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Preface to the kirst Edition

Metabolic and Endocrine Physiology, the first published volume in the QUICK LOOK SERIES in Veterinary Medicine, has been written primarily
for veterinary students who wish to organize their thinking in endocrinology, interns and residents preparing for their specialty board exams,
animal science and graduate students in physiology, and practicing veterinarians who wish to update their general knowledge of endocrinology.
Emphasis has been placed on instructional figures, flow diagrams, and tables, while text material has been held to a minimum. Over 200
multiple choice questions have been included to gauge the reader's capacity to effectively deal with the subject matter.

This “quick look” is not intended to replace the excellent detailed manuscripts, reviews, and textbooks of endocrinology available, many of
which were consulted during its preparation. Care has been taken to present relevant information in an up-to-date, accurate, and reliable fashion;
however, all authors are fallible, this one being no exception, and if a reader detects errors, or if clarity of presentation can be improved,
feedback would be genuinely appreciated.

Only those who have tried to encompass the vast science of veterinary endocrinology into one instructional review know how difficult is the
problem of organizing the material, and how impossible is the achievement of a complete, concise, consistent, and logical sequence. In general,
the endocrine system is first defined and described, and then each endocrine gland is discussed separately. Where appropriate, common
endocrine disorders have also been included.

The study of metabolism and endocrinology is distinguished from other basic health science disciplines by its steadfast concern with “integra-
tive” mechanisms that control and fine tune virtually all tissues and organ systems. In the healthy animal, physiologic variables such as blood
volume and pressure, body temperature, ionic composition of the extracellular fluid compartment, general anabolism vs. catabolism, metabolic
rate, the onset of reproductive cycles, and the blood glucose concentration must be controlled and maintained within narrow limits, even in
the face of significant environmental challenges. A primary goal in the preparation of this text has been to concisely elucidate the endocrine
mechanisms responsible for maintaining homeostatic control of those and other important physiologic variables, and to assist the reader in
understanding common pathophysiologic deviations from normal. | hope you will find this “quick look” at metabolic and endocrine physiology
to be informative, inspirational, challenging, and relevant to your educational needs.

Larry Rex Engelking

Preface to the Second Edition

Six years have passed since publication of the first edition. All chapters have been updated, and three have been added; two on Neonatal
Physiology, and one more on Mineral Imbalances.

This “quick look” at metabolic and endocrine physiology was conceived and written to provide readers with a reasonably thorough, under-
standable, and current review of this complex discipline. Readers are encouraged to learn through examination of fundamental metabolic
concepts to better understand how the endocrine system operates, and to use logic and integration of ideas to better understand common
deviations from normal. Much of the science of endocrinology pertains to integrative control systems, and endocrine pathophysiology is most
often related to control systems gone awry. Thus, the basic integrative endocrine control systems that operate in animals have been given
primary consideration.

Attempts have been made to convey information in a concise, logically-sequenced, well-illustrated, and reliable fashion. However, if readers
detect errors, or if clarity of presentation should be improved, constructive feedback would be appreciated. It is hoped that readers will again
find this text to be practical, informative, and relevant to their scholastic needs.

Larry Rex Engelking

Preface iii
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Preface to the Third Edition

Six years have passed since publication of the second edition. All chapters have been updated, and the text has been reorganized into non-
reproductive and reproductive endocrinology sections. Overviews at the head of each chapter have been replaced by learning objectives, which
can be found with 368 new study questions in the back of the text. Six new chapters have been added, as well as an appendix.

Metabolic and Endocrine Physiology offers highly illustrative and succinct figures and tables to assist readers in understanding essential

concepts. Attempts have been made to keep the writing concise, relevant, and up-to-date, but if clarity of presentation should be improved,
constructive feedback would again be appreciated.

Larry Rex Engelking

Preface v
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2

Endocrine System
(Overview)

A A (continued)

Chemical class Hormone Major source Chemical class Hormone Major source

Amino acid derivatives Steroids Progesterone (Prog) Corpus luteum, placenta, testes,
Biog (DA) CNs adrenal cortex

lodothyronines

Small peptides
(< 50 amino acids)

Norepinephrine (NE)
Epinephrine (Epi)
Histamine (His)
Serotonin (5-HT)
Thyroxine (T,)
Triiodothyronine (T,)
Reverse T, (rT;)

Vasopressin (ADH)
Oxytocin (Oxy)
Melanocyte-stimulating
hormone (MSH)
Thyrotropin-releasing
hormone (TRH)
Gonadotropin-releasing

hormone (GnRH or LHRH)

Somatocrinin (GHRH)
Somatostatin
(SS, GHIH or SRIH)
Melanocyte-releasing
hormone (MRH)
Melanocyte release-

inhibiting hormone (MRIH)

Adrenocorticotropic
hormone (ACTH)
ACTH -releasing hormone
(CRH)
Angiotensins (A-ll, A-lll)
Opioid peptides
(e.g., Enk, Endor)
Secretin
Cholecystokinin (CCK)
Gastrin (G)

Gastric inhibitory
polypeptide (GIP)
Vasoactive intestinal
polypeptide (VIP)

Glucagon
Glucagon-like
peptide (GLP)
Ghrelin
Obestatin
Gastrin-releasing
peptide (GRP)
Motilin
Neurotensin
Substance P
Guanylin
Pancreatic polypeptide
(PP)
Atrial natriuretic
peptide (ANP)
Brain natriuretic
peptide (BNP)
CNS natriuretic
peptide (CNP)
Urodilatin

CNS, ANS, adrenal medulla
CNS, adrenal medulla

CNS, mast cells, Gl tract
Pineal, blood platelets, Gl tract
Thyroid, peripheral tissues
Thyroid, liver, peripheral tissues
Thyroid, liver, peripheral tissues

Posterior pituitary
Posterior pituitary
Pars intermedia, anterior pituitary

Hypothalamus, CNS
Hypothalamus, CNS
Hypothalamus, CNS
Hypothalamus, CNS,
stomach, pancreas, intestine
Hypothalamus, CNS
Hypothalamus, CNS
Anterior pituitary, pars intermedia

Hypothalamus, CNS

Plasma, CNS
CNS, other tissues

Gl tract, CNS

Gl tract, CNS

Gl tract, CNS, pancreas
Gl tract

Gl tract, other tissues

Gl tract, pancreas
Gl tract

Gl tract
Gl tract
Gl tract, CNS

Gl tract, CNS
Gl tract, CNS
Gl tract, CNS
Gl tract, CNS
Gl tract, pancreas, CNS

Heart
CNS, Heart

CNS, Vasculature
Kidney

Proteins
(> 50 amino acids)

Calcitonin (TCT or CT)
Insulin
Growth hormone
(GH or somatotropin)
Thyroid-stimulating
hormone (TSH)
Prolactin (PRL)
Follicle-stimulating
hormone (FSH)
Luteinizing hormone
(LH or ICSH)

Thyroid, other tissues
Pancreas

Anterior pituitary
Anterior pituitary

Anterior pituitary
Anterior pituitary

Anterior pituitary

Parathyroid hormone (PTH) Parathyroids
Erythropoietin (EPO) Kidney
Placental lactogen (PL) Placenta
Chorionic g opin (CG) PI

Inhibin (1) Gonads
Activin Gonads
Relaxin Gonads
Somatomedins (e.g., IGF-1) Liver

Leptin Adipocytes

Testosterone (T) Testes, ovaries, adrenal cortex,
placenta

Ovaries, adrenal cortex, testes,
placenta

Te one-sensitive ti

Adrenal cortex

Estrogens (E , E;, E3)

Dihydrotestosterone (DHT)
Glucocorticoids

(e.g., cortisol)
Mineralocorticoids

(e.g., aldosterone)
Ercalcitriol and Calcitriol
(1,25(0H), D, and 1,25(0H), D,)

Fatty acid derivatives Prostaglandins (PGs) Most tissues
(Eicosanoids) Leukotrienes (LTs) White blood cells
Thromboxanes (TXs) Platelets, placenta

Adrenal cortex

Skin, liver, kidney

LHRH = leuteinizing hormone-releasing hormone; GHRH = GH-releasing hormone;

GHIH = GH-release-inhibiting hormone; SRIH = somatotropin release-inhibiting hormone;
ENK = enkephalin; Endor = endorphin; ICSH = interstitial cell-stimulating hormone;
IGF-1 = insulin-like growth factor 1.

The Endocrine Organs Assist in Maintaining Homeostasis

B
Pituitary gland

Hypothalamus

Pineal gland

Adrenal
gland

Thyroid
gland

Testis
Parathyroid
glands

Placenta

Pancreas

"The coordinated physiological processes which maintain most of the steady states
in the organism are so complex and so peculiar to living beings that | have
suggested a special designation for these states, homeostasis. The word does not
imply something immobile, a stagnation; it means a condition which may vary, but
which is relatively constant.”

(Quote from Cannon WB: The wisdom of the body. New York, NY: WW Norton, 1932)
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The endocrine system can be described using two words of Greek
origin: endocrine and hormone. The term endocrine means “to
separate within,” which refers to wide separation of endocrine tissues
throughout the body, while the term hormone means “l excite.”

Nonreproductive veterinary endocrinology has been based
largely on studies in dogs, however, the increasing popularity of cats
and other companion animals has resulted in studies that have
increased awareness of their endocrine disorders as well. These
disorders appear to be involved in about 10% to 20% of reported
medical diseases in dogs, and less than 5% in cats. Reproductive
veterinary endocrinology, on the other hand, has largely been based
on studies in large animal species.

Hormones are synthesized in a variety of cell types and are
secreted and transported to various target tissues, where they
affect diverse metabolic functions by regulating rates of
specific reactions without themselves contributing energy or
initiating the process. Many hormones (e.g., insulin, adrenocortico-
tropic hormone, somatostatin, or their structurally similar
progenitors) that were originally thought to have developed with
complex multicellular and multitissue higher animals, have been
found in single cell organisms, indicating an early role in intercellular
communication (Ch. 72).

Because many hormones are secreted into blood prior to use
(endocrine action), circulating levels can give some indication of
endocrine gland activity and target organ exposure. Because of the
small amounts of hormones required, blood levels can be extremely
low. For example, circulating levels of protein hormones normally
range from 107° to 102 Mol, and circulating levels of thyroid and
steroid hormones normally range from 107 to 10-° Mol. Hormones
include proteins and glycoproteins (often with molecular weights of
30 kd or less), smaller polypeptides (<50 amino acids), amino acid
derivatives (the biogenic amines and iodothyronines), and steroids.
Sometimes fatty acid derivatives (the eicosanoids: prostaglandins,
leukotrienes, and thromboxanes) are also classified as hormones
(Part A).

Endocrine Glands

The central nervous system (CNS) is a major component of the
endocrine system. Many hormones, particularly small polypeptides
such as those found in the gut, are also important CNS neurotrans-
mitters (Chs. 47-51). Large amounts of these compounds and small
amounts of insulin and adrenocorticotropic hormone (ACTH), as well as
their respective receptors, have been found in the brain. There they
appear to exhibit broad, although ill-defined actions on pain sensitivity,
as well as sexual, feeding, and other behavioral phenomena.
Also, the synthesis, secretion, and action of neurotransmitters involve
processes similar to those of hormones. Thus, the distinction between
a hormone and a neurotransmitter is becoming increasingly difficult to
make. Specialized nerve cells in a part of the brain known as the
hypothalamus synthesize hormones that are either stored in the
posterior pituitary (e.g., oxytocin and antidiuretic hormone), or trans-
ported by portal blood to the anterior pituitary (immediately below the
hypothalamus; Ch. 7). Through its ability to release additional hormones
from the pituitary, the hypothalamus can control salt and water balance,
reproductive function, growth, skin darkening, lactation, and the body’s
response to stress. The pineal gland is a part of the CNS, and has
been viewed historically as either the “seat of the soul”, or “a third eye”
(Chs. 60 and 61). This gland produces melatonin, a biogenic amine
that is involved with, among other things, photoperiodic regulation of
reproductive events in seasonal breeders.

The thyroid gland produces iodothyronines (from iodine and the
amino acid, tyrosine), namely tetraiodothyronine (thyroxine, T,),
triiodothyronine (T;), and reverse T, (rT;) (Chs. 36-38).
Triiodothyronine is the active metabolite of T, that increases oxygen
utilization, and therefore the basal metabolic rate of many tissues.
Parafollicular cells of the thyroid produce calcitonin (TCT or CT), a

protein hormone involved with calcium homeostasis (Chs. 16 and 17).

The parathyroid glands, which are embedded in the thyroid just
in front of the trachea (and behind the larynx), produce a protein
hormone known as parathyroid hormone (parathormone or PTH),
which plays an important role in maintaining optimal blood levels of
calcium and phosphate (Chs. 16 and 17).

The adrenal glands are situated immediately above the kidneys,
and are composed of an outer cortex and an inner medulla. The
cortex produces corticosteroids (e.g., cortisol, aldosterone, and
small amounts of the sex steroids), and the medulla produces
catecholamines (e.g., epinephrine and norepinephrine). Cortisol is a
glucocorticoid involved in glucose homeostasis, while aldosterone is
a mineralocorticoid involved with electrolyte balance. The
catecholamines help to produce the “fight or flight” response (Chs.
32-35).

The gastrointestinal tract is the largest endocrine organ system of
the body, producing several neurocrine, paracrine, and endocrine
mediators. Those such as cholecystokinin (CCK), secretin, and gastrin
primarily regulate gastrointestinal physiology (i.e., motility, secretion,
and digestive action). However, others may be involved with the release
of hormones such as insulin (e.g., gastric inhibitory polypeptide, GIP),
and therefore become involved with energy balance (Chs. 47-51).

The endocrine pancreas (which lies adjacent to the stomach)
consists of islet tissue scattered throughout the larger exocrine
portion of the gland. The endocrine pancreas produces insulin,
glucagon, and somatostatin, and it is integrally involved with carbohy-
drate, protein, and lipid metabolism (Chs. 40-46).

The kidney is a regulatory and excretory organ, filtering and secre-
ting waste products and drugs from the circulation into urine. It also
produces hormones involved in the control of blood pressure (renin and
urodilatin), erythropoiesis (erythropoietin), and calcium/phosphate
homeostasis (hydroxylation of vitamin D) (Chs. 27-31).

The gonads (ovaries and testes) produce the sex steroids (e.g.,
progesterone, testosterone, and estrogen), as well as several protein
hormones also involved with reproductive function (e.g., relaxin, inhibin,
and activin; Chs. 52-59).

The placenta, a primary organ of pregnancy serving the fetus,
produces several hormones, many of which are also produced by other
glands (Ch. 62). Two hormones produced only by the placenta are
placental lactogen (PL) and chorionic gonadotropin (CG).

Part B is a diagrammatic representation of primary hormone-
secreting tissues.

The action of a hormone at its target site is dependent upon
nine general factors:

1. The rate of synthesis and/or secretion of the hormone from
the endocrine gland of origin.

2. Specific (liver-derived) transport proteins in plasma (steroid
and thyroid hormones).

3. Hormone concentrations in blood, interstitial fluids, and/or
the intracellular environment.

4. Conversion to a more or less active form in target tissues
(e.g., T, to T; or rTy).

5. Duration of and intervals between hormone exposures.

6. The number and/or activity of hormone-specific receptors
on or in respective target cells.

7. Intracellular activities/concentrations of enzymes, cofactors
and substrates affected by the hormone.

8. Concurrent effects of antagonistic or synergistic hormones.
9. Degradation, conjugation, and/or excretion of the hormone
(largely by the liver and kidneys).

The exquisiteness with which hormonal effects can be modulated
becomes important in achieving a primary objective of endocrine
regulation: metabolic stability.

Chapter 1 Endocrine System 3



Endocrine Secretory Gontrol
(Autocl'ine, Paracrine, and Endocrine Mediators)

A Feedback Control of the Hypothalamic—Pituitary Axis External and internal sensory stimuli
—> | Hormone —— [ Higher brain centers ):'_‘\ """ @_ R
\
,—> 1 Hormone | :
I
T"_l Hypothalamus }- @ '
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Cell | L !
A Release and [N I
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The hypothalamic-pituitary axis . \ '
is controlled through direct and Vaos)éyt:::sl,gin S;L LII/?:gH ! !
indirect feedback from many sources, P ACTH : _______ A
including the axis itself (short-loop [, (Tropic hormones) | ! i
feedback), higher brain centers, and ;o A
both endocrine and nonendocrine SHPRAL on M- DO !
products from several target tissues ’ l \r """ | 1
(long-loop feedback). The autonomic Nonendocrine Target glands: Target glands: |4 Hormones: Target
target cells Pancreas Thyroid Thyroid cells
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functional expression gf the endocrine ) Kidney Al @ Aalinel
components of this axis. Il —I— Liver Hepatic
I —
' Hormones: J '
| Pancreatic 1
I Adrenal !
| Renal !
I
‘\ _____________________ @ ________ (_3)_ ___________ 4
Protease
degradation
Blood
(Endocrine)
o
[}
o
“ Target
N~—> cell —>Biologic effect and
< potential degradation
Endocrine
o A
Neurons cell —" —>Potential biologic
Ao effect and degradation
o A
— —>Potential biologic
A, effect and degradation

Source: Part B modified from Norris DO: Vertebrate endocrinology. 3rd ed., San Diego, CA: Academic Press, 1997:4.

Chemical regulatory mechanisms are the bases for controlling all physi- instituted (i.e., negative feedback). Positive feedback is sometimes
ology, and it is through these mechanisms that homeostatic balance and invoked when rapid change or shortterm adaptation is required to drive
survival occurs. A simple hormonal regulatory mechanism involves a system to a higher level than the preprogrammed set point. Long term
receptor identification of the hormone, then adjustment of the target cell positive feedback is generally detrimental, and can lead to death. Long-
to a preprogrammed set point. This cell sends a message to the same term negative feedback is generally advantageous to survival.

or a different receptor indicating that an appropriate response has been

4 Quick Look: Metabolic and Endocrine Physiology, Third Edition



There are about 200 types of differentiated cells in animals; only a
few produce hormones, but virtually all of the 35 trillion canine cells
are targets for one or more of the over 50 known hormones. We
know that a given hormone can affect several different cell types; that
more than one hormone can affect a given cell type; and that
hormones can exert many different effects in one cell, or in different
cells. A target cell is any cell in which a hormone (ligand) binds to its
receptor, whether or not a biochemical/physiologic response has
been determined from that binding.

feedback Gontrol

It is characteristic of the endocrine system that a balanced state of
feedback regulation be maintained among the various glands in order to
maintain homeostasis. This is particularly notable with respect to
release and inhibiting hormones (or factors) from the hypothalamus,
which regulate synthesis and secretion of anterior pituitary hormones.
Tropic (or trophic) anterior pituitary hormones, in turn, promote
hormone secretion from various target endocrine glands.
Characteristically, elevated hormone concentrations result in both direct
and indirect feedback control of their production by the originating
gland (autocrine control), anterior pituitary, hypothalamus, and higher
brain centers. Part A depicts control via ultra-short-loop negative
feedback (process 1 in Part A), short-loop feedback (process 2 in Part
A), and long-loop feedback (process 3 in Part A). Target tissues may
also produce nonendocrine products that either inhibit or stimulate further
endocrine secretion, and sensory input (i.e., sight, sound, touch, taste,
and smell) may also stimulate or inhibit hypothalamic activity, and thus
endocrine secretion (Part A). The autonomic nervous system (ANS),
also controlled by the hypothalamus, influences certain endocrine gland
secretions as well (e.g., pancreatic insulin and glucagon release, adrenal
medullary catecholamine release, and renal renin release).

Gategories of Chemical Regulators

Both classic endocrine and nerve cells synthesize and release chemical
messengers. These messengers may then act on the same cell in which
they are produced (autocrine) (process 5 in Part B), on other target
cells in their vicinity without entering the circulation (paracrine) (process
4 in Part B), or they may go to distant target cells through the circu-
lation (endocrine) (process 3 in Part B). Nerve cells produce
neurotransmitters that are released at nerve terminals. These
neurotransmitters can be released into blood to act as endocrine agents
(neurocrine or neuroendocrine) (process 2 in Part B), or they can be
released to act directly on a target cell in a paracrine fashion (e.g.,
another nerve, muscle, or endocrine cell) (process 1 in Part B).

Prostaglandins sometimes act in an autocrine fashion, and somato-
statin acts in the stomach and endocrine pancreas as a paracrine agent
(Chs. 43, 47, and 48). Entrance of insulin into the circulation in search
of its distant target cells (e.g., muscle and adipose tissue) is an example
of endocrine secretion.

Exocrine glands, on the other hand, secrete their products into
ducts through which they are conveyed to their sites of action in such
places as the digestive tract or the body’s surface. Exocrine secretions
include saliva, sweat, milk, urine, pancreatic and biliary secretions.
Pheromones are specialized chemical agents secreted through exo-
crine glands to the body surface for interorganismal communication,
namely to other members of the same species.

Evolutionary Gonsiderations

Hormones, hormone precursors, and several agents that mediate or
modulate hormone action (e.g., receptors, second messengers,
prostaglandins, etc.) have been found in bacteria, worms, insects, and
plants. E. coli., for example, contain a molecule that crossreacts with
antHnsulin antibodies, and stimulates glucose oxidation in isolated fat
cells. Its function in E. coli remains unknown. Most chemical regulators,
such as biogenic amines, small peptides or proteins, are at home in
aqueous media. Other chemical regulators like steroids, thyroid
hormones and eicosanoids have low aqueous solubility, and, unlike
peptides, readily pass through cell membranes. Chemical regulation of

the internal environment is thought to have evolved from paracrine- and
autocrine-type secretions as seen in primitive multicellular organisms
(Ch. 72). As more sophisticated cardiovascular and nervous systems
evolved, the same primitive messengers continued to appear in
endocrine, neural, and neuroendocrine secretions. There is consid-
erable structural conservation of chemical messengers across animal
species. There are profound differences, however, in target organ
responses to those messengers. For example, prolactin causes milk
secretion in mammals, yet in fish and amphibians it is involved with water
balance. It is generally believed that the functional adaptation of
hormones evolved to fit the nutritional uniqueness of each animal species.
Although chemical messengers and physiologic functions may not have
changed throughout evolution, the means of fulfilling those functions did.

Higher animals (i.e., mammalian vertebrates) have welldeveloped
nervous systems for immediate physiologic responses. Although their
endocrine systems are slower acting, the physiologic responses they
provoke generally last longer. Mammalian vertebrates also have well-
integrated neural and endocrine regulatory systems, and in many cases
these two systems are difficult to separate (e.g., the adrenal medulla,
hypothalamic nuclei, the posterior pituitary, and neurocrine regulation of
gut function). In contrast, invertebrates are more dependent on paracrine
and autocrine regulation because they possess primitive nervous
systems.

Endocrine Disrupters

Comparative endocrinologists have been concerned with possible
disrupters of endocrine functions from natural ecosystems that might
affect animal populations adversely. These endocrine disrupters may
be chemicals produced by human activities (anthropogenic), that mimic
natural chemical regulators or prevent their actions. They might induce
metabolic events at the wrong time, or prevent a critical event from
occurring on schedule. For example, the pesticide dichlorodiphenyl-
trichloroethane (DDT) has estrogenic effects in vertebrates, whereas
one of its metabolites, dichlorodiphenyldichloroethylene (DDE) acts
as an antiandrogen. Phytoestrogens are estrogenic compounds
produced by certain plants, and their consumption has been shown to
disrupt reproduction and other metabolic processes in herbivores.
Wastes from wood pulp mills may also be disruptive of reproductive
process in fishes. One of the actions of polychlorinated biphenyls
(PCBs) is to block the synthesis of serotonin, thereby altering gonadal
function through effects at the pineal, hypothalamic, or pituitary level
(Chs. 56, 60, and 68). The PCBs may also compete with thyroid
hormones for their receptors, induce hypothyroidism, and prevent normal
development of the nervous system. The cadmium ion, a common
aquatic pollutant, is a potential inorganic disrupter known to enhance
release of reproductive hormones. Significant reductions in human sperm
counts worldwide over the last three generations, and a marked increase
in testicular cancer, are considered by some to be consequences of
endocrine disrupters. Some researchers also propose a link that may
exist between endocrine disrupters and the worldwide decline we are
observing among amphibian populations.

Degradation and Elimination of Hormones

Metabolism of hormones and their precursors is utiized to generate
more or less active forms from precursors, and to degrade hormones
to inactive forms. Most hormone elimination occurs through degra-
dation. Some metabolites of degraded hormones are biologically active,
others inactive. Degradation of hormones may be carried out by serum
proteases, by peripheral target cells, or more frequently by the liver
or kidneys (Part B). Some hormones are eliminated unchanged into bile
or urine.

There are also differences in a hormone’s degradation and elimination
in different animal species. Glucocorticoids, for example, are usually
degraded by the liver to inactive metabolites that can eventually be elimi-
nated in urine; however, dogs reduce these metabolites to a greater
extent than do primates, and cats are thought to eliminate glucocorti-
coids primarily in bile.
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Hormone Disposition, Measurement
and Secretion
(Production & Distribution \Iolume, Clearance & Immunoassay)
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ACTH is secreted in irregular bursts throughout the day, and plasma cortisol
tends to rise and fall in response to those bursts. Additionally, a diurnal (circadian)
rhythm, controlled by the suprachiasmatic nucleus of the hypothalamus (Ch. 60),
appears to help control ACTH and cortisol release, allowing secretion to increase
during sleep and the early morning hours (Ch. 22).
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Sources: Part A modified from Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, Goodman Gilman A [ed]: Goodman & Gilman's pharmacological
basis of therapeutics. 9th ed, New York, NY: McGraw-Hill, 1996:21. Part B modified from Berne RM, Levy MN: Physiology. 3rd ed, St Louis, MO:
Mosby, 1993:829. Part C modified from Ganong WF: Review of medical physiology, 22nd ed, New York, NY: McGraw-Hill Medical, 2005:373.
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Disposition

Net irreversible removal of a hormone (H.) from plasma is generally the
result of target cell uptake and degradation, metabolism by the kidneys
and/or liver, and urinary or biliary excretion (Ch. 2). The disappearance
of a hormone from plasma is referred to as plasma clearance (CL,)
(i.e., the volume of plasma irreversibly removed of a given
substance (e.g., hormone) per unit time). More specifically, this is
equivalent to the mass removed/unit time divided by the circulating
mass/unit volume (Part A), and it carries the units ml/min (not
mg/min). Plasma clearance is a useful pharmacokinetic concept
because it is reasonably constant over the range of concentrations clini-
cally encountered in healthy animals, and it can be normalized between
animals of varying size by dividing through by the body weight (kg).
Systems for hormone or drug elimination are not usually saturated and,
thus, the absolute rate of elimination is a linear function of its plasma
concentration. Elimination of hormones and drugs from the body usually
conforms to first-order kinetic principles. Clearance by means of multiple
organs of elimination is additive, and these separate clearances will
equal total systemic clearance (CLym; Part A).

The amount of hormone eliminated from the body in bile and/or urine
(i.e., the excretion rate (ER; mg/min)), is equal to the bile and/or urine
flow rate (ml/min) times the hormone concentration (mg/ml) in that
fluid. At steady state (SS), it must equal out, therefore production
rate (PR) and/or secretion rate will equal ER (i.e., total body elimi-
nation).

Volume is another fundamental parameter that is useful in assessing
processes of hormone disposition. The distribution volume (V,) relates
the amount of hormone in the body to its concentration (C) in blood or
plasma, depending on the fluid being measured (Part A). This volume
does not necessarily refer to an indentifiable physiologic volume, but
merely to the fluid volume that would be required to contain all of the
hormone in the body at the same concentration as that in blood or
plasma. V, may vary widely depending on the degree of plasma protein
binding, the partition coefficient of the hormone in fat and the degree of
binding to other tissues. V, for a given hormone can change as a
function of a patient's age, species, physiologic or pathophysiologic
state, and body composition.

The plasma half-life (t¥2) of a hormone or drug is the time it takes
for the plasma concentration (or the amount of substance in the body)
to be reduced by 50%. The t¥2 computation includes the rate constant
0.693, which is used for first-order process elimination from a single
compartment (e.g., plasma). As indicated in the Part A figure, plasma
concentrations of an administered hormone (or drug) often follow a multi-
exponential (i.e., curvalinear) pattern of decline, therefore, two or more
halfife terms may be calculated.

Early studies of pharmacokinetic properties of hormones and drugs in
disease states were compromised by their reliance on plasma t¥2 as a
sole measure of alterations in disposition. In recent years it has been
appreciated that t¥2 is a derived parameter that changes as a function
of both CL» and V, (Part A). Although CL, is a useful measure of the
body’s ability to eliminate a hormone (or drug), the organs of elimination
can only clear those substances from the blood or plasma with which
they are in direct contact. As CL, decreases, due to disease
processes, for example, t¥2 would be expected to increase. However,
this reciprocal relationship is met only when the disease or physiologic
state does not change V,. Changes in protein binding of a hormone
affect CL, as well as Vj, leading to unpredictable changes in t¥2 as a
function of physiologic state (e.g., pregnancy), age, or disease. Hepatic
disease can decrease the plasma protein concentration, and plasma
hormone-protein binding, which might increase CL, and decrease the t¥2
of certain protein-bound hormones because higher concentrations of the
free hormones would be present and available for degradation and elimi-
nation. This might be true if V4 remained unaltered. However, in other
instances CL, might decrease in liver disease and t%z increase if the
hormone is primarily metabolized, conjugated and/or eliminated by
hepatobiliary processes (e.g., many steroid hormones).

Measurement

Immunoassay is the most common means of assessing hormone
concentration. Monoclonal antibodies, produced in animals, react with
small peptide, protein, steroid or thyroid hormone molecules, and they
can react with these substances at concentrations in the picomolar
range. They are commonly obtained by injecting the antigen (i.e.,
hormone to be measured) into a mouse or rat, or by incubating it with
cells in vitro. The animal spleen or cells incubated in vitro are immor-
talized by fusing them to myeloma cells or transforming them with tumor
viruses, which produce a number of clones of antibody-producing cells.
These clones are then screened with the hormone antigen until a suitable
antibody-producing clone is found. Although radiolabeled hormones
(usually ') have been traditionally employed, linking the antigen to an
enzyme, fluorescent label, chemiluminescent label, or latex particle that
can be aggultinated with the antigen, are alternative immunoassay
techniques in wide use.

The principle of radioimmunoassay is dipicted in Part B. The
sample, which may be plasma, urine, CSF or a tissue extract, is
incubated with a fixed amount of radioactively labeled hormone (the
tracer), and a fixed amount of a specific hormone-binding protein, most
often an antibody. Nonradioactive hormone molecules compete with
tracer molecules for binding sites on the protein, and the concentration
of binding sites is fixed and limiting. Therefore, progressive increases in
the number of nonradioactive hormone molecules in the sample will
displace more and more tracer molecules from binding sites. At the end
of incubation bound tracer hormone molecules are separated from
those that are free. Radioactivity in individual bound and free tracer
fractions is counted, and if hormone concentrations in the samples are
high, the percentage of radioactivity remaining in the bound fractions will
be low, and vice versa. The absolute amount of hormone in the sample
is determined through comparison with a standard curve generated by
incubating varying amounts of known hormone with tracer and binding
protein. A typical standard curve is exponential (Part B), however it can
be rendered linear through reciprocal or logarithmic transformation of
the data.

Immunoassays may not always distinguish completely or sufficiently
between similar hormones secreted by the same gland (e.g., two
adrenal steroid hormones), between a peptide hormone and its
prohormone, or between a hormone and its metabolic products. This
holds potential for experimental or clinical misinterpretations unless the
specificity of each assay is carefully documented.

Nonimmunologic assays include chemical assays, which take
advantage of chemically reactive groups in the molecule; bioassays,
which assess the activity of the hormone incubated with cells or tissues
in vitro or injected into an animal; and receptor-binding and other
assays, which exploit the high affinity of the hormone for receptors or
other molecules such as plasma-binding proteins. These assays,
however, are infrequently employed since immunoassays have far
greater sensitivity and specificity.

Hormone Secretion

Quantitation of hormone output by an endocrine gland can only be
accomplished accurately in vivo through catheterization of blood supply
to and from that gland. Urinary and/or biliary excretion are cumbersome
because they require bladder and/or common bile duct catheterization.
However, a simple plasma concentration can provide a useful index of
hormone PR when CL, is within normal limits, and can be taken as a
constant (i.e., since PR = P, x CL,, PR is proportional to P, if CL, is
constant; Part A). This is the theoretical basis for employing plasma
hormone measurements alone as an index of endocrine gland activity.
Hormone release is typically characterized by episodic bursts, and in
some cases diurnal variation (Part C). It is hazardous to conclude too
much from a single plasma value. Multiple measurements taken at
different times of the day are usually needed. To reduce the number of
laboratory analyses, however, multiple samples of equal volume can be
pooled, with a single careful measurement of this pool yielding the
average plasma concentration over time.
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Target cells have hormone-specific receptors capable of recognizing
and binding hormones and neurotransmitters; only those cells
respond to the presence of these ligands. This binding, in turn,
initiates intracellular events leading to a final cellular response.
Receptors are usually hormone specific, but to a limited extent other
hormones or xenobiotics with similar structure may bind to them.

Receptors

Hormone receptors occur in different cell locations, depending on the
type of hormone they bind. Those for catecholamine and polypeptide
hormones are found on the target cell surface (Part A), while steroid and
thyroid hormone receptors are intracellular (cytoplasm or nucleus, Ch.
6). Receptor number/target cell ranges from about 2,000 to 100,000,
varying with physiologic conditions.

Because of the small number of hormone molecules present,
receptors should have high affinity, or a strong tendency to bind with
the hormone, high specificity with little tendency to bind other
molecules, and low capacity so that all receptor sites can be occupied
(i.e., saturated) at relatively low hormone concentrations. Receptor
distribution should correspond to known hormone target cells, and
correlate with anticipated physiologic effects.

Hormone receptor affinity and number are not static. Genetics, age,
cell cycle stage, degree of differentiation, and the physiologic or patho-
physiologic state are important variables. For example, ionic balance
and temperature can affect receptor concentration and affinity, as can
antibodies against the receptor or the concentration of homologous and
heterologous hormones. The number of functional receptors is
modulated up or down regularly, permitting target cells to respond
optimally to small changes in hormone concentrations. Prolonged
hormone exposure usually results in reduced target cell functional
expression, since cells become desensitized. Down-regulated
receptors can 1) be destroyed after endocytosis, 2) be internalized and
remain stored in intracellular vesicles, 3) remain on the cell surface but
bind hormones inappropriately, or 4) form receptor-hormone complexes
that induce sub-optimal responses. Conversely, in developmental condi-
tions, the first contact of hormones with their target cells usually results
in receptor up-regulation, with accelerated binding and functional
expression within target cells.

aecond Messengers

Four primary intracellular second messenger pathways that respond
to the presence of cell surface nerurotransmitter or
catecholamine/polypeptide hormone binding are the cAMP,
Ca*/DG, MAP K, and JAK-STAT pathways (Part A), and they are
not necessarily unrelated.

The cAMP Messenger System

Hormones or neurotransmitters affecting cell metabolism via cyclic
adenosine monophosphate (CAMP) are bound on the cell surface to
specific receptors. This binding results in either activation or inhibition of
the enzyme adenyl cyclase (also called adenylate or adenylyl
cyclase), which is responsible for cAMP formation from adenosine
triphosphate (ATP). Transfer of a signal from an occupied receptor on
the membrane’s outer face to adenyl cyclase, located on the
cytoplasmic side of the membrane, occurs via guanosine triphos-
phate (GTP)-binding proteins [(G, (stimulatory) or G; (inhibitory)
proteins]. Some hormones that activate adenyl cyclase (Part B) have a
common five amino acid sequence that binds to gangliosides on the
plasma membrane. This same amino acid sequence is found in the
structures of the plant toxins abrin and ricin, as well as cholera and
diphtheria toxins.

cAMP is referred to as a second messenger, since the hormone
stimulating its production is the first. The intracellular cAMP concen-
tration in the absence of stimulatory signals is about 50-100 nM (0.5-1
x 107 M), and more than 2 uM (1 x 10 M) following stimulation. It stimu-
lates activation of cAMP-dependent protein kinase (i.e., protein
kinase A (PKA)), which facilitates phosphorylation of various protein
substrate serine/threonine residues within the target cell. cAMP-

dependent phosphodiesterase (PDE), which inactivates cAMP to
5 -AMP, can be activated by various ligands (e.g., insulin in adipocytes,
muscle and liver cells).

PKA is capable of activating a number of other intracellular enzymes
by phosphorylating their kinases, leading to a stimulatory cellular
response. The effects of simulatory kinases are usually balanced or
antagonized by phosphatases, enzymes that remove phosphate
groups added to substrates by kinases. Alternatively, cAMP-mediated
phosphorylation can deactivate other enzymes. After a hormone binds
to its receptor (e.g., epinephrine binding to a p-adrenergic receptor), the
cAMP messenger system generates a cascade of effects that ultimately
alters metabolite flux within the cell. For example, inactivation/activation
of reciprocal pathways within responsive cells can inhibit metabolite
release, while stimulating storage.

cAMP can also act as a hormone second messenger by altering
gene expression. Target DNA molecules are known to possess a
cAMP regulatory element (CRE) that binds a transcription factor
(TF) known as cAMP response element binding protein (CREB).
Following cAMP activation of PKA, a catalytic subunit is freed for translo-
cation into the nucleus where it phosphorylates CREB. This protein
becomes capable of complexing with CRE and another TF (activated
TF-1). The result of this complex series of interactions is the stimulation
or inhibition of RNA polymerase and transcription of the target gene,
and stimulation or inhibition of protein synthesis.

Actions of cAMP are terminated when it is hydrolyzed by PDE.
Because PDE activity is also modulated by hormones via a G-protein (not
shown), cAMP levels inside cells are under dual control. Two hormones
can function antagonistically if one stimulates adenyl cyclase, and the
other cAMP-dependent PDE (e.g., glucagon & insulin, respectively, on
hepatocytes).

In primitive life forms such as the slime mold, which is an aggre-
gation of cells that were once dispersed as individual amoebae, cAMP
appears to be a primary aggregating stimulus, and is secreted into the
medium when nutrients are in short supply. Similarly, in glucose-deprived
E. coli, cAMP causes derepression of the lac operon, which enables this
organism to metabolize galactose.

The MAP K and JAK-STAT Messenger Pathways

Insulin and certain growth factors (GFs) have receptors with both extra-
cellular domains, and intracellular tyrosine kinase (TK) domains (Parts
A & B, Ch. 42). Binding of insulin or a GF ligand (Ls) to its receptor causes
it to autophosphorylate. One pathway activated through this phospho-
rylation leads (through the membrane-bound Ras monomeric GTP-
binding regulatory protein) to stimulation of the mitogen-activated
protein kinase cascade (or MAP K cascade). When activated, terminal
MAP Ks phosphorylate multiple target proteins in the cytosol, membrane
and nucleus, including transcription factors (TFs) that regulate expression
of genes required for cell division, survival, or phenotypic differentiation.

Receptors for prolactin, growth hormone and other ligands (L¢, Part
B) are not themselves TKs, but are receptor-associated TKs since they
initiate cytoplasmic TK activity when stimulated. They activate receptor-
bound Janus tyrosine kinases (JAKs), which in turn phosphorylate
signal transducer and activator of transcription (STAT) proteins.
Phosphorylated STATs form homo- and heterodimers that move to the
nucleus, where they act as TFs.

There is considerable “cross-communication” between the four
primary intracellular second messenger pathways, thus providing cells
with the ability to integrate signals from multiple extracellular stimuli into
specific patterns of altered cellular response. Some cell-surface
receptors are inhibitory, and actively stop or prevent a cell from
responding to activation signals. Some recruit phosphatases that
enzymatically remove phosphate groups from proteins that have been
activated by one or more kinases. Target cells are like automobiles that
have both gas pedals (activating receptors) and brakes (inhibitory
receptors); they don't merely slow down by letting up on the gas. Cells
that are chronically activated and run out of control may have one or more
defects in these inhibitory signals (i.e., they may have lost their brakes).

Chapter 4 Mechanisms of Catecholamine and Polypeptide Hormone Action: I 9



Mechanisms of Catecholamine and Polypeptide

Hormone

Action: Il

(The Intracellular Ca?*/DG Messenger System)

2+ . 2+
C Ca gogToae-actllvated Ca D Spatial Aspects of
@ channe f Calcium Signaling
IP, -activated ATP \ Ele'\Tentary eveptsn
o4 ) lembrane excitability
Ca“" channel ADP + Pi Mitochondrial metabolism
& Vesicle secretion
Smooth muscle relaxation
Mitosis
- __ + 2+
B} § D glfcégr? o Global events (intracellular)
2 e
S E‘? (5‘:&') Endoplasmic o4 9 Fertilization
gJ|e o reticulum Cytosol [Ca™"]= 0.1-0.2uM Muscle contraction (smooth,
o cardiac, and skeletal)
ADP + Pi Ca%t Liver metabolliSllTl
Gene transcription
ATP ATP Cell proliferation
2+ [}
Ca 24 c .
Ca o 8 Global events (intercellular)
) H*/Ca2+ £ Q Wound healing
ADP + Pi exchange | & & Ciliary beating
o E Glial cell function
Mitochondrion Insulin secretion
\ ) Bile flow
) o Endothelial nitric oxide
Extracellular fluid [Ca“"]=1.3 mM synthesis (blood vessels)
E DG and IP; Formation
- Ligand M I/EGF
Receptor Receptor
) )
SFA—S ~-UFA TP i}
. Gq ‘ OPO,”
0C=0 GDP 0C=0
C=0C= C=0C=
PLC ADP
o o o o Pre TP
1 t 1 T
CHZ—CH—CHZ—? / \ CHz-CH—CH,OH T ATP
‘0O—P=0 1,2-Diacylglycerol G;) ADP
| OH OPO, (DG) Ca™
6 5 +
O
OH OPO,~ Phosphorylation of a number
— 4 3
1OPO - =03po of cell-specific target enzymes
3
o OH OPO;~
Phosphatidylinositol 4,5-Bisphosphate o Cell surface receptors for ligands such as ACh,
(PIP,) H a,-catecholamines (NE), angiotensin Il and

H,0

OH OH
“0,PO w HPO,"
OPO,~
OH

Inositol 1,4-Bisphosphate
(Inactive)

[

Calmodulin
(CaM)

10

ca? A
)ﬁ

Inositol 1,4,5-Triphosphate (IP,)

(Active)

Endoplasmic
Reticulum
Ca2+

ADP
T

P
(+) )
—>» CaM-Kinases

oxytocin are, when occupied, potent activators

of G -coupled PLC, which catalyzes hydrolysis of
PIP, to IP, and DG. DG stimulates membrane-bound
PKC, the activity of which also depends upon
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intracellular receptor, is an effective releaser of Ca?
from intracellular storage sites in the E.R. Thus,
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direct effect on Ca?* channels. Resulting cytoplasmic
Ca?* elevations activate Ca?*-CaM-dependent protein
kinases (and several other enzymes).

Protein Phosphorylation
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Use of the cAMP, MAP K and JAK-STAT second messenger pathways
is widespread in animals, as is use of the Ca*/DG messenger system.
The concentration of free ionized calcium (Ca*) in the cytoplasm of
most cells is usually kept below 0.2 uM. Calcium ATPases pump Ca*
across the plasma membrane to the cell exterior, into mitochondria, or
into the lumen of the endoplasmic reticulum (Part C). A rise as small as
1uM in the concentration of cytosolic Ca* can trigger many cellular
responses. For example, in secretory cells such as the insulin-synthe-
sizing p-cells of pancreatic islets (Chs. 40 and 41), arise in cytosolic Ca**
triggers exocytosis of secretory vesicles and release of insulin, and a rise
in the cytosolic Ca** concentration of muscle cells triggers contraction. In
both liver and muscle cells, an increase in the cytosolic Ca* concen-
tration activates degradation of glycogen to glucose 1-phosphate.

We will now see how Ca* induces these and other varied metabolic
responses, and how another second messenger, inositol triphosphate
(IP,), which often mediates this rise in Ca®, is generated and functions.
Still another second messenger, diacylglycerol (DG), which is formed
from the same precursors as IPs, is used to regulate other cell functions
through activation of protein kinase C (PKC). All these second
messengers interact in complex circuits to regulate crucial aspects of the
growth, metabolism, and death of cells (Ch. 4).

The Galcium/Diacylglycerol Messenger System

The intracellular calcium/diacylglycerol (Ca*/DG) messenger
system has a central role in mediating secretion of exocrine, endocrine,
and neurocrine products, the metabolic processes of glycogenolysis and
gluconeogenesis, the transport and secretion of fluids and electrolytes,
the contraction of all forms of smooth muscle, and the birth, growth, and
death (apoptosis) of cells (to name a few of its functions). It is a nearly
universal means by which extracellular messengers (i.e., neurotrans-
mitters and hormones) regulate cell function, and it is intimately related to
the arachidonic acid cascade, and the cAMP, MAP K and JAK-STAT
messenger systems.

Calcium is derived at the cellular level from both external and internal
sources (Part C). It can enter from outside the cell by passing through
Ca*-specific voltage- or ligand-gated channels that span the plasma
membrane, or it can be released from internal Ca®* stores in mitochondria
and the endoplasmic reticulum (ER) (or sarcoplasmic reticulum; SR).
When a Ca* channel opens, a concentrated plume of Ca?* forms around
its mouth, then dissipates rapidly by diffusion after the channel closes.
Such localized signals, which can originate from channels in the plasma
membrane or on internal organelles, represent the elementary events
that occur in Ca** signaling (Part D). These elementary signals have two
basic functions: they can activate highly localized cellular processes in the
immediate vicinity of the channels primarily through enzyme phosphory-
lation, or, by recruiting channels throughout the cell, they can activate
processes at a more global level. In smooth muscle, for example, Ca?*
increases that arise locally near the plasma membrane activate
potassium (K*) channels, thus causing muscle to relax. Yet when
elementary release events deeper in the cell are coordinated to create a
global Ca* signal, the muscle contracts. This is an example of how
spatial organization enables Ca?" to activate opposing cellular responses
in the same cell. For sites of elementary Ca** release to produce global
responses, individual channels must communicate with each other to set
up Ca* waves. If cells are connected, such intracellular waves can spread
into neighboring cells and become intercellular waves to cause
responses within tissues.

Elementary calcium signaling begins when certain hormones or neuro-
transmitters interact with their plasma membrane receptors (e.g.,
catecholamines interacting with o-adrenergic receptors, or acetylcholine
interacting with muscarinic receptors (Part B)). Activation of membrane-
bound phospholipase C (PLC; through G, protein) then catalyzes
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) from the
plasma membrane to produce DG and inositol triphosphate (IP;) (Part
E). Both DG and IP; act as intracellular messengers: DG acts as a
membrane-associated activator of protein kinase C (PKC), and IP; acts
as a water-soluble inducer of Ca* release from mitochondria and the ER,
thereby causing a transient rise in the calcium-calmodulin (Ca?-CaM)
concentration of the cytosol. (Calmodulin is a protein that binds Ca?

within the cytosol). These two events initiate further biologic effects
specific for the cells in which they occur. The IP; and DG may next be
converted sequentially into intermediates that can be successively
phosphorylated back into phospholipid (i.e., PIP,) in the plasma
membrane. The DG may be converted to phosphatidic acid, which can
then enter the rephosphorylation pathway, or its unsaturated fatty acid in
the 2 position (most likely arachidonic acid) can be hydrolyzed by
phospholipase A, and then used in the synthesis of eicosanoids (i.e.,
prostaglandins, thromboxanes, or leukotrienes). The eicosanoids are
also capable of eliciting a biologic effect.

For the most part, however, DG is thought to remain embedded in the
plasma membrane, where it helps activate PKC. Protein kinase C bound
to DG is not fully active, however, until it also binds intracellular Ca® ions.
Thus, the two arms of the DG/Ca®>* messenger system are coupled.
Activated PKC, a serine/threonine kinase, phosphorylates a number of
cell-specific target enzymes, including specific signal transduction and
inhibitory enzymes. Properties of PKC also indicate that it plays a key
role in several aspects of cell growth since activated PKC, a
serine/threonine kinase, phosphorylates a number of cell specific
targets, including MAP K (Part A). Some substances known as tumor
promoters are potent and specific activators of this protein kinase.
Tumor promoters - lipid-soluble chemicals isolated from several sources
(mainly plants) - are thought to play a role in transforming a normal cell
into a malignant cell capable of uncontrolled growth. Carcinogenesis
generally requires both an initiator and a promoter (and most
carcinogens are capable of acting as both).

Physiologic activators of PKC include some ligands that bind to Ls
(MAP K) receptors (Parts A & B), including EGF. Phosphorylation of the
EGF receptor by PKC decreases its affinity for EGF, moderating growth-
stimulating activity. Overproduction of PKC in “normal” fibroblasts causes
cells to grow unattached to an extracellular matrix, as do many tumor
cells. (Normal cells grow only when attached to a matrix.) Clearly, PKC
is of fundamental importance in controlling cell growth. The eventual
understanding of its regulation should provide important insights into
many aspects of normal cell metabolism and carcinogenesis.

Summary

The principal mechanisms by which catecholamine and polypeptide
hormones exert their intracellular effects are summarized in Chs. 4 and
5. Many extracellular ligands bind to receptors on the target cell surface,
triggering release of intracellular mediators that initiate changes in cell
function. Extracellular ligands are “first messengers,” with the intracel
lular mediators being the “second.” Second messengers bring about
shortterm changes in cell function by altering enzyme activity, and
longerterm effects by altering transcription of various genes. Second
messengers generally activate protein kinases, enzymes that catalyze
phosphorylation of tyrosine or serine and threonine residues in proteins.
Phosphatases are also important, since removal of a phosphate group
inactivates some transport proteins or enzymes while activating others.

Clearly the MAP K and JAK-STAT pathways are complex, and there
is considerable crosstalk between them and the cAMP and PLC
(Ca*/DG) pathways. These second messenger systems are clearly
interwoven, and difficult to separate. It is only possible in this Quick
Look Series to emphasize major points, and present general concepts
that will aid the reader in understanding the rest of endocrinology.

In comparing the cAMP to the Ca*/DG messenger system, the
cAMP nucleotides may exert their effects in concert with or in opposition
to those of Ca**-CaM and DG. Moreover, cAMP- and Ca*-CalVl
dependent protein kinases may act on the same substrate that serves as
a common effector of certain cellular processes. In controlling the
metabolism and function of cAMP and Ca*, CaM integrates the two
messenger systems on a molecular basis. Because the two systems are
intertwined, cAMP may sometimes serve as a second messenger, and
Ca® as the third messenger. At other times these roles may be reversed.
Between the two systems, the response of the Ca* pathway appears
to be inherently faster, partly because the availability of Ca?* does not
require enzymatic synthesis (as cAMP does). The Ca** system is also
more diversified. Calmodulin is endowed with many receptor enzymes,
including several protein kinases with different substrate specificities.
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Hormones act by either increasing or decreasing protein
(namely enzyme) activity and/or synthesis within target cells.
Enzymes controlled by hormones are also generally under the
influence of substrate induction and/or product negative feedback
inhibition. Products produced by target cells can also return to further
inhibit hormone secretion (e.g., glucose output by the liver feeds back
negatively on glucagon secretion from the pancreas) (Part A). Other
metabolites within target cells exert influences on the activity of
specific enzymes (e.g., citrate inhibition of phosphofructokinase and
the resulting anaerobic glycolysis, or second messengers generated
in response to the presence of specific hormones on the outer
plasma membrane).

ateroid Hormone Action

Unlike catecholamine and polypeptide hormones, steroids, which are
lipophilic, are transported in plasma bound to carrier proteins
(produced by the liver), and act in their target cells by either
increasing or decreasing synthesis of specific proteins (e.g.,
enzymes). Steroids enter virtually all cells of the body, but bind only
to specific receptor proteins in the cytoplasm and/or nucleus of
target cells (i.e., gluco- and mineralocorticoid receptors are thought
to be located in the cytoplasm, while 1,25(0H),D (a secosteroid),
retinoic acid and sex steroid receptors are in the nucleus). In Part B,
process 1 shows a steroid hormone dissociating from a plasma
transport protein and entering a target cell via diffusion through the
lipid bilayer. Within the cytoplasm, unbound steroid receptors contain
heat shock protein (HSP), which if translocated to the nucleus
would mask the receptor DNAbinding domain. Binding of the
cytoplasmic steroidal ligand with its receptor (process 2) promotes
a conformational change (i.e.,”activation”) in the receptor protein
itself (process 3), resulting in the release of HSP. The ligand-
receptor complex translocates to the nucleus (process 4), binding to
DNA (process 8). Some steroid hormones bypass processes 2-4,
moving directly into the nucleus (process 5), where they bind to
nuclear receptors (process 6), thus activating/inactivating them
(process 7). Once activated ligand-receptor complexes have bound
to specific hormone response elements (HREs; process 8), they
function as regulators of gene transcription (process 9). New mRNAs
are translocated to the cytoplasm (process 10) and assembled into
translational complexes for the synthesis of proteins (process 11)
that alter target cell function (process 12). Note that in some
instances steroid receptor complexes actually repress, rather than
induce, specific gene transcription.

At certain target sites (e.g., hepatocytes), steroid,
catecholamine and/or polypeptide hormones can work in
harmony, with the steroid increasing synthesis of enzymes that
catecholamine and/or polypeptide hormones activate, thus creating
a longer-lasting effect of greater metabolic magnitude. Cortisol (a
glucocorticoid) increases synthesis of hepatic gluconeogenic
enzymes that are stimulated by the other diabetogenic hormones,
epinephrine, GH and glucagon. This coupling is an example of
metabolic (endocrine) synergism.

Thyroid Hormone Action

Major effects of thyroid hormones, like those of steroid hormones,
are produced via changes in the synthesis and/or activity of
regulatory proteins in target cells, including key metabolic enzymes
and receptors. Thyroid hormones, also being lipophilic, readily pass
into a target cell's cytoplasm and nucleus to bind with receptors in the
chromatin. The predominant nuclear receptor for thyroid hormones is
specific for triiodothyronine (T,), the most active form. Following
binding, regulation of gene expression occurs with subsequent
induction of RNA synthesis (Part C).

Thyroid hormone receptors may bind to specific thyroid hormone
response element (TRE) sites on DNA, even in the absence of T,

(unlike steroid hormone receptors). The TREs are located near
(generally upstream with respect to the start of transcription) to the
promoters where transcription of specific thyroid hormone
responsive genes is initiated. T, receptor binding results in stimu-
lation, or in some cases inhibition, of gene transcription with conse-
quent alterations in the levels of the mRNAs transcribed from them.
Subsequent changes in mRNA levels alter the concentration of the
protein products of these genes. These proteins then mediate the
thyroid hormone response.

Most tetraiodothyronine (T,) presented to its target cell is deiod-
inated to T; (or in some cases reverse T; [rT;l, the inactive form)
before nuclear binding. Deiodinases and their rate of activity differ
markedly in different tissues, and in different metabolic situations (Ch.
39). The deiodinases appear to be responsible for maintaining differ-
ences in thyroid hormone ratios (e.g., T5:T, or rT5:T,) in various body
tissues. The thyroid hormone pool (T,, T;, and rT,) within the
cytoplasm of target cells is complexed with cytoplasmic protein
binders (Ch. 37).

Specific responses to thyroid hormones may be quite individual,
and vary between species and tissues. The cell functions affected are
often under multihormonal regulation, and therefore the direction
metabolic pathways take under thyroid hormone stimulation may
depend on the presence or absence of other hormones. In general,
thyroid hormones (i.e., T, and T;) increase the metabolic rate of their
target cells by increasing oxygen consumption.

Until recently, T, (3,5-diiodothyronine; formed from T, deiodination),
because of its low affinity for nuclear T, receptors, was considered to
be an inactive thyroid hormone metabolite. Some investigators now
believe that in certain cell types T, may stimulate mitochondrial respi-
ration through a nuclear-independent pathway. Others suggest that T,
may also affect various carriers, ion-exchangers and enzymes
outside mitochondria.

Up- and Down-Regulation

With intracellular receptors, up- and down-regulation generally means
increased or decreased receptor gene expression with an increase or
decrease in the concentration of receptor molecules. As with
polypeptide hormone receptors, down-regulation of steroid and
thyroid hormone receptors by their own ligands plays an important
physiologic role by desensitizing target cells, preventing overstimu-
lation. Although down-regulation of steroid receptors by their cognate
hormones appears to be a common form of autoregulation, it is not
detected in all target cells, for glucocorticoid-mediated up-regulation
of its own receptors (homologous up-regulation) has been
reported in a number of responsive cells. The ability of estrogen to
increase the concentration of uterine progesterone receptors (i.e.,
estrogen priming) is an example of heterologous up-regulation
(Ch. 56).

In summary, steroid and thyroid hormones are thought to
regulate about 1% of all genes expressed by responsive cells. The
proteins whose synthesis is either increased or decreased by these
hormones may be enzymes, structural proteins, receptor
proteins, transcriptional proteins that regulate expression of other
genes, or proteins that are exported by cells (e.g., liver cells).
Through this mode of action the response of metabolic pathways is
either retarded or accelerated. Other consequences of steroid and
thyroid hormone action include alterations in the processing of the
primary RNA product, in the turnover of messenger RNA molecules,
or in posttranslational modification of proteins. This explains why
hours are usually required for the biological effects of these
hormones to become evident.

Some steroid and thyroid hormone actions are much more rapid,
indicating that there may be some nongenomic actions of these
hormones mediated via. “cross-talk” with the classic second
messenger systems (Ch. 5).
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Removal of the canine pituitary (hypophysectomy) was proven to be
nonfatal earlier this century. Nonetheless, the pituitary gland (particu-
larly the anterior lobe) has been shown to be important in regulating
secretory activity of other endocrine glands (with the notable exceptions
of the pancreas and parathyroids). Only the gut and the outermost
portion of the adrenal gland (i.e., the cortex) can match the complexity
of the pituitary in the number of hormones produced. Primary differ-
ences are that the gut secretes small peptide hormones, the adrenal
cortex secretes closely related steroid hormones, whereas the
pituitary secretes numerous polypeptide hormones, many being quite
different in chemical structure and size. These vary from nonapeptides,
which are produced by the neurohypophysis (posterior pituitary; Ch.
12), to adrenocorticotropin (ACTH), composed of 39 amino acids
and produced by the adenohypophysis (anterior pituitary), or, where
present, the pars intermedia (intermediate lobe of the pituitary). Other
adenohypophyseal polypeptides are actually larger than ACTH (e.g., GH,
TSH, LH and FSH), and are cosidered to be true proteins (>50 amino
acids; Part A, Ch. 1).

The pituitary gland is formed by the confluence of two primary
embryonic rudiments, one of which originates from an outpouching of
neural tissue from the brain’s third ventricle (the neurohypophysis), the
other from ectoderm of the oral cavity (the adenohypophysis). The
anterior lobe comprises about 80% of pituitary weight in most
species. The pituitary stalk extends to the hypothalamus through a
dural reflection, and an intermediate lobe located between the
anterior and posterior lobes is present in certain species and during
fetal development, but is vestigial in primates. This lobe (the pars
intermedia) is formed embryologically from the dorsal half of
Rathke’s pouch, an evagination of the roof of the pharynx, but is
closely adherent to the posterior lobe in adult animals. It is separated
from the anterior lobe by the remains of the cavity in Rathke’s pouch,
the residual cleft. The pars intermedia of the dog and horse is a signif-
icant source of ACTH, with tumors therein leading to spontaneous
pituitary-dependent hyperadrenocorticism (PDH; Ch. 25).
Because surrounding structures are vital, expansion of the pituitary
gland due to tumor formation can result in superior extension with
compression of the optic chiasm, and loss of vision.

Anatomic connections between the hypothalamus and pituitary are
shown schematically in Part A. Note that neurosecretory cells are
present in certain hypothalamic nuclei (neurons 3, 4, and 5 in Part
A). Some secretory axons from these nuclei pass down the infundibular
stalk and terminate near blood vessels in the neurohypophysis (neurons
4 and 5), while others terminate near capillary loops of the median
eminence (neuron 3). Hormones of the neurohypophysis (ADH and
oxytocin) are products of hypothalamic neurosecretory cells
[supraoptic (neuron 5) and paraventricular (neuron 4) nuclei,
respectively], and are stored and released from the pars nervosa
(neurohypophysis). The hypothalamo-hypophyseal portal system
starts as a primary plexus in the median eminence, and conveys
blood downward to sinusoids (i.e., capillaries) of the anterior lobe.
This anatomical arrangement fits the true classification of a portal
system (i.e., one that begins and ends in capillaries). Hypothalamic
axons of the median eminence (e.g., neuron 3) liberate multiple release
and/or inhibiting factors (or hormones) into the portal system, and
these short neural peptides in turn become involved with regulation of
anterior pituitary function (by either stimulating or inhibiting release of
anterior pituitary hormones). Although the anterior lobe does not
appear to have nerve fibers like the posterior lobe, it does have limited
vasoregulatory sympathetic innervation. It is generally believed,
however, that there are no direct regulatory nerve fibers to the anterior
lobe that involve selective endocrine secretory function.

Part A also depicts a somewhat hypothetical anatomical
relationship between the hypothalamic area and the pituitary. Both
long portal vessels (originating from the superior hypophyseal artery),
and short portal vessels (originating from the inferior hypophyseal

artery), may provide a means for communication between hypothalamic
neurons and hormone-secreting cells of the adenohypophysis. Several
types of neural stimuli are thought to bring about secretion of releasing
hormones:

¢ Extrahypothalamic neurons (neuron 1) may stimulate hypothalamic
neurons (neuron 3) to secrete releasing hormones. For example,
norepinephrine (from neuron 1) may stimulate secretion of
gonadotropin-releasing hormone (GnRH) from neuron 3.

e Neurons that have cell bodies located in higher brain centers
(neuron 2) may also secrete releasing hormones. For example,
dopamine (DA), secreted from neuron 2 and subsequently entering
the hypothalamo-hypophyseal portal system, may inhibit secretion
of prolactin (PRL), thyroid-stimulating hormone (TSH), melanocyte-
stimulating hormone (melanotropin; o-MSH), and ACTH from the
adenohypophysis (and/or pars intermedia).

e The pathway depicted by neuron 4 indicates transport of hormones
(e.g., oxytocin and/or ADH from hypothalamic nuclei) into a
capillary bed that drains into the short portal vascular network
servicing the periphery of the adenohypophysis. In this way,
oxytocin could promote secretion of PRL, and ADH secretion of
ACTH from the adenohypophysis. Both oxytocin and PRL are
needed to initiate and maintain lactation, and ADH is a known stimu-
lator of ACTH release.

In addition, it should be noted that neurotransmitters from higher
brain centers may also be exerting control over the secretion of
pituitary hormones (Part B).

Anterior Pituitary Gell Types

The adenohypophysis contains six major endocrine-secreting cell
types, as well as some null cells that have all the cytoplasmic
organelles needed for protein hormone synthesis, but contain few
secretory granules. Their products, if any, have yet to be identified. The
six major mammalian endocrine-secreting cell types, their relative
proportions, and their major secretory products are depicted in Part C.
Although they are known to aggregate to some extent, they do not form
enclaves, but rather are interspersed among each other. They vary
somewhat in size and in the characteristics of their secretory granules,
but they can be identified with certainty by immunohistochemical staining
of the hormones within.

Each anterior pituitary cell is regulated by one or more hypothalamic
neurohormones that reach them through the hypothalamo-hypophyseal
portal system (Part D). Three cell types produce classic tropic
hormones that stimulate hormone secretion from the thyroid gland
(TSH), the adrenal cortex (ACTH), or the gonads (follicle-stimulating
hormone, FSH, and luteinizing hormone, LH). Growth hormone (GH), a-
MSH, and PRL are not true tropic hormones because they do not
directly stimulate secretion of other hormones (unless one recognizes
somatomedin secretion from the liver (Ch. 11) as such in response to
GH). Although o-MSH is found in the adenohypophyses of all verte-
brates examined, in some mammalian species (e.g., rat, rabbit, dog,
horse, sheep, and cattle) the pars intermedia is a well-defined structure,
and contains large amounts of a-MSH (hence justifying the other name
for a-MSH, intermedin).

Gircumventricular Organs

Four small areas near the brainstem appear to be independent of
the blood brain barrier (BBB), and can sense plasma components
that may not otherwise cross this barrier: 1) the neurohypophysis and
adjacent parts of the hypothalamic median eminence, 2) the area
postrema, 3) the organum vasulosum of the lamina terminalis, and 4)
the subfornical organ. Control of the autonomic nervous system, ADH
and oxytocin release, and the release of hypophysiotropic hormones
(release and inhibiting hormones) controlling anterior pituitary function
seem appropriately designed for this section of the CNS.

Chapter 7 Hypothalamus and Pituitary 15
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The activity of neurons in both the peripheral and central nervous
system (CNS) is affected by several neurohormones that act on
cells quite distant from their site of origin. Neurohormones can
modify (or modulate) the ability of nerve cells to respond to synaptic
neurotransmitters. Several small polypeptides with profound effects
on the nervous system have been discovered; examples are Met-
enkephalin, Leu-enkephalin, dynorphin A, and B-endorphin,
which carry a common terminal amino acid sequence essential to
their function (see below). These and other peptide hormones
probably act as neurotransmitters in selected cell types, and also
have profound effects on general life events like mood, sleep, and
body growth. Perhaps more importantly, these peptides function as
natural pain Kkillers, thus decreasing pain perception in the CNS.

Enkephalins were discovered during studies in the early 1970s
that were focused on the mechanism of opium addiction. Several
groups discovered that brain plasma membranes contain high-affinity
binding sites for purified opiates, such as the alkaloid morphine (a
narcotic, analgesic drug). Since such receptors exist in the brains of
all vertebrates, from sharks to primates, the question was raised why
vertebrates should have highly specific receptors for alkaloids
produced by opium poppy plants, and why these receptors should
have survived evolution. Since none of the neurotransmitters and
peptides then known were structurally similar to morphine, nor could
they serve as agonists for these receptors, a search was begun for
natural compounds that could. This led to the discovery of two
pentapeptides, Met-enkephalin and Leu-enkephalin, both of which
bind to “opiate” receptors in the brain, and have the same effect as
morphine when injected into the ventricles (cavities) of brains in
experimental animals. Enkephalins, dynorphins, and endorphins
appear to act by inhibiting neurons that transmit or perceive pain
impulses: presumably these neurons contain abundant “opiate
peptide” receptors.

Proopiomelanocortin

A large precursor glycoprotein known as proopiomelanocortin
(POMC) is synthesized by specialized basophils of the pituitary (Part
A), with the POMC gene expressed by both the anterior and inter-
mediate lobes. POMC or related products are found in several other
vertebrate tissues, including the brain, placenta, gastrointestinal
tract, reproductive tract, lung and lymphocytes. This pro-
hormone is the precursor of several important polypeptides, including
ACTH, o-MSH, and the opioid peptide, g-endorphin. Although initial
processing of the POMC protein in peripheral tissues (e.g., gut,
placenta and male reproductive tract) resembles that in the pituitary,
polypeptides derived from POMC may be precursors to other
substances with important physiologic actions, for additional tissue-
specific modifications of these peptides include phosphorylation,
acetylation, glycosylation and amidation. In the CNS, POMC products
appear to be important in areas where electrical stimulation can
relieve pain.

POMC is cleaved in the pituitary to produce ACTH (39 amino
acids), an N+terminal 103-amino-acid fragment with little known
biologic activity (pro-y-MSH), and a C-terminal 91-amino-acid fragment
known as g-lipotropin (8-LPH). In turn, p-LPH may be cleaved to a
58-amino-acid fragment known as y-LPH, and the 31-amino-acid
fragment, B-endorphin (residues 61-91). In melanotropes of the
adenohypophysis and pars intermedia, ACTH is further cleaved to
yield a-MSH (residues 1-13 of ACTH), and a 22-amino-acid fragment
called corticotropin-like intermediate peptide (CLIP, residues 18-
39), which is thought to have little, if any, biologic activity.

Endogenous Opiate-Like Peptides

Morphine is a nonpeptide exogenous opiate analgesic (pain-killing)
drug that binds specific receptors in the CNS (u, k, and 8 receptors).
Three common opiate drugs, morphine, heroin, and codeine,

differ according to the groups attached to their complex carbon
skeleton at R, and R, (Part B). The action of morphine is blocked by
closely related molecules such as naloxone.

As stated above, researchers postulated that there are
endogenous compounds that produce analgesic opiate-like
properties, and, although their structures may differ from those of
morphine, three distinct families of endogenous opiate-like peptides
have been identified: endorphins, dynorphins, and enkephalins.
All three have the same N-terminal 4- or 5-amino-acid sequence that
allows them to bind the same receptors (Part C). Opiate effects of
these peptides are also blocked by naloxone, indicating that
exogenous opiate drugs and the endogenous opiate-ike peptides
bind the same p, x, and & receptors. Endorphins arise from POMC,
and dynorphins from prodynorphin. Although B-endorphin
contains the 5-amino-acid sequence for metenkephalin at its amino
terminus, it is not converted to this peptide. Instead, enkephalins
are derived from proenkephalin (see Part B).

Endorphins are mainly found in the pituitary, pancreatic islets, and
CNS, with high levels in the arcuate nucleus. Peptides from
proenkephalin (meaning “in the head”) and prodynorphin are
distributed widely throughout the CNS. Although each peptide family
is usually located in different groups of neurons, occasionally more
than one family is found within the same neuron. Proenkephalin
peptides are present in areas of the CNS related to pain perception,
modulation of affective behavior (e.g., eating, drinking, and sexual
behavior), motor control, and regulation of the ANS and neuroen-
docrine system (i.e., the median eminence). Peptides from
proenkephalin are also found in the adrenal medulla, and in nerve
plexuses and exocrine glands of the stomach and intestine.

In addition to peptides, it now appears that morphine, codeine, and
related compounds might occur naturally in mammalian tissues, as
hepatic metabolic pathways that could synthesize these drugs have
been described.

The opiate-like peptides are, mole for mole, as potent analgesics
as morphine, and p-endorphin is actually five to ten times more
potent. Since these compounds do not easily penetrate the blood-
brain barrier, their effects in animals have been described only
following injection into the CNS. Discovery of these compounds led to
a new theory of the mechanism of pain perception in which
“nonpain” is perceived as an equilibrium between incoming pain
signals, and tonic “antipain” signals generated by mechanisms
involving the endogenous opiate-like peptides. It is interesting, for
example, that the analgesic, “antipain” effect of acupuncture can
apparently be blocked by naloxone.

The opiate-like peptides also modulate secretion of certain pituitary
hormones. For example, they are involved with decreasing GnRH
output, and therefore LH and FSH release from the pituitary, yet they
facilitate GH and PRL release (probably at the hypothalamic level)
(Part B, Ch.7).

Terminology

Opium contains more than 20 distinct alkaloids. Opiates are drugs
derived from opium, and include morphine, codeine, heroin, and a
wide variety of semisynthetic compounds derived from them. The
term opioid is more inclusive, applying to all agonists and antago-
nists with morphine-like activity, as well as to naturally occurring and
synthetic opioid peptides. Although dynorphin, Met- and Leu-
enkephalin have different origins from p-endorphin, the term
endorphin has become generic, and is used today to refer to all
three families of endogenous opioid peptides (enkephalins, dynor-
phins, and p-endorphins). The term narcotic was derived from the
Greek work for stupor. Although at one time it referred to any drug
that induced sleep, it is used today in a legal context to refer to a
wide variety of abused substances. Although the term is not likely to
disappear, it has lost its physiologic usefulness.
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Melanocyte-Stimulating Hormone

The darkening effect in amphibian skin caused by extracts of the pars
intermedia was described earlier last century, with the putative
causative agent called intermedin. Today, this agent is called
melanocyte-stimulating hormone (MSH). In many mammalian
species (e.g., rat, dog, horse, cat, rabbit, ox, etc), the pars inter-
media is well-defined and contains large amounts of o-MSH, but in
other mammals (and birds) it is practically vestigial, and so o-MSH is
thought to originate from the adenohypophysis (anterior pituitary).

The release of MSH from the pars intermedia or the anterior
pituitary is controlled by MSH-releasing hormone (MRH), MSH
release-inhibiting hormone (MRIH), and dopamine (Ch. 7). The
ring structure of oxytocin, which is produced by paraventricular
nuclei in the hypothalamus and stored in the neurohypophysis, may
be the source of MRH, and the tripeptide side chain the source of
MRIH (Part D). There does not appear to be any direct feedback
effect on MSH release from target tissues, since stimulation of
melanocytes by o-MSH does not release any possible feedback candi-
dates into the circulation. Perhaps the strong two- or three-way
control of MSH release by the hypothalamus precludes a biologic
requirement for target tissue negative feedback.

There are five known substances with MSH activity: a-MSH,
B-MSH, y-MSH, ACTH, and B-LPH. All are derived from POMC. The
following heptapeptide, which appears in the five substances
enumerated above, is apparently responsible for MSH activity:
Met-Glu(or Gly)-His-Phe-Arg-Trp-Gly. All five molecules above can
be extracted from mammalian pituitaries, however, only ACTH and
a-MSH appear to be released from POMC in vivo to appear at high
enough concentrations in the circulation to promote skin darkening.

B-Melanocyte-stimulating hormone (B-MSH) is believed to be
an artifactual breakdown product of y-LPH (see Part A). While MSH is
approximately 30 times more potent than ACTH as a skin-darkening
agent, sufficient amounts of ACTH can account for hyperpigmen-
tation (e.g., Cushing’s-like and Addison’s-like diseases). Whether
v-MSH is physiologically significant is unknown.

In addition to its role as a precursor for g-MSH, y-LPH, B- and
y-endorphin, B-lipotropin (B-LPH, Part A) has been proposed as an
adenohypophysial hormone that stimulates lipolysis in adipose tissue
(i.e., hydrolysis of stored triglycerides to free fatty acids and
glycerol). A standardized bioassay for B-LPH activity involves
culturing mouse or rabbit epididymal (testis) fat pads, adding g-LPH
and measuring subsequent release of glycerol and/or free fatty acids
into the culture medium. An additional bioassay technique employs
measurement of the inhibition of “*C-labeled acetate incorporation into
lipid following addition of B-LPH to the culture medium. This
procedure is, in effect, a measurement of lipogenesis (or lack
thereof), which should be inversely correlated with lipolysis.
B-Lipotropin, presumably of pituitary origin, has been identified in the
systemic circulation of a number of mammalian species; however,
concentrations observed have not apparently been high enough to
significantly stimulate lipolysis. This brings into question the physio-
logic significance of B-LPH in mammalian lipid metabolism.

At one stage of evolution, MSH apparently mediated a protective
adaptation (i.e., camouflage in the dark) (Ch. 72). The major bioassay
for MSH, which is capable of detecting MSH with great precision over
a range of 20 to 50 pg, is based on the darkening of amphibian skin
under standardized conditions.

Animals possess a variety of specialized pigmented cells known as
chromatophores, with the melanophores of lower vertebrates
(fishes and amphibians) being perhaps the most recognized.
Melanophores, containing melanin pigment, are derived from the
neural crest, as are the melanocytes of higher vertebrates which are
largely found in the epidermal stratum germinativum and in hair
follicles. Melanophores differ from melanocytes in the manner by

which they transfer melanin pigment to adjacent areas (Part E).
Melanophores undergo rapid color change via intracellular
displacement (migration) of melanosomes, while melanocytes
transfer melanosomes to adjacent keratinocytes of the basal
dermal layer via dendritic processes, thus protecting deeper layers of
the skin from UV radiation. Melanin granules containing brownish-
black eumelanins and yellow/reddish-brown phaeomelanins are
concentrated in melanosomes. Melanocytes, unlike keratinocytes,
are a stable cell population, normally living many years without under-
going cell division, while keratinocytes divide actively and live only a
few days. If melanocytes begin dividing, the consequences can be
fatal.

A major target of a-MSH in mammals is the dermal melanocyte,
and in lower vertebrates the dermal melanophore. o-MSH stimu-
lation causes melanosome transfer, while melatonin (in
amphibians) and catecholamines (in mammals) cause skin pallor
(melanosome concentration). The term melanoderma refers to
increased melanin pigmentation of the skin, whereas the term leuko-
derma refers to a loss of this pigmentation.

Since MSH plays only a minor camouflage role in mammals, it is
possible that this highly conserved peptide was put to different uses
as the evolutionary process continued. Animals that change from a
white “winter coat” to a brown “summer coat” employ the services
of MSH to stimulate melanin production for the summer coat (Part
F). Hypophysectomy of the short-tailed weasel during the winter
causes the summer coat to be white, and treatment with either MSH
or ACTH is sufficient to cause regrowth of the normal brown summer
coat. The term melanotrichia refers to increased melanin hair
pigmentation, whereas the terms leukotrichia or poliosis refer to a
loss of hair pigmentation.

It has been postulated that, in hairy mammals, MSH may stimulate
modified sebaceous gland activity containing pheromones (i.e.,
sexual attractants secreted to the outside of the body). This function
may be important in species that rely heavily on olfaction when
participating in reproductive events.

There is an established link between the white hair coat of cats
(and various other animals), blue eyes and deafness. Neural crest-
derived melanocytes are contained within the blood vessel-rich zone
of the cochlea known as the stria vascularis. This structure is
responsible for generation of the K=rich, Na~-poor endolymph
contained in the scala media, needed for maintenance of the
endocochlear potential (critical for hair cell depolarization and
auditory nerve electrical signal transduction). Cochlear melanocyte
deficiencies are associated with the correspondingly low K* compo-
sition of endolymph, and subsequent sensorineural deafness.

A melanin-concentrating hormone (MCH; 17 amino acids) has
been isolated from the pituitaries of fishes, where it appears to be
involved in control of skin color (Ch. 72). MCH blocks MSH and ACTH
release in teleosts, and in mammals (where its mRNA can be found in
the lateral hypothalamus), it increases food intake (where a-MSH has
been found to have the opposite effect).

The prominence of a pars intermedia in the primate fetus, coupled
with the observation that the N-terminal pro-MSH peptide stimulates
release of glucocorticoids and aldosterone, indicates to some that
this hormone may have a fetal steroidogenic effect. Finally, MSH,
which is distributed in the brain, has figured prominently in studies on
the enhancement of memory.

The physiologic roles of a-MSH are not known in fishes, where
most pigmentary changes apparently are under MCH and ANS
control. In birds, the fact that feather pigments (including melanin)
are under the control of gonadal, thyroidal, and gonadotropic
hormones seems to be related to the loss of the pars intermedia.
Black feathers, however, reportedly develop in birds treated with
either MSH or ACTH (Ch. 72).
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Produced by somatotropes of the adenohypophysis (Ch. 7),
somatotropin (also called growth hormone (GH)) is a protein of 191
amino acid residues, with 2 to 4 disulfide bridges. lts structure, which is
similar to that of prolactin (PRL) (Ch. 68) and placental lactogen (PL),
varies enough among different animal species that GH from one species
may not exhibit GH-ike effects in another. Porcine and primate GHs
exhibit only transient effects in the guinea pig, and bovine and porcine
GHs are thought (by some) to have insignificant endocrine effects in
primates. The primary physiologic actions of GH are to promote growth
in developing, wellfed animals, and provide a ready source of energy
(e.g., glucose and long-chain free fatty acids (FFAs)) during starvation
(Part A). The indirect anabolic actions of GH are mediated largely via
other polypeptides known as somatomedins (namely insulin-like
growth factor 1, IGF-1), whereas the antiinsulin, catabolic actions
during starvation result from its direct effects on target cells in the
absence of IGF-1. The somatomedins were so named because they
mediate the anabolic actions of somatotropin.

Gontrol of GH Secretion

Growth hormone is secreted from the adenohypophysis in a pulsatile,
episodic fashion regulated largely by hypothalamic GH-releaseing
hormone (GHRH or somatocrinin), ghrelin, and GH release-
inhibiting hormone (GHIH or somatostatin), and negative feedback
from GH, and IGF-1 (Part B). GH secretion undergoes marked and rapid
fluctuations in young animals and adults before it declines with old age.
It is not surprising that it is under hypothalamic control.

Somatostatin is distributed throughout the nervous system, and in
extraneural tissues of the stomach, pancreas, and intestine (Chs. 40, 48
& 51). The main site of ghrelin biosynthesis and secretion is the
stomach, but it is also produced by the hypothalamus, and has marked
GH-stimulating activity. It appears to be involved in the regulation of food
intake (Ch. 50).

Approximately one-half of GH secretion occurs during deep sleep
(Part C), with timing during the day and night hours shifted accordingly
in nocturnal animals. The episodic pattern of GH release is important in
modulating its metabolic activities, because the nearly complete
absence of GH effects during trough periods is vital in maintaining its
anabolic versus catabolic actions on target tissues. The plasma half-life
of GH is about 20 min., whereas that of IGF-1 is much longer.

Factors known to stimulate GHRH and therefore GH secretion
include various neurotransmitters and drugs, the hormones ghrelin,
progesterone (in dogs), glucagon, thyroxine, ACTH-releasing hormone
(CRH), and thyrotropin-releasing hormone (TRH; in nonmammals), as well
as stress, exercise, lactation, sleep rhythms, and certain amino acids
(e.g., Arg). Factors associated with a decrease in GH output include p-
adrenergics, hyperglycemia, glucocorticoids, synthetic progestins (in
primates), and GH and IGF-1 negative feedback (Part B).

Differences regarding the effects of the various stimuli above have
been reported between species. For example, stress, which is
associated with elevating ACTH and thus glucocorticoid levels, generally
increases GH secretion in primates and inhibits it in rodents, but has no
effect on the GH secretion of domestic ungulates (hoofed mammals).
Starvation and lactation increase GH output in primates and domestic
ungulates, whereas moderate exercise, amino acids (e.g., Arg), and
hypoglycemia give inconsistent results in dogs. Synthetic progestins
such as megestrol acetate (MA), sometimes used for estrus
prevention, stimulate GH output in dogs, yet decrease it in primates. MA
does not apparently affect GH output in cats, but continued use may lead
to diabetes mellitus because of its glucocorticoid activity.

Indirect Growth-Promoting Effects

During fetal and adolescent life, thyroxine, GH, and the somatomedins
exert profound synergistic effects on growth and development (Part D).
IGF-2 is largely independent of GH, and plays an important role in fetal
development. In fetuses in which it is overexpressed, growth of organs,
especially the tongue, skeletal muscles, kidneys, heart and liver, is
disproportionate. Animals with hyposomatotropism and/or reduced
IGF-2 levels are born as pituitary dwarfs, while those with inadequate
fetal thyroxine are born as cretins (Ch. 38). Secretion of IGF-1 is

largely independent of GH before birth, but is stimulated by GH after
birth, having pronounced growth-stimulating activity. Its concentration
rises in plasma during adolescence, peaking at puberty, then (like GH)
declines with old age. IGF-2 levels are rather constant throughout
postnatal growth.

Following the onset of puberty, the sex steroids (androgens and
estrogens, which are secreted in low amounts throughout adolescence)
assume a larger role in modulating growth and development than
thyroxine. Although sex steroids initially stimulate pubertal growth, they
ultimately terminate it by causing the epiphyses of long bones to fuse,
halting linear body growth.

Secretion of IGF-1 (also known as somatomedin C) from the liver
and other tissues of young animals, is increased by good nutrition, GH,
and insulin (Part E). The food supply is the most important extrinsic
factor affecting growth, for the diet must be adequate not only in protein
content, but also essential vitamins, minerals and calories so that
ingested protein is not solely burned for energy purposes.

The IGF-1 peptide structurally resembles proinsulin, and binds to both
insulin and IGF-1 receptors. Interestingly, mean IGF-1 (but not GH) concen-
trations in dogs are reported to vary according to breed, with smaller
breeds exhibiting lower concentrations of IGF-1 than larger breeds. A
close correlation appears to exist between body size and IGF-1 blood
levels. Factors inhibiting release of IGF-1 include the steroid hormones
cortisol and estrogen, as well as malnutrition. In animals fed a
protein meal (e.g., carnivores), blood levels of GH, insulin, and IGF-1 rise
(Part F). In animals fed a carbohydrate meal only, GH and IGF-1 levels
fall, yet insulin levels rise. During starvation, GH levels rise, yet insulin
and IGF-1 levels fall.

GH, IGF-1 and IGF-2 stimulate different receptors. Growth factors
(GFs) and insulin exert their actions largely through the MAP K
messenger pathway, while GH (PRL and PL) work through the JAK-
STAT pathway (Ch. 4). There is remarkable crosstalk between these
pathways, thus allowing cells to integrate signals from multiple extracel
lular stimuli into specific patterns of altered cellular response. For
example, GH may act on cartilage to convert stem cells into cells that
respond to IGF-1, allowing locally produced and circulating IGF-1 to
make cartilage grow.

The growth-promoting actions of GH (mediated largely through the
somatomedins) include enhanced amino acid entry into cells, enhanced
Ca?* absorption from the intestinal tract, K* and PO, retention by tissues,
proliferation of lymphoid tissue, enhanced skeletal growth, and gener-
alized extraskeletal cell proliferation (e.g., muscle, lung, kidney,
pancreas, intestine, islets, parathyroids, skin, connective tissue and
mammary glands; Part A). All of these anabolic actions are enhanced
by the concurrent presence of thyroid hormones (T, and Ts). As chondro-
genesis is stimulated, the cartilaginous epiphyseal plates widen and lay
down more bone matrix at the ends of long bones. In this manner stature
is increased. GH hypersecretion or prolonged treatment with synthetic
GH in adolescent animals leads to gigantism (Ch. 11).

Direct Gataholic Effects

The direct anti-insulin actions of GH are manifested primarily through
carbohydrate and lipid metabolism, and interference with insulin's action
on the liver, muscle and adipose tissue. Cortisol and GH (in the absence
of insulin) directly stimulate hepatic gluconeogenesis and adipose tissue
lipolysis (via activation of hormone-sensitive lipase in adipocytes), while
decreasing carbohydrate utilization by muscle and adipose tissue (via
suppression of hexokinase activity; Part A). GH (but not cortisol) also
spares breakdown of muscle protein (while encouraging muscle to
extract FFAs from the circulation for energy). Direct catabolic actions
of GH are pronounced during starvation (or hibernation), when insulin
levels are low. In abnormal situations, the net effect (if GH levels remain
high) could be hyperglycemia, ketonemia, and excessive insulin antag-
onism. Diabetes mellitus and/or acromegaly may develop following
prolonged increases in the serum GH levels of adult animals, due either
to hyperadenohypophysism, to over-use of drugs that stimulate GH
secretion, or to overuse of GH obtained from recombinant DNA
technology.
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Part G summarizes the secretory control and actions of growth
hormone (GH) and insulin-like growth factor I (IGF-1). Growth is
a complex phenomenon that is affected endocrinologically by GH and
the somatomedins (IGF-2 and IGF-1), and by thyroid hormones,
androgens, estrogens, glucocorticoids, and insulin (Ch. 10). The food
supply is the most important factor affecting growth, but various
other factors can be associated with small stature in domestic
animals (e.g., gastrointestinal diseases, portosystemic shunt,
glycogen storage diseases, renal and cardiovascular abnormalities,
hydrocephalus, skeletal dysplasia, hypothyroidism, hypo- or hypera-
drenocorticism, diabetes mellitus, and hypopituitarism). This chapter
will be limited to a short discussion of the pathophysiologic effects of
hypo- and hypersomatotropism.

Pituitary Dwarfism

Pituitary dwarfism is largely a result of hyposomatotropism, and
may be an inherited condition in some dogs and cats. Additional
deficiencies in other adenohypophyseal hormones may lead to
various degrees of secondary hypogonadism, hypoadrenocorticism,
and hypothyroidism (which also limit growth). The most commonly
reported cause of pituitary dwarfism in prepubertal dogs is a cystic
Rathke’s pouch, a condition first reported in Germany around 1940.
Most domestic animals with primary hyposomatotropism are
reportedly detected by 2 to 3 months of age, and are found to grow
slowly with near-normal body proportions.

Pituitary dwarfism is sometimes encountered as a simple,
autosomal recessive abnormality in the German shepherd, where a
combined deficiency of GH, TSH, PRL, LH and FSH exists. Pituitary
ACTH output is preserved in these animals, which argues against a
cystic Rathke's pouch in this breed.

Insensitivity to GH, as seen in the pygmies of Central Africa, may
also cause pituitary dwarfism. Circulating levels of GH are apparently
increased; however, IGF-1 levels are deficient. This disorder is
reportedly associated with absent or defective GH receptors.
Insensitivity to GH may also arise from abnormalities in GH structure or
lack of responsiveness to IGF-1. Although these secondary causes of
pituitary dwarfism may well exist in domestic animals, they have yet to
be convincingly described. All cases of pituitary dwarfism described
in dogs and cats to date show low to undetectable GH and IGF-1
concentrations.

Part H lists several abnormalities associated with pituitary dwarfism.
Significant growth takes place only if treatment with GH occurs before
epiphyseal closure. Otherwise, response to therapy is reportedly
limited. The long-term prognosis for pituitary dwarfism is said to be
poor in domestic animals.

Acquired Hyposomatotropism

Hyposomatotropism may also develop in adult animals following
destruction of the pituitary by inflammatory, traumatic, vascular, or
neoplastic conditions. Panhypopituitarism, a deficiency of all
pituitary hormones due largely to decreased output of hypothalamic
releasing hormones, may also occur.

Because glucocorticoids suppress GH secretion, prolonged or
excessive administration of glucocorticoids, or Cushing’s-like
syndrome, may cause hyposomatotropism. Signs of acquired
hyposomatotropism in dogs include alopecia and hyperpigmen-
tation (i.e., adult-onset, GH-responsive dermatosis).

Gigantism and Acromegaly (Hypersomatotropism)

Excess GH causes gigantism if it is present before the epiphyses
of long bones close at puberty. Acromegaly is caused by high circu-
lating titers of GH in the adult, and is commonly associated with
pituitary adenoma in older cats, excessive exogenous or endogenous
progesterone in female dogs, and GH-induced diabetes mellitus (DM).

In fact, signs of DM may be observed as the initial consequences

of acromegaly (e.g., hyperphosphatemia without azotemia, hyperc-
holesterolemia, PU/PD, polyphagia, and a net weight gain of the lean
body mass (Chs. 44 and 45)). Although severe insulin resistance and
hyperglycemia usually develop, ketosis is reportedly rare in acrome-
galic animals.

Saucerotte first described acromegaly in 1772 as a condition
where patients exhibited excessive growth, and where body propor-
tions became distorted because linear growth had ceased and could
not be reinitiated. Cartilage tends to proliferate in the joints of
patients with acromegaly, resulting in abnormally proportioned
extremities and an elongated jaw.

Cats reportedly manifest hypersomatotropism and acromegaly at
8 to 14 years of age, and exhibit many of the signs listed in Part I.
Polyuria and polydipsia (PU/PD) may result from renal hypertrophy or
glucouria (i.e., GH-induced DM). Acromegaly in dogs reportedly
develops following prolonged administration of progestins for estrus
suppression (megestrol or medroxyprogesterone acetate), which may
cause hypertrophy and hyperplasia of pituitary somatotrophs, or
more likely, induced expression of the GH gene in mammary glands,
with subsequent release of GH into the systemic circulation. This
condition may also evolve in untreated dogs during the diestrual
phase of the estrous cycle, particularly in intact, older bitches.
Pregnancy, which is also associated with prolonged, elevated proges-
terone levels, is not associated with hypersomatotropism, and
progesterone-induced acromegaly has not been described in cats.
Progesterone-induced acromegaly has also been associated with the
development of canine mammary tumors.

Since GH is a strong diabetogenic hormone, promoting hepatic
gluconeogenesis and insulin resistance in peripheral tissues, patients with
gigantism or acromegaly are susceptible to GH-induced DM (Ch. 44).

aynthetic GH

Mammalian nonprimate GH, previously used to treat dwarfism in
young animals and acquired hyposomatotropism in adult dogs and
cats, has been replaced by synthetic human GH (hGH), manufac-
tured by recombinant DNA technology. Human GH is similar to
mammalian nonprimate GH immunologically, and it appears to be
active in the dog and possibly the cat. Recombinant bovine
somatotropin (bST or rbST) also appears to be biologically active
in dogs. Canine GH is not currently available for therapeutic use, and
reports of treating dogs with porcine GH, hGH or bST have not
necessarily been good, largely due to antibody formation. Since
progestins induce expression of the GH gene in canine mammary
glands with subsequent release of GH into blood, this therapy has
apparently been somewhat successful. Numerous side effects,
however, have been reported.

Recombinant bovine somatotropin has made possible the manipula-
tion of bovine lactational physiology. It appears that bST (working
through IGF-1) can increase milk production in dairy cows by 5% to
25% after the first two to three months of lactation, with feed efficiency
increasing from 5% to 15%. Given daily injections of bST (or use of
sustained-release preparations), this increased yield has been reported
to persist throughout the remainder of lactation. An increase in the
average number of services (from about 2.0 to 2.5), however, is appar-
ently required to achieve conception, which causes cows to remain open
(unbred) for about 21 days longer.

bST stimulates hepatic gluconeogenesis and mimics PRL activity on
the mammary glands by enhancing their ability to synthesize milk
components. It reportedly partitions nutrients to these tissues while
taking them away from other organs. Pharmacologic doses of
somatotropin injected into growing pigs and lambs reportedly increase
nitrogen retention, improve feed efficiency, increase muscle mass,
reduce carcass lipid content, and increase carcass protein content.

GH, IGF-1, PTH-related peptide (PTH,,), and PRL have all been
detected in milk (Ch. 67).
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Antidiuretic hormone (ADH or arginine vasopressin, AVP), a
nonapeptide secreted by the posterior pituitary, inhibits diuresis and
increases urinary osmolarity by increasing permeability of collecting
ducts of the kidneys so that water is reabsorbed into the hypertonic
interstitium. Without the effects of ADH, the urine produced is
voluminous and hypotonic to plasma (hyposthenuric polyuria).

Neuropeptides of the Posterior Pituitary

Although the posterior pituitary contains several neuropeptides that
may possess important physiologic actions (Ch. 72), the best charac-
terized are oxytocin (Ch. 69) and ADH. Both are neurohormones
synthesized by paraventricular and supraoptic nuclei of the
hypothalamus (Part A), and each has a characteristic neurophysin
associated with it as it passes down axons to be stored in granules of
the neurohypophysis (posterior pituitary). Both the neuropeptide
and its neurophysin are exocytosed into the general circulation
following an action potential; however, they quickly dissociate in
plasma. Neurophysins were originally thought to be binding polypep-
tides, but it now appears they may be parts of their precursor.

In hippopotamuses and most pigs, arginine of the more typical
mammalian AVP molecule is replaced by lysine to form lysine
vasopressin (Part B). The posterior pituitary of some species of
pigs and marsupials contains a mixture of arginine and lysine
vasopressin. Each is a nonapeptide consisting of a six-member
disulfide-containing ring. The structures of ADH and oxytocin differ by
only two amino acids, and both are derived from a single precursor
present in non-mammalian vertebrates, arginine vasotocin (AVT)
(see Part B), that exhibits similar physiologic properties. The arginine
in position 8 of ADH is critical to its pressor activity, but not its
antidiuretic action. Substitution of p-arginine in this position, along
with removal of the terminal amino group of cysteine, produces a
highly potent and long-acting antidiuretic peptide possessing virtually
no pressor activity, namely 1-desamino-8-p-arginine vasopressin
(DDAVP) (see Part B). This agent is used to treat DI (Ch. 13).

Factors Regulating ADH Secretion

Stimuli and inhibitors of ADH secretion are presented in Part C.
Secretion of ADH is regulated mainly by the osmolarity of plasma and
changes in blood volume and/or pressure. Hypothalamic nuclei that
synthesize ADH (or some closely related nuclei) act as osmoreceptors,
sensing modest changes in plasma osmolarity (namely the Na* concen-
tration). An increase in plasma osmolarity of only 1% causes these
osmoreceptors to shrink, and to initiate nerve impulses that release
ADH. Conversely, when plasma osmolarity is reduced, secretion is
inhibited. Because ADH is rapidly degraded in plasma (biologic t¥2 is
approximately 5 to 10 minutes), circulating levels can be reduced to
zero within minutes after secretion is inhibited. As a result, the ADH
system can respond rapidly to fluctuations in plasma osmolarity.

A decrease in blood volume or pressure is sensed by low-pressure
stretch receptors (i.e., baroreceptors) in the left atrium, and high-
pressure receptors in the aortic arch and carotid sinus. Signals from
these receptors are relayed to ADH secretory neurons via afferent
fibers in the vagus nerve. The sensitivity of this baroreceptor system is
less than that of the osmoreceptors, and a 5% to 10% change in
volume is required to alter ADH secretion.

Decreases in blood volume and/or pressure are also sensed by
juxtaglomerular (JG) cells in the kidney that synthesize and secrete
renin. As pressure declines, renin levels increase, which in turn
elevates plasma levels of angiotensin Il (Chs. 27 and 28). Angiotensin
Il'is a potent vasoconstrictor, as well as a stimulus for thirst, aldos-
terone and ADH release. Part D depicts the regulation of ADH secretion
and its effect on water retention in the kidney. During periods of
dehydration, increased plasma osmolarity provides about 70% of
the increased thirst drive, the remaining 30% is due to hypovolemia.

Dehydrated animals (e.g., dogs, cats, camels and others)
sometimes rapidly drink just enough water to compensate their water
deficit. They usually stop drinking before the water is fully absorbed, and

while their plasma is still hypertonic. It has been hypothesized that some
pharyngeal “metering” takes place, but it is not well described. Water
intoxication is not uncommon in ruminants deprived of water. If
excessive, extra- and intracellular fluid compartments rapidly expand,
hemolysis can occur with normal cellular metabolic processes
disrupted, sometimes causing death. Similar symptoms can occur with
the syndrome of inappropriate ADH (SIADH) secretion, often due to
noxious stimuli, various drugs or excessive ectopic secretion of ADH by
certain tumors. When dilution develops slowly, marked degrees of
hypoosmolarity may occur with few symptoms, although the danger of
water intoxication remains.

Primary Actions of ADH

Blood pressure is one factor that determines the renal glomerular
filtration rate (GFR). The filtrate normally lacks plasma proteins and
cellular components of blood, and the initial concentrations of solutes
like Na*, glucose, and amino acids are identical to those in plasma.
Numerous mechanisms operate to return solutes and most of the water
back into blood; however, if something interferes with these reabsorptive
processes, a larger than normal amount of urine will be produced (i.e.,
diuresis). Should more reabsorption occur than normal, more fluid is
reabsorbed and antidiuresis results. Regulation of water reabsorption
in the kidney is essential in the maintenance of a normal blood volume
and pressure.

As previously stated, an increase in the osmolarity of plasma or a
decrease in blood pressure triggers release of ADH, which in turn
causes increased water reabsorption in the kidneys, antidiuresis and a
concentrated urine. Similarly, an increase in blood pressure and/or a
decrease in the osmolarity of plasma represses ADH release, and
causes diuresis with a corresponding drop in blood volume and
pressure. Thus, ADH is important in the minute-to-minute control of
blood volume and pressure because it is stored by the posterior
pituitary, and can be released quickly upon demand. Another important
action of ADH occurs in the brain, where it stimulates thirst (like
angiotensin Il; Ch. 27). Consumption of water will also add fluid to the
vascular system, and will thus increase blood pressure.

Antidiuretic hormone acts in the kidney to increase permeability of the
collecting ducts to water. A simplified model of this action is shown in
Part C, Ch. 13. ADH binds to a V, receptor on the basolateral
membrane of renal target cells. Binding to this receptor, which is
coupled to adenyl cyclase, increases intracellular levels of cAMP, which
in turn activates one or more protein kinases. Phosphorylated proteins
resulting from this next act to insert water channels (aquaporins) into
the apical (i.e., luminal) membrane. Aquaporins are found not only in
collecting ducts of the kidney, but also in the brain, salivary and lacrimal
glands, and respiratory tract.

There are at least three types of ADH receptors: V;,, Vig, and V,, and
all are G protein-coupled (Part E).

gecondary Actions of ADH

The pressor actions of ADH include vasoconstriction of systemic,
coronary, and pulmonary blood vessels, and dilation of cerebral and
renal vessels largely through V,, receptor stimulation. The dose of ADH
that produces pressor activity is about 100 times the dose that
provides its antidiuretic action; therefore, ADH is probably not a physi-
ologic pressor agent in mammals. However, high doses of ADH can
cause constriction of arteriolar smooth muscle and elevate the blood
pressure. This may increase the GFR enough to override the antidi-
uretic action of ADH and, therefore, produce a net diuresis.

In large amounts, ADH also stimulates secretion of ACTH. An ADH
response test using changes produced in serum cortisol levels has
been recommended as an indicator of hypothalamic—pituitary function.
An increase in serum cortisol after administration of ADH would
indicate normal adenohypophyseal function. Conversely, high circu-
lating levels of cortisol inhibit ADH release, as well as exerting
separate actions on the kidney (Part C; Chs. 22 and 24).
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Patients with diabetes insipidus (DI) produce rather large volumes of
hypotonic, tasteless (i.e., insipid) urine, and therefore exhibit dire thirst
(Part A). Although several factors can cause polyuria/polydipsia
(PU/PD) in domestic animals, Dl is suspected when water consumption
is greater than 100 ml/kg/day, and urine production (without glucose)
is greater than 50 ml/kg/day. The high fluid consumption may interfere
with food intake in severe cases, resulting in weight loss.

Dlis primarily a water abnormality (water out > water in), and serum
profiles may not reveal abnormalities other than hypernatremia (& hyper-
osmolarity). If water is withheld from these patients, they can develop
life-threatening hypertonic encephalopathies (serum [Na*] > 170 mEq/L;
serum osmolarity > 375 mOsm) quickly. The causes of DI are subdi-
vided into those of central or nephrogenic origin, as follows.

Gentral Diabetes Insipidus (CDI)

Central diabetes insipidus results from the destruction of ADH
production sites in the hypothalamus (the supraoptic and paraven-
tricular nuclei), loss of major axons that carry ADH to its storage sites
in the posterior pituitary, or disruption of the ability to release stored
ADH (Part B). Animals with CDI reportedly have difficulty increasing
their urine osmolarity, even with water restriction. Consequently, the
specific gravity of their urine can remain hyposthenuric (< 1.006).

Although CDI may have multiple etiologies, the most common
identifiable cause appears to be head trauma. Metastatic tumors
that develop in the hypothalamus or posterior pituitary can also cause
CDI, as can infections, aneurysms and cysts. Although an
autoimmune hypothalamitis leading to CDI has been described in
humans, where ADH cell antibodies are present, this form of CDI has
not yet been reported in animals.

CDI is reported to temporarily follow pituitary surgery, but if
damage to the pituitary stalk induces retrograde degeneration of
hypothalamic neurons, CDI can apparently become permanent.

An absolute primary polycythemia due to EPO excess leads to
an increased blood volume, hyperviscosity of blood, and impaired
microcirculation of the brain. ADH release is impaired, with resultant
PU/PD. Neurological symptoms include ataxia, seizures, blindness,
tremor, and alterations of behavior.

Nephrogenic Diabetes Insipidus (NDI)

Diabetes insipidus of renal origin (i.e., NDI), can be caused by a
number of etiologies that result in the inability of the kidneys to
respond to ADH. Plasma ADH concentrations may be normal to
elevated; however, a partial or nearly complete lack of renal respon-
siveness has been noted. Primary NDI is characterized by an inability
of the renal aquaporin mechanism to allow water reabsorption from
collecting ducts, and secondary (or acquired) NDI is associated
with several disorders that interfere with normal interactions between
ADH and its renal receptors. These are referred to as secondary
because ADH, its receptor sites and postreceptor mechanisms are
apparently present, however, less responsive (Part C).

Female dogs and cats sometimes develop pyometra due to the
presence of E. coliassociated endotoxins. Renal concentrating mecha-
nisms in the kidneys become compromised due to developing ADH
insensitivity, and PU/PD develops. When the pyometra is successfully
treated, this type of acquired NDI can disappear within a matter of
days.

Hypercalcemia can also cause secondary NDI by damaging ADH
receptors on cell membranes of medullary collecting ducts, and inacti-
vating the postreceptor cAMP mechanism. PU/PD is a common early
symptom of hypercalcemia, which has many etiologies (see
succeeding Chapters).

Hepatic insufficiency may cause PU/PD if urea output is compro-
mised. Urea generally accounts for about 25% of the renal medullary
concentration gradient, and, when deficient, is associated with
increased urine output and compensatory polydipsia.

Cushing’s-like syndrome and disease (hyperadrenocor-
ticism), due to several etiologies (Ch. 25), is also associated with
secondary DI. Glucocorticoids may interfere with the release of ADH
from the posterior pituitary or the actions of this hormone on collecting
ducts, and they also have a tendency to increase the glomerular
filtration rate (GFR). In some instances (e.g., pituitary ACTH-secreting
tumors), the tumor itself may cause compression of neurosecretory
cells in the posterior pituitary, thus reducing ADH output.

Hypoadrenocorticism (Addison’s-like disease) can result in both
a mineralocorticoid (i.e., aldosterone) and glucocorticoid (i.e.,
cortisol) deficiency (Ch. 29). The aldosterone deficiency causes natri-
uresis, hyperkalemia, eventual renal medullary solute washout, and
diuresis, while the cortisol deficiency leads to (among other things) a
hypercalcemia due to excessive Ca* reabsorption throughout the
nephron. The hypercalcemia, in turn, decreases renal responsiveness
to ADH (see above).

Pyelonephritis, an infection and inflammation of the renal pelvis,
affects the active concentrating mechanism in the ascending thick
limb of the loop of Henle, which eventually leads to loss of the
medullary concentration gradient. Secondary NDI associated with
pyelonephritis can apparently progress to renal failure.

Hypokalemia, like hypercalcemia, is thought to cause the
collecting ducts to become less responsive to ADH, and it may also
reduce ADH release from the posterior pituitary. Hypokalemia is
associated with reduced aldosterone release from the adrenal cortex,
which in turn causes less Na* to be reabsorbed into the renal inter-
stitium. Hypokalemia is also associated with a decrease in neuromus-
cular irritability (Ch. 19), which is a more common symptom than
PU/PD.

PU/PD is a common finding in animals with hyperthyroidism (Ch.
39). Although the mechanism is unclear, it is believed that the
increased medullary blood flow associated with this disease may
cause solute washout from the vasa recta, thus decreasing medullary
hypertonicity. The GFR is also increased in hyperthyroid animals, and
high titers of thyroid hormones may have a direct inhibitory affect on
the concentrating abilities of the nephron.

Many patients with DI are reportedly classified as being idiopathic
(i.e., denoting that they possess a disease of unknown origin), and
exhibit no other evidence of neuroendocrine dysfunction. Excessive
water intake can also give rise to polyuria, and, therefore, is
sometimes classified as a type of DI. Excessive drinking may be a
behavioral problem (i.e., psychogenic polydipsia), or it may result from
a malfunction in the thirst mechanism (dipsogenic DI).

Desmopressin (1-desamino-8-D-arginine vasopressin, DDAVP, Part
B, Ch. 12) is a synthetic analog of the naturally occurring ADH, and is
the drug of choice for treating DI. Desmopressin not only has antidi-
uretic properties, but also hemostatic properties. It causes platelet
aggregation and the release of hemostatic factors in dogs, and,
therefore, is sometimes used in the treatment of bleeding disorders.
The biological half-life of DDAVP is reported to be 4 to 8 times longer
than the natural hormone, and is sometimes administered intranasally,
instilled into the conjunctival sac, injected subcutaneously, or in tablet
form. Because most peptides are digested in and by the intestine,
orally administered vasopressin is less effective. Although patients
with idiopathic DI have been reported to be favorably treated, patients
with nephrogenic DI and those with hypothalamic or pituitary tumors
apparently have a less favorable prognosis, particularly if neurologic
signs are evident. Central DI due to head trauma has a variable
prognosis, with some patients recovering satisfactorily.

Sensitive radioimmunoassays for ADH are available that allow
plasma ADH to be measured. Although random plasma samples are of
little value, ADH concentrations can be determined as a part of
“dynamic” testing, either during H,O deprivation or with infusions of a
hypertonic NaCl solution.
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Serum calcium (Ca*), magnesium (Mg?*), and phosphate (PO,*)
levels are closely regulated in all domestic animal species by the
actions of vitamin D, PTH, and calcitonin on the Gl tract, bone,
and kidneys. The active form of vitamin D (ercalcitriol or
calcitriol (1,25(0H),D)) and PTH tend to raise serum Ca** levels, an
action counterbalanced by calcitonin. Other hormones such as
glucocorticoids, estrogens, glucagon, and growth hormone
normally play minor regulatory roles in Ca®* homeostasis.

The calcium concentration of extracellular fluid and that in the
cytoplasm of cells must be regulated within narrow limits if normal
body functions are to be maintained. Calcium ions serve many
important roles in the body (Part A). They are components of bones
and teeth, they are responsible for excitation and contraction of
muscle cells, as well as the induction of spontaneous excitations of
cardiac pacemaker cells (Ch. 19). Calcium ions are essential for
exocytosis of secretion granules in neurons and glandular cells, and
they serve as second messengers in many target cells (Ch. 5).
Certain key metabolic enzymes are activated by intracellular Ca*,
and Ca® serves as a co-factor for several important blood-clotting
proteins (factors VI, IX, and X).

The lipid bilayer of cell membranes normally exhibits a low perme-
ability to Ca®; therefore, influx of Ca* into responsive cells is
controlled by a heterogeneous group of Ca* channels regulated by
membrane potential, intracellular messengers, and ligands targeting
cell membrane receptors. These receptors are coupled to G-protein,
and are found on cardiac and smooth muscle, on parathyroid chief
cells, thyroid C-cells, renal tubular epithelial cells, and the placenta
(among other tissues). The Ca?" receptor is responsible for sensing
the ionized Ca?* concentration. Influx of Ca®* into responsive cells is
known to regulate cell function by interactions with intracellular Ca?-
binding proteins (e.g., calmodulin), and calcium-sensitive protein
kinases (Ch. 5).

Calcium is the fifth most abundant element in the body. Nearly
99% is found in the skeletal system, where calcium, together with
phosphate, is essential for bone strength and serves as a storehouse
to replenish serum deficits. However, less than 1% of skeletal Ca** is
available normally in adult animals for free exchange with extracellular
fluid (ECF) (Part B).

The normal ECF concentration, which is carefully regulated at about
10 mg/dL (5 mEq/L), changes little over a lifetime despite major
fluctuations in dietary Ca*, Ca* entering and leaving bone, renal Ca*
excretion, and the additional demands of pregnancy or lactation.
Intracellular Ca* is compartmentalized, yet the free cytoplasmic
concentration (normally about 10,000 times lower than the ECF
concentration), can change dramatically as a result of release from
intracellular stores and influx from the ECF.

An ordinary 75-kg adult mammal ingests about 1 g/day of calcium
in food and liquid (as shown in Part B). Calcium also enters the gut in
digestive secretions and as part of desquamated mucosal cells. Also,
during active glucose absorption intercellular spaces between mucosal
cells become swollen, and Ca?" gets secreted into the lumen through
tight junctions. Total Ca* entering the lumen by these means (less
ingestion) amounts to about 0.3 g/day. Consequently, about 1.3
g/day is available for absorption. Approximately 0.5 g is absorbed (=
40% of that available), and 0.8 g is excreted in the stool. Although 0.5
g/day is absorbed, net absorption amounts to only 0.2 g/day. In the
normal, non-pregnant adult animal, renal Ca** excretion is generally
balanced by intestinal absorption. If the plasma Ca** concentration
declines, intestinal Ca* absorption, bone resorption, and renal
tubular Ca* reabsorption increase in an attempt to return plasma
concentrations to normal levels. During growth and pregnancy, intestinal
absorption normally exceeds urinary excretion, and Ca?* accumulates in
newly formed fetal tissues and bone. Metabolic bone diseases (MBDs)

that promote reductions in bone mass (osteopenia), and metabolic
abnormalities that reduce lean body mass usually increase urinary Ca?
excretion without altering intestinal absorption (Chs. 18 and 72).

Active Ca?* absorption occurs primarily in the upper small intestine
(i.e., the duodenum) by a three-step mechanism (Part C). Calcium is
not ionized at neutral pH; instead, gastric HCI solubilizes calcium salts
and frees Ca** from dietary protein, thus permitting small intestinal
absorption. The active form of vitamin D (1,25(0OH),D) plays a critical
role in duodenal Ca®* absorption by opening Ca?* channels in mucosal
cell membranes, and stimulating transcription of specific proteins,
including Ca®-ATPase and calbindin, a cytoplasmic Ca®-binding protein.
Through these actions vitamin D can increase the efficiency of intestinal
Ca** absorption from 40-70%. By opening Ca* channels in mucosal
cell membranes (step 1 in Part C, an effect independent of
transcription), vitamin D helps to increase Ca?* influx from the lumen.
This phenomenon, known as transcaltachia, occurs over a period of
seconds to minutes, whereas the effects on transcription take hours.
The gradient for Ca?*" influx is secondarily maintained by the buffer
action of calbindin (step 2 in Part C), which as a Ca*-binding protein
exhibits significant homology with calmodulin, and myosin light chain.
Step 3, the active pumping of Ca? out of mucosal cells, is facilitated
by Ca*-ATPase. In addition to intestinal Ca** absorption, vitamin D may
also facilitate the active absorption of PO,* and Mg?. The mechanisms
for these events are independent of and less well defined than those in
the absorption of Ca?.

Serum Ca* exists in more than one form, yet about 50% is ionized
(Part B). lonized Ca* is the only form that influences secretion of PTH,
and can be used for the maintenance of neuromuscular excitability and
blood coagulation. Approximately 10% to 15% of serum calcium is
complexed with phosphate, citrate, or bicarbonate, while 40% is
protein bound to albumin and, to a much lesser extent, o- and -
globulins. Complexed and protein-bound forms are circulating storage
forms from which Ca* can be readily released.

Plasma proteins like albumin are more ionized (albumin’) when the
plasma pH is high (alkalemia), providing more protein anion to bind with
Ca’* (Part D). Conversely, in acidemia plasma proteins become less
ionized, thereby giving up their bound Ca?*. Hypercalcemia, which can
result from acidosis, also occurs with excessive resorption of bone or
increased absorption from the Gl tract. Symptomatic hypercalcemia
generally results in decreased neuromuscular excitability (as well as
“bones, groans, and stones”), while hypocalcemia results in increased
neuromuscular excitability (and tetany) (Chs. 18 and 19).

About two-thirds of the bone mass consists of inorganic minerals,
especially hydroxyapatite (Ca,o(P0,)s(OH),), but also brushite
(CaHPOQ,), and the Na*, K*, and Ca* salts of carbonate (CO,*). Thus,
bone contains a number of proton acceptors, including PO,*, HPO,*,
OH, and CO;*, and bone dissolution can help mitigate a fall in pH.
During the acute, uncompensated phase of metabolic acidosis, CO;*
on the bone surface acts as a proton acceptor. An important
mechanism appears to be the chemical exchange of free protons for
Ca?**, Na*, and K* bound to the carbonate, with the general buffering
action as follows:

2H'+ €O ----— CO, + H,0

During the more chronic, compensated phase of metabolic acidosis,
such as occurs with renal failure, buffering takes place through a
combined exchange with bone carbonate cations, as occurs during the
acute phase, and increased activity of osteoclasts, which help to
mobilize additional bone mineral (Ca,o(PO,)s(OH), and CaHPO,). Both
acute and chronic bone buffering lead to enhanced urinary excretion of
bone Ca*, which can reduce bone mass (osteopenia) and cause renal
Ca®* stone formation. Additionally, as stated above, metabolic acidosis
reduces the charge equivalency on albumin, thus reducing the
amount of Ca* bound to protein in plasma. This also increases the
filtered load of Ca?*, which in turn increases urinary Ca* excretion.
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Magnesium, the second most abundant intracellular cation, has
several roles including enzyme activation, regulation of protein
synthesis, and suppression of Ca* release from the sarcoplasmic
reticulum (Part A). Magnesium binds at the center of the plant
chlorophyll molecule, and it also complexes with ATP inside animal
cells. Enzymes requiring ATP are inactive in the absence of Mg?* (or
Mn?, a trace element substitute).

About 54% of Mg?* is found in bone, 45% is in the intracellular
fluid of soft tissue, and only 1% is in ECF (Part B). Effects of Mg**
on central and peripheral nerves mimic those of Ca*; that is, Mg*
enhances excitation when deficiencies exist, and depresses it when
excesses occur (Ch. 19). The synthesis, release, and target cell
effects of PTH also require Mg, but excessive levels inhibit PTH
secretion and possibly its action on target cells.

Normal plasma Mg?* concentrations are about 1.5-2.5 mEq/L,
with about 30% of plasma Mg? being protein bound. Free plasma
Mg?* that is filtered by the kidneys consists of an