

and thrombogenic indexes, with consequent benefits on the nutritional quality of rabbit 

meat for consumers, with no significant adverse effects on digestibility in growing 

rabbits. 

 

Keywords: Rabbit, digestibility, meat quality, fatty acid, oilseed 

 

 

Introduction 
 

One of the main aims of rabbit meat researchers is to increase the unsaturated fatty acids 

(FA) content and reduce the saturated FAs in fat deposits, in order to produce healthy and 

nutritious meat (Dalle Zotte, 2002). Rabbit meat offers excellent nutritive properties (Dalle 

Zotte, 2004; Combes, 2004; Combes and Dalle Zotte, 2005; Hernández and Gondret, 2006). 

It is highly valued because of its dietary properties, since it is a lean meat with good 

nutritional value, low-fat content and lower quantities of saturated FAs and cholesterol than 

other meats (Hernández, 2008). The FA profile of rabbit meat will have been influenced by 

the composition of the animal‟s diet, its digestive system and its biosynthetic processes 

(Woods and Fearon, 2009); in fact, the fat content and FA profile of rabbit meat depend on 

the feeding, age, genotype, breeding and/or physical activity of the animals as well as on the 

sex of the animals and the muscle type in question (Ramírez et al., 2005; Polak et al., 2006). 

Ingredients commonly used in rabbit diets contain low level of lipids (< 2.5%); therefore, 

in order to improve the energy and lipid quality content of the diet, some vegetable oils or 

whole oilseeds could be added to the mixed feed with the aim of improving its digestibility 

and the meat FA profile (Maertens, 1998). 

Rabbit meat could play a valuable role in human nutrition due to all these characteristics 

and the possibility of manipulating the composition of the FAs through diet (Oliver et al., 

1997). Indeed, the rabbit meat FA profile can be modified through the strategic use of 

unsaturated dietary fat sources (Dalle Zotte, 2002), because rabbits, like other monogastric 

animals, are able to directly incorporate dietary FAs into adipose and intramuscular tissue 

lipids. Therefore, feeding has the highest impact on meat quality and many studies have 

reported that the FA profile of rabbit muscles can effectively be modified when rabbits are 

fed with diets with different FA supplementations even after only a month of treatment 

(Hernández et al., 2000; Szabó et al., 2003). 

The content of polyunsaturated FA (PUFA) in rabbit meat is relatively high (Ouhayoun et 

al., 1987; Alasnier and Gandemer, 1998), but a great deal of research has focused on 

increasing n-3 PUFA content and lowering the n-6/n-3 PUFA ratio in rabbit meat through 

diet. As for other monogastric animals, this modification may be performed by supplementing 

diets with vegetable oil or raw materials rich in n-3 PUFA content (Dalle Zotte and Szendrő, 

2011). Morever Peiretti (2012) studied the kinetics and quantitative relationship of FA 

deposits in rabbit meat with the aim of modelling the relationships between the FA profile in 

rabbit tissues and feeds. 
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In order to compare the effects of different vegetable oils or different inclusion levels of 

non-conventional seeds on rabbit nutrient utilisation, different nutritional experiments were 

carried out using diets for crossbred rabbits supplemented with palm and corn oil, false flax 

(Camelina sativa L.), golden flax (Linum usitatissimum L.), perilla (Perilla frutescens L.) and 

chia (Salvia hispanica L.), respectively. The apparent digestibility coefficient of dry matter 

(DM), organic matter (OM), crude protein (CP), ether extract (EE), neutral detergent fibre 

(NDF), acid detergent fibre (ADF) and gross energy (GE) of these diets, were investigated in 

the works of Zunino et al. (2010), Peiretti et al. (2007a), Peiretti and Meineri (2008a), Peiretti 

et al. (2010) and Meineri and Peiretti (2007). 

This review also examines the works of Peiretti et al. (2007b, 2011a, 2011b), Peiretti and 

Meineri (2008b, 2010) on the effects of different vegetable oils or different inclusion levels of 

non-conventional seeds as possible sources of unsaturated FAs for inclusion in rabbit diets 

and their subsequent transfer into meat in order to improve its quality. 

 

 

Oilseed and Plant Oil Chemical Composition 
 

Table 1 reports the FA profile of diets supplemented with palm oil (PO) and corn oil 

(CO), respectively. The most abundant FAs in the PO diet were oleic acid (OA, C18:1n-9) 

and palmitic acid (PA, C16:0), whereas the CO diet was rich in linoleic acid (LA, C18:2n-6). 

The FA pattern of the diets was characterised by higher percentages of saturated fatty acid 

(SFA) and monounsaturated fatty acid (MUFA) and lower percentages of PUFA in the PO 

diet than in the CO diet. Moreover, due to the high LA content, the n-6/n-3 ratio in the CO 

diet was higher than in the PO diet. 

 

Table 1. Fatty acids composition (g/100 g total fatty acids) of diets supplemented with 

different oils 

 

 Palm oil Corn oil 

Myristic acid 6.1 0.0 

Palmitic acid 297.4 168.2 

Palmitoleic acid 3.5 0.0 

Stearic acid 59.0 27.1 

Oleic acid 343.3 279.0 

Vaccenic acid 9.1 6.4 

Linoleic acid 233.2 461.2 

Linolenic acid 40.7 42.2 

Arachidonic acid 0.0 4.1 

Other 7.8 11.8 

n-6/n-3 5.73 11.0 

S/P 0.57 0.24 

Adapted from Peiretti et al., 2011a. n-6/n-3: polyunsaturated fatty acid series n-6/polyunsaturated fatty 

acid series n-3 ratio. S/P: saturated fatty acid/unsaturated fatty acid ratio. 
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The chemical composition of the oilseeds in the study (false flax, golden flax, perilla and 

chia seeds) is reported in Table 2. DM and CP ranged between 93.2 and 95.3% and between 

23.5 and 24.5%, respectively. Perilla seed showed the highest EE content (43.0%) while chia 

seed showed the highest percentages of LA and linolenic acid (ALA, C18:3n-3). 

 

 

Mixed Feed Digestibility 
 

Rabbits have proved to be able to utilise various conventional oleaginous seeds, such as 

cotton, flaxseed, soybean, safflower (Johnston and Berrio, 1985) and sunflower (Balogun and 

Etukude, 1991). Zunino et al. (2010) evaluated the effect of the inclusion of plant oils in 

rabbit diets on the apparent digestibility of mixed feeds; these authors observed that the 

percent apparent digestibility coefficients of CP were higher in the PO supplemented diet than 

in the CO diet (Table 3). 

By contrast, CO supplementation resulted in better EE digestibility than the PO 

supplemented diet. Similar values of EE digestibility for full-fat soybeans or rapeseed were 

found by Maertens et al. (1996). This could be due to the fact that the digestibility of the 

unsaturated fat fraction is higher than the saturated fat fraction, which in turn shows that the 

EE digestibility of diets containing CO (rich in unsaturated FAs) is higher than that of diets 

with PO (rich in saturated FAs). 

Similar results were found by Fernández et al. (1994), who demonstrated that EE 

digestibility improves in diets with oil containing unsaturated FA (soyabean oil) compared to 

diets with saturated fats of animal origin (beef tallow). 

 

Table 2. Chemical composition (%), gross energy (MJ/kg DM) and main fatty acids 

(g/100 g total fatty acids) of the seeds used to supplement experimental diets 

 

 False flax Golden flax Perilla Chia 

DM 93.2 93.3 95.3 94.9 

OM 96.8 96.6 96.2 95.2 

CP 24.5 23.5 23.9 23.5 

CF 33.3 17.1 22.6 32.9 

EE 30.2 36.9 43.0 31.1 

Ash 3.2 3.4 3.8 4.8 

NFE 8.7 19.1 6.8 7.8 

GE 28.1 27.0 28.0 26.1 

Linoleic acid 17.7 15.9 16.2 18.8 

Linolenic acid 37.3 58.3 62.0 64.1 

Adapted from Peiretti et al., 2007b; Peiretti and Meineri, 2010; Peiretti et al., 2011b; Peiretti and 

Meineri, 2008b. 
DM: dry matter, OM: organic matter, CP: crude protein, CF: crude fibre, EE: ether extract, NFE: 

Nitrogen free extract, GE: gross energy. 
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Table 3. Percent apparent digestibility coefficients, obtained using AIA  

(acid insoluble ash) as the internal marker 

 

 Palm oil Corn oil 

DM 65.5 66.3 

OM 65.4 65.9 

CP 72.3 69.9 

EE 83.0 88.3 

NDF 33.8 34.2 

ADF 25.2 24.2 

GE 66.3 66.6 

Adapted from Zunino et al., 2010. 
DM: dry matter, OM: organic matter, CP: crude protein, EE: ether extract, NDF: neutral detergent fibre, 

ADF: acid detergent fibre, GE: gross energy. 

 

Table 4. Percent apparent digestibility coefficients, obtained using acid insoluble ash as 

the internal marker 

 

 
FALSE FLAX GOLDEN FLAX PERILLA CHIA 

0% 10% 15% 0% 8% 16% 0% 5% 10% 0% 10% 15% 

DM 63.2 68.0 68.3 65.4 63.2 67.7 67.2 65.2 66.6 68.7 72.4 72.2 

OM 64.9 69.9 70.7 66.2 63.9 68.5 67.3 65.2 66.5 69.1 73.4 73.0 

CP 68.5 69.5 66.2 65.0 65.7 68.4 70.2 68.8 69.2 71.2 72.7 73.6 

EE 85.2 91.9 93.0 83.5 87.3 90.6 73.8 77.5 83.9 89.1 91.8 85.2 

NDF 29.1 25.2 25.8 27.0 26.9 32.5 27.7 23.2 25.2 32.2 30.4 28.8 

ADF 30.7 28.3 26.1 25.3 20.1 31.9 21.8 18.6 20.9 23.3 24.5 19.0 

GE 64.3 69.7 70.7 65.2 64.5 69.2 66.4 64.2 66.5 65.5 69.4 69.7 

Adapted from Peiretti et al., 2007a; Peiretti and Meineri, 2008a; Peiretti et al., 2010; Meineri and 

Peiretti 2007. 
DM: dry matter, OM: organic matter, CP: crude protein, EE: ether extract, NDF: neutral detergent fibre, 

ADF: acid detergent fibre, GE: gross energy. 

 

Table 4 reports the apparent digestibility coefficients of DM, OM, CP, EE, NDF, ADF 

and GE of diets supplemented with four non-conventional seeds (false flax, golden flax, 

perilla and chia) derived from the data of Peiretti et al. (2007a), Peiretti and Meineri (2008a), 

Peiretti et al. (2010) and Meineri and Peiretti (2007), respectively. 

Mixed feed with the highest inclusion levels of false flax (15%), golden flax (16%) and 

chia (15%) seeds showed an improved digestibility of DM, OM and GE. Maximum values of 

apparent digestibility coefficients for DM (72.2%) and OM (73.0%) were obtained using the 

chia diet, while the false flax diet showed the maximum value of GE digestibility (70.7%). 
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As far as EE digestibility is concerned, it increased with increasing inclusion levels of 

false flax (15%), golden flax (16%) and perilla (10%) seeds with the maximum digestibility 

value (93%) being recorded in animals fed a diet supplemented with 15% false flax. Similar 

values have been reported for whole soybeans and for colza seeds (Maertens and De 

Groote,1984; Maertens et al., 1996). 

EE digestibility is generally higher when the level of dietary fat is increased and its value 

usually depends on the type of added fat (Pascual et al., 2002). Van Manen et al. (1989) 

described an increase in EE digestibility when fat was added to the diet and this could be due 

to the fact that with increasing fat intake the faecal excretion of endogenous fat had a 

diminishing effect on the calculated apparent digestibility. 

As regards digestibility of the fibre fractions (NDF and ADF), higher inclusion levels of 

false flax (15%), perilla (10%) and chia (15%) seeds decreased the digestibility values of both 

fibre fractions. The lowest NDF and ADF values were recorded in animals fed with perilla 

(10%) and chia (15%) supplemented with diets containing values of 25.2 and 19.0%, 

respectively. Contrasyingly, the group fed with golden flax (16%) seeds reported 32.5 and 

31.9% digestibility values for NDF and ADF, respectively, showing an opposite trend to 

other seeds. A similar result was found by Fernández et al. (1994), who observed an increase 

in ADF digestibility when supplemented fat was added to the diet, but in most of the works, 

authors found no significant differences in the digestibility of fibre fractions (Xiccato et al., 

1995; Pérez et al., 1996). These authors stated that the differences seem to be attributed more 

to changes in dietary fibre content and nature than to the addition of fat itself. 

 

 

Meat Quality 
 

As regards FA composition of the meat, the FA profile and indexes related to human 

health in the longissimus dorsi muscle of rabbits fed diets supplemented with PO or CO is 

reported in Table 5. The muscle of rabbits fed the more saturated PO diet presented higher 

SFA and MUFA contents than those of the rabbits fed a CO diet. By contrast, total PUFA 

content was lower in muscles of rabbits fed the unsaturated PO diet (23.9%) than of animals 

fed a CO diet (34.5%). Dalle Zotte and Szendrő (2011) reported in a recent review, that 

unsaturated FAs and PUFA amount represent around 60% and 32.5% of total FAs in rabbit 

meat, repectively. In order to increase the level of lipid unsaturation, different vegetable oil 

sources have already been used in rabbit diets (Dalle Zotte, 2002). Oils derived from 

sunflower, soybean or rapeseed supplemented in the rabbit diet, produced a highly 

unsaturated meat, consisting mainly in α-linolenic acid and linoleic acid (Cobos et al., 1993; 

Cavani et al., 1996). Hernández et al. (2007) found higher percentages of linolenic and 

linoleic acid in the leg meat of rabbits fed with the diet enriched with 3% flaxseed oil and 3% 

sunflower oil, respectively, than in the animals fed with the diet enriched with 3% animal fat. 

Among vegetable oils, flaxseed oil was the most common source of α-linolenic acid as a way 

of raising n-3 PUFA content and reducing the n-6/n-3 PUFA ratio in rabbit meats (Bernardini 

et al., 1999; Dal Bosco et al., 2004; Colin et al., 2005; Hernández et al., 2007). Comparing the 

effect of dietary fat supplementation with sunflower, palm and coconut oils, Gondret et al. 

(1998) showed that the lipids of meat fat contained significantly more SFA when rabbits were 

fed with coconut oil, while PUFA content was highest with the sunflower oil. 
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Contrastingly, Lopez-Bote et al. (1997) showed that the supplementation of sunflower oil 

or olive oil reduced n-3 PUFA content in polar lipids, compared with rabbits fed 

unsupplemented diets. 

CO supplementation improved all the rabbit meat indexes related to human health 

compared to PO supplementation, but it negatively affected the n-6/n-3 PUFA ratio that 

increased. The S/P ratio was lower in the muscle of rabbits fed with the CO supplemented 

diet than with the PO diet (0.55 vs 0.67). 

This result is in agreement with Gondret et al. (1998), who found a decreasing S/P ratio 

in the tissues of growing rabbits fed diets with coconut oil (from 1.1 to 1.6), palm oil (0.7) or 

sunflower oil (from 0.5 to 0.6). 

Generally, the dietary enrichment with vegetable oils rich in α-linolenic acid increase 

unsaturation of depot lipids in rabbit fat (Oliver et al., 1997) and reduce their n-6/n-3 PUFA 

ratio (Dal Bosco and Castellini, 1998). 

Table 6 summarises the FA composition and indexes related to human health in the 

longissimus dorsi muscle of rabbits fed with different levels of four non-conventional seeds. 

Mixed feeds with higher inclusion levels of these oilseeds led to decreasing SFA content in 

meat, while PUFA content increased with increasing supplementation levels. This increase 

is due to the abundance of α-linolenic acid in oilseed, which helps to improve n-3 PUFA 

content and to lower the n-6/n-3 PUFA ratio in rabbit meat. The saturation, atherogenic and 

thrombogenic indexes were significantly lower in rabbits fed the oilseed supplemented diet 

compared to rabbits fed the control diet. 

Concerning oilseed utilisation as raw material in rabbit feed, more recently the use of 

flaxseed was tested. 

 

Table 5. Fatty acid composition (g/100 g total fatty acids) and indexes related to human 

health in the longissimus dorsi muscle of rabbits 

 

 Palm oil Corn oil 

SFA 39.4 34.6 

MUFA 34.9 29.2 

PUFA 23.9 34.5 

n-3 PUFA 2.3 2.5 

n-6 PUFA 21.5 32.0 

n-6/n-3 9.55 13.09 

S/P 0.67 0.55 

AI 0.69 0.55 

TI 1.12 0.91 

Adapted from Peiretti et al., 2011a. 

SFA: Saturated Fatty Acid, MUFA: Monounsaturated Fatty Acid, PUFA: Polyunsaturated Fatty Acid, 

n-3 PUFA: Polyunsaturated Fatty Acid series n-3, n-6 PUFA: Polyunsaturated Fatty Acid series n-

6,
 
n-6/n-3: n-6 PUFA/n-3 PUFA ratio,

 
S/P: Saturated Fatty Acid/Unsaturated Fatty Acid, AI: 

Atherogenic Index, TI: Thrombogenic Index. 
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Table 6. Fatty acid composition (g/100 g total fatty acids) and indexes related to human 

health in the longissimus dorsi muscle of rabbits 

 

 
FALSE FLAX GOLDEN FLAX PERILLA CHIA 

0% 10% 15% 0% 8% 16% 0% 5% 10% 0% 10% 15% 

SFA 37.9 30.8 29.0 34.9 31.8 27.3 40.8 35.7 32.9 39.7 30.6 27.9 

MUFA 30.8 30.2 30.8 32.1 27.8 24.5 35.7 29.3 27.4 30.2 20.2 16.8 

PUFA 30.2 38.0 39.6 27.2 35.1 42.7 22.9 34.1 39.1 27.7 45.6 50.7 

n-3 PUFA 6.2 14.9 18.1 4.9 12.6 20.3 3.1 14.7 19.7 5.0 20.9 25.2 

n-6 PUFA 23.9 23.1 21.5 22.3 22.5 22.5 19.8 19.4 19.5 22.7 24.7 25.6 

n-6/n-3 3.86 1.57 1.19 4.58 1.85 1.13 6.53 1.35 1.00 4.55 1.19 1.03 

S/P 0.60 0.44 0.40 0.58 0.49 0.39 0.68 0.56 0.48 0.67 0.45 0.40 

AI 0.64 0.47 0.43 0.59 0.49 0.38 0.66 0.54 0.47 0.68 0.44 0.37 

TI 0.79 0.42 0.35 0.81 0.49 0.31 1.08 0.51 0.39 0.93 0.35 0.28 

Adapted from Peiretti et al., 2007b; Peiretti and Meineri, 2010; Peiretti et al., 2011b; Peiretti and 

Meineri, 2008b. 
SFA: Saturated Fatty Acid, MUFA: Monounsaturated Fatty Acid, PUFA: Polyunsaturated Fatty Acid, 

n-3 PUFA: Polyunsaturated Fatty Acid series n-3, n-6 PUFA: Polyunsaturated Fatty Acid series n-

6,
 
n-6/n-3: n-6 PUFA/n-3 PUFA ratio,

 
S/P: Saturated Fatty Acid/Unsaturated Fatty Acid, AI: 

Atherogenic Index, TI: Thrombogenic Index. 

 

Bianchi et al. (2006) showed a significant decrease in the n-6/n-3 PUFA ratio when the 

effect of dietary use of whole flaxseed (8%) on rabbit meat quality was studied. In a study on 

the influence of the dietary use of whole flaxseed (3, 6 or 9%) on rabbit meat quality, Bianchi 

et al. (2009) found that the PUFA n-3 content of longissimus dorsi muscle increased 

significantly with the increasing level of flaxseed in the diet, mainly due to the higher content 

of α-linolenic acid, which also led to a reduction in the n-6/n-3 PUFA ratio while SFA content 

fell significantly. 

Ander et al. (2010) found that dietary flaxseed is an effective supplement for lowering the 

n-6/n-3 PUFA ratio in numerous pathologically relevant tissues in the rabbit and produced a 

significant increase in α-linolenic acid, with a preferential distribution to the heart and liver. 

They concluded that flaxseed may be a useful dietary supplement for any condition in which 

an elevation of n-3 PUFA would be expected to produce positive health effects. Recently, the 

use of whole white lupin seeds as a novel FA source to increase levels of beneficial MUFA 

and PUFA in rabbit meat was investigated by Volek and Marounek (2011). 

They found that diets supplemented with white lupin seeds fed to rabbits significantly 

decreased SFA and PUFA content, as well as the n-6/n-3 PUFA ratio and saturation, 

atherogenic and thrombogenic indexes in hind leg meat when compared with rabbit fed diets 

supplemented with sunflower meal. 
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Conclusion 
 

Our research has shown that these non-conventional seeds may be used satisfactorily as 

a nutrient supplement for rabbits in their diet, without any adverse effects on growth 

performance and with better digestibility than in the control diet. Moreover the 

supplementation with these oilseeds is effective in improving n-3 PUFA content, decreasing 

the n-6/n-3 PUFA ratio and reducing the saturation, atherogenic and thrombogenic indexes of 

the meat and fat, with consequent benefits for consumers interm of the nutritional quality of 

rabbit meat. 
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Abstract 
 

Bladder dysfunction secondary to benign prostatic hyperplasia (BPH) is a major 

affliction of aging men. Although the symptoms of BPH are related to the effects of an 

enlarging prostate there appears to be no direct relationship between prostate size and 

severity of obstructive bladder dysfunction. Therefore, urodynamic findings cannot 

accurately predict either level of bladder pathology or potential for recovery following 

surgery or pharmacological therapy. Thus, biomarkers that can identify the severity of 

male obstructive bladder dysfunction and at what point the dysfunction becomes 

irreversible would be of significant value in the management of the disorder.  

The progression of obstructive bladder dysfunction from compensated bladder 

function through severe bladder decompensation is mediated primarily by four processes: 

1) Cyclical ischemia followed by reperfusion (I/R) mediated by the hypertrophied 

bladder smooth muscle and compression of the blood vessels during contraction. 2) 

Increase in intracellular free calcium mediated by the ischemia resulting in activation of 

specific intracellular proteases, lipases, and phospholipases that result in cellular and 

intracellular damage. 3) The progressive increase in the severity of the I/R results in 

increased free radical generation that cannot be handled by the intracellular antioxidant 

mechanisms such as superoxide dismutase (SOD) and catalase resulting in progressive 

obstructive bladder dysfunction. And 4) progressive replacement of functional smooth 
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muscle with connective tissue mediated by the cellular and subcellular damage to the 

muscle resulting in irreversible full stage obstructive dysfunction. 

 

 

Introduction 
 

The function of the urinary bladder is to collect and store urine at low intravesical 

pressure and then periodically expel the urine via a highly coordinated and sustained 

contraction [1]. Its function is no less important than the beating of the heart or breathing 

mediated by the lungs. Unfortunately, it is often overlooked in terms of research for a few 

reasons. The prevalence of death due to disorders of the bladder is much less than other 

organs such as the heart or lungs. However, all play an integral role in the function of the 

body, an incredibly intricate balance of different organ systems which is so efficient we often 

take it for granted until something goes wrong. As such, our duty as researchers compels us to 

understand both the everyday function and the potential dysfunctions that may arise in order 

to mitigate further complications and allow people to enjoy their lives. This begins by 

reaching a thorough and comprehensive understanding of the prostate, bladder, and urethra 

when discussing lower urinary tract problems of men. 

Obstructive bladder dysfunction in men is the most common dysfunction. Its incidence 

and severity is related to age and although generally not life threatening, it can lead to 

significant dysfunctions and can interfere with normal everyday life. In general, as men age 

the prostate enlarges and by the age of about 40 it can begin to compress the urethra resulting 

in an increased bladder pressure required to empty the bladder. The result is an increased 

thickness of the bladder resulting from increased smooth muscle content and relatively 

normal functioning. This is called “compensated function” and most men are unaware of the 

changes in the bladder at this level. As men age and the prostate continues to enlarge, the 

pressure on the urethra reaches a level that the increased bladder mass cannot overcome and 

“decompensated function” is induced. Symptoms include a poor urine stream, incomplete 

emptying (increased residual volume), and in the final stages complete retention can occur [2, 

3]. 

 

 

Relevance of the Rabbit Model of Outlet 

Obstruction to the Study of Human Bladder 

Dysfunction Secondary to Benign Prostatic 

Hyperplasia (BPH) 
 

In humans, it is difficult to investigate the cellular mechanisms by which progressive 

obstructive bladder dysfunction occurs secondary to BPH. However, many of the functional 

changes associated with human bladder pathology can be induced in experimental animal 

models including the rabbit (see reviews [4-6]). Rabbit bladder capacity is between 50 and 

100 ml and compliance can be evaluated cystometrically using an 8 Fr. Foley catheter to 

catheterize the bladder. The cystometric curve of the rabbit is similar in shape to that of 

humans: the bladder fills at low intravesical pressure until capacity is reached at which time 

the pressure rises sharply. Also similar to humans, bladder emptying occurs during the tonic 
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phase of contraction. The bladder‟s ability to sustain increased pressure in response to 

stimulation is significantly reduced by partial outlet obstruction before any change in 

maximal pressure generation occurs. This decreased ability to sustain increased pressure 

during stimulation is the reason that, in rabbits and humans, the bladder‟s ability to empty is 

reduced at times when the organ is capable of maximal pressure generation.  

Major characteristics of the rabbit's response to partial outlet obstruction, i.e., an increase 

in bladder mass to a stable level, reduced compliance during bladder filling and development 

of overactive bladder syndrome (unstable bladder contractions during filling) in ~30% of 

obstructed animals [5, 7] are similar to those secondary to BPH in men. Ultrasound studies 

have confirmed that not only do men with obstructive uropathies exhibit an increase in 

bladder mass [8-11], but bladder wall thickness has been shown to be the most accurate 

noninvasive way to identify men with obstructive bladder dysfunction [8-11]. Another 

common feature of obstruction in both rabbits and man is denervation [4, 12, 13] which has 

been demonstrated immunohistochemically and biochemically in both species [4, 12]. In 

addition, obstructed rabbits and men both show an increase in the density and distribution of 

connective tissue (CT) within the bladder wall resulting, functionally, in decreased 

compliance and higher pressures during filling [14, 15]. We believe that these CT alterations 

contribute significantly to the contractile failure of the obstructed bladder [16-18].  

In two major studies performed with Dr. John Gosling (expert in electron microscopy of 

the lower urinary tract), we clearly demonstrated that the level of contractile dysfunction in 

rabbits subjected to partial outlet obstruction correlated with the degree of ultrastructural 

damage to nerve, synaptic, mitochondrial, and sarcoplasmic reticulum (SR) membranes [12, 

19, 20] which in turn correlates with similar findings in men with obstructive bladder 

dysfunction.  

 

 

The Progression from Bladder Obstruction 

to Decompensation [21, 22] 
 

The progressive response of the rabbit (and other animal species) to bladder dysfunction 

can be divided into three phases: 1) The initial response to partial bladder outlet obstruction 

(PBOO) lasts for approximately 14 days and consists of bladder distension and an increase in 

mass to a stable level. This increase in mass is associated with smooth muscle hypertrophy 

and mucosal hyperplasia. This phase does not correspond to human response to obstructive 

bladder dysfunction. 2) The second phase lasts a variable amount of time and consists of the 

bladder compensating for the obstruction and maintaining relatively normal contractile 

responses. At some point, the third and 3) final phase known as bladder decompensation sets 

in when the bladder loses its functional ability to contract and empty. This is a progressive 

deterioration of bladder function that will eventually lead to end stage decompensation. A 

bladder that has reached this end stage decompensation has little or no contractile function. 

However, the bladder may consist of either a thick fibrous wall with low capacity or be 

dilated with a thin fibrous wall and high capacity.  

In the rabbit, the bladder maintains the ability to recover if the obstruction is removed 

even in the third phase as long as end stage decompensation has not been reached. The 

reversal will reverse the smooth muscle hypertrophy and mucosal hyperplasia, decrease the 
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bladder mass and restore the majority of the contractile function although perhaps not to the 

pre-obstructed state [23, 24].  

 

 

Compensation versus Decompensation 
 

Results of experiments in which mild partial outlet obstruction was studied longitudinally 

(up to 6 months) showed that the level of bladder decompensation was related to both the 

magnitude of the increase in bladder mass and the level of contractile dysfunction but not 

directly to the duration of obstruction. Therefore, we differentiate the status of the obstructed 

rabbit bladder (state of compensation/decompensation) by bladder mass and by the 

comparative contractile responses of isolated bladder strips to various forms of contractile 

stimulation [21, 25, 26]. 

Although it is clearly true that the longer rabbits are obstructed the greater proportion of 

them shift to decompensation and then progress to severe decompensation, individual rabbits 

may remain compensated or at mild decompensation for prolonged periods of time.  

 

  

Figure 1. Schematic from Compensation to Decompensation. 
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This is very similar to progressive decompensation in men with obstructive bladder 

dysfunction secondary to BPH in that the level of obstructive dysfunction is not directly 

related to size of the prostate or how long individual men have had BPH. Some men with 

extremely large prostates have no urological problems while some men with small prostates 

have severe dysfunctions [2, 3]. 

The etiology of bladder dysfunction caused by PBOO in rabbits has been directly 

compared to obstructive dysfunction in men [4, 6]. In both obstructed men and rabbits, 

synaptic function is one of the most sensitive subcellular membrane systems to be damaged as 

indicated by significant decreases in the enzyme choline acetyltransferase (the enzyme that 

synthesizes acetylcholine in cholinergic synapses). A second very sensitive membrane system 

is the mitochondria as indicated by significant decreases in the marker enzymes citrate 

synthase and cytochrome oxidase. The third subcellular membrane system very sensitive to 

obstructive damage to men and rabbits is the sarcoplasmic reticulum (SR) which is 

responsible for uptake, storage and release of calcium required for contraction. We utilize the 

marker enzyme sarcoendoplasmic reticular ATPase (SERCA) as an indicator of the ability of 

the SR to uptake and store calcium following a contraction. Other similarities are the 

structural damage to these subcellular organelles observed under an electron microscope [12]. 

The following flow chart represents the progression from the compensated bladder 

function through decompensated function: (adapted from schematic from reference [27]) 

The first step for both men and rabbits is the initial response to urethral compression 

resulting in increased pressure required to empty the bladder efficiently. This is accomplished 

by smooth muscle hypertrophy which results in an increase in bladder thickness and mass [8, 

9, 25, 28, 29]. The initial result is “compensated bladder function” which is characterized by 

nonsymptomatic bladder function in the presence of a mildly obstructed bladder. As the 

bladder wall thickens, every contraction of the bladder will compress the blood vessels within 

the bladder wall and induce cyclical ischemia (during the contraction) and reperfusion 

(immediately following the contraction) [5, 30, 31]. The ischemia/reperfusion can have two 

separate effects that result in significant damage to the bladder muscle and mucosa. Ischemia 

results in a reduced ability of the SR to take up and store the Ca
++

 that was released during the 

contraction resulting in “calcium overload” which is a significant increase in the intracellular 

free Ca
++ 

that can stimulate specific calcium activated proteases and lipases such as calpain 

and phospholipase A2 [32-34]. The result will be progressive damage to protein and lipid 

components of cellular and subcellular membrane systems such as neuronal, mitochondrial 

and SR membranes. These are the three most sensitive markers for obstructive bladder 

damage [4, 6, 14]. 

The second consequence of ischemia/reperfusion is mitochondrial dysfunction. Ischemia 

will significantly reduce the oxygen to the mitochondria resulting in a significant decrease in 

the ability of the mitochondria to generate ATP. The reperfusion (rapid increase in oxygen to 

the mitochondria) causes the generation of free radicals both reactive oxygen species (ROS) 

and reactive nitrogen species (RNS). This results is significant lipid peroxidation and protein 

oxidation [35-37]. The result will also be progressive damage to protein and lipid components 

of cellular and subcellular membrane systems such as neuronal, mitochondrial and SR 

membranes. As stated above, these are the three most sensitive markers for obstructive 

bladder damage [4, 6, 14]. The end result is progressive decompensation resulting eventually 

in full decompensation (retention). 
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It was of particular interest to better understand how the two sides of the pathway work in 

conjunction with one another; for example, discovering that one side predominated would 

dramatically improve the overall understanding of the biochemical changes associated with 

bladder decompensation. Fortunately, recent data has provided a tantalizing clue to the 

answer of this question. 

In a series of studies, we obstructed rabbits for 4, 8, or 12 weeks and then evaluated 

bladder function according for both duration of obstruction or severity of dysfunction (mild, 

intermediate, or severe obstruction). In virtually all studies, we found that bladder 

physiological and biochemical dysfunctions were related to a significantly greater degree to 

severity than duration of obstruction. In all cases, the values of the obstructed rabbits were 

compared to sham operated rabbits and each other [32, 38, 39]. 

The severity was based on bladder weight: less than 6 grams was considered mild, 6-20 

grams was seen as intermediate and over 20 grams was considered severe decompensation. 

For the control rabbits (N=8) the mean bladder weight was 2.6 +/- 2.0 grams. For the 4 

week obstructed rabbits (N=8) the mean bladder weight was 10.5 grams 
*
 and there were 3 

mild, 3 intermediate and 2 severely decompensated rabbits. For the 8 week obstructed rabbits 

(N=8) the mean bladder weight was 16.4 +/- 4.8 grams 
*
 and there were 2 mild, 4 

intermediate and 2 severely decompensated rabbits. For the 12 week obstructed rabbits (N=8) 

the mean bladder weight was 27.2 +/- 6.5 grams 
**

 and there were 0 mild, 4 intermediate and 

4 severely decompensated rabbits. * = significantly different from control; ** = significantly 

different from all other groups; p < 0.05. 

Figure 2 shows the comparison of the contractile responses for the mild, intermediate, 

and severe decompensation with the free radical (oxidative stress) biomarkers nitrotyrosine 

(NT) (the product of free nitrogen radicals-RNS) and dinitrophenol (DNP) (the product of 

free oxygen radicals-ROS) [39]. In order to make comparisons easy visually, we normalized 

the contractile data to control = 100 since the response to obstruction was a decrease in 

contraction, whereas we normalized the free radical biomarkers to control = 10 since the 

response to obstruction was an increase in concentrations. There was a progressive decrease 

in the contractile responses to all forms of stimulation. Although we only show field 

stimulation and carbachol here, the responses to KCl and ATP were also quantitated. Please 

note that there was a significant decrease in all responses in the mildly decompensated group. 

However, there were not significant increases in either NT or DNP in the mildly 

decompensated group. For the intermediate and severe groups there were progressive 

decreases in the contractile responses which correlated with significant increases in both 

oxidative stress biomarkers [39].  

Figure 3 shows the comparison of the activities of the calcium activated enzymes calpain 

and phospholipase A2 (PLA2) [32]. The data is normalized to control = 100% in order to 

make comparisons easy. For both calpain and PLA2 there were significant increases in the 

mildly decompensated group. For calpain there was a continued increase in activity as 

decompensation progressed, whereas the PLA2 activity remained elevated for the intermediate 

but decreased to near control levels for the severely decompensated bladders.  
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Figure 2. Correlation of the severity of bladder dysfunction on contractile responses to field stimulation 

and carbachol with the oxidative biomarkers nitrotyrosine and carbonyl groups. Each bar is the mean 

+/- SEM for between 4 and 8 individual rabbits. * = significantly different from control; p < 0.05. 

 

Figure 3. Correlation of the severity of bladder obstruction on the activities of calpain and 

phospholipase A2. Each bar is the mean +/- SEM for between 4 and 8 individual rabbits. * = 

significantly different from control; p < 0.05. 
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The major conclusion from these studies was that mildly decompensated bladders may be 

better equipped to cope with oxidative stress than more severely decompensated bladders and 

that calcium overload may be the etiology of the contractile dysfunctions observed in the 

mildly decompensated bladders. Alternatively, it could be that the calcium dysregulation 

occurs sooner than the oxidative stress. Of course, a combination of the two possibilities is 

just as likely as either of the possibilities by themselves.  

 

 

Connective Tissue As a Structural  

Impairment to Contraction 
 

One of the major responses to PBOO is the conversion of smooth muscle to connective 

tissue notably collagen. In order to establish the relationship between the content and 

distribution of connective tissue to the contractile response of the bladder body we performed 

the following experiment [16]. Control and two week obstructed bladders were utilized for 

these experiments. The bladders were excised and strips were taken for both contractility 

studies and histological analysis. The relationship between strip length and contractile 

response was analyzed to determine if the density and distribution of collagen in the 

obstructed tissue was related to the contractile responses [16].  

Figure 4 (Adapted from the figures in [16]) shows the relationship. In the control tissue, 

strip length did not affect the force per unit tissue mass. In the obstructed tissue, the shorter 

strips generated significantly more tension than the longer strips. This suggests that the 

collagen deposits were directly responsible for inhibiting optimal contraction. The 

histological analysis also showed the collagen deposits dispersed between the smooth muscle 

bundles in the obstructed bladders but not in the control bladders.  

 

 

Figure 4. The effect of isolated strip length on the contractile responses to field stimulation (32 Hz) and 

carbachol for control and obstructed rabbits bladder bodies. Each bar is the mean +/- SEM for 4 

individual rabbits. * = significantly different from 2 cm lengths; p < 0.05. 
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Bladder Obstruction Reversals 
 

In several studies, bladder obstruction reversals were conducted to analyze to what 

degree bladders recover from decompensation and the various underlying mechanisms 

involved. This simulates men who undergo prostate reduction surgery. Interestingly, in 

virtually all of the studies bladder mass and function recover relatively quickly toward 

normal. The changes in bladder smooth muscle isoforms also return toward normal and the 

level of connective tissue also resolves [19, 24, 40-44]. Collagen may however follow a 

different course. In experiments where the obstructions were for a relatively short period of 

time (up to 8 weeks), the increased collagen is significantly reduced after reversal[43]. After 

prolonged obstruction when function can return toward normal, the changes in collagen are 

significantly less responsive [44]. It is known that with time, collagen can undergo structural 

changes in which cross linking occurs. This cross linking significantly reduces the 

effectiveness of collagenase (the enzyme that breaks down collagen), making reversal of the 

increase in collagen following reversal of obstruction more a function of duration of 

obstruction rather than the severity of dysfunction [45]. This may be an important factor in 

determining when men with obstructive bladder dysfunction should undergo prostate 

reduction surgery rather than be placed on medication.  

 

 

Limiting Bladder Decompensation 
 

As the various factors leading from bladder dysfunction to decompensation have been 

extensively discussed, the more practical questions are the ways to limit the damage caused 

by bladder dysfunction. The methods found to be successful in the rabbits would be important 

in that they would be well worth investigating in humans. Elucidating the process leading to 

bladder decompensation might lead the perceptive investigator to ask which methods are the 

best to slow down the cycle once it has been initiated by PBOO and the ensuing 

ischemia/reperfusion. The two pathways, oxidative stress and calcium dysregulation, are both 

important mediators of bladder decompensation. Studies have analyzed whether one 

predominates over the other. One recent important finding is that, as discussed above, in mild 

decompensation the calcium pathway seems to predominate over the oxidative stress. 

Perhaps another way to evaluate the question is in the treatment of each pathway 

separately and then assessing if one is more beneficial than the other. For example, calcium 

channel blockers could be used to control the calcium dysregulation while antioxidants could 

be used to limit the oxidative stress. In this regard, there is substantial evidence that rabbits 

pretreated with both natural products with strong antioxidant properties and specific 

antioxidants can significantly reduce the progression of obstructive bladder dysfunction [46-

50]. 

In summary, obstructive dysfunction in the male rabbit urinary bladder leading to 

decompensation has been well characterized and has proven to be an excellent model to 

investigate the etiology and prospective treatments for obstructive bladder dysfunction.  
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