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PREFACE

We as scientists and physicians were trained with
“classic” comprehensive texts that we continue to
cherish as reference books in our libraries. These
are the texts that first introduced us to the funda-
mentals of our discipline and continue to serve us
as sources of professional refreshment.

The present text, Neuroendocrinology in Physi-
ology and Medicine, is designed to fill amajor void
in the discipline. There is no comprehensive clini-
cal or basic science text covering the topic. More-
over, owing to constraints of length, none of the
general neuroscience or endocrinology texts have
been able to provide comprehensive coverage of
the topic. Though the discipline isrelatively young,
the growth in the continually burgeoning science
of neuroendocrinology now justifies such a com-
prehensive text.

Neuroendocrinology in Physiology and Medi-
cine has been designed to provide systematic cov-
erage of analytical, anatomical, functional, clinical,
and pathologic topics in neuroendocrinology by
experts in the field who are also recognized as
skilled teachers. The text is intended for the most
advanced undergraduate students as well as for
beginning graduate and medical students, fellows,
residents, and those in clinical practice. Textual
coverage is supported by clear, comprehensive
tables and figures. Taken together, Neuroendocri-
nology in Physiology and Medicine should serve as
a classroom text as well as provide reference sup-
port for the interested reader.

P. Michael Conn
Marc E. Freeman
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1 The Hypothalamus

as an Endocrine Organ
The Science of Neuroendocrinology

Béla Halasz, mD
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1. INTRODUCTION

Although some faint indications about the influ-
ence of the central nervous system (CNS) on endo-
crine functions can be traced back to the end of
the previous century, neuroendocrinology started to
become a fairly independent scientific field around
the 1940s when neurosecretion was discovered and
it had been postulated that the CNS control of the
anterior pituitary is exerted via a neurohumoral mech-
anism.

In the last 50 years, researchers working in this
field have made outstanding contributions resulting
in a very rapid and spectacular development of the

From: Neuroendocrinology in Physiology and Medicine, (P. M. Conn
and M. E. Freeman, eds.), © Humana Press Inc., Totowa, NJ.

discipline; many of the basic questions of neuroendo-
crinology have been solved over the years. We gained
a vast amount of important new information, which
in essence, confirmed and proved the original basic
concepts of neuroendocrinology.

However, it also led to a significant revision of
our views about the discipline in general and about
some of its special areas in particular. Originally,
neuroendocrinology meant primarily neurosecretion
as a peculiar phenomenon, the supraoptico- and para-
ventriculo-hypophysial system producing vasopressin
and oxytocin, and the neural control of the anterior
pituitary gland. Now, the discipline covers much
more. Neuroendocrinology deals with all interactions
between hormones and nerve structures. There are an
infinite number of such interactions that exist at very
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different levels. Therefore, it is almost impossible to
draw definite boundaries of the discipline and to give
a more detailed definition of neuroendocrinology.
Afterabrief historical background, this chapter pro-
vides an overview of the hypothalamus as an endocrine
organ secreting neurohormones. Furthermore, it dis-
cusses briefly the feedback action of hormones on the
CNS, and the basic organization of the hypothalamus
as a key structure of the neuroendocrine system.
Finally, the close link between neuroendocrinology
and immunology is considered and that neuroendo-
crinology fertilized other fields of neuroscience.

2. HISTORICAL BACKGROUND:
BASIC OBSERVATIONS WHICH
CONTRIBUTED TO THE DEVELOPMENT
OF NEUROENDOCRINOLOGY
AS A SCIENTIFIC DISCIPLINE

Nearly all that we know about this system has been
gathered during the twentieth century, building on
fragmentary notions from earlier times. Galen
regarded the pituitary as a sump for waste products
(phlegm = pituita) derived in the brain from distilla-
tion of “animal spirit.” He assumed that the waste
products funneled down the infundibular stalk to the
pituitary gland, which then dispersed them through
ducts in the sphenoid and ethmoid bones to the naso-
pharynx, where they appeared as nasal mucus or pitu-
ita. This view of pituitary function persisted through
the Middle Ages and Renaissance and even through
Vesalius until the middle of the seventeenth century,
when it was shown that the foramina in the cribriform
plate of the ethmoid bone transmitted olfactory nerves
rather than ducts. It had been recognized as early as
at the end of the eighteenth century that the rabbit
ovary developed corpora lutea only after mating, but
the involvement of the pituitary gland in this reflex
was not demonstrated until the end of the 1920s.
The term hypothalamus was coined at the end of the
nineteenth century, but nothing was known of the
function of this part of the brain.

The first experimental demonstration of a hormonal
effect was made by Berthold (1849), who showed
that male sexual and aggressive behavior and sex
accessories were maintained or restored by testicular
transplants in caponized cocks, whose behavior and
accessories were otherwise eunuchoid. At the begin-
ning of the twentieth century, it turned out that the
adiposogenital syndrome, which was considered to
be a case of pituitary tumor, was not related to the
pituitary, but was rather because of the damage to

the hypothalamus. This view was proven by the
experimental induction of polyuria and the adiposo-
genital syndrome in dogs without hypophysectomy,
by merely puncturing the base of the hypothalamus
transbuccally with a needle.

Recognition of pituitary trophic hormones dates
back to the second decade of the twentieth century,
when the existence of a growth-promoting factor in
the anterior pituitary had been demonstrated. Subse-
quently, it had been reported that the pituitary gland
produced hormones that stimulate the thyroid, adrenal
cortex, gonads, and growth. Complete hypophysec-
tomy by the parapharyngeal approach depressed all
these functions.

By this time, the anterior pituitary was considered
as an independent organ and as the leader of the
endocrine orchestra. However, an increasing number
of data have indicated that activity of this gland
depended on the presence or absence of target-organ
hormones and the concept of reciprocal action, later
called negative feedback, was proposed.

At the beginning, it was assumed that the action
of gonadal hormones was exerted directly on the
hypophysis. However, it was found that following
ovariectomy, so-called castration cells failed to
develop in the pituitary when it was transplanted
under the kidney capsule, i.e., separated from the
hypothalamus. It had been proposed that a so-called
hypothalamic sex center was involved in the feedback
circuit. It also became evident that in the case of
estrogen and progesterone, there was also a positive
feedback mechanism. It had been discovered that ovu-
lation and the development of corpora lutea can be
induced in juvenile rats with a single injection of
estradiol. This effect was found to be specific for
females. The induction of ovulation in persistently
estrous rats by progesterone was also demonstrated.
Furthermore, it had been shown that it is possible to
manipulate the length of the estrous cycle of normally
cycling rats by the appropriate differentially timed
injection of either estrogen or progesterone.

During the 1930s, the anatomy and physiology
of the hypothalamus were intensively studied. New
discoveries of hypothalamic function were made pos-
sible with the use of a stereotaxic instrument. It had
been reported that localized lesions interrupting the
supraopticohypophysial tract induced polyuria. This
alteration was interpreted as an effect of denervation
of the pituicytes of the posterior pituitary, which were
supposed to secrete the antidiuretic hormone.

At this time, Ernst and Berta Scharrer had been
staining secretory granules in the preoptic region of
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the fish brain. The supraoptic nuclei in mammals
also contained granules. The Scharrers suggested that
hormones might be produced in such neurons. They
called these nerve cells neurosecretory neurons and
the mechanism neurosecretion. The concept was
greatly supported by other researchers who applied
Gomori’s chrome alum hematoxylin-phloxine stain,
and observed that the whole supraoptico- and para-
ventriculo-neurohypophysial systems were stained.
Cutting the stalk caused a piling up of the Gomori-
positive granules on the proximal side of the cut. The
system could be manipulated by changing the water
intake of the animals. These and other observations
indicated that the antidiuretic hormone was synthe-
sized in the large supraoptic neurons, and was carried
down along their axons to the posterior pituitary.
Shortly afterwards, the chemical structures of vaso-
pressin and oxytocin were determined.

At the end of the 1930s, it had been reported that
reflex induction of ovulation in the rabbit (mentioned
earlier) required that the pituitary remains in situ for
nearly an hour after coitus. Furthermore, it has been
observed that electrical stimulation of the basal hypo-
thalamus would induce ovulation in the rabbit, but
similar stimulation of the pituitary gland was ineffec-
tive in this regard. The sparse innervation of the ante-
rior lobe, unlike the richly innervated neurohypophy-
sis, led to speculation as to how the coital stimulus,
as well as hypothalamic electrical stimulations, might
be transmitted to anterior pituitary cells. Concerning
the mechanism of the hypothalamic action on the
anterior pituitary, a significant progress had been
made in this line by the description of the hypophysial
portal vascular system. On the basis of these findings,
it had been assumed that the anterior pituitary was
controlled not by nerve fibers, but humorally.

John Green, and particularly Geoffrey Harris,
became the great champions of the neurovascular con-
cept of the hypothalamic control of the anterior pitu-
itary, postulating that hypophysiotropic substances
are produced by hypothalamic neurons projecting to
the median eminence. The substances released at the
axon terminals enter the portal capillaries and are
carried by the portal circulation to the cells of the
anterior lobe. They recognized the importance of the
neurovascular concept and set out to demonstrate it
by every means at their disposal. They showed that
in several species, the upper or proximal capillary
plexus on the median eminence filled before the portal
veins themselves. They demonstrated nerve fibers
ending in relation to the proximal capillary plexus
and resolved the conflicting claims of results after

section of the pituitary stalk by suggesting that resto-
ration of function was effected by regeneration of the
portal vessels. It has been proposed that complete
hypophysectomy and pituitary transplantation would
be necessary to support this assumption. These experi-
ments were done and they demonstrated conclusively
that the regenerating portal vessels have a restorative
effect in hypophysectomized animals bearing a pitu-
itary transplant under the median eminence. Pituitary
grafts placed under the temporal lobe remained inac-
tive, whereas full-pituitary function was restored in
transplants under the median eminence as new portal
vessels grew out to them. Furthermore, it was demon-
strated that cyclic reproductive function was lost in the
rat by transplanting the pituitary beneath the kidney
capsule, and later restored by reimplanting it under
the median eminence in the same animal. Additional
support to the concept about the importance of the
portal system in the control of anterior pituitary func-
tion was provided by other neuroendocrinologists
studying ducks in which the vascular stalk was
uniquely separated from the neural stalk. Transection
of the vascular stalk interrupted the effect of light on
testicular growth, whereas cutting the neural stalk did
not interfere with this gonadotrophic process.

The concept of the neurovascular link (Fig. 1) was
based on two postulates; the first being that the hypo-
thalamus produces substances that act on the cells of
the anterior pituitary and the second being that these
substances are carried by the portal circulation to the
hypophysis. In order to get information in this line,
a campaign started in the 1950s to isolate the hypo-
physiotropic substances from the brain, to identify
the molecular structure of the hypothalamic factors
transported in the portal system to control anterior
pituitary secretion. These investigations were very
successful, and led to the isolation of the various
pituitary tropic hormone releasing and release inhibit-
ing factors (now called hormones, as their chemical
structure is known). The concentration of these hypo-
thalamic neurohormones has been demonstrated to
be significantly higher in the hypophysial portal blood
than in the general circulation. It turned out that
besides these “classical” releasing and inhibiting hor-
mones, there are several other compounds, mainly
peptides, that are present in the median eminence
and may act on the anterior pituitary. It became also
evident that the neurons producing the “classical”
hypothalamic neurohormones are not restricted to the
hypothalamus, but are widely distributed, are present
not only in the CNS, but also in the peripheral nervous
system and even also in nonneuronal elements.
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Fig. 1. Schematic illustrations of the neurohumoral mechanism controlling anterior pituitary function.

Because of their isolation, a vast amount of infor-
mation accumulated about the hypophysiotropic neu-
rohormones. Also, our knowledge about posterior
pituitary hormones, and in general about neuroendo-
crinology, increased very significantly. At present the
synthesis of a number of neurohormones is already
known in details, starting with the genetic code, tran-
scription and translation of the genetic information up
to the posttranslational processes of a neurohormone.
Further, the mechanism of action of many neurohor-
mones has been considerably clarified. Remarkably,
we learned about the receptors binding the neurohor-
mones and about the second messenger systems
involved in the intracellular mediation of the action
of a neurohormone. It also became evident that neuro-
endocrinology is closely linked to other disciplines,
first of all, to immunology. Further, we learned that
autocrine and paracrine mechanisms are also operat-
ing within endocrine glands and these can be modu-
lated by the nerve fibers innervating the gland. In
addition, diffusible gases, nitric oxide, and carbon
monoxide as well as endothelins appear to be involved
in the control of neuroendocrine functions.

3. THE HYPOTHALAMUS SYNTHESIZING
THE POSTERIOR PITUITARY HORMONES

In mammals, the posterior pituitary hormones are
vasopressin and oxytocin. They are synthesized in

the cell bodies of the magnocellular neurons of the
supraoptic and paraventricular nuclei and in parvocel-
lular neurons of the paraventricular nucleus, and trans-
ported down the axons of these neurons to their end-
ings in the posterior pituitary (Fig. 2). Here they are
secreted in response to electrical activity in the end-
ings. Thus, oxytocin and vasopressin are typical neu-
ral hormones, being produced by nerve cells and
secreted into the circulation. The neurons in the supra-
optic and paraventricular nuclei projecting to the pos-
terior pituitary are forming the so-called supraoptico-
hypophysial and paraventriculo-hypophysial tract.
Some of the neurons make oxytocin and others
synthesize vasopressin. Oxytocin-containing and
vasopressin-containing cells are evident in both cell
groups.

The term neurosecretion was originally coined to
describe the secretion of hormones by neurons, but
the term is now somewhat misleading, because it
became evident that almost all neurons secrete chemi-
cal messengers.

Both vasopressin and oxytocin are synthesized as
part of larger precursor molecules. Vasopressin and
oxytocin each have a characteristic neurophysin asso-
ciated with them in the granules in the nerve cells
(neurophysin I is associated with oxytocin, whereas
neurophysin II is associated with vasopressin). The
neurophysins appear to be simply parts of the precur-
sor molecules, which are synthesized in the ribosomes
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Fig. 2. The supraoptico- and paraventriculo-hypophysial system synthesizing vasopressin and oxytocin.

of the cell bodies of the neurons. The precursor mole-
cules have their leader sequences removed in the
endoplasmic reticulum, are packaged into secretory
granules in the Golgi apparatus, and are transported
down the axons by axoplasmic flow to the endings
in the posterior pituitary. Cleavage of the precursor
molecules occurs as they are being transported, and
the storage granules in the endings contain free vaso-
pressin and oxytocin and the corresponding neuro-
physin.

Vasopressin and oxytocin producing neurons of
the paraventricular nucleus project not only to the
posterior pituitary, but also to the brain stem and
spinal cord, and may be involved in cardiovascular
control. Vasopressin and oxytocin are also synthe-
sized in the gonads and the adrenal, and there is
oxytocin also in the thymus.

The main effects of vasopressin are: antidiuretic
activity exerted on specific receptors (vasopressin
receptor type 2) in the kidney, vasopressor activity
(mediated by vasopressin receptor type 1), which
together with other peptide hormones controls, sys-

temic arterial pressure, modulation of the stress
response by direct stimulation of ACTH release and
by enhancement of ACTH release by corticotropin
releasing hormone (CRH).

Oxytocin acts primarily on the breasts and uterus.
In mammals, oxytocin causes contraction of the
myoepithel cells that line the ducts of the breast. This
squeezes the milk out of the alveoli of the lactating
breast into the large ducts and thus the nipple (milk
ejection). In most species, milk ejection requires oxy-
tocin. Milk ejection is normally initiated by a neuro-
endocrine reflex. Impulses generated in the touch
receptors in the breast, especially around the nipple,
are conveyed to the supraoptic and paraventricular
nuclei of the hypothalamus. Discharge of the oxytocin
containing neurons releases oxytocin from the poste-
rior pituitary.

Oxytocin causes contraction of the smooth muscle
of the uterus. The sensitivity of the uterine muscula-
ture to oxytocin is enhanced by estrogen and inhibited
by progesterone. Oxytocin secretion is increased dur-
ing labor. Descent of the fetus down the birth canal
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initiates impulses in the afferent nerves that are
relayed to the supraoptic and paraventricular nuclei,
causing secretion of sufficient oxytocin to enhance
labor.

The vasopressin-secreting and oxytocin-secreting
neurons generate and conduct action potentials, and
action potentials reaching their endings trigger release
of hormone from them by Ca?*-dependent exocytosis.

Stimulation of the vasopressin-secreting neurons
by a stimulus such as hemorrhage causes an initial
steady increase in firing rate followed by a prolonged
pattern of phasic discharge in which periods of a
high-frequency discharge alternate with periods of
electrical quiescence. These phasic bursts are gener-
ally not synchronous in different vasopressin-produc-
ing neurons. They appear to be well suited to maintain
a prolonged increase in the output of vasopressin.
Stimulation of the nipples causes a synchronous, high-
frequency discharge of the oxytocin neurons after a
latency of a few minutes. This discharge causes
release of a pulse of oxytocin and a consequent
milk ejection.

4. THE HYPOTHALAMUS SECRETING
TROPHIC HORMONE-RELEASING
AND RELEASE-INHIBITING HORMONES

The known hypophysiotropic neurohormones are
corticotropin-releasing hormone (CRH), gonadotro-
pin-releasing hormone (GnRH or luteinizing hor-
mone-releasing hormone, LHRH), growth hormone-
releasing hormone (GHRH), somatotropin release-
inhibiting hormone (SRIH, or growth hormone
release-inhibiting hormone), thyrotropin-releasing
hormone (TRH), prolactin release-inhibiting factor
(PIF).

Because the first experimental observations on the
existence of hypothalamic substances acting on pitu-
itary trophic hormone secretion were published, sev-
eral attempts were made to localize the structures
producing these substances:

(1) Lesioning various hypothalamic regions and
determining the trophic hormone-releasing or
hormone release-inhibiting activity of the median
eminence-pituitary stalk region.

(2) Cutting the hypothalamus into small pieces and
measuring trophic hormone-releasing activity of
the pieces.

(3) Implanting anterior pituitary tissue into the hypo-
thalamus and investigating its structure and hor-
mone secretion.

(4) Completely or partially cutting around certain
hypothalamic regions and testing pituitary trophic
function in various ways.

All of these investigations provided some information
about the site of production of the hypophysiotrophic
substances, but did not clarify the question of location.

Immunocytochemistry furnished more direct evi-
dence about the location of neurons synthesizing these
neurohormones. However, neurons containing the tro-
phic hormone-releasing and release-inhibiting neuro-
hormones are widely distributed in the CNS (some
of them are even present in nonneural tissues), and
not all of these neurons terminate in the hypothalamic
median eminence and pituitary stalk. Furthermore, in
most cases, it is impossible to trace the axon from
its origin to its terminal arborization. Therefore, in
recent years, immunocytochemistry has been com-
bined with retrograde tracing, injecting the tracer into
the median eminence. At present, this is the most
direct approach to find out which of the neurons pro-
ducing one or the other releasing hormone project to
the median eminence and which send their axons else-
where.

Double-label immunocytochemistry has made pos-
sible the demonstration of two different substances
in the same section. By means of this technique, we
learned that the hypophysiotrophic neurons may also
contain other chemical messengers. The double-label
approach has also provided significant information
about the immunocytochemically identified afferent
connections of the hypophysiotrophic neurons. In
addition, there are many other neurons in the hypo-
thalamus containing chemical messengers different
from the abovementioned neurohormones. Most of
them are also peptides, and some of them terminate
in the median eminence. The functional significance
of these other chemical messengers is not known. The
possibility of interactions of the various substances at
the median eminence level exists, but there is only one
report on synaptic contacts between nerve terminals of
the median eminence.

4.1. Corticotropin-Releasing Hormone

The most prominent corticotropin-releasing hor-
mone (CRH)-containing cell group of the hypothala-
mus is the paraventricular nucleus, mainly its parvo-
cellular part (Fig. 3). Besides the paraventricular
nucleus, aggregates of CRH-immunoreactive peri-
karya are in the supraoptic, medial, and periventricu-
lar preoptic and premammillary nuclei of the hypo-
thalamus and in several extrahypothalamic regions.
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Fig. 3. Localization of neurons producing hypophysiotrophic neurohormones and projecting to the surface zone of the median
eminence. Schematic drawing of midsagittal section of the hypothalamo-pituitary unit.

Although CRH neurons are widely distributed in the
brain, the vast majority of the CRH terminals in the
median eminence and pituitary stalk arise from para-
ventricular neurons. Several data indicate that other
chemical messengers—largely peptides, such as vaso-
pressin, neurotensin, enkephalin, and y-aminobutyric
acid (GABA)—are also present in at least some of
the CRH neurons in the hypothalamic paraventricu-
lar nucleus.

It appears that the activity of the CRH neurons
in the parvocellular paraventricular nucleus may be
modulated by many chemical messengers evident in
the afferent fibers terminating on CRH perikarya or
dendrites. There are CRH-CRH connections and
reciprocal communication between the parvocellular
CRH and the magnocellular oxytocin- and vasopres-
sin-containing neurons of the nucleus. Also neuro-
peptide Y, proopiomelanocortin, GABAergic and
monoaminergic (serotoninergic, adrenergic, and pre-
sumably also other catecholaminergic) fibers termi-

nate on CRH neurons of the cell group. There are
glucocorticoid receptor immunoreactive sites in the
nuclei of parvocellular paraventricular neurons, that
express CRH immunoreactivity in their cytoplasm.

4.2. Gonadotropin-Releasing Hormone

In general, there are two areas that contain a sig-
nificant amount of immunoreactive gonadotropin-
releasing hormone (GnRH) nerve cell bodies: (1) the
septal-preoptic-suprachiasmatic region and (2) the
mediobasal area of the tuber cinereum, especially
the infundibular and premammillary nuclei (Fig. 3).
But there are great variations in the number of such
cells in these two regions of various species.

The septal-preoptic-suprachiasmatic and the tuber-
al regions are not the only areas containing GnRH
perikarya. Also, such elements were observed in sev-
eral other structures of the brain, such as the olfactory
bulb, indusium griseum, and hippocampus.

GnRH neurons originate in the medial olfactory
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placodal epithelium of the developing nose, migrate
across the nasal septum, and enter the forebrain with
the nervus terminalis, a cranial nerve that is a part of
the accessory olfactory system and projects directly
from the nose to the septal-preoptic area and
hypothalamus. This migratory route for GnRH-
expressing neurons could explain the deficiency of
gonadotropins seen in hypogonadotropic hypogo-
nadism with anosmia.

By using combined retrograde tracing and immu-
nocytochemical identification, several investigators
found that in the rat and mouse, approximately 70%
of the GnRH neurons in the septum, preoptic, and
anterior hypothalamus project to the median emi-
nence, and the rest may project to other GnRH targets
within the brain or be involved in local circuits. The
two populations are intermixed.

A large amount of information accumulated on
the afferent connections of the GnRH neurons in the
septal-preoptic-hypothalamic region. In both rat and
monkey, GnRH-containing terminals are in synaptic
contact with GnRH neurons. Also, catecholaminergic,
serotoninergic, and GABAergic fibers as well as
axons containing neuropeptide Y, substance P, neuro-
tensin, CRH, vasopressin, galanin, terminate on
GnRH neurons in regions projecting to the median
eminence. Sex-steroid receptors have not been
observed on GnRH neurons.

4.3. Growth Hormone-Releasing Hormone

The majority of the growth hormone-releasing hor-
mone (GHRH)-immunoreactive cell bodies are in the
arcuate nucleus and the medial perifornical region of
the lateral hypothalamus (Fig. 3). Scattered cells are
in the laterobasal hypothalamus, the medial and lateral
portions of the ventromedial nucleus, and the dor-
somedial and paraventricular nuclei.

Retrogradely labeled GHRH neurons were identi-
fied in the arcuate nucleus and the laterobasal hypo-
thalamus, but not in the perifornical area, suggesting
that the location of GHRH neurons projecting to the
median eminence is confined within the arcuate
nucleus and the laterobasal hypothalamus.

GHRH and dopamine, and GHRH and galanin
were colocalized in cell bodies of the arcuate nucleus
and in nerve fiber varicosities in the external layer of
the monkey median eminence.

GHRH and somatotropin release-inhibiting hor-
mone containing nerve terminals were found in synap-
tic contact with GHRH dendrites and perikarya in the
arcuate nucleus. GHRH neurons are also innervated

by axons containing TRH, substance P, enkephalin,
and catecholamines.

4.4. Somatotropin
Release-Inhibiting Hormone

Somatotropin release-inhibiting hormone (SRIH)-
immunoreactive cells are widely distributed. They
occur not only in the CNS, but also outside it—in
the pancreas, the wall of the intestines, and elsewhere.
Within the brain, such perikarya were found both
within and outside the hypothalamus. In the hypothal-
amus, the majority of such neurons is concentrated
in the periventricular region, forming one to three
rows in the ventricular wall and extending from the
middle of the optic chiasm to the rostral margin of
the median eminence (Fig. 3). Such cells are also
evident in the parvicellular part of the paraventricular
nucleus, anterior hypothalamic nucleus, perifornical
region, and lateral hypothalamus. In the preoptic area,
positive cells were detected in the preoptic magnocel-
lular nucleus as well as in the lateral region of the
lateral preoptic nucleus. Outside the hypothalamus,
such elements are present in the neocortex, caudate
nucleus, putamen, several limbic structures (piriform
cortex, amygdala, hippocampus, septum, etc.), and
various lower brain stem areas.

By employing a combination of immunocytochem-
istry and retrograde tracing from the median emi-
nence, double-labeled neurons were found in the
medial preoptic area, anterior periventricular area,
and paraventricular nucleus. About 70% of the SRIH
neurons in the medial preoptic area, anterior periven-
tricular area, and paraventricular nucleus project to
the median eminence.

SRIH-immunoreactive nerve cells in the anterior
periventricular nucleus receive afferents with differ-
ent chemical messengers. SRIH-containing axons ter-
minate on perikarya and dendrites containing the same
peptide. There are reciprocal connections between
SRIH and GHRH neurons. Furthermore, CRH, neuro-
peptide Y-, and GABA-containing axons form synap-
tic specializations on SRIH neurons in the anterior
periventricular nucleus.

4.5. Thyrotopin-Releasing Hormone

Thyrotropin-releasing hormone (TRH) was the first
hypothalamic-releasing factor structurally character-
ized. It is widely distributed in the central and periph-
eral nervous system. Within the hypothalamus, TRH-
immunoreactive perikarya are mostly gathered in the
parvocellular division of the paraventricular nucleus
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(Fig. 3). Such neurons are also in the suprachiasmatic
portion of the preoptic nucleus, the dorsomedial
nucleus, and the laterobasal hypothalamus. TRH
nerve cells are also present outside the hypothalamus;
among others in the raphe nuclei, the olfactory bulb,
diagonal band of Broca, septal nuclei, and central
gray matter of the mesencephalon. The distribution
suggests that TRH functions both as a hypophysio-
trophic neurohormone and as a neurotransmitter or
neuromodulator.

TRH neurons of the parvocellular paraventricular
nucleus receive a rich innervation. Neuropeptide Y,
proopiomelanocortin, norepinephrine, serotonin-con-
taining fibers were found to be in intimate anatomic
proximity, and often forming synaptic contacts with
TRH cell bodies or dendrites of the paraventricular
nucleus. In addition, there are axodendritic connec-
tions between TRH-containing structures, that is, both
the pre- and the postsynaptic element is TRH immu-
noreactive.

4.6. Prolactin-Inhibiting Factor:
Tuberoinfundibular Dopaminergic System

It is currently generally accepted that the prolactin
release-inhibiting factor, at least one of it, is dopamine
and that this dopamine is produced by the tuberoinfun-
dibular dopaminergic neurons, which are situated in
the arcuate nucleus and in the ventral part of the
anterior periventricular nucleus (Fig. 3). Most of these
dopamine cell bodies are in the anterior part of this
cell group; although these dopaminergic neurons rep-
resent only a small percentage of the total amount of
cell bodies present in this nucleus.

CRH and serotoninergic axon terminals forming
synaptic specializations on tuberoinfundibular dopa-
minergic neurons were demonstrated.

The following conclusions may be drawn from the
observations summarized in this part of the chapter.

Neurons producing different hypophysiotrophic
neurohormones can be divided into two subpopula-
tions: one having access to the portal vessels and
acting rather selectively on anterior pituitary function,
and another without access to the portal system, but
projecting to other nervous structures. These two
are intermingled.

It appears that the suprachiasmatic region and the
rostral part of the retrochiasmatic area are very rich
in elements producing hypophysiotrophic neurohor-
mones and projecting to the median eminence. The
majority of CRH, TRH, SRIH neurons, and a signifi-
cant number of GnRH and dopamine (DA) synthesiz-
ing cells are situated in this region. The tuberal region

(periventricular nucleus, arcuate nucleus) contains
GHRH, DA, and in certain species, GnRH produc-
ing elements.

Axons containing one or the other neurohormone
form synaptic connections with neurons synthesizing
the same peptide. This may be the structural basis
for an ultrashort-feedback mechanism (see Section 5)
or may indicate an intrinsic circuit. There are recipro-
cal connections between certain hypophysiotrophic
nerve cells.

The hypophysiotrophic neurons receive a very sig-
nificant neural input mediated by several chemical
messengers. The presence of synaptic connections
between various peptidergic, monoaminergic, and
GABAergic axons on one side and trophic hormone-
releasing or release-inhibiting hormone-synthesizing
perikarya and dendrites on the other side may provide
the structural basis for the assumption that the actions
of the different neurotransmitters or neuromodulators
observed so far are, at least partly, exerted directly
on the structures producing the hypophysiotrophic
neurohormones.

For details about hypophysiotrophic neurohor-
mones, see Chapter 3.

5. THE HYPOPHYSIAL PORTAL
VASCULAR SYSTEM CONVEYING
THE TROP HORMONE-RELEASING

AND RELEASE-INHIBITING HORMONES

TO THE ANTERIOR PITUITARY

The portal vascular system represents the key struc-
ture required for the operation of the neurohumoral
mechanism controlling pituitary tropic functions. It
transports the substances released from the nerve ter-
minals in the median eminence to the pituitary. For
details, see Chapter 2.

The main features of the portal vascular system
can be summarized as follows (Fig. 4). The so-called
superior hypophysial arteries form a dense plexus,
largely precapillary in character, within the pars tuber-
alis of the adenohypophysis (the adenohypophysis is
subdivided into three parts: pars tuberalis surrounding
the median eminence and pituitary stalk, pars distalis
or anterior lobe, and pars intermedia or intermediate
lobe). This plexus is especially dense on the contact
surface between the median eminence and the pars
tuberalis (mantleplexus). From this plexus arises the
capillary loops that penetrate into the tissue of the
median eminence and infundibular stem. The mantle-
plexus and the capillary loops drain toward the portal
vessels (some of the capillary loops drain toward the
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Fig. 4. Schematic illustration of the hypophysial portal vascu-
lar system.

subependymal plexus of the third ventricle) that lie
on the ventral surface of the stalk. These vessels are
called the long portal vessels. Part of the blood from
the posterior pituitary reaches the anterior pituitary
by way of vessels known as short portal vessels.

The presence of trophic hormone-releasing and
release-inhibiting substances in the portal blood is
well documented, as well as the concentration of these
substances is much higher in the portal blood than in
the peripheral plasma, and that changes occur under
certain experimental conditions.

The majority of the portal blood is directed from
the median eminence toward the pituitary, where
some blood may flow in the reverse direction toward
the hypothalamus. Blood collected from a single por-
tal vessel through a microcannula, the tip that points
toward the hypothalamus, contains several times
higher concentrations of LH, TSH, ACTH, and pro-
lactin in portal plasma than in arterial plasma. There
is experimental evidence for the view that anterior
pituitary hormones can influence their own secretion
via the CNS. However, more studies are needed to
verify whether a retrograde transport from the pitu-
itary to the hypothalamus exists at all under physio-
logic circumstances and what is the functional sig-
nificance of the retrograde transport.

6. THE HYPOTHALAMUS AS A SITE
OF HORMONAL FEEDBACK: HORMONE
RECEPTORS IN THE HYPOTHALAMUS

Hormones of the target endocrine glands (thyroid,
adrenal, and gonads) exert a feedback action on the
secretion of the hormone produced by the anterior
pituitary and stimulating the target endocrine gland.
In general, there are two sites of the hormonal feed-
back: the pituitary gland itself and structures of the
CNS (Fig. 5).

The feedback action of hormones is mediated by
hormone receptors, which are evident both in the
pituitary as well as in various regions of the CNS, in
the hypothalamus and in extrahypothalamic struc-
tures. There are corticosteroid receptors on CRF neu-
rons in the paraventricular nucleus indicating that
corticosteroids may have a direct feedback action on
CREF release. This is not the case for GnRH; estrogen
receptors were not found on such neurons, but only
on other nerve cells in the region. The picture is not
clear for thyroid hormone receptors on TRH neurons.

The fact that hormone receptors are widely distrib-
uted in the CNS indicates clearly that the action of
hormones on the brain is not limited to the feedback
action through which the various hormones control
their own secretion, but is much broader. Let us take
as an example corticosteroid hormones. Because of
their lipophilic nature, corticosteroid hormones easily
pass the blood-brain barrier and thus are uniformly
distributed in the brain, and as true endocrine messen-
gers, only retain at those sites where steroid receptors
are present. This holds not only for steroid hormones
that are produced in the adrenal gland, but also for
other steroids including a recently described class of
brain-born steroids: the neurosteroids (pregnenolone
and dehydroepiandrosterone) which are synthesized
from cholesterol in certain brain cells. Corticosteroids
can bind to two receptor types in the brain. The
first type is the mineralocorticoid receptor (MR)
which displays, in vitro, high affinity for the natural
mineralocorticoid aldosterone and also for corticoste-
rone. The second type is the glucocorticoid receptor
(GR) which has a 10-fold lower affinity for corticoste-
rone and very low affinity for aldosterone. The GR,
however, effectively binds synthetic glucocorticoids
such as dexamethasone. The structure of these two
receptors in the brain is identical to the MR and GR
in peripheral organs such as the kidney and liver. The
MRs in the brain are enriched in limbic structures
such as the hippocampus and septal area and motor
nuclei of the brainstem. The GRs are more widely
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distributed: the hypothalamic paraventricular nucleus
and the hippocampus have a particularly high density
of GRs.

Steroid receptors are localized in the cytoplasm or
nucleus. Nuclear hormone receptors share two charac-
teristic features; namely, a DNA binding domain
containing a zinc finger motif and a hydrophobic
C-terminal responsible for ligand binding. The steroid
receptor is activated as a transcription factor by hor-
mone binding. On binding of the steroid to its recep-
tor, the steroid-receptor complex is activated and
exhibits an enhanced affinity to certain sequences of
the genomic material: the hormone-responsive ele-
ments. Binding of hormone-receptor dimers to the
responsive elements results in changes of gene tran-
scription, leading to altered protein synthesis within
the cell. These proteins in turn may be involved in
membrane characteristics that are essential for the
neuronal excitability. Because of this genomic mecha-
nism of action, steroid effects mediated by intracellu-
lar receptors are slow in onset and of prolonged dura-

Fig. 5. This figure shows the sites of feedback action
of target endocrine gland hormones, anterior pituitary
hormones (short feedback), and of hypophysiotrophic
neurohormones (ultrashort feedback). Humoral path-
way of ultrashort feedback is not indicated.

tion. The steroids thus supply the possibility of a
delayed neuronal reaction to environmental changes
or to primary changes in the circulating steroid levels
(in both sex- and corticosteroid level in the blood).
The steroid receptors mediated effects on gene tran-
scription are expected to alter the mRNA expression
and protein synthesis of brain cells. Some of these
proteins may contribute to the electrical properties of
the cell membrane. These proteins may affect voltage-
dependent ion channels in the membrane, transmitter
systems, comprising G protein-coupled receptors or
ligand-gated ion channels, and ion transporters. Estro-
gens, in addition to their primary role to stimulate or
repress rates of specific gene transcription, may also
regulate posttranscriptional events and other non-
genomic events.

Gonadal steroids are known to play an important
role during both development and adulthood, in mod-
ulating the size, morphology, and synaptic density of
sex-steroid responsive structures in the CNS. As lev-
els of gonadal steroids differ between male and female
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animals, both neonatally and postpubertally, sexually
dimorphic synaptic patterns develop naturally in sev-
eral areas of the CNS.

Gonadal steroids exert organizational effects on
steroid-responsive tissues in the CNS. The structural
sexual dimorphism that results from the organiza-
tional effects of sex steroids exist at many morpho-
logical levels including neuron numbers, dendritic
length, neuronal membrane organization, synaptic
formation, and neuronal connectivity. Gonadal ste-
roids, affecting virtually all structural parts of the
synaptic formation, influence synaptic remodelling in
specific areas of both the peripheral and central ner-
vous systems of the adult mammal under both physio-
logical and experimental conditions. Gonadal hor-
mones influence the pattern of synaptic connectivity
in diencephalic and telencephalic structures that con-
trol reproductive behavior, such as the ventromedial
hypothalamic nucleus, lateral septum, and the amyg-
dala. In addition, extensive evidence suggests that
testosterone and/or estradiol modulate synaptic con-
nectivity in the neuroendocrine diencephalic regions
that control the release of pituitary hormones, such as
the hypothalamic arcuate nucleus. There is a dendritic
growth of arcuate neurons projecting to the median
eminence following orchidectomy, and the length and
geometry of the dendritic trees of oxytocin- and vaso-
pressin-synthesizing neurons are altered during lac-
tation.

Besides target endocrine hormones, pituitary tropic
hormones as well as trophic hormone-releasing hor-
mones appear to exert a direct feedback action (called
short and ultrashort feedback, respectively) on the
CNS structures involved in the control of pituitary
tropic hormone secretion (Fig. 5). In the case of ultra-
short feedback, this action could be mediated either
via direct neuronal or humoral pathway. The close
apposition of neuronal processes and somata contain-
ing the same hypophysiotrophic hormone may be the
anatomical indication of a neuronal ultrashort feed-
back mechanism. The humoral ultrashort feedback
could be exerted via the vascular connections between
the hypophysial portal vascular system and the vessels
of the medial basal hypothalamus (for details, see
Chapter 2).

Pituitary hormone receptors as well as receptors
for trophic hormone-releasing hormones are evident
in the brain, and show a fairly wide distribution, indi-
cating that pituitary hormones and hypophysiotrophic
hormones can influence not only their own secretion,
but also various brain functions. For example, besides
the anterior and intermediate lobes of the pituitary,

CRH receptors are present in the cerebral cortex
(involved in cognitive function), amygdala, hippo-
campus (involved in emotion and stress responses),
in brain stem regions such as locus coeruleus and
nucleus of the solitary tract (regulating autonomic
function). There are CRH receptors also in the cortex
of the cerebellum and in the olfactory bulb. In addition
to a physiological role for CRH in integrating the
responses of the brain and endocrine systems to physi-
ological stimuli, recent clinical data indicate CRH in
the etiology and pathophysiology of various endo-
crine, psychiatric and neurologic illnesses.

7. BASIC ORGANIZATION OF THE
HYPOTHALAMUS AS A KEY STRUCTURE
OF THE NEUROENDOCRINE SYSTEM

Our knowledge concerning the morphology of the
hypothalamus increased considerably. This progress
may first of all be ascribed to the introduction of new
experimental techniques such as immunocytochemis-
try, in situ hybridization, new tract tracing methods,
etc. More than 20 neuropeptides (brain born) have
been localized in the endocrine hypothalamus includ-
ing hypophysiotrophic hormones, oxytocin, vasopres-
sin, opioid peptides (enkephalins, endorphins, dynor-
phins), vasoactive peptides (neurotensin, bradykinin,
atrial and brain natriuretic peptides, angiotensin II)
and gastrointestinal peptides (vasoactive intestinal
polypeptide, VIP, pituitary adenylate cyclase activat-
ing polypeptide, PACAP, cholecystokinin, tachyki-
nins, galanin, and neuropeptide Y).

These peptides, besides neurohormonal activity,
may have neurotransmitter (neuromodulator) activity
influencing  hypothalamo-hypophysial regulatory
mechanisms and/or may serve as a neuronal link
between the endocrine hypothalamus and extra-
hypothalamic brain regions, especially the limbic sys-
tem and autonomic regulatory regions in the lower
brain stem.

7.1 Characteristics of
the Hypothalamic Cell Groups

A crude quantitative analysis, based on the cell
density, shape, and size of the neurons, reveals that
the known hypothalamic cell groups are not at all
homogeneous and several subgroups can be distin-
guished. This became even more evident from the
data obtained by immunocytochemistry. For example,
the paraventricular nucleus contains vasopressin, oxy-
tocin, SRIH, GHRH, CRH, TRH, and immunoreac-
tive neurons. The suprachiasmatic nucleus, repre-
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senting a key structure of the biological clock, is
composed of vasopressin, VIP, SRIH, substance P,
GABA, and gastrin-releasing peptide containing
nerve cells. In the arcuate nucleus, there are dopamin,
GHRH, enkephalin, galanin, substance P, GABA,
atrial natriuretic peptide (ANP), neurotensin, gastrin-
releasing peptide, and glutamat-containing neurons.
The situation is further complicated by the colocaliza-
tion of various neuropeptides already referred to. In
the paraventricular nucleus there are magnocellular
vasopressinergic neurons which may contain dynor-
phin, angiotensin II, enkephalin, galanin, VIP; oxyto-
cinergic cells containing also CRH, dynorphin,
enkephalin and parvocellular CRH neurons in which
there is also vasopressin, enkephalin, neurotensin,
galanin, and GABA. Similar colocalizations of neuro-
peptides are known for neurons of the suprachias-
matic, arcuate, and other hypothalamic cell groups.
The functional significance of colocalization of sub-
stances in the nerve cells needs to be clarified.

The paraventricular nucleus is unique among hypo-
thalamic cell groups in housing substantial popula-
tions of cells that participate in the control of anterior
and posterior pituitary secretions. This nucleus is the
predominant source of CRH in hypophysial portal
plasma. In addition, the paraventricular nucleus is
acknowledged, along with the supraoptic nucleus as
a principal seat of magnocellular neurosecretory neu-
rons, which synthesize the nonapeptide hormones
oxytocin and arginine vasopressin for release into the
general circulation from terminals in the posterior
lobe. A third major cell type comprises neurons that
give rise to long descending projections to the brain
stem and spinal cord that include sensory and motor
structures associated with the autonomic nervous
system. These three visceromotor populations are
essentially separate and exhibit a high degree of topo-
graphic organization. Upon this high degree of ana-
tomical organization is imposed a somewhat impre-
cise manner of chemical coding.

Concerning connections between neuronal ele-
ments in the hypothalamus quantitative analysis of
the synaptic organization of the rat supraoptic nucleus
revealed that there are over five million boutons on
each side of this nucleus, an average of 600 per neu-
ron. There is a sexual dimorphism in the neuropil of
the rat preoptic area and this depends on neonatal
androgen. In the normal female, the number of non-
amygdaloid synapses on dendritic spines in the area
is higher than in the male. Interestingly, castration of
the male within 12 h after birth causes an increase
in the number of spine synapses compared with

females of similar age. Conversely, females treated
on d four (but not on day 16) with testosterone
propionate have a low number of spine synapses
within the male range. In accordance with these
findings, neonatal estradiol treatment results in an
increased number of axodendritic synapses in the
arcuate nucleus.

The neurons of a nucleus display rich intrinsic con-
nections. A local network of fibers seems to be a com-
mon feature of neuroendocrine hypothalamic nuclei.
For example, a significant part of axon terminals in
the supraoptic nucleus appear to be of intranuclear or
otherwise of local origin. This could be because of
either numerous intranuclear axon collaterals or
interneurons with richly arborising axons, or possibly
both. There are intranuclear synaptic connections
between hypophysiotrophic neurons producing the
same neurohormone or synthesizing different pep-
tides.

Local circuit neurons may synchronize the activi-
ties of peptidergic neurons in a hypothalamic nucleus
to integrate or coordinate them as a functional unit.
Recurrent axon collaterals of hormone-producing
peptidergic neurons may provide the morphological
basis for an ultrashort feedback mechanism.

7.2. Intrahypothalamic Connections

Information on the intrahypothalamic connections
is rather scanty. Studies with lesions or using autoradi-
ography indicate that there may be a large number
of such connections. It is well corroborated by both
neurohistological and electrophysiological data that
arcuate neurons, for example, besides projecting to
the external layer of the median eminence, also project
to several other regions including the ventromedial
nucleus, lateral hypothalamic area, anterior hypothal-
amic, and preoptic area, and receive afferents from,
among others, the medial preoptic area, the ventrome-
dial nucleus and presumably from several other hypo-
thalamic regions. Peptidergic projections from the
arcuate nucleus to other hypothalamic neurons are
also known. There is evidence that the ventromedial
nucleus has abundant intrahypothalamic connections.
Ventromedial neurons project to the arcuate nucleus,
anterior hypothalamic nucleus, preoptic area, supra-
chiasmatic nucleus, lateral hypothalamus, supramam-
millary area.

The abundant intranuclear connections and in addi-
tion the rich connections between the various hypo-
thalamic cell groups support the general impression
that the hypothalamus should be considered a neu-
ronal network of quasirandom internal connections.
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Fig. 6. A very simplified scheme of the reciprocal neural connections within the hypothalamus (intranuclear and internuclear)

and between hypothalamic and extrahypothalamic structures.

In this network, in which the impulses leave the hypo-
thalamus through the main axons, excitation can
spread from a given focus in any direction and can
establish an infinite number of closed, self-reexcit-
ing chains.

7.3. Hypothalamic Output
and Input Channels

Both output and input channels of the hypothala-
mus are of two kinds, i.e., humoral and neural.

7.3.1. Output CHANNELS

7.3.1.1. Humoral Output Channels. These chan-
nels, represented by the classical magnocellular
neurosecretory supraoptico- and paraventriculo-
hypophysial system producing oxytocin and vaso-
pressin and the neurosecretory system secreting tro-
phic hormone-releasing and release-inhibiting hor-
mones, have been described briefly in former sections.

7.3.1.2. Neural Output Channels (Fig. 6). Ana-
tomically, the connections between the hypothalamus
and the rest of the brain are dominated by certain
limbic structures and the lower brain stem. The effer-
ent pathways of the hypothalamus appear to recipro-
cate several of the major afferent hypothalamic con-
nections. Many such reciprocating connections are
contained in the medial forebrain bundle, the dorsal
longitudinal fasciculus, the stria medullaris, and the

stria terminalis. These pathways appear to close neu-
ronal circuits between the hypothalamus, on the one
hand, and the mesencephalon, pons, thalamus and
several of the limbic forebrain structures on the other.
The major brain structures receiving hypothalamic
efferents are the amygdala, hippocampus, septum,
thalamus, lower brain stem, and spinal cord.

7.3.2. INPUT CHANNELS

As the hypothalamus is deeply involved in homeo-
static adjustments, it needs abundant information from
both the external and internal environment, and a rich
afferent input is indeed evident. The information that
flows continuously into the hypothalamus is carried
in two ways along humoral and neural pathways.

7.3.2.1. Humoral Input Channels. Several param-
eters of the blood influence hypothalamic functions.
One of these is the blood hormone level. As discussed
briefly in Section 6, various hormone receptors exist
within the hypothalamus. The estrogen and androgen
binding cells are concentrated in the medial preoptic
area, medial anterior hypothalamus, ventromedial
nucleus, arcuate nucleus, and ventral premammil-
lary nucleus.

The sex-steroid feedback is partly involved in pitu-
itary gonadotropic hormone secretion, exerting both
a negative and a positive feedback action, and partly
in sexual behavior. With regard to the latter function,
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the preoptic area and the anterior hypothalamus
appear to be primarily involved. Direct implantation
of estrogen into these regions induces lordosis in
ovariectomized rats. Corticosteroids do not appear to
be concentrated in the cells of the hypothalamus in
contrast to certain limbic structures.

As mentioned in Section 6, pituitary tropic hor-
mones appear to exert a direct feedback action (short
feedback) on the basal region of the hypothalamus.
FSH, LH, PRL, GH, and ACTH implanted into the
medial basal hypothalamus influence the hormone
secretion of the adenohypophysis. Also hypothalamic
releasing hormones may have a direct feedback action
(ultrashort feedback) on the hypothalamus itself.

In addition to hormone receptors, there are also
other receptors such as cytokine receptors, thermore-
ceptors, glucoreceptors, leptin receptors (leptin is a
protein secreted by adipocytes and implicated in the
maintenance of energy balance) in the hypothalamus.

7.3.2.2. Neural Input Channels (Fig. 6). A large
number of regions are projecting to the hypothalamus
including the amygdaloid complex, hippocampus,
septum, thalamus, basal ganglia, cortex, lower brain
stem, and spinal cord. Although the hypothalamus
receives a large amount of sensory input through the
regions mentioned, there are also some more or less
direct pathways. There is a direct projection from the
retina to the hypothalamus, primarily to the suprachi-
asmatic nucleus. The effect of light on the hypothala-
mus, particularly on its control of the adenohypophy-
sis, may be mediated by this pathway. Inputs from
the olfactory bulb have a relatively free access to the
hypothalamus, although direct connections from the
olfactory bulb to the hypothalamus are not known.
The piriform cortex, which receives fibers from the
olfactory bulbs, sends projections directly to the hypo-
thalamus. Other olfactory pathways reach the hypo-
thalamus mainly via the amygdala.

An increasing body of evidence suggests that there
are afferent and efferent neural connections between
the gonads and the hypothalamus as well as the adre-
nal gland and the hypothalamus.

Before summarizing the structural features of the
hypothalamus, mention should be made of the overlap
in the regions involved in the various hypothalamic
functions—such as the regulation of body tempera-
ture, food and water intake, control of the anterior
pituitary, and the role of the hypothalamus in sexual
behavior. Presumably, there is a link between several
functions such as temperature regulation and the con-
trol of pituitary TSH secretion, pituitary gonadotropic

function and sexual behavior, water intake and the
magnocellular neurosecretory system, and so on.

The following conclusions may be drawn on the
basis of the organization of the hypothalamus.

The hypothalamus functions partly as an endocrine
organ and partly as nervous tissue (Fig. 7). As an
endocrine organ, it synthesizes hypophysiotrophic
neurohormones and posterior pituitary hormones. It
receives an abundance of information streaming in
continuously along neural and humoral channels.
Most of the hypothalamic connections are reciprocal.
Neuronal networks, presumably forming circuits, may
exist at all structural levels within hypothalamic cell
groups, between various hypothalamic nuclei and
areas, as well as between hypothalamic and different
extrahypothalamic regions. The circuits are presum-
ably closely interconnected and are partly excitatory
and partly inhibitory. This arrangement suggests that
the hypothalamus is an open-loop system.

The reciprocal connections of the hypothalamus
with limbic forebrain structures and the lower brain
stem are of such magnitude that it appears possible
to interpret the hypothalamus, at least partly, as a
way-station in both the ascending and descending
limbs of a polysynaptic neural circuit that extends
between the limbic forebrain, on the one hand, and
the primarily paramedian mesencephalic region on
the other. It may be assumed that the functional state
of the hypothalamus is determined, to a significant
extent, by the neural events that take place in the
limbic structures and the lower brain stem; both hav-
ing a very integrated structural organization with sev-
eral reciprocal interconnections and neural circuits.
In addition, they receive a vast amount of information
from both the external and internal environment flow-
ing in along neural and humoral pathways (there are
hormone receptors in the hippocampus, amygdala).

The extremely complex neuronal network of the
hypothalamus and its reciprocal connections suggest
that, apart from a few exceptions such as the supra-
optico- and paraventriculohypophysial system, there
are not well-defined regions and pathways that are
specifically and exclusively concerned with a discrete
hypothalamic function. Of course, this does not
exclude the predominance of one or the other hypo-
thalamic area in the involvement of a particular
hypothalamic function. Instead of a mosaic type
pattern, the hypothalamus can rather be envisaged
as some kind of computer. This computer has a
number of built-in programs, and its elements are
involved in several processes. It elaborates the solu-
tion for each actual situation on the basis of a wealth
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Fig. 7. Summary of the main output and input
channels of the hypothalamus. Both are humoral
(marked with gray arrows) and neural pathways
(empty arrows). Black arrows within ANTERIOR
PITUITARY and TARGET ENDOCRINE
GLAND box indicate autocrine and paracrine
mechanisms. RH: releasing hormone producing
neurons; OXY, VP:nerve cells producing oxytocin
and vasopressin and releasing it into the capillaries
of the posterior pituitary.

of information that is partly stored and partly stream-
ing in continuously by way of neural and humoral
channels. The results are then distributed over a
number of neural and humoral output channels.

Details on the structural organization of the hypo-
thalamus are dealt with in Chapter 2.

8. NEUROENDOCRINOLOGY BEING
CLOSELY LINKED TO IMMUNOLOGY

There is a close link between the neuroendocrine
system and the immune system. Originally, it was a
fairly generally accepted view that the immune system
is a totally autonomous and self-regulating unit. Later
on, it was assumed, on the basis of Selye’s observation
of thymic involution during stress, that steroid hor-
mones are the sole factors in neuroendocrine modula-
tion of the immune system. Recent studies indicated
clearly that the two systems are linked to each other
reciprocally and profoundly. According to our pres-
ent knowledge:

1. Peptide hormones are produced by the immune
system.

2. Hormones and neurohormones are involved in the
regulation of the immune system.

3. Cytokines produced by the immune system are
influencing the neuroendocrine system.

8.1. Peptide Hormones Synthesized
by Cells of the Immune System

Lymphocytes produce various peptide hormones
including anterior pituitary hormones, trophic hor-
mone-releasing and release-inhibiting hormones, pos-
terior pituitary hormones, and many other neuropep-
tides. There is evidence that all anterior pituitary
hormones (i.e., proopiomelanocortin-derived ACTH
and B-endorphin, TSH, LH, FSH, GH, and prolactin)
are synthesized by lymphocytes. Likewise, lympho-
cytes produce CRH, GHRH, and GnRH as well as
arginine vasopressin and oxytocin. A number of other
neuropeptides including VIP, SRIH, neuropeptide Y,
calcitonin gene-related peptide, and insulin-like
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growth factor I (IGF-I), are also synthesized by cells
of the immune system. Preliminary results indicate
that there may be some cell specificity within the
immune system to certain hormonal responses. How-
ever, very little information is available on the produc-
tion of peptide hormones by particular cell types
within the immune system. No doubt, the cellular
origin of the peptide appears to depend on the particu-
lar hormone and the stimulus for production.

Peptide hormones derived from cells of the
immune system, may function as endogenous regula-
tors of the immune system exerting autocrine or para-
crine immunoregulatory functions. There are peptide
hormone receptors on lymphocytes. Cells of the
immune system possess arginine vasopressin receptor
(V1 receptor), corticotropin receptor, B-endorphin
receptor, GH receptor, prolactin receptor, TSH recep-
tor, SRIH receptor, CRH receptor, GHRH receptor,
and GnRH receptor. Many of these receptors have
characteristics that are identical to those receptors
found on cells of the neuroendocrine system. Data
on the human immune system have convincingly
demonstrated that prolactin acts as a cytokine in that
it is released within the immune system and regulates
the lymphocyte response by paracrine and autocrine
mechanisms. Peptide hormones synthesized by cells
of the immune system may also act on cells of the
neuroendocrine system.

8.2. Action of Peptide
Hormones on the Inmune System

It is clear that peptide hormones can directly modu-
late immune functions. Arginine vasopressin, TSH,
ACTH, GH, prolactin, SRIH, VIP, and endorphins
can control many important immune functions such
as affecting cytokine production (cytokines are locally
released factors regulating the immune response),
stimulating or inhibiting antibody production, as well
as of lymphocyte cytotoxicity and proliferation,
modulation of macrophage and neutrophil leukocyte
functions, initiation of hypersensitivity events and
possibly some immune complex diseases, and
enhancement of thymic regeneration. It remains to
be clarified to what extent are these actions exerted by
peptide hormones derived from cells of the immune
system or from cells of the neuroendocrine system.

8.3. Action of Cytokines
on the Neuroendocrine System

Cytokines can affect directly the function of the
neuroendocrine system. Interleukin-1 (IL-1) is a very

potent activator of the hypothalamic pituitary adrenal
axis acting both at the hypothalamic (on CRH release)
as well as at the pituitary level. IL-1 may also act on
TSH, GH, PRL, and LH release. There are cytokine
receptors in the CNS and in endocrine glands. Further-
more, astrocytes and microglia cells as well as the
adrenal gland, synthesize cytokines. Besides cyto-
kines, peptide hormones produced by cells of the
immune system may also act on the neuroendocrine
system. In this latter case, these actions may be in
concert with the action of cytokines produced by
lymphocytes and influencing neuroendocrine func-
tions.

In summary, there is a profound bidirectional com-
munication between the immune system and neuroen-
docrine system (Fig. 8). The neuroendocrine peptides
are endogeneous to the immune system and may be
used for both intraimmune system regulation as well
as for bidirectional communication between immune
and neuroendocrine system. Likewise, cytokines of
the immune system are evident in neural and endo-
crine tissues and can exert profound effects on the
neuroendocrine system.

9. NEUROENDOCRINOLOGY
FERTILIZING OTHER FIELDS
OF NEUROSCIENCE

The demonstration of hypophysiotrophic neuro-
hormones in nerve cells of various brain regions out-
side the hypothalamus significantly contributed to the
broad interest of peptide research in neuroscience. It
stimulated, among others, neuroanatomical investiga-
tions, which led to the notion that a very large number
of peptides and peptide receptors are present in neu-
rons; not only in regions known to be involved in the
neural control of pituitary hormone secretion, but also
in structures participating in various other brain func-
tions. Thus, they may be considered as neurotransmit-
ters or neuromodulators. The wide distribution of pep-
tides within the CNS had a very stimulatory effect, not
only on neuroanatomy, but also on neurophysiology,
neurochemistry, neuropharmacology, neuropsychol-
ogy, developmental neurobiology, and neuropathol-
ogy, mentioning just a few fields of neuroscience.
Studies on the effect of various peptides on the CNS
indicated, among others, effects on learning and mem-
ory processes, on social behavior, maintenance,
maternal and sexual behavior, on temperature, noci-
ception, rewarded behavior, and drug tolerance.
Some of the peptides exhibited neurotrophic effects,
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Fig. 8. The neuroendocrine system and the immune system affect each other, both are synthesizing hormones and cytokines.
The action of the neuroendocrine system on the immune system is mediated by hormones, and in the opposite direction,

presumably mainly by cytokines.

whereas others exhibited neuroleptic-like properties
as well.

10. CONCLUSION

The hypothalamus functions partly as an endocrine
organ and partly as nervous tissue. The endocrine
organ is represented by the magnocellular neurons of
the supraoptic and paraventricular nuclei synthesizing
oxytocin and vasopressin and terminating in the poste-
rior pituitary, and by the nerve cells producing various
hypophysiotrophic neurohormones and terminating in
the median eminence. Both the supraoptic and para-
ventricular nuclei are heterogeneous, particularly the
latter cell group, synthesizes many different com-
pounds, and their neurons end not only in the posterior
pituitary, but also in various regions of the CNS.
Nerve cells synthesizing trophic hormone-releasing
or release-inhibiting neurohormones are widely dis-
tributed. They are present not only in the CNS, but
also in nonneural tissues, and usually do not form
a solid cell group, but are intermingled with other
neurons. The hypothalamus as nervous tissue is char-
acterized by neuronal networks existing at all struc-
tural levels within and between cell groups. Further-
more, there are reciprocal connections between the
hypothalamus and extrahypothalamic regions, pri-
marily limbic forebrain structures and lower brain
stem. The functional state of the hypothalamus is
determined partly by factors from the external or
internal environment acting directly on the hypothala-
mus via neural or humoral pathways and partly by
the neural events that take place in the limbic struc-
tures and the brain stem both having a very integrated
structural organization and receiving a vast amount
of information from both the external and internal

environment flowing in along neural and humoral
pathways.

The spectacular development of neuroendocrinol-
ogy in the last 50 years fertilized different fields of
neuroscience. This progress led to a gradual integra-
tion of neuroendocrinology into neuroscience. Fur-
thermore, it became evident that neuroendocrinology
is also closely linked to other disciplines such as
immunology.
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1. TOPOGRAPHICAL ORGANIZATION
OF THE HYPOTHALAMUS

The topographical organization of the hypothala-
mus has been the subject of many fine books and
book chapters. In the rat, the nuclear pattern of the
hypothalamus was first described more than 60 years
ago by Gurdjian (1927) and Krieg (1932), and not
much can be added to those earlier accounts. A
detailed description of the cytoarchitecture of the
human hypothalamus has been given by Diepen
(1962), Crosby and Showers (1969).

1.1. Major Hypothalamic Units

The hypothalamus may be divided into four major
rostro-caudally organized regions: preoptic area, ante-
rior, middle and posterior hypothalamus (Fig. 1). Each
area can be further divided into medial and lateral
hypothalamic areas. Although, developmentally, the
preoptic area is not a part of the hypothalamus (it is of
forebrain origin), functionally, and topographically,
it is a part of the neuroendocrine hypothalamus. In
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contrast to the preoptic area, the mamillary body,
which is topographically a portion of the hypothala-
mus, functionally it belongs to the limbic system.
Because well-defined nuclei can be localized in the
cell-dense medial hypothalamus, the lateral hypothal-
amus is more loosely arranged and dominated by
the fibers of the medial forebrain bundle, therefore,
referred to as the lateral hypothalamic area.

1.1.1. PReOPTIC AREA

The preoptic area is bordered by the basal fore-
brain and the lamina terminalis anteriorly, and extends
caudally as far as the rostro-caudal half of the optic
chiasm (0.6 mm caudal to the level of the bregma—in
adult rats), and passes into the anterior hypothalamus
(Fig. 1). Dorsally it is bordered by the anterior com-
missure and the bed nucleus of the stria terminalis.
The preoptic area occupies about one fourth of the
total hypothalamus in rats (Table 1).

The cell-dense medial preoptic area contains the
median (periventricular), medial, and suprachiasmatic
preoptic nuclei, whereas the lateral area is occupied
by the fibers and intrinsic cells of the medial forebrain
bundle. In the midline, the organum vasculosum lami-



24

Part | / Neuroendocrinology

Fig. 1. Topographical distribution of hypothalamic nuclei
and major areas in a sagittal view. (A) rat hypothalamus;
(B) human hypothalamus. The third ventricle is outlined by
dotted lines. Abbr.: A—anterior pituitary, AC—anterior com-
missure, AH—anterior hypothalamic nucleus, AR—arcuate
nucleus, BN—bed nucleus of the stria terminalis, DL—dorso-
lateral hypothalamic area, DM-—dorsomedial nucleus,
DP—dorsal premamillary nucleus, I—intermediate pituitary
lobe, LT—Ilateral tuberal nuclei, MB-—mamillary body,
ME—median eminence, MP—medial preoptic nucleus,
N—posterior pituitary, O—organum vasculosum laminae ter-
minalis, OC—optic chiasm, PE—hypothalamic periventricu-
lar nucleus, PF—perifornical nucleus, PH—posterior hypo-
thalamic nucleus, PP—preoptic (median) periventricular
nucleus, PS—pituitary stalk, PV—paraventricular nucleus,
RC—retrochiasmatic area. SC—suprachiasmatic nucleus,
SM—supramamillary nucleus, SO—supraoptic nucleus,
TH—thalamus, VM—ventromedial nucleus, VP—ventral
premamillary nucleus.

nae terminalis (it is also referred as ‘““supraoptic crest”)
is located around the rostral tip of the third ventricle.
This circumventricular organ, which is outside of the
blood-brain barrier, may serve as an open gate for
humoral inputs to the preoptic area.

1.1.2. ANTERIOR HYPOTHALAMUS

The anterior hypothalamus is a caudal continuation
of the preoptic area. It extends caudally as far as the

Table 1
Weights of the Hypothalamic Regions
of Adult (200 £ 10 g) Rats, n = 14

Percentage
Weight (mg) of Total
Mean £ S.EM.  Hypothalamus

24.18

Regions

Preoptic area 6.63 £ 0.35
medial 2.81 +0.22
lateral 3.82 £ 0.47

Anterior hypothalamus
medial 4.03 + 0.38
lateral 4.27 + 0.40

Middle hypothalamus
medial 4.41 +0.29
lateral 4.07 £ 0.27

Posterior hypothalamus
medial 2.11 +0.18
lateral 1.97 £0.17

Total hypothalamus

8.30 £ 0.31 30.27

8.41 £0.22 30.67
4.08 +0.10 14.88

2742 +0.54

rostral beginning of the median eminence (Fig. 1).
The medial part of the anterior hypothalamus consists
of the periventricular, suprachiasmatic, anterior hypo-
thalamic, and paraventricular nuclei, whereas its lat-
eral part contains the supraoptic nucleus and the cells
and fibers of the medial forebrain bundle. Several
magnocellular neurons form small islands in both the
medial and lateral part of the anterior hypothalamus.
Caudally, the medial and lateral retrochiasmatic area
occupy the most ventral part of the anterior hypo-
thalamus.

1.1.3. MipDLE HYPOTHALAMUS

Three parts are recognized in the middle hypothala-
mus.: the medial-basal, dorsal, and lateral hypothala-
mus. Almost 40% of the total hypothalamus belongs
to this part (Table 1). The middle hypothalamus starts
from the retrochiasmatic area, rostrally, and ends at
the level of the separation of the pituitary stalk, cau-
dally (Fig. 1). A vertical cut through the fornix and
the mamillothalamic tract divides the medial and the
lateral parts. The medial one can be further divided
by a horizontal cut bisecting the third ventricle into
a medial-basal and a dorsal part. The medial-basal
hypothalamus includes the median eminence, the
arcuate and the ventromedial nuclei, whereas the dor-
sal part is completely occupied by the dorsomedial
nucleus. At the border of the medial and lateral parts,
the perifornical nucleus is located just dorsal to the
fornix. Laterally, the middle part of the hypothalamus
is bordered by the optic tract and the internal capsule.
At the caudal level of the middle hypothalamus, the
median eminence is separating from the hypothala-
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mus and it follows further down as the pituitary stalk
(Fig. 1).

1.1.4. POsTERIOR HYPOTHALAMUS

This is a relatively small part of the hypothalamus
(called also premamillary region) which includes the
ventral and dorsal premamillary, tuberomamillary,
supramamillary and posterior hypothalamic nuclei
and the postinfundibular portion of the median emi-
nence (Table 1). The posterior hypothalamus is bor-
dered by the mamillary body, ventrally, and the mid-
brain, caudally (Fig. 1). The posterior hypothalamic
nucleus is continuous with the periaqueductal central
gray. Two portions of the third ventricle are present
in the posterior hypothalamus: the caudal portion of
the ventricle that leads into the cerebral aqueduct,
and the inframamillary recess with a dead end in the
mamillary body.

1.1.5. LATERAL HYPOTHALAMUS

The lateral hypothalamus consists of a fiber system
(medial forebrain bundle) which connects the medial
neuroendocrine hypothalamus with other major brain
areas by cortical, limbic, and autonomic afferent and
efferent fibers. Although the cell density in the lateral
hypothalamus is lower than that is in the medial hypo-
thalamus, several thousand intrinsic (relay) neurons
are located in each portions (preoptic, anterior, mid-
dle, and posterior) of the lateral hypothalamus.

2. HYPOTHALAMIC NUCLEI AND AREAS

The topography of the hypothalamic nuclei in the
rat has been mapped by several investigators during
the past seven decades (Gurdjian, 1927; Krieg, 1932;
Bleier and colleagues, 1979; Swanson, 1992). Here,
only a brief summary is given about their major topo-
graphical and neurochemical parameters.

2.1. Topography of
the Hypothalamic Nuclei

Brain nuclei refer to areas where the density of
neurons is higher than in the adjacent regions. Based
on this definition, 16 hypothalamic nuclei can be dis-
tinguished (Table 2). Their rostro-caudal extensions
are summarized in Fig. 2. (In the rostro-caudal coordi-
nates of the hypothalamus, the rostral zero plane lies
in the bregma level. The bregma is the point of the
surface of the skull at the junction of the coronal and
sagittal sutures. The bregma level is a vertical plane
that corresponds to the bregma outside on the skull,
and to the crossover of the anterior commissure inside

Table 2
Volume of the Hypothalamic Nuclei
of Adult (200 + 10 g) Male Rats (mm®), n=7

Nuclei Volume
Preoptic area
medial preoptic nucleus 1.17 £ 0.06
preoptic periventricular nucleus 0.52 £ 0.06
Anterior hypothalamus
periventricular nucleus 0.43 £ 0.04
suprachiasmatic nucleus 0.26 £ 0.01
anterior hypothalamic nucleus 1.65 = 0.05
supraoptic nucleus 0.30 £ 0.02
paraventricular nucleus 0.45 £ 0.03
medial retrochiasmatic area 0.10 £ 0.01
Middle hypothalamus
arcuate nucleus (I-1II parts) 0.60 £ 0.02
ventromedial nucleus 1.67 £ 0.08
dorsomedial nucleus 0.88 =+ 0.05
perifornical nucleus 0.32 £ 0.02
median eminence 0.24 £ 0.01
Posterior hypothalamus
arcuate nucleus (IV-V parts) 0.34 £ 0.02
tuberomamillary nucleus 0.24 £ 0.04
ventral premamillary nucleus 0.16 = 0.01
dorsal premamillary nucleus 0.19 £ 0.01
posterior hypothalamic nucleus 0.62 £ 0.03
supramamillary nucleus 0.21 £ 0.03

the brain. This plane is perpendicular to the cortical
surface of the brain.)

2.1.1. PREOPTIC NUCLEI

The medial preoptic nucleus is a relatively large
group of cells with medial and lateral subdivisions.
The medial one includes the so-called “preoptic sexu-
ally dimorphic nucleus.” Caudally, the medial preop-
tic nucleus merges the anterior hypothalamic nucleus.
In mammals, except primates and humans, luteinizing
(gonadotropin) hormone-releasing hormone (LH-
RH)-synthesizing neurons are located in this nucleus
and their long axons run caudally to the median emi-
nence.

The preoptic periventricular nucleus is also called
median preoptic nucleus. More precisely, the median
nucleus is a subdivision of the periventricular one,
like the preoptic suprachiasmatic nucleus. All these
portions contain cells in a few layers along the third
ventricle, which are continuous with the hypothalamic
periventricular nucleus, caudally.

The lateral preoptic area is a relatively large
(Table 2) and diffusively arranged area. It can be
divided into a medial, relatively cell-dense area and
a lateral area that is occupied by the fibers of the
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Fig. 2. Rostrocaudal extension of the hypothalamic nuclei of
adult (200 g) rats. The zero plane = level of the bregma. P =
caudal (posterior) to the bregma in mm. For abbreviations
see Fig. 1., and lateral hypothalamic area in the preoptic area
(PL), in the anterior (AL), middle (ML), and posterior (PL)
hypothalamic regions. PME = postinfundibular median emi-
nence, TSO—tuberal supraoptic cells.

medial forebrain bundle. Several fiber systems arise
from here, or pass through it in both rostral and cau-
dal directions.

2.1.2. NucLEl OF THE ANTERIOR HYPOTHALAMUS

The periventricular hypothalamic nucleus is the
caudal continuation of the preoptic periventricular
nucleus. It is comprised of a narrow band of cells
lying along the third ventricle. This nucleus includes
somatostain synthesizing neurons that project to the
median eminence and a part of the cells of the Al4
catecholaminergic (dopaminergic) cell group. The
periventricular cells extends the paraventricular and
arcuate nuclei, caudally.

The suprachiasmatic nucleus, which serves as a
biological clock for neuroendocrine regulations, is
found besides the third ventricle, immediately above
the optic chiasm. It extends caudally as far as the
caudal edge of the chiasm. It comprises a variety of
peptidergic neurons.

The anterior hypothalamic nucleus is one of the
largest hypothalamic nuclei with four subdivisions
(Table 2). Rostrally, it is bordered by the medial
preoptic nucleus, and caudally by the ventromedial
nucleus.

Most of the cells that comprise the supraoptic
nucleus extend along the lateral edge of the optic
chiasm. These cells are exclusively large neurosecre-
tory cells with posterior pituitary projections. Oxyto-
cin-containing cells occupy the dorsal, whereas the
vasopressin cells are mainly located in the ventral
portion of the nucleus.

The paraventricular nucleus lies at the caudal por-
tion of the anterior hypothalamus immediately on the
two sides of the third ventricle, just dorsal to the
anterior hypothalamic nucleus. Magnocellular neuro-
secretory and parvocellular subdivisions can be distin-
guished in the nucleus. Among several neuropeptides,
the paraventricular nucleus contains corticotropin-
releasing hormone (CRF) and thyrotropin-releasing
hormone (TRH) producing neurons with projections
to the median eminence. A group of the paraventricu-
lar neurons comprise medium-sized neurons that give
rise to long descending projections to the brainstem
and spinal cord.

The retrochiasmatic area is caudal to the optic
chiasm at the base of the hypothalamus on either
side of the midline. It extends caudally as far as the
beginning of the median eminence. This area consists
of loosely packed cells and the fibers of the supraoptic
decussations (see Section 4.1.2.). It can be divided
into medial and lateral parts. The lateral retrochias-
matic area serves as a gate for fibers entering the
median eminence (see Section 2.5.2 and Fig. 3).

The lateral hypothalamic area in the anterior hypo-
thalamus contains relatively few neuronal cells but
numerous nerve fibers. The rostro-caudally oriented
medial forebrain bundle fibers are crossed by others
arching from the paraventricular nucleus to the lateral
retrochiasmatic area (paraventriculo-neurohypophy-
seal tract). Several accessory magnocellular cell
groups are embedded in the lateral hypothalamic area.

2.1.3. NucLet IN THE MIDDLE HYPOTHALAMUS

The arcuate nucleus is an elongated cellgroup in
the most ventromedial part of the middle and posterior



Chapter 2 / Structure, Innervation, and Vasculature of the Hypothalamus 27

Fig. 3. Hypothalamic projections to the median eminence and the posterior pituitary. (A) magnocellular neurosecretory
projections from the paraventricular, supraoptic, and accessory magnocellular nuclei pass through the internal layer of the
median eminence on their way to the posterior pituitary, where oxytocin and vasopressin are released into the systemic
circulation. (B) tuberoinfundibular neurons in the arcuate nucleus project to the external layer of the median eminence. Among
others, these cells produce growth hormone releasing hormone, pro-opiomelanocortin, and substance P. (C) Neurons mainly
in the parvicellular paraventricular, periventricular, medial preoptic nuclei enter the median eminence through the lateral
retrochiasmatic area. Abbr.. A—anterior pituitary, AC—anterior commissure, AM—accessory magnocellular nuclei, AR—
arcuate nucleus, MP—medial preoptic nucleus, OC—optic chiasm, P—posterior pituitary, PE—hypothalamic periventricular
nucleus, PV—paraventricular nucleus, RCAL—Ilateral retrochiasmatic area, SO—supraoptic nucleus, VP—ventral premamil-

lary nucleus.

hypothalamus, mainly on the two sides of the third
ventricle. It is made up by five, rostro-caudally ori-
ented subdivisions. The first subdivision is unpaired,
lying in the midline under the third ventricle between
the medial retrochiasmatic area and the rostral begin-
ning of the median eminence. The two most caudal
subdivisions of the arcute nucleus belong to the poste-
rior hypothalamus (Fig. 2, Table 2). Cells in these
subdivisions are located on the sides of the inframam-
illary recess. Arcuate neurons give rise to the tubero-
infundibular system projecting to the median eminence.
This nucleus incorporates the A12 catecholaminergic
(dopaminergic) cell group, and contains, besides sev-
eral other neuropeptides, growth hormone-releasing

hormone (GRH) and proopiomelanocortin (POMC)-
synthesizing neurons.

The ventromedial nucleus occupies the major part
of the medial-basal hypothalamus. It can be divided
into five, easily recognized subdivisions. These subdi-
visions are consisted of morphologically and func-
tionally distinct neurons with neuronal connections
to various components of the limbic system. The
nucleus is surrounded by a cell-free “shell” region
with dense terminations of hippocampal and amygda-
loid neurons.

The dorsomedial nucleus is made up of three subdi-
visions on the both side of the third ventricle, above
the ventromedial, and just caudal to the paraventricu-
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lar nucleus. Immediately caudal to the dorsomedial
nucleus is a region containing loosely arranged cells
which is frequently called dorsal or (together with
more laterally located cells) dorsolateral hypothala-
mic area.

The perifornical nucleus is comprised of cells over,
and partly lateral to the fornix, at the level of the
dorsomedial nucleus (Fig. 2). Some of these cells
synthesize angiotensin II and project to the paraven-
tricular nucleus and the subfornical organ.

In this part of the hypothalamus, the lateral hypo-
thalamic area is relatively rich in neuronal cells,
which may relay signals between the medial and the
lateral hypothalamus. The most ventral cells are
referred to as subfornical nucleus (lateral tuberal
nuclei, in humans).

2.1.4. NucLEl OF THE POSTERIOR HYPOTHALAMUS

The tuberomamillary nucleus consists of one mag-
nocellular (also called prelateral mammillary nucleus)
and three parvocellular subdivisions in the most ven-
tral and the medial part of the posterior hypothalamus.
Some of the neurons of this nucleus are the only
source of neuronal histamine in the brain.

The ventral premamillary nucleus is a small group
of cells continuous with the ventromedial and, par-
tially, the arcuate nuclei. At least half of its neurons
synthesizes POMC.

The dorsal premamillary nucleus lies immediately
caudal to the posteromedial part of the ventromedial
nucleus at the sides of the inframamillary recess of
the third ventricle. The nucleus extends as far lateral
as the fornix and the mamillothalamic tract.

The posterior hypothalamic nucleus is a relatively
large group of diffusely arranged cells (Table 2). The
nucleus occupies the dorsal part of the posterior hypo-
thalamus and is continuous with the periaqueductal
central gray. It contains dopaminergic cells (A11 cate-
cholaminergic cell group) with spinal cord projec-
tions.

The supramamillary nucleus is the most caudal
nucleus of the hypothalamus immediately dorsal to
the mammillary body. Neurons of this unpaired
nucleus are horizontally arranged among the fibers
of the supramamillary decussations. The nucleus pro-
jects to the dentate gyrus and the medial septal/diago-
nal band nuclei.

In the posterior hypothalamus, the lateral hypothal-
amic area is bordered by the fornix and the mamillo-
thalamic tract, medially, and the subthalamic Forel’s
fields, dorsally. It gradually decreases in size and
passes to the midbrain ventral tegmental area.

2.2. Principal Topographical Differences
Between the Human and Rat Hypothalamus

Although, the general organization pattern of the
hypothalamus is similar in mammals, substantial top-
ographical differences can be recognized between the
human and the rat hypothalamus.

1. The human hypothalamus can be divided only into
three major parts: supraoptic (preoptic area and
anterior hypothalamus, in rats), tuberal (middle),
and mamillary (posterior) parts (Fig. 1). There is
no distinction that can be made between the medial
preoptic and anterior hypothalamic nuclei in the
human.

2. The tuber cinereum with the funnel-shaped infun-
dibulum is dominating as a protuberance of gray
matter on the ventral surface of the middle (tuberal)
hypothalamus, which is almost flat in the rat. The
lateral tuberal nuclei produce a small eminence
(called lateral eminence) on the basal surface of
the hypothalamus. The lateral eminence does not
exist, as such, in rats.

3. Inhumans, the posterior (postinfundibular) median
eminence is better developed than the anterior one.

4. About 55,000 cells of the paraventricular nucleus
are densely packed and arranged vertically along
the third ventricle (therefore, it was referred as
filiform nucleus in the early years). The nucleus
practically incorporates the periventricular neu-
rons, which do not form a separate nucleus, like
in the rat.

5. The supraoptic nucleus with about 75,000 neurons
lies above the rostral end of the optic tract in
human. In rats, it occupies the lateral edge of the
optic chiasm.

6. In human, the arcuate nucleus (also called infun-
dibular nucleus in human) surrounds the ventral
parts of the third ventricle, while it is almost com-
pletely separated by the ventricle, in rats.

7. The well-defined premamillary nuclei are poorly
organized in the human hypothalamus. They are
partly included in the lateral tuberal nuclei.

2.3. Fine Structure of
the Median Eminence Pituitary Stalk

The median eminence has long been considered as
a final common pathway for output of information
from the central nervous system to the endocrine
system, particularly to the anterior pituitary. It is a
relatively small region in the medial-basal hypothala-
mus: about 1.7-2.0 mm long, 0.7-1.2 mm wide, and
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0.2-0.3 mm thick, in rats. The internal layer contains
20-25,000 fibers in transit directed to the posterior
pituitary and the vascular subependymal layer (see
Section 3.4.3.). Nerve fibers and terminals comprise
nearly 60% of the total volume of the external layer
of the median eminence. Further constituents are vas-
cular elements like the primary plexus, capillary loops
and portal veins, a labyrinth-like pericapillary space,
glial cells, and tanycytes. In rats, approximately 40—
50,000 axons turn into the external layer. Although,
nerve endings show no typical membrane specializa-
tions, they contain usual presynaptic structures includ-
ing synaptic vesicles with a great variety of neuropep-
tides and neurotransmitters. The wall of the capillaries
is fenestrated, no blood-brain barrier exists in the
median eminence.

The median eminence is almost devoid of neuronal
cell bodies. Neuropeptides and neurotransmitters here
are present in fibers from different brain regions,
mainly from the hypothalamus. Most of the extra-
hypothalamic fibers in the median eminence are of
lower brainstem origin. They are biogenic amine-
containing fibers: serotonergic fibers from the dorsal
raphe nucleus, noradrenergic fibers from the Al and
A2, catecholaminergic cell groups from the medulla
oblongata, and A6 (locus coeruleus) from the pons.

2.3.1.1. Internal Layer. Most of the fibers here are
peptidergic. They are synthesized almost exclusively
in hypothalamic neurons and terminate in the poste-
rior pituitary. They arise from the supraoptic, magno-
cellular paraventricular and accessory magnocellular
neurons. Beside oxytocin and vasopressin, fibers in
the internal layer contain CRF, somatostatin, prolac-
tin, enkephalins, dynorphins, cholecystokinin, neuro-
tensin, angiotensin II, VIP, galanin, and substance
P. They may colocalize with either vasopressin or
oxytocin. Proopiomelanocortin (POMC)-containing
fibers do not project to the posterior lobe, but termi-
nate around the subependymal plexus in the internal
layer. These axons are of arcuate nucleus origin.

2.3.1.2. External Layer. Fibers terminating in the
external layer arise in various hypothalamic nuclei
(Fig. 3).

1. Tubero-infundibular fibers arise mainly in the
arcuate, and in small numbers, in the ventral pre-
mamillary and ventromedial nuclei. These neurons
may synthesize POMC, growth hormone-releasing
hormone, neurotensin, substance P, galanin, dopa-
mine, and probably GABA. In certain conditions,
arcuate neurons are able to express somatostatin
mRNA.

2. Various types of peptidergic fibers arise from
parvicellular paraventricular neurons. They may
contain TRH, CRF, vasopressin, oxytocin,
enkephalins, cholecystokinin, VIP, neurotensin,
angiotensin II, and atrial natriuretic polypeptides.

3. Somatostatin-containing fibers in the external
layer arise in the hypothalamic periventricular
nucleus.

4. LH-RH-containing neurons project axons to the
external layer after a long run in the lateral hypo-
thalamus.

Fibers in groups 2—4 all enter the median eminence
from a rostro-lateral direction passing through a deli-
cate gate called lateral retrochiasmatic area.

Neuropeptides in the median eminence may have
two major physiological roles:

1. Neurohormonal role:

a. After their release from nerve terminals into
the portal circulation, neuropeptides reach the
anterior pituitary and exert their effects on pitu-
itary cells.

b. Neuropeptides transported by the paraventric-
ulo-neurohypophysial tract through the internal
layer to the posterior pituitary where they
stored. From here, they are released through
the pituitary veins into the general circula-
tion and exert their hormonal effects in the
periphery.

2. Neuromodulatory Role: Neuropeptides may act
locally in the median eminence stimulating or
inhibiting the release of other neuropeptides and
transmitters from the nerve terminals and their
uptake into the portal circulation. This action may
be treated as a presynaptic action on neurohormo-
nal neurons.

2.4. Structure of
the Magnocellular Hypothalamic System

The magnocellular neurosecretory system consists
of the supraoptic, paraventricular, and accessory
magnocellular nuclei. The main hormones of these
nuclei are oxytocin and vasopressin. At least 8 addi-
tional neuropeptides (putative neurotransmitters)
have been identified in the magnocellular neurons
coexpressed within oxytocin or vasopressin neurons
(see Section 2.3.). There is a spatial distribution of
vasopressinergic and oxytocinergic neurons within
the supraoptic and paraventricular nuclei. In the
supraoptic nucleus, vasopressin-synthesizing neurons
occupy the ventral and the oxytocin-synthesizing neu-
rons occupy the dorsal half of the nucleus. In the
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paraventricular nucleus, oxytocin cells are concen-
trated in the anterior and medial parts of the magnocel-
lular portion, whereas vasopressin cells tend to be
concentrated posteriorly and laterally. Vasopressin-
and oxytocin-synthesizing neurons form dense clus-
ters in the anterior hypothalamus between the supra-
optic and paraventricular nuclei and such accessory
magnocellular nuclei occur in the preoptic area and
the lateral hypothalamus. Fibers of these cells join the
hypothalamo-neurohypophyseal tract. The tract arises
is the paraventricular nucleus, the fibers run laterally
and arch over the fornix to enter the lateral hypothala-
mus (Fig. 3A). (Until here, it may be called paraventri-
culo-hypophyseal tract). Then, they turn ventrally and
dorsal to the supraoptic nucleus course medially to
enter the median eminence through the lateral retrochi-
asmatic area. Here, fibers from the supraoptic nucleus
and the accessory magnocellular cells join the tract. In
the median eminence, the hypothalamo-neurohypo-
physial tract occupies the internal layer, runs through
the pituitary stalk to enter and terminate in the posterior
pituitary. In addition to this, vasopressin- and oxyto-
cin-containing fibers arise in other subdivisions of the
paraventricular nucleus which project to several brain
areas (see Sections 4.3.2. and 4.3.4.).

Afferent fibers to magnocellular supraoptic and
paraventricular neurons arise mainly in the lower
brain stem, preoptic, and hypothalamic nuclei, and
areas (see Sections 4.2. and 4.4.). The subfornical
organ-preoptic-hypothalamic neuronal circuit (Fig.
4B) seems to be the major neuronal organization in the
central control of the body salt and water homeostasis.

2.5. Structure of
the Parvicellular Hypothalamic System

Hypothalamic and preoptic neurons associated
with the synthesis, transport, and release of hypophy-
siotrophic hormones are referred to the parvicellular
neurosecretory system. These neurosecretory neurons
possess the ability to express multiple biologically
active molecules. These neurons synthesize peptides
that are transported by the axons down to the external
layer of the median eminence (Fig. 3). Here, these
substances are released into the pericapillary space
from where they enter the portal circulation and reach
the anterior pituitary.

Considering their topographical distribution, the
parvicellular neurosecretory system can be classified
into two major groups: tubero-infundibular and others
that enter the median eminence through the lateral
retrochiasmatic area.

Fig. 4. Intrahypothalamic neuronal circuits. (A) Intrahy-
pothalamic projections to the paraventricular CRF neurons.
(B) Organization of the hypothalamic regulation of the salt
and water homeostasis. (C) Somatostatin—growth hormone
releasing hormone interaction in the hypothalamus. Abbr.:
A—anterior pituitary, AC-—anterior commissure, AR—
arcuate nucleus, F—fornix, I-—intermediate pituitary lobe,
ME—median eminence, OC-—optic chiasm, OVLT—
organum vasculosum laminae terminalis, P—posterior pitu-
itary, PE—hypothalamic periventricular nucleus, PF—
perifornical nucleus, PP—preoptic periventricular (median)
nucleus, PV—paraventricular nucleus, SC—suprachias-
matic nucleus, SFO—subfornical organ, SO—supraoptic
nucleus.
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2.5.1. TuBERO-INFUNDIBULAR NEURONS

Perikarya of these neurons are mainly located in
the arcuate nucleus, some of them are present in the
ventral premamillary and ventromedial nuclei (just at
the close vicinity of the arcuate nucleus). After a short
run, the tubero-infundibular axons enter the median
eminence, cross the paraventriculo-neurohypophy-
seal tract, and terminate mainly in the lateral portion
of the external layer (Fig. 3B).

The major group of the tubero-infundibular neu-
rons is peptidergic, whereas the others synthesize
dopamine (A12 catecholaminergic cell group), acetyl-
choline and GABA. The peptidergic neurons synthe-
size POMC (ACTH, B-endorphin, and p-MSH), neu-
rotensin, enkephalins, dynorphins, galanin, and NPY.
Growth hormone-releasing hormone is produced by
tubero-infundibular neurons located in the arcuate
nucleus and between the arcuate and the ventrome-
dial nuclei.

2.5.2. NEURONS PrOJECT THROUGH
THE LATERAL RETROCHIASMATIC AREA

The common feature of these neurons is that their
axons enter the median eminence through the lateral
retrochiasmatic area (RCAL). This gate is a discrete
small area at the caudal edge of the optic chiasm,
approx 1.0 mm lateral to the midline in adult rats.
Numerous peptidergic fibers of various origin pass
this gate to enter the median eminence (Fig. 3C): (1)
Luteinizing hormone-releasing hormone (LH-RH)-
containing fibers arise in the medial preoptic nucleus.
From there, fibers enter the lateral preoptic area, and
among the fibers of the medial forebrain bundle they
run caudalwards until the RCAL. (2) Somatostatin-
containing fibers leave their periventricular perikarya
in the anterior hypothalamus and after a loop-like
run they enter the RCAL. In the median eminence,
somatostatin-containing fibers terminate ipsilateral to
their periventricular origin. (3) The major component
of these cells are present in the parvicellular subdivi-
sions of the paraventricular nucleus. Thyrotropin
releasing hormone (TRH), corticotropin releasing
hormone (CRF), vasopressin, oxytocin, enkephalins,
dynorphins, angiotensin II, and atrial natriuretic hor-
mones (ANF) are synthesized in these neurons, some
of them coexpressed in the same neuron. Fibers leave
the nucleus in lateral direction arching over (a small
portion of them below) the fornix, and after a short
run in the lateral hypothalamus they enter the median
eminence through the RCAL. The vast majority of
these fibers terminate on only one side of the median
eminence, ipsilateral to the origin of fibers in the

paraventricular nucleus. A small portion of the para-
ventricular neurons (mainly in the periventricular sub-
division) do not follow the lateral course, their axons
run along the third ventricle in a ventral direction and
terminate in the both side of the median eminence.
In addition to peptidergic neurons, noradrenergic
axons from the lower brain stem reach the median
eminence through the RCAL (see Section 4.2.3.).

2.6. Third Ventricle, Ependym,
and Periventricular Structures

The third ventricle comprises the ventricle system
of the diencephalon. Its dorsal part belongs to the
thalamus, whereas the ventral part is located in the
hypothalamus. It has three recesses: optic, infundibu-
lar, and inframamillary.

The rostral end of the third ventricle is formed by
the organum vasculosum laminae terminalis (OVLT).
This circumventricular organ is composed of ependy-
mal cells and a dense capillary network. The capillar-
ies in the OVLT, like in the median eminence, are
fenestrated, the organ is outside of the blood-brain
barrier. The lateral wall of the OVLT is bordered by
tanycyte-like columnar ependymal cells, whereas the
floor is covered by flat ependymal cells immediately
on the dorsal surface of the optic chiasm.

The wall of the third ventricle is covered by regular,
one- or two-layered cuboidal or columnar ependymal
cells which possess microvilli and cilia. In the medial-
basal hypothalamus, a part of the wall of the third
ventricle is covered by tanycyte ependyma. The tany-
cytes are modified ependymal cells with long, ramify-
ing basal processes. Some of these processes are arch-
ing over the arcuate nucleus and reach the ventral
surface of the hypothalamus. The apical surface of
the tanycytes is devoid of cilia. Their functional role,
possible barrier or transport activities are still a subject
of debates.

The inframamillary recess is covered by multilay-
ered tanycyte ependyma.

3. VASCULATURE OF
THE HYPOTHALAMUS

The angioarchitecture of the hypothalamus is char-
acteristic for several points:

1. The hypothalamus has its own blood supply inde-
pendent of thalamic and forebrain arteries. All of
the hypothalamic arteries derived from the circle
of Willis (circulus arteriosus Willisi), lying at the
base of the diencephalon.
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2. The arteries cover each other like shells in a medio-
lateral direction. The vessels entering at the mid-
line supply the medial and basal parts of the hypo-
thalamus, whereas those entering laterally supply
the lateral and dorsal hypothalamus.

3. None of the hypothalamic nuclei is supplied by a
single artery, several branches form fine arterial
networks in the hypothalamus.

4. The hypothalamo-hypophysial vascular system
(see Section 3.4.) is a unique feature which consti-
tutes the final common pathway in the neurohor-
monal regulation of the anterior pituitary.

The blood supply of the individual hypothalamic
nuclei in the rat has been described in details (Ambach
and Palkovits, 1979).

3.1. Hypothalamic Arteries

The hypothalamic arteries originate directly from
the circle of Willis. (The branches forming the circle
in human are different from those in the rat: the
posterior cerebral artery arises from the internal
carotid in the rat, but from basilar artery in human.)
They can be classified according to their origin from
the different components of the circle. Six major
groups of arteries supply the hypothalamus (Table 3):

1. Branches from the anterior communicating artery
supply the preoptic area.

2. The anterior cerebral artery gives numerous
branches to the preoptic area and the anterior hypo-
thalamus.

3. The supraoptic nucleus receive blood through
branches from the medial cerebral artery.

4. The majority of the arteries supplying the hypo-
thalamus arise from the internal carotid artery
(from its segment in the circulus arteriosus). These
are the suprachiasmatic (to the anterior hypothala-
mic and the supraoptic nuclei), tuberal (to the ven-
tromedial and dorsomedial nuclei), and hypo-
physeal arteries. Beside the pituitary gland, the
hypophyseal arteries supply the median eminence,
the pituitary stalk, and the arcuate nucleus.

5. Branches from the posterior cerebral artery are the
main vessels of the dorsomedial and premamillary
nuclei and the caudal part of the lateral hypo-
thalamus.

6. The posterior hypothalamus and the mamillary
body receive the bulk of their supply from the
posterior communicating artery.

The blood supply of the individual hypothalamic
nuclei are summarized in Table 3.

3.2. Hypothalamic Veins

Most of the hypothalamic veins run into the ante-
rior cerebral, basilar, and anterior interpeduncular
veins. The anterior cerebral vein follows the identical
artery on its lateral side and drains into the basilar
vein. The basilar vein is the largest one in the basilar
region of the diencephalon, it runs backward on the
lateral side of the circle of Willis. Posteriorly, the
basal vein passes round the midbrain to enter the great
cerebral vein of Galen.

Major venous branches:

1. The anterior cerebral vein collects the vessels
from the preoptic area and the anterior hypothala-
mus (preoptic, perioptic, infrachiasmatic veins).

2. The basilar vein collects the veins of a large part
of the hypothalamus (anterior hypothalamic, retro-
chiasmatic, tuberal, posterolateral, premamillary
veins). The hypophyseal veins are also collected
by the basilar vein.

3. Branches of the anterior interpeduncular vein. It
collects the veins of the posterior hypothalamus
and the mamillary body and drains into the
basilar vein.

4. From some dorsal regions of the hypothalamus,
including the dorsal portions of the paraventricular
nucleus, the blood is collected by the thalamic
veins, which run dorsally to drain into the vein
of Galen.

The venous drainage of the individual hypothala-
mic nuclei is summarized in Table 3.

3.3. Capillary Density
in Hypothalamic Nuclei and Areas

The vascular density of the hypothalamic nuclei
is not different from that in other gray matters of the
central nervous system except the supraoptic, para-
ventricular, arcuate, and mamillary nuclei. The capil-
lary beds of the magnocellular cellgroups are excep-
tionally rich: the highest capillary density was
measured in the supraoptic and paraventricular nuclei
(twice as high as elsewhere in the brain) followed by
the magnocellular tuberoinfundibular nucleus and the
accessory magnocellular cell groups in the hypothala-
mus. The fine structure and the caliber of the capillar-
ies in these nuclei do not differ from those in other
parts of the hypothalamus.

The two hypothalamic circumventricular organs
(OVLT and the median eminence) are extraordinarily
rich in capillaries.
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Table 3
Blood Supply of the Hypothalamic Nuclei
Nuclei Arteries Veins
Preoptic area
medial preoptic nucleus 12 10
preoptic periventricular nucleus 12 10 11
lateral preoptic area 12 10
Anterior hypothalamus
periventricular nucleus 2 3 6a 10 12 14
suprachiasmatic nucleus 3 10 12
anterior hypothalamic nucleus 13 10 11 12
supraoptic nucleus 2345 10 11 12
paraventricular nucleus 13 10 11 12 13
medial retrochiasmatic area 6a 10 12
lateral hypothalamic area 2345 12
Middle hypothalamus
arcuate nucleus (I-1II parts) 6m 15
ventromedial nucleus 4 6a 6m 7 12 15
dorsomedial nucleus 7 12 15
perifornical nucleus 7 15
median eminence 6a 6m 6p 15 17
lateral hypothalamic area 478 12 15
Posterior hypothalamus
arcuate nucleus (IV-V parts) 6p 7 12
tuberomamillary nucleus 78 15 16
ventral premamillary nucleus 789 15 16
dorsal premamillary nucleus 789 15 16
posterior hypothalamic nucleus 89 15 16
supramamillary nucleus 9 16
lateral hypothalamic area 789 16

1 = anterior communicating artery
2 = anterior cerebral artery
3 =retrochiasmatic artery

4 = direct braches from the internal carotid

5 = middle cerebral artery

6 = hypophyseal arteries (a = ant,
m = middle, p = post)

7 = tuberal arteries

8 = posterior cerebral artery

3.4. Blood Flow in the
Hypothalamo-Hypophysial System

3.4.1. HYPOPHYSEAL ARTERIES,
PRIMARY CAPILLARY PLEXUS

The pituitary, the median eminence, and the arcuate
nucleus are supplied exclusively by the three hypo-
physeal arteries in the rat. The anterior hypophyseal
artery runs medially to the rostral two-thirds of the
median eminence and gives rise to 3-4 twisted
branches. The middle hypophyseal artery runs 0.2—
0.3 mm behind the anterior one and takes part with
two branches in supplying a portion of the median
eminence rostral to the pituitary stalk. Branches of

9 = posterior communicating artery
10 = anterior cerebral vein
11 = perioptic vein
12 = basal vein
13 = great cerebral vein (Galen)
14 = thalamic veins
15 = tuberal veins
16 = anterior interpeduncular vein
17 = portal veins

these two arteries terminate in the anterior pituitary
and the ventral surface of the pituitary stalk. The
posterior hypophyseal artery supplies the post-infun-
dibular median eminence and the posterior pituitary.
In humans, vessels in the hypothalamo-hypophysial
vascular system are made up from only two, superior
and inferior hypophysial arteries.

The hypophyseal arteries entering the median emi-
nence give small, twisted branches that form a super-
ficial capillary network in the palisadic zone, which
is called the primary plexus of the median eminence.
From the primary plexus, capillary loops penetrate
into the deeper layers of the median eminence. The
walls of the capillaries and loops of the primary plexus
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is fenestrated, the median eminence is outside of the
blood-brain barrier, i.e., there is a relatively free com-
munication between the capillary lumen and the peri-
capillary space. Neurohormones transported by axons
of the hypothalamic neurons and released into the
pericapillary space have free excess into the blood
stream of the primary plexus. Close to the midline,
especially in the caudal portion of the median emi-
nence, the capillary loops become long and form a
subependymal capillary plexus by multiple anastomo-
ses along the basal surface of the third ventricle. Some
of the loops move laterally and enter the arcuate
nucleus.

From the primary plexus and the deep capillary
loops the blood is collected by different venous cir-
cuits: portal, subependymal, and arcuate nucleus cir-
cuits.

3.4.2. THEe PortAL CIRCUIT

Six to eight large portal veins run parallel to each
other on the basal surface of the median eminence
and the pituitary stalk toward the pars distalis of the
pituitary gland where they form a network of large
capillaries, called pituitary sinusoids. The blood of
the sinusoids drain into two hypophyseal veins located
in the lateral and posterior surfaces of the pituitary
gland. These veins pass into the posterior intercavern-
ous sinus.

The portal veins arise in the top of the capillary
loops of the primary plexus, forming secondary loops.
They are collected into wider branches and finally
pour into the portal veins. Apart from the relatively
strong portal veins, four to six thinner ones run on
the lateral part of the median eminence. These veins
receive no branches from the primary plexus and the
capillary loops and they may serve as shunts in the
portal circulation.

3.4.3. THe SUBEPENDYMAL CIrRCUIT

Along the ventral surface of the third ventricle, the
long capillary loops form an abundant anastomosis
under the ventricular ependyma. This subependymal
plexus extends from the retrochiasmatic area caudally
at the beginning of the pituitary stalk where it is
connected with the capillary network of the pituitary
gland. In lateral direction, the subependymal plexus
is strengthened by several small arteries from the
anterior and middle hypophyseal arteries and by some
other arterial branches which supply the arcuate
nucleus.

No portal veins arise from the subependymal plexus.

It drains into the basilar vein through the medial
tuberal veins.

3.4.4. THe ARcUATE Nucieus Circulr

In contrast to other hypothalamic nuclei, the arcu-
ate nucleus is supplied exclusively by the hypophyseal
arteries. Two groups of arteries can be recognized as
the direct branches from all three hypophyseal arter-
ies, and the fine branches from the primary plexus
and capillary loops pass through the median emi-
nence. These represent a vascular link between the
arcuate nucleus and the median eminence, as well as
through anastomoses with the subependymal plexus
between the arcuate nucleus and the pituitary gland
(see Section 3.4.5.).

The veins of the arcuate nucleus display no connec-
tion with either the portal veins or the veins of the
adjacent hypothalamic nuclei. The venous branches
run to the basal surface of the hypothalamus and pour
into the tuberal veins.

3.4.5. “Back-FLow” IN
THE HYPOTHALAMO-HYPOPHYSEAL VESSELS

Morphological and biochemical examinations of
the vascular structure in the median eminence have
shown that beside the portal vein there are vessels
in the pituitary stalk and the median eminence where
the blood flow was directed from the pituitary toward
the hypothalamus. The terminal branches of neuro-
hypophyseal arteries are connected with the subepen-
dymal plexus that terminates at the ventromedial
territory of the arcuate nucleus. The retrograde flow
in these vessels has been demonstrated by direct
inspection of the floor of the third ventricle in living
animals. All branches of the subependymal plexus
consist of fenestrated capillaries. This direct vascular
connection provides a morphological basis for the
short loop feedback between the pituitary and the
hypothalamus, which is one of the key signal routes
in the neuroendocrine regulatory mechanism.

3.5. Blood-Brain Barrier
in the Hypothalamus

There are two hypothalamic structures that lack the
blood-brain barrier: the median eminence and the
OVLT. Electron microscopic studies have verified
the existence of fenestrated capillaries in these areas.
The only structure between the capillaries and the
pericapillary space is a highly permeable basement
membrane. Both areas contain axons and axon vari-
cosities derived from various hypothalamic and pre-
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optic nuclei. These axons are particularly rich in neu-
ropeptides that enter through the pericapillary space
into the capillaries. The blood from the capillaries of
the median eminence flows down to the pituitary and
establish the hypothalamo-hypophyseal portal system
(see Section 3.4.1). Vessels of the OVLT have an
intimate topographical connection with preoptic neu-
rons, but the blood from here is drained by the basilar
vein without any direct communication with the hypo-
thalamo-hypophyseal portal system.

Another circumventricular organ, the subfornical
organ, which has direct neuronal and significant func-
tional connections with the hypothalamus (see Section
4.4 and Fig. 4B) is located dorsal to the anterior
hypothalamus.

4. INNERVATION
OF THE HYPOTHALAMUS

The neuronal inputs and outputs (projections) of
the hypothalamus show various appearance. Some
fibers run together in compact bundles, they may be
called bundles, tracts, or fascicles. Other fibers may
run individually or consist of loosely arranged path-
ways and all of these are summarized below. Large
tracts bordering the hypothalamus, like anterior com-
missure, internal capsule, optic tract, and chiasm, are
not discussed except the retinohypothalamic fibers in
the optic chiasm.

4.1. Major Neuronal
Bundles in the Hypothalamus

4.1.1. MepiAL FOREBRAIN BUNDLE

The medial forebrain bundle (MFB) is the largest
fiber system connecting the hypothalamus to extra-
hypothalamic brain areas. The longitudinally running
fibers occupy almost the entire lateral hypothalamus.
This bundle collects a fairly high number of fibers
with various destinations from the hypothalamic
nuclei, as well as fibers from cortical, limbic, and
brain stem areas directed to the hypothalamic nuclei.
The MFB contains several fibers of passage connect-
ing the limbic and brain stem areas without any synap-
tic contact with hypothalamic neurons. In addition
to fibers, the lateral hypothalamus contains several
thousand neuronal perikarya. Many of them may serve
as relay neurons transferring signals to the medially
located hypothalamic nuclei.

The MFB starts rostrally from the olfactory bulb,
and some fibers join it from forebrain areas, like

septum, accumbens nucleus, and the piriform cortex
(lateral corticohypothalamic tract). The bundle occu-
pies the lateral part of the preoptic region. The medial
half of this area is rich in neuronal perikarya, and is
also called lateral preoptic nucleus. The MFB extends
in the anterior hypothalamus, and through the entire
hypothalamus and terminates in the ventral tegmental
area of the midbrain.

4.1.2. SUPRAOPTIC DECUSSATIONS

The supraoptic decussations constitute a loop-
shaped fiber system with ill-defined origin and desti-
nation. On the basis of their topography inside the
hypothalamus, three pathways can be distinguished.
All three are localized at the posterior edge of the
optic chiasm where they run horizontally and cross
over in the medial retrochiasmatic area. They arise
in the lower brain stem and may terminate in the
hypothalamus, subthalamus, lateral geniculate body,
and tectum. They contain myelinated fibers mixed
with unmyelinated, most probably aminergic, nerve
fibers.

4.1.3. FornNIX

Although the fornix is a characteristic bundle inside
the hypothalamus, it constitutes a major neuronal link
in the limbic system interconnecting the hippocampus
with the septum and the mamillary body. Fibers leave
the main bundle of the fornix (postcommissural for-
nix) along its course of the hypothalamus and termi-
nate in the cell-free zone surrounding the ventro-
medial nucleus. The smaller portion of the fornix
(precommissural fornix) has also fibers with hypothal-
amic (preoptic) terminations.

4.1.4. MepiaL CORTICOHYPOTHALAMIC TRACT

The medial corticohypothalamic tract arises in the
hippocampus (mainly from the ventral subiculum).
The fibers leave the dorsal hippocampus in rostral
direction, run with the fornix. After entering the
hypothalamus, the medial corticohypothalamic tract
emerges the postcommissural fornix and their fibers
turn ventrally and run periventricularly down to the
medial retrochiasmatic area and the rostral subdivi-
sion of the arcuate nucleus. The tract may contain
fibers from the hippocampus (subiculum) to the arcu-
ate, ventromedial, and ventral premamillary nuclei.

4.1.5. STRIA TERMINALIS

The stria terminalis serves as a major bidirectional
pathway between the amygdala and the hypothala-
mus. Most of the fibers in the stria terminalis are
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amygdalofugal: they arise principally from the med-
ial and central amygdaloid nuclei. On the basis of
origin and course of the fibers, the stria terminalis
has been divided into dorsal, ventral, and commissural
components. Fibers in the dorsal component turn cau-
dally below the anterior commissure, pass the preoptic
and anterior hypothalamic areas, and terminate around
the ventromedial nucleus. Fibers of the ventral com-
ponent enter the bed nucleus of the stria terminalis
from a dorsolateral direction. A portion of the fibers
terminate here, whereas others can be followed until
the medial preoptic, anterior hypothalamic, ventrome-
dial, and dorsomedial nuclei. The bed nucleus of the
stria terminalis relays amygdaloid signals to the hypo-
thalamus and further down to the lower brain stem and
the spinal cord. Their hypothalamic fibers terminate
mainly in the paraventricular nucleus. A fairly high
percentage of the fibers in the stria terminalis
are peptidergic (CRF, somatostatin, neurotensin, and
enkephalin).

The stria terminalis also contains fibers that are
directed to the amygdala. Most of them are of paraven-
tricular nucleus origin and these terminate mainly in
the central and medial nuclei.

4.1.6. STRIA MEDULLARIS

This is a large bundle within the limbic system
having mainly topographical relation to the hypothal-
amus. Fibers of the stria terminalis pass the anterior
hypothalamus from the lateral preoptic area in a dor-
somedial direction crossing both the stria terminalis
and the postcommissural fornix up to the dorsal sur-
face of the thalamus. From here, fibers run caudally
and terminate in the habenula.

4.2. Hypothalamic Afferents
(neuronal inputs)

By introducing powerful anterograde, retrograde,
and more recently transneuronal tract tracing tech-
niques, information about the existence and the fine
topography of afferent fibers to the hypothalamus
have been increased substantially.

4.2.1. CORTICAL AFFERENTS

Pathways from the cerebral cortex to the hypothala-
mus are classified as cortico-hypothalamic fiber con-
nections. Pathways with names of medial or lateral
cortico-hypothalamic tracts represent limbic rather
than neocortical hypothalamic inputs. The existence
of direct neocortical-hypothalamic fibers, as sug-
gested by several studies, can not be excluded, but

they need further support by using more appro-
priate techniques.

4.2.2. LiMBIC AFFERENTS

These can be classified as olfactory, hippocampal,
amygdaloid, and septal afferents:

1. Fibers arising from the olfactory bulb form the
rostral beginning of the medial forebrain bundle.
Apart from these, signals from the olfactory region
may reach the hypothalamus through the amyg-
dala.

2. There are direct (medial corticohypothalamic tract
and fornix) and indirect (through a fimbria hippo-
campi-septal transfer) hippocampal, mainly ven-
tral subicular neuronal inputs to the medial hypo-
thalamus and the preoptic area.

3. The amygdala has close neuronal connections with
the hypothalamus. Fibers reach the hypothalamus
through two major pathways: the stria terminalis
(see Section 4.1.5.) and the ventral amygdalofugal
pathway. Fibers of the ventral amygdalofugal path-
way are collected in the anterior, the central, and
basolateral amygdaloid nuclei. From here, they run
rostromedially, enter the lateral hypothalamus, and
terminate there at the preoptic area/anterior hypo-
thalamus level.

4. The septohypothalamic fibers run in the medial
forebrain bundle as far caudal as the supramamil-
lary nucleus. On their way down, collaterals may
turn medially to terminate in the middle hypothala-
mic nuclei. A certain percentage of the supraoptic
and paraventricular afferents are of septal origin.

4.2.3. BRAINSTEM AFFERENTS

The majority of the hypothalamic afferents arise
in the lower brainstem. These projections are both
aminergic and peptidergic. Most of them run upwards
either among the fibers of the medial forebrain bundle
or through the periventricular system.

1. Ascending noradrenaline-containing pathways.
Noradrenergic neurons in the lower brainstem
innervate the hypothalamic nuclei. Cells are
located in the ventrolateral and the dorsomedial
medulla (A1 and A2 catecholaminergic cell groups,
respectively) and in the locus coeruleus. Fibers
from these nuclei form two ascending pathways,
the dorsal and ventral noradrenergic bundles. The
dorsal noradrenergic bundle arise mainly in the
locus coeruleus (with some axons of A2 neurons),
ascends in the lateral part of the periaqueductal
central gray and enters the hypothalamus between
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the zona incerta and the posterior hypothalamic
nucleus. Fibers of this bundle may innervate the
posterior, dorsomedial and partly the paraventricu-
lar nuclei. The ventral noradrenergic bundle is
larger than the dorsal one, it is consisted of norad-
renergic fibers from the Al and A2 cell groups.
The fibers travel upward in the ventrolateral
medulla and in the pontine reticular formation.
They enter the territory of the ventral tegmental
area and proceed within the medial forebrain bun-
dle. High density of noradrenergic nerve terminals
are found in the paraventricular, dorsomedial and
periventricular hypothalamic nuclei. Fibers of the
ventral bundle give rise to the noradrenergic inner-
vation of the median eminence (Fig. 5).

2. Ascending adrenaline-containing pathway. Adren-

aline-synthesizing neurons are present only in
the medulla oblongata, in close vicinity of the Al
and A2 noradrenergic cell groups, and are called
Cl and C2 adrenergic cell groups. Ascending
fibers may run together with the ventral noradren-
ergic bundle up to the hypothalamus and the
amygdala.

. Ascending serotonergic pathway. Except for the
dorsomedial nucleus, all hypothalamic cell groups

Fig. 5. Biogenic amines in the hypothalamo-
pituitary system. Localization of biogenic amine-
containing neurons that innervate the median
eminence and the pituitary gland. (A) Extra-
hypothalamic projections: Noradrenergic and
adrenergic projections from the medulla oblon-
gata and the locus coeruleus; serotoninergic fibers
from the midbrain and dorsal raphe nuclei.

(B) Intrahypothalamic projections: projections
from the dorsomedial (serotonin), arcuate (dopa-
mine), and tuberomamillary (histamine) nuclei.
Abbr.: A—anterior pituitary, A1—A1 noradrener-
gic cell group in the ventrolateral medulla, A2—
A2 noradrenergic cell group in the dorsomedial
medulla, AR—arcuate nucleus (A12 catecholamin-
ergic cell group), C1—C1 adrenergic cell group
in the rostral ventrolateral medulla, C2—C2
adrenergic cell group in the dorsomedial medulla,
DM—hypothalamic dorsomedial nucleus, DR—
dorsal raphe nucleus, [—intermediate pituitary
lobe, LC—Ilocus coeruleus, ME—median emi-
nence, MR—midbrain raphe nucleus, P—poste-
rior pituitary, PV—paraventricular nucleus, SC—
suprachiasmatic nucleus, TM—tuberomamillary
nucleus.

contain serotonin exclusively in axons and nerve
terminals. They arise from the dorsal and midbrain
raphe nuclei. Fibers in the midbrain proceed ven-
trally then turn rostrally and enter the lateral hypo-
thalamus immediately below the ventral surface
of the diencephalon.

4. Dorsal longitudinal fascicle. This fascicle serves

as a reciprocal avenue for ascending and descend-
ing fibers innerconnecting the dorsal and posterior
hypothalamus and the pariaqueductal central gray.
Some ascending cholinergic fibers from the pedun-
culopontine nucleus enter and ascend in this bun-
dle up to the dorsomedial hypothalamic nucleus.

5. Ascending peptidergic fibers. These fibers arise in

the primary (nucleus of the solitary tract) and the
secondary (parabrachial nuclei) autonomic centers
and innervate the major neuroendocrine cell
groups in the hypothalamus. At least eight different
neuropeptides have been reported as neurotrans-
mitters in these systems. The fibers travel along
the catecholaminergic bundle through the lower
brainstem and enter the lateral hypothalamus with-
out any strict topographical organization. These
fibers may carry viscerosensory signals to the neu-
roendocrine hypothalamus.
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4.2.4. SPINOHYPOTHALAMIC CONNECTIONS

The existence of a direct spinohypothalamic tract
with nociceptive fibers has been demonstrated by
tract-tracing techniques. Cells of origin are located
in layer IV and V of the dorsal horn all along the
spinal cord. Their axons cross over the midline at the
spinal cord and ascend together with the spino-
thalamic tract up to the lateral hypothalamus where
they terminate. Relay neurons in the lateral hypothala-
mus transfer nociceptive signals to the paraventricu-
lar nucleus.

4.2.5. RETINOHYPOTHALAMIC TRACT

Ganglion cells in the retina project to the suprachi-
asmatic nucleus, which is involved in generating light-
dark cycles (biological clock). Fibers leave the optic
chiasm and enter the nucleus without any cross over in
the midline. A dipeptide, N-acetyl-aspartylglutamate
appears to be the major neurotransmitter in this path-
way. The suprachiasmatic nucleus receives indirect
neuronal input from the retina via the geniculo-hypo-
thalamic pathway (from the lateral geniculate body).
This pathway exerts a GABA-mediated inhibitory
effect.

4.3. Hypothalamic Efferents
(Neuronal Projections)

Except the hypothalamo-hypophyseal system and
the retinohypothalamic tract, the major hypothalamic
efferent pathways are bidirectional.

4.3.1. HYyPOTHALAMO-PITUITARY CONNECTIONS

The neuronal (hypothalamo-neurohypophysial
tract, or also referred to as supraoptico-hypophysial or
paraventriculo-hypophyseal tract) and neurovascular
connections between the hypothalamus and the pitu-
itary have been detailed above (see Sections 2.3. and
2.4.). Reports about direct neuronal inputs from the
hypothalamus to the anterior pituitary need further
proof.

A small percentage of the hypothalamo-hypophy-
seal connections is aminergic (Fig. 5). The tuberoin-
fundibular dopaminergic fibers arise from the A12
(arcuate) and Al4 (periventricular) dopaminergic
neurons. They run through the pituitary stalk with a
destination in the intermediate and posterior pituitary
lobes. Neurons of the dorsomedial nucleus give rise
to serotonergic fibers in the pituitary gland.

4.3.2. HyPOTHALAMO-AUTONOMIC CONNECTIONS

The hypothalamus is extensively interconnected
with the autonomic centers. Descending fibers from

the hypothalamus terminate on medullary and spinal
preganglionic neurons (Fig. 6). The parvicellular
paraventricular and the arcuate nuclei provide input
to these areas. The paraventricular fibers may contain
oxytocin, vasopressin, and CRF, whereas POMC
innervation of the lower brain stem is partly of arcuate
nucleus origin. These peptidergic projections are well
suited for coordinating neuroendocrine and auto-
nomic responses.

Pressor and depressor neurons with brain-stem pro-
jections have been localized in the lateral hypothala-
mus, the dorsomedial, and perifornical nuclei. These
neurons appear to have a wide terminal pattern that
includes the central gray, serotoninergic raphe nuclei,
the cholinergic pedunculopontine nucleus, the para-
brachial nuclei, and cells in the pontine and medullary
reticular formation.

Noradrenergic neurons in the locus coeruleus, the
Al, A2, and A5 catecholaminergic cell groups receive
bilateral innervations from hypothalamic, mainly
from paraventricular neurons.

Several descending projections arise from the
medial preoptic nucleus. Preoptic efferents may ter-
minate in the midbrain (median and dorsal raphe
nuclei, periaqueductal central gray), pons (dorsolat-
eral tegmentum, locus coeruleus), and the lateral col-
umn of the sacral spinal cord.

The endocrine hypothalamus is involved in the
regulation of several homeostatic functions. Some
of these regulations might be mediated by neuronal
projections to the circumventricular organs. The sub-
fornical organ (Fig. 4B), the OVLT and the area
postrema receive inputs from the parvicellular para-
ventricular nucleus.

4.3.3. DorsAL LONGITUDINAL FASCICLE

This is the caudal extension of the hypothalamic
periventricular system with several fiber components,
which interconnect the posterior hypothalamus and
the periaqueductal central gray in both directions.
Among others, fibers from the dorsal and the posterior
hypothalamus may use this avenue towards the mid-
brain. The neurotransmitter character of these fibers
is unknown.

4.3.4. HyrotHALAMOLIMBIC CONNECTIONS

1. Strong neuronal input to the hippocampus, espe-
cially to the dentate gyrus arise from supramamil-
lary neurons. Their axons terminate on the proxi-
mal dendrites of granule cells. A large group of
neurons in the various parts of the lateral hypothal-
amic area project to the hippocampal formation.
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In addition, cells of the medial preoptic and the
dorsomedial nuclei have indirect projections
(through septodiagonal band neurons) to the hip-
pocampus. The hippocampus may receive hista-
minergic inputs from the tuberomamillary, POMC
inputs from the arcuate nucleus.

2. Paraventricular, supramamillary, and lateral hypo-
thalamic neurons project to the amygdala. Ascend-
ing projections from the medial preoptic nucleus
reach the medial amygdaloid nucleus, which in
turn projects to the accessory olfactory bulb and
to the bed nucleus of the stria terminalis.

4.3.4. HYyPOTHALAMOSPINAL-CORD CONNECTIONS

The paraventricular nucleus projects directly to the
intermediolateral column in the thoracolumbar spinal
cord. Fibers (paraventriculo-spinal tract) descend
through the medial forebrain bundle, then through the
ventrolateral medulla to the dorsolateral funiculus.
Several neuropeptides and dopamine have been iden-
tified in these paraventriculo-spinal neurons. In addi-
tion to the sympathetic preganglionic neurons, para-
ventricular neurons may innervate nociceptive
neurons in the dorsal horn. Spinal projections from the
retrochiasmatic area, perifornical, and dorsomedial
nuclei and the lateral hypothalamus have also been
demonstrated by tract-tracing techniques and auto-
radiography.

4.4. Intrahypothalamic
Neuronal Connections

A high degree of intrinsic organization of hypothal-
amic nuclei has been reported. Several hundred or
thousands of synaptic terminals can be revealed on
the surface of a single hypothalamic neuron. A large
percentage of synaptic connections represent local
(intranuclear) or intrahypothalamic connections. Most

Fig. 6. Descending pathways from
the hypothalamus to the brainstem
and spinal cord. Fibers arise mainly
from the paraventricular (PV), arcu-
ate (AR), perifornical (PF), and pre-
optic nuclei (MP) nuclei, as well as
from the dorsal (D) and lateral (L)
hypothalamic areas. Descending
fibers leave the hypothalamus
through a ventral (medial forebrain
bundle) and a dorsal route (peri-
ventricular-central gray). CVLM—
caudal ventrolateral medulla, LC—
locus coeruleus, RVLM—rostral
ventrolateral medulla, VN—vagal
nuclei.

of the hypothalamic cells receive inputs from more
than one other hypothalamic nucleus (Fig. 4A).

4.4.1. INTRANUCLEAR CONNECTIONS

The local network of fibers seems to be a common
feature of the hypothalamic nuclei. These connections
may be established by recurrent (initial) collaterals of
projecting axons, or by axon terminals of neighboring
neurons. Local GRH-GRH, ACTH-ACTH, POMC-
POMC, and substance P-substance P synapses have
been demonstrated in the arcuate nucleus. LHRH-
LHRH synapses were found in the medial preoptic,
CRF-CRF in the paraventricular, and oxytocin-oxyto-
cin in the supraoptic nuclei. Local circuit neurons
may synchronize the activities of peptidergic neurons
in a hypothalamic nucleus to integrate or coordinate
them as a functional unit. Recurrent axon collaterals
of hormone-producing peptidergic neurons may pro-
vide the morphological basis for an ultrashort feed-
back mechanism.

Intranuclear connections exist between neurons
that synthesize different peptides. Synaptic contacts
between magnocellular and parvicellular (CRF) neu-
rons have been shown in the paraventricular nucleus,
or NPY-ACTH synapses in the arcuate nucleus of rats.

4.4.2. INTRAHYPOTHALAMIC CONNECTIONS

The intrahypothalamic connections can be classi-
fied as intrahypothalamic innervations and intrahypo-
thalamic neuronal circuits:

1. There is morphological evidence that most of the
hypothalamic nuclei have extensive neuronal
interconnections. Certain neurotransmitters are
expressed only in one or two cell groups in the
hypothalamus; they innervate the others:

a. Histamine-synthesizing neurons exist only in
the tuberomamillary nucleus. From here, fibers



40

Part | / Neuroendocrinology

spread in all directions, mainly to the forebrain
and the hypothalamus. Almost all of the hypo-
thalamic nuclei receive a moderate or delicate
histaminergic innervation.

b. POMC-expressing neurons form a single, dis-
crete group of cells in the arcuate and ventral
premamillary nuclei. These cells innervate other
hypothalamic neurons besides POMC-neuronal
inputs to almost every other brain region.

c. Intra- and extrahypothalamic oxytocinimmuno-
reactive fibers originate exclusively in the para-
ventricular and some accessory magnocellular
nuclei.

d. The lateral hypothalamus contains a great num-
ber of neuronal perikarya. These cells probably
form a relay system between medial hypothala-
mic cell groups and extrahypothalamic brain
areas.

2. There are functionally well-defined neuronal cir-
cuits in the hypothalamus:

a. Arcuate-paraventricular circuit (Fig. 4A).
POMC neurons of the arcuate nucleus innervate
magno- and parvicellular paraventricular cells,
from where they receive oxytocinergic inputs.

b. Preoptic and periventricular ANF cells receive
inputs from angiotensin Il-immunoreactive
cells in the subfornical organ, and send fibers
to the supraoptic and paraventricular nuclei to
influence vasopressin synthesis (Fig. 4B). Neu-
rons in the subfornical organ project directly to
the supraoptic and paraventricular nuclei. Vice
versa, paraventricular neurons project to the
subfornical organ.

c. There is a reciprocal neuronal connection
between GHRH cells in the arcuate and somato-
statin neurons in the periventricular nuclei
(Fig. 40).

Both cell types project to the median eminence, but
their axon collaterals terminate on either arcuate or
periventricular perikarya giving a morphological base
of the intrahypothalamic balance of growth hormone
release from the pituitary.

5. SUMMARY

The complexity of the hypothalamic neuronal
inputs and outputs should not be surprising in view
of the role of the hypothalamus in neuroendocrine,
behavioral, and autonomic responses. A great deal
also remains to be learned about the chemical nature,
connections, and functional significance of individual
hypothalamic neurons.
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1. INTRODUCTION

The hypothalamus regulates the secretion of both
the anterior and posterior pituitary hormones. The
regulation of the anterior pituitary is mediated by the
hypothalamic hormones. These hormones are synthe-
sized in the hypothalamic neurons, transported along
the axons, and released into the hypophysial portal
vessels. Eventually, they reach the sinusoid of the
anterior pituitary where they interact with their
respective receptors on the glandular cells. The neuro-
hypophysial hormones, vasopressin, and oxytocin, are
also considered hypothalamic hormones. These two
hormones are synthesized in the hypothalamic neu-
rons and transported to the axonal termini in the
posterior lobe where they are stored. In response to
appropriate stimuli, they are released into general
circulation where they regulate distal target tissues.

This chapter will provide a basic overview of the
hypothalamic hormones. It will describe their chemis-

From: Neuroendocrinology in Physiology and Medicine, (P. M. Conn
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try, physiological actions as hypophysiotropic hor-
mones and neurohypophysial hormones, mechanisms
of action, and receptors. Most of the hypothalamic
hormones are also expressed or distributed in the
extrahypothalamic areas of the brain and peripheral
tissues. Within the brain, they function as neurotrans-
mitters and neuromodulators, a topic which will be
discussed in Chapter 6. The hypothalamic hormones
are also expressed in peripheral tissues, and are
involved in the regulation of peripheral organs (such
as somatostatin in the gut and the pancreas), but these
issues will be discussed only briefly.

2. HYPOTHALAMIC HORMONES

2.1. Overview

Direct evidence for the existence of hypothalamic
hormones was first presented in the 1950s. Saffran
and Schally (1955), and Guillemin et al. (1957),
reported that crude or partially purified neurohypo-
physial or hypothalamic extracts of rat, ovine, or
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bovine origin stimulated release of ACTH by the
pituitary in vitro. Although vasopressin, which had
previously been identified and synthesized, was
reported to evoke ACTH release and was considered
a corticotropin releasing factor (CRF), the CRF pre-
pared by Saffran and Schally and Guillemin et al.
was different from vasopressin. Factors with pituitary
hormone releasing or inhibiting activity, which
remain chemically unidentified, and whose physio-
logical role is yet to be established, are called releasing
or inhibiting factors. Factors that have been chemi-
cally identified and have established physiological
roles are termed releasing or inhibiting hormones.
Exhaustive efforts to isolate CRF in a pure form for
chemical identification had not met with success,
partly due to an inaccurate assay method for CRF.
However, a new sensitive and simple method using
in vivo release of ["*'I]-labelled thyroid hormone by
thyrotropin releasing factor (TRF) was developed
by McKenzie, facilitating screening of TRF in the
hypothalamic extracts. Subsequently, Guillemin and
Schally’s groups began to focus on isolating thyrotro-
pin releasing hormone (TRH). In 1969, both teams
nearly simultaneously reported the isolation and iden-
tification of TRH. Schally’s team reported the isola-
tion and chemical characterization of luteinizing hor-
mone releasing hormone (LHRH) in 1971. In 1973,
GH release inhibiting hormone, also known as
somatostatin, was identified by Guillemin’s group.
Corticotropin releasing hormone (CRH) was isolated
and characterized by Vale et al. in 1981. Growth
hormone releasing hormone (GHRH) was isolated
from an ectopic pancreatic tumor from a patient with
acromegaly by Vale and Guillemin’s groups indepen-
dently in 1982. Evidence has accumulated that dopa-
mine tonically inhibits prolactin secretion, thus dopa-
mine has been considered a prolactin inhibiting factor
(PIF). These peptides and two neurohypophysial hor-
mones, vasopressin and oxytocin, are now considered
to be the classical hypothalamic hormones. Table 1
shows the primary structures of these hypothalamic
hormones in humans. Whether the function of the
agranular cells of the adenohypophysis or folliculo-
stellate cells is also regulated by a hypothalamic neu-
rohormone has remained unknown.

2.2. Requirements for Hypothalamic
Hypophysiotrophic Hormones
Among hypothalamic hormones, the regulatory
roles of TRH, LHRH, GHRH, CRH, and somatostatin
on the glandular cells of the adenohypophysis have
been well established. All of these hypothalamic hor-

mones are produced by hypothalamic neurons, but
each hormone is distinctively distributed. The hypo-
thalamic hormones are transported through the
tuberoinfudibulum tract and eventually reach the axo-
nal terminals in the external layer of the median emi-
nence, where they are released into the primary capil-
lary plexus in response to appropriate stimuli.

To be considered physiological hypothalamic
hypophysiotrophic hormones, hormones must fulfill
the following five requirements.

1. They must be immunohistochemically demon-
strated in the axonal termini in the external layer
of the median eminence, adjacent to the primary
plexus of the hypophysial portal vessels (Fig. 1.).
The neurons that produce the hypothalamic hor-
mones are called parvocellular neurons, and are
smaller than the neurons (magnocellular neurons)
in the hypothalamo-neurohypophysial system,
such as those which produce vasopressin and
oxytocin. The supraoptic nucleus (SON) of the
hypothalamus contains mostly magnocellular neu-
rons, whereas the paraventricular nucleus (PVN)
contains both magnocellular and parvocellular
neurons.

2. Because the hypothalamic hormones are released
in the hypophysial portal vessels, their concentra-
tions in the portal blood must be considerably
greater than the levels in the general circulation.

3. The hypothalamic hormones must directly regulate
the anterior pituitary cells through the specific
receptors for their respective hormones. Thus, in
concentrations found in the portal blood, they stim-
ulate or inhibit the activities of dispersed pituitary
cells in vitro.

4. The specific receptors of these hormones must be
expressed in the glandular cells of the pituitary.

5. Finally, when the biological activity of the endoge-
nous hypothalamic hormones is abolished, such
as through immunoneutralization by administra-
tion of the antiserum against a hypothalamic hor-
mone, pituitary function under the control of that
hypothalamic hormone should be altered.

3. PROHORMONES
AND PROCESSING ENZYMES

Like other bioactive peptides and proteins, hypo-
thalamic hormones are expressed in the form of large
preprohormones in neurons. After the signal peptide
is cleaved, the prohormones undergo extensive pro-
cessing by various processing enzymes, such as pepti-
dylglycine o-amidating monooxygenase, to become
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Table 1
Amino Acid Sequences of Hypothalamic Hormones

Vasopressin (AVP)
Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly-NH2 (MW 1084.4)

Oxytocin
Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NH2 (MW 1007.4)

Thyrotropin Releasing Hormone (TRH)

Glp-His-Pro-NH2 (MW 362.4)

Luteinizing Hormone Releasing Hormone (LHRH)
Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (MW 1182.4)
Corticotropin Releasing Hormone (CRH)

Ser-Glu-Glu-Pro-Pro-lle-Ser-Leu-Asp-Leu-Thr-Phe-His-Leu-Leu-Arg-Glu-Val-Leu-
Glu-Met-Ala-Arg-Ala-Glu-Gin-Leu-Ala-GIn-Gin-Ala-His-Ser-Asn-Arg-Lys-Leu-Met-

Glu-lle-lle-NH2 (MW 4757.5)

Growth Hormone Releasing Hormone (GHRH)

Tyr-Ala-Asp-Ala-lle-Phe-Thr-Asn-Ser-Tyr-Arg-Lys-Val-Leu-Gly-GIn-Leu-Ser-Ala-
Arg-Lys-Leu-Leu-GIn-Asp-lle-Met-Ser-Arg-GIn-GIn-Gly-Glu-Ser-Asn-GIn-Glu-Arg-
Gly-Ala-Arg-Ala-Arg-Leu-NH2 (MW 5040.4)

Somatostatin

AIa-GIy-C;/s-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Th r-Ser-C)'/s (MW 1638.1)

Somatostatin 28
—————
Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Cys-Lys-Asn-
Phe-Phe-Trp-Lys—Thr-Phe-Thr-Ser-C'ys (MW 3149.0)

Pituitary Adenylate Cyclase Activating Polypeptide (PACAP38)

His-Ser-Asp-Gly-lle-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-
Lys-Tyr-Leu-Ala-Ala-Val-Leu-Gly-Lys-Arg-Tyr-Lys-GIn-Arg-Val-Lys-Asn-Lys-NH2

(MW 4534.7)

PACAP27
His-Ser-Asp-Gly-lle-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-Arg-Lys-GIn-Met-Ala-Val-Lys-
Lys-Tyr-Leu-Ala-Ala-Val-Leu-NH2 (MW 3148.0)

Vasoactive Intestinal Peptide (VIP)

His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Leu-Gin-Met-Ala-Val-
Lys-Lys-Tyr-Leu-Asn-Ser-lle-Leu-Asn-NH2 (MW 3325.7)

bioactive, matured hormones (Fig. 2). In recent years,
a family of prohormone convertases (PCs) that is
evolutionarily related to the serine proteases of bacte-
rial subtilisin and the yeast dibasic-specific endopro-
tease Kex2 has been characterized in mammalian tis-
sues (Fig. 3). Among these PCs, PC1 and PC2 mRNAs

were detected in endocrine and neuronal tissues. PCs
cleave paired basic amino acids. In the rat hypothala-
mus, PC1 mRNA is strongly expressed in the PVN
and SON of magnocellular neurons, whereas PC2
mRNA is expressed in both magnocellular and parvo-
cellular neurons in the PVN as well as in magnocellu-
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Fig. 1. The characteristic location of hypothalamic hypophysio-
tropic hormones (TRH in this photomicrograph) and neurohy-
pophysial hormones (AVP) in the rat median eminence (ME).
Whereas the TRH-containing nerve terminals occupy the
external zone of the ME (upper panel, immunoreactivity below
the dotted line), AVP immunoreactivity is present in axons
running in the internal zone (iz) of the ME (arrow in lower
panel) toward the neurohypophysis. The external zone (white
star) is free of AVP immunoreactivity. The hypothalamic
hypophysiotropic hormones are released into hypophysial por-
tal circulation within the ME; the neurohypophysial hormones
are transported along the axons that run through the internal
zone and released into general circulation within the neural
lobe. (Drawn from Merchenthaler. In Principals of Med. Biol.
1997 10A, 119.)

lar neurons in the SON, suggesting that PC1 and PC2
process the precursors of neuropeptides expressed in
these hypothalamic nuclei.

4. TRH

4.1. Chemistry, Precursor, and Processing

TRH was the first hypothalamic hypophysiotropic
hormone to be identified. TRH is a tripeptide: (pyro)-
Gly-His-Pro-NH,. The rat TRH precursor, witham.w.
of 29,247, was characterized by cloned cDNA. The
nucleotide sequence of the protein contains five copies
of the sequence Gin-His-Pro-Gly flanked by paired
basic amino acids, and can therefore generate five
TRH molecules. Human preproTRH protein contains
six copies of the TRH sequence (Fig. 4).

In situ hybridization histochemistry of rat brain
sections has demonstrated preproTRH mRNA
expressing neurons concentrated in the parvocellular
division of the PVN, in the same location as cells
detected by immunohistochemistry for TRH prohor-
mone. PC1 and PC2 cleave pro-TRH. Double in situ
hybridization showed that PC2 mRNA is present in
60-70% of TRH neurons, whereas PC1 mRNA is
found in 37-46%. TRH neurons expressing either
PC1 or PC2 mRNA are found throughout the areas
containing TRH cells.

4.2. Physiological Actions

Injection of TRH promptly induces release of TSH,
resulting in a prompt rise in blood TSH levels. A
surge of TSH leads to a rise in circulating thyroid
hormones, T3 and T4. TRH’s action on the pituitary
is blocked by pretreatment with thyroid hormone.
This direct negative effect of thyroid hormone on the
pituitary level is the major basis of the integrated
neuroendocrine control of TSH secretion. TRH also
stimulates release of prolactin dose-dependently and,
as on TSH, pretreatment with thyroid hormone, sup-
presses TRH action on prolactin release. The prolactin
releasing activity of TRH may be responsible for
the occasional occurrence of hyperprolactinemia in
patients with hypothyroidism. However, the physio-
logical role of TRH as a prolactin releasing hormone
has not been established.

4.3. TRH Receptors and
the Mechanism of Action on the Pituitary

The TSH stimulatory action of TRH is initiated
by the interaction of TRH with its receptors on the
membranes of the pituitary cells. The structure of
mouse pituitary TRH receptors was characterized by
cloned cDNA. The 3.8-kbase mouse TRH receptor
¢DNA encodes a protein of 393 amino acids that
shows similarities to other G-protein-coupled recep-
tors. Human TRH receptors have also been cloned,
confirming that the TRH receptor is a G-protein-cou-
pled receptor with seven transmembrane domains.
The TRH receptor couples principally to the inositol
phosphate second-messenger pathway. The regula-
tory G-proteins associated with TRH receptor signal
transduction are identified as Gq and Gy;.

Although TRH increases intracellular cAMP, and
cAMP increases TSH secretion, cCAMP response is not
always associated with the increased TSH secretion
induced by TRH. Therefore, the increase in intracellu-
lar cAMP may not be the major biochemical event
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Fig. 2. Schematic illustration of the synthesis
and processing of the preprohormone in the
cell. The signal peptide in the preprohormone
is removed in the endoplasmic reticulum, form-
ing the prohormone, which undergoes exten-
sive processing by various processing enzymes
during packing and transport and becomes
matured and bioactive hormone.

Fig. 3. Domain structure of eukaryotic subtilisin-
related endoproteases. PC2 and PC3/PC1 are
expressed in endocrine cells and neurons, and PC4 is
expressed in testicular germ cells. PC2 and PC3/PCl
participate in the processing of all hypothalamic hor-
mones in the hypothalamus. Cleavage by these prote-
ases generally occurs at paired basic residues. The sig-
nal peptide (Sig), pro-domain (Pro), catalytic domain
and P-domain are shown at the top of the figure. The
Asp, His, Asn/Asp, and Ser residues of the catalytic
domain and the sequence of basic residues at the pro-
domain cleavage site of the eukaryotic proteases are
indicated by their single letter codes. Triangles indi-
cate sites of potential N-linked glycosylation. Other
domains are as follows: ST, serine/threonine-rich
region; CRR, cysteine-rich region; TM, transmem-
brane domain; and AH, amphipathic helical region.
(Drawn and modified from S. P. Smeekens, Bio/Tech-
nol 1993, 11:182.)
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Fig. 4. Structure of human preproTRH. This molecule shares six repeated regions coding for TRH (solid black block), each
of which is preceded by dibasic amino acids and followed by Gly, which is exchanged for NH2 during posttranslational
processing. The shaded area indicates untranslated regions of mRNA.

required for TRH-induced TSH secretion. Ca*-
dependent hydrolysis of phosphatidylinositol with
phosphorylation of protein kinase C has been thought
to be linked with TRH-induced TSH secretion. A
number of studies have provided compelling evidence
that the interaction of TRH with its receptors coupled
to G-protein activates a phospholipase C that hydro-
lyzes phosphatidylinositol 4,5-biphosphate to form
two second messenger molecules, inositol 1,4,5-tri-
phosphate and 1,2-diacylglycerol. Activation of TRH
receptor in membranes isolated from pituitary tumor
cells causes stimulation of adenylate cyclase and for-
mation of cAMP.

5. LHRH

5.1. Chemistry, Precursor, and Processing

LHRH is a decapeptide with pyroGlu in the N-
terminus and Gly-amide at the C-terminus and it is
formed in the tissue as a large precursor protein. The
PC2 expressed in the hypothalamus is at least one of
the processing enzymes for LHRH precursor. The
cDNA of human prepro-LHRH has been cloned. The
cDNA sequences code for a protein of 921 amino
acids in which the LHRH decapeptide is preceded by
a signal peptide of 23 amino acids and followed by
a Gly-Lys-Arg sequence, as expected for enzymatic
cleavage of the decapeptide from its precursor and
amidation of the carboxy-terminal of LHRH (Fig. 5).
Immunochemical studies have indicated that mamma-
lian and amphibian LHRH are similar, but both differ
from the LHRH of birds, reptiles, fish, and elasmo-
branch. Even within the same animal, more than one
form of LHRH can be found in different sites. It
appears that the structures of all releasing hormones
larger than the TRH display species differences, and
in some instances, are coded for by more than one
gene in the same species.

5.2. Distribution of
LHRH in the Hypothalamus

Immunohistochemical studies have shown that two
distinct areas of the hypothalamus are particularly
rich in LHRH neurons. One is the arcuate and ventro-
medial nuclei. The axons of the neurons, mostly from
the arcuate nucleus, which make up the majority of
the tuberoinfundibular tract, terminate in the primary
plexus of the hypophysial portal vessels. Lesion of
this area in female rats results in atrophy of the ova-
ries, and reduction of estrogen secretion. The second
LHRH neuron-rich area is the preoptic area, which
regulates cyclic release of gonadotropin. In estrous
rats, electrical stimulation of this area induces ovula-
tion. Lesion of this region causes cessation of ovula-
tion and persistent estrus. This area is readily affected
by environmental stimuli such as light, by steroid
hormones and by the higher centers of the nervous
system.

5.3. Physiological Actions

A bolus intravenous injection of LHRH induces a
prompt rise in LH and follicle stimulating hormone
(FSH) in blood. However, the onset of increase in
FSH levels is delayed in comparison with LH secre-
tion. The ratio of LH/FSH release is influenced by
various factors, such as the gonadal steroid milieu,
and the pattern of secretion or the method of
administration of LHRH. It is thus, generally accepted
that both LH and FSH secretions are regulated by
one hypothalamic hormone, LHRH, which is called
gonadotropin releasing hormone (GnRH). LHRH can
stimulate testosterone production and spermatogene-
sis by releasing LH and FSH in animals and men
with hypothalamic hypogonadotropic hypogonadism.

Immunoneutralization of endogenous LHRH
results in the complete absence of spermatogenesis
and atrophy of the testis in rabbits. LHRH induces
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Fig. 5. Scheme of human preproLHRH. The N-terminal amino acid of preproLHRH is numbered 1, and the other amino acid
in preproLHRH is numbered accordingly. A protein of 92 amino acids in which the LHRH decapeptide is preceded by a 23-
amino acid signal peptide and followed by a processing site, Gly-Lys-Arg.

ovulation in women with hypothalamic amenorrhea.
However, LHRH in a high dose given over an
extended period suppresses gonadal function and
decreases testosterone secretion. This effect could be
owing to desensitization of pituitary gonadotrophs
caused by prolonged elevation of LHRH levels in
circulation. However, a continuous administration of
LHRH reduces plasma testosterone levels in hypoph-
ysectomized rats receiving exogenous gonadotropins
to maintain normal gonadal function. This indicates
a direct inhibitory action of LHRH on testicular activ-
ity. Administration of a potent LHRH agonist is now
widely used to reduce testosterone in place of surgical
castration in the treatment of prostate cancer, thus,
LHRH has biphasic effects. Stimulation and suppres-
sion of the gonadal functions depend on the dose and
method of administration. Potent LHRH antagonists
have also been developed that suppress gonadotropin
secretion by antagonizing endogenous LHRH at the
pituitary.

5.4. The Mechanism of
Action and Receptors of LHRH

The action of LHRH on the gonadotrophs is initi-
ated by the interaction of LHRH with its receptors
on the plasma membrane. Although LHRH increases
intracellular cAMP by activation of adenylate cyclase,
this does not appear to be essential for hormone
release. LHRH and TRH regulate pituitary hormone
secretion by similar postreceptor mechanisms involv-
ing inositol phosphate generation with Ca** mobiliza-
tion, and diacylglycerol formation with protein kinase
C activation. The initial response in pituitary cells
results from the activation of a phosphoinositide-
specific phospholipase C, as demonstrated for TRH.
Phospholipase C activation is mediated through heter-
otrimeric GTP-binding (G) proteins, in particular, by
Gq and G11, as for TRH.

A cDNA of mouse LHRH receptors was cloned,
and its identity was confirmed using transfection of
the Xenopus oocyte with the receptor cDNA. The
cDNA sequence encodes a 327 amino acid protein
that has the seven transmembrane domains character-
istic of G protein-coupled receptors, but which lacks
a typical intracellular C-terminal cytoplasmic
domain. In situ hybridization histochemistry in the
rat anterior pituitary showed a characteristic LHRH
receptor distribution. Subsequently, human, sheep
and rat LHRH receptor cDNAs have been cloned.
Human LHRH receptors shows 85% similarity to
mouse LHRH receptor. The expression of LHRH
receptors in COS cells results in enhanced formation
of 1,4,5-trisphosphate in response to LHRH, indicat-
ing that the cloned receptors can couple to phospholi-
pase C, causing enhanced phosphatidylinositol turn-
over, as shown for the LHRH receptor of rat
pituitary cells.

6. GHRH

6.1. Chemistry, Precursor, and Processing

Early efforts to isolate GH-releasing factor and
to identify its chemical structure were unsuccessful,
mainly due to lack of a reliable and sensitive assay
system for GH release. Despite rapid progress of puri-
fication technology for peptides and the development
of a sensitive RIA method for GH, isolation of GHRH
was not successful until the discovery of the para-
neoplastic syndromes of ectopic GHRH secretion by
pancreatic adenomas in humans. The difficulty of the
assay had mainly been owing to the existence of
somatostatin in crude hypothalamic extracts that
masked the activity of GHRH. Ectopic GHRH pro-
ducing tumors were rich in GHRH, and served as an
ideal source for isolating this hormone. Using these
tumors, both Guillemin and Rivier’s groups inde-
pendently isolated and characterized GHRH. Three
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Fig. 6. Human preproGHRH consists of 107 amino acids. After the signal peptide is removed, proGHRH undergoes extensive
processing by various endoproteases which cleave at dibasic amino acid sites preceding amino acid 32 and following amino
acid 75, yielding GHRH-44-NH2 and a carboxyl terminal peptide of unknown function.

molecular forms of human GHRH (GHRH1-44 NH,,
GHRH1-40-OH, and GHRH1-37-OH) were identi-
fied. Subsequently, identical peptides have been iso-
lated directly from the human hypothalamus. The N-
terminal of GHRH is essential for biological action,
and all three forms of GHRH are active. There are
species differences among GHRHs. GHRH isolated
from rat hypothalamic tissues contained 43 amino
acids. The physiological relevance of GHRH for GH
release was established by the finding that immuno-
neutralization of endogenous GHRH resulted in the
absence of GH secretory response to several GH-
releasing stimuli.

The cDNA for preproGHRH has been cloned from
a pancreatic tumor. Encoded preproGHRH protein
consists of 107 amino acids. After the signal peptide is
cleaved, proGHRH protein is processed by proprotein
convertases, generating two equipotent forms of
GHRHs, hGHRH44-NH2 and hGHRH40-OH, and a
carboxyl terminal peptide of unknown function
(Fig. 6). Restriction analysis of genomic DNA indi-
cates that there is probably a single human GHRH
gene, and suggests that the pancreatic tumor and hypo-
thalamic proteins are encoded by an identical mRNA.

6.2. Distribution in the Hypothalamus

Immunohistochemical studies in rats indicate that
the majority of GHRH immunoreactive cells are
found in the arcuate nucleus and the medial periforni-
cal region of the lateral hypothalamus. Studies with
unilateral hypothalamic deafferentation show that the
arcuate nucleus is the major source of GHRH in
the median eminence. The highest concentration of
GHRH as determined by RIA in the human hypothala-
mus has been demonstrated in the tuberoinfundibular
nucleus. Somatostatin, the second neuropeptide

involved in the regulation of GH secretion from the
anterior pituitary, has a pattern of distribution along
the pituitary stalk that is very similar to that of GHRH.

6.3. Physiological Action of GHRH

It is generally accepted that the episodic pattern
of GH secretion from the pituitary is generated by
an interplay between two hypothalamic hormones:
stimulatory GHRH, and inhibitory somatostatin. In
rats, both GHRH and somatostatin are secreted rhyth-
mically from the hypothalamus into hypophysial por-
tal circulation at regular 3- to 4-h intervals, about 180°
out of phase. An ultradian rhythm of GH secretion is
also observed in peripheral blood. In anesthetized
male rats, it has been shown that GHRH and somato-
statin, as determined by respective RIA, are rhythmi-
cally released from the median eminence into the
hypophysial portal circulation. Immunoneutralization
of endogenous GHRH abolishes the spontaneous
GH pulses in rats. The administration of monosodium
glutamate (MSG) to neonatal rodents produces per-
manent lesion of the arcuate nucleolus that secretes
GHRH. Compared to normal rats, neonatal treatment
with MSG produces a marked inhibition of GH
secretion.

A bolus injection of GHRH in humans and animals
induces a prompt rise in blood GH, followed by a
rapid return to basal levels, indicating the short life
of its action. Fluctuation of blood GH levels in normal
humans supports the view that GHRH is released in
a pulsatile manner. Sustained infusion of GHRH over
several hours causes a decrease in blood GH levels.
Most men over 40 yr of age show either low or absent
GH responses to GHRH. This finding is compatible
with the observation that older individuals have lower
24-h secretion of GH.
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Fig. 7. Structure of rat prepro-somatostatin. Somatostatin 14 is located at the carboxy-terminal region (solid black block), and
somatostatin 28 is amino-terminally extended (shaded block and solid black block.

6.4. Mechanism of Action and Receptors

GHRH binds to its receptors on the plasma mem-
branes of pituitary somatotrophs and stimulates GH
secretion by activation of adenylate cyclase, increas-
ing intracellular cAMP levels and activating protein
kinase A. The stimulation of GHRH-induced GH
release is Ca** dependent. It also activates the phos-
phatidylinositol turnover and increases expression of
GH by stimulating its transcription.

The cDNA encoding the human GHRH receptor
has been cloned from an acromegalic pituitary cDNA
library. The isolated cDNA encodes a 423 amino
acid protein that has a seven putative transmembrane
domain characteristic of G-protein-coupled receptors.
Transient expression of this cDNA in COS cells in-
duces saturable, high affinity, GHRH-specific bind-
ing, and stimulates intracellular cAMP accumulation
in response to physiological concentrations of GHRH.
Northern blot analysis shows that GHRH receptor
mRNA is most abundant in extracts of the pituitary
and has not been detected in other tissues.

7. SOMATOSTATIN

7.1. Chemistry, Precursor, and Processing

The GH release inhibiting activity in hypothalamic
extracts was first demonstrated in vitro by Krulich
and associates. It was postulated that GH secretion
is regulated by dual control of GH releasing factor
and GH release inhibiting factor in the hypothalamus.
In 1973, GH release inhibiting factor was isolated
from hypothalamic tissues and its amino acids
sequence was characterized by Guillemin et al., and
renamed somatostatin. Somatostatin is a cyclic pep-
tide with 14 amino acid residues, as shown in Table 1.
In addition, an amino-terminal-extended somatostatin

with 28 amino acids was isolated and designated
somatostatin 28. The cDNAs of the preprosomato-
statin of humans, rats, anglerfish and catfish have been
cloned. The rat somatostatin gene encodes preproso-
matostatin with 116 amino acids that is processed
cotranslationally within the endoplasmic reticulum to
yield prosomatostatin, a peptide of 92 amino acids.
Prosomatostatin is subsequently cleaved posttransla-
tionally to produce somatostatin 28 and somatostatin
14, that correspond to the carboxyl terminal region
of prosomatostatin (Fig. 7).

The sequence of somatostatin 14 in humans and
one of the two somatostatins of anglerfish are identical
and the other is highly homologous, suggesting that
this molecule was well conserved during evolution.
Somatostatin has even been demonstrated in the single
cell protozoan Tetrahymena pyriformis.

7.2, Distribution

In the hypothalamus, the majority of somatostatin
containing neurons are concentrated in the periven-
tricular region. These cells are observed in the parvo-
cellular part of the paraventricular nucleus, anterior
hypothalamic nucleus, perifornical region, and lateral
hypothalamus. Somatostatin-positive cell bodies are
also detected in the preoptic nucleus, as well as in
the lateral region of the lateral preoptic nucleus.
Somatostatin-immunoreactive fibers and terminals
are more widely distributed in the median eminence
and pituitary stalk than other hypothalamic hormones.
Studies with knife cuts and electrolytic lesions
showed that most of the somatostatin neurons with
terminals in the median eminence are in the preoptic-
anterior hypothalamic region. Electrical stimulation
of the preoptic area enhanced somatostatin release
into hypophysial portal blood in rats. Subsequently,
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somatostatin has been found in the rat stomach and
pancreas in a concentration similar to that in the hypo-
thalamus as measured by RIA. D-cells of the pancreas
have also been found to express somatostatin.

7.3. Physiological Actions

In the pituitary, somatostatin suppresses secretion
of GH and TSH under physiological conditions.
Immunoneutralization of endogenous somatostatin
increases basal levels of blood GH and TSH, and
enhances their response to administration of GHRH
and TRH, respectively (Fig. 8). In rats, stress reduces
plasma GH levels. Pretreatment with antisomatostatin
serum blocks the reduction of GH levels, indicating
that stress-induced decrease in plasma GH results
from increased release of somatostatin. Somatostatin
is also an important pancreatic and gastrointestinal
hormone. In the gut and pancreas, somatostatin
decreases nearly all secretions, such as gastrin, gastric
acid, pancreatic glucagon, and insulin, as well as exo-
crine secretion, and suppresses the absorption of nutri-
ents from the intestinal tract. In experimental diabetic
animals and diabetic patients, hyperplasia of somato-
statin-producing D-cells in the pancreas is observed.
Somatostatin is also secreted in the pancreatic duct,
and the levels of somatostatin in pancreatic juice
increase in diabetic patients, suggesting that somato-
statin plays a compensatory role in the control of
blood glucose levels when the secretion of insulin
decreases. In addition, somatostatin suppresses hor-
mone release from many endocrine-secreting tumors,
including VIPomas, carcinoid tumors, insulinomas
and glucagonomas, and is used for the treatment of
these tumors.

7.4. Mechanism of Action and Receptors

Somatostatin interacts with its specific receptors
in the plasma membrane of somatotrophs and
thyrotrophs of the pituitary and other target cells.
Five somatostatin receptors—SSTR; to SSTRs—of
humans, rats and mice, have been cloned. SSTR, has
two subtypes, SSTR,, and SSTR,g, which result from
alternate splicing. All of these somatostatin receptors
are G-protein associated and have seven transmem-
brane domains. Moreover, all these receptors bind to
somatostatin with a high affinity, but SSTRS has the
unique property of having a higher affinity for somato-
statin-28 than somatostatin-14.

Although all five somatostatin receptors have about
45 to 50% amino acid sequence similarity, the amino
acid sequences of these five somatostatin receptors
have no similarity to any other receptors, except the

Fig. 8. Effect of an intravenous injection of sheep antiserum
to somatostatin on serum GH and TSH levels in urethane-
anesthetized control male rats and rats with ablation of the
basal medio-hypothalamus. The mean basal level of serum
TSH in rats with hypothalamic ablation was significantly
lower than those in sham-operated rats. Serum GH and TSH
levels in rats with hypothalamic ablation did not change sig-
nificantly after an iv injection of antiserum to somatostatin
or normal sheep serum. The injection of somatostatin antise-
rum in sham-operated rats resulted in a significant increase
in serum GH and TSH, as compared to those in normal sheep
serum-injected rats. (Drawn from Chihara et al. Endocrinology
1978; 103:1916.)
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opioid receptor family, with which they share about
40% similarity.

Although somatostatin binds to somatostatin recep-
tors with high affinity, their selectivity to varying
synthetic somatostatin agonists, such as cyclic hexa-
and octapeptides, varies among the receptor subtypes.
Availability of selective somatostatin agonists for
rodent somatostatin receptors has permitted the identi-
fication of selective functions of the different somato-
statin receptor subtypes. These receptor subtypes are
expressed in a tissue-specific manner and in various
tissues they couple to different signal transduction
pathways. The pituitary expresses SSTR, and SSTR;,
with SSTR; being more abundant. SSTR, appears to
selectively mediate the inhibition of growth hormone
release by somatostatin.

Somatostatin receptors associate with Gai-a, Gai-
3 or Ga0, which couple the receptor to adenylate
cyclase. All five sets are functionally coupled to inhi-
bition of adenylate cyclase via pertussis toxin-sensi-
tive G-proteins. Although somatostatin reduces the
accumulation of intracellular cAMP induced by
GHRH, this inhibitory effect may not be the sole
inhibitory mechanism, since the GH stimulatory
effect of cAMP is also suppressed by somatostatin,
and hence may act downstream from cAMP. Some
of the subtypes of SSTRs are also coupled to tyrosine
phosphatase (SSTR,,), Ca** channels (SSTR;), Na*/
H* exchanger (SSTR,), phospholipase A (SSTR,)
and MAP kinase (SSTR,). Ongoing structure-activity
studies will hopefully yield selective analogs for each
receptor subtype. This will greatly aid in clarifying
the physiological role of the receptor subtypes and
help define their signal transduction pathways.

8. CORTICOTRORPIN RELEASING
HORMONE (CRH)

8.1. Chemistry, Precursor, and Processing

A 41 residue CRH with an amidated C-terminus
was isolated and characterized from ovine hypothal-
ami in 1981 by Vale et al. Subsequently, the cDNA
of ovine and rat preproCRH as well as the human
CRH gene were cloned. Considerable similarity was
demonstrated in the sequence of CRH precursor mole-
cules among species. Rat and human CRH are identi-
cal, whereas ovine CRH sequence varies by 7 amino
acids from human CRH. The nucleotide sequence of
ovine CRH precursor cDNA revealed that the prepro-
CRH consists of 190 amino acid residues (Fig. 9).
The rat CRH gene is also quite similar to the human

CRH gene. As with other bioactive peptides and pro-
teins, prepro-CRH is processed by processing
enzymes to generate mature, amidated CRH. PC2,
which is expressed in neurons in the parvocellular
part of the PVN, appears to participate in the cleavage
of a large pro-CRH molecule. Mammalian CRH has
homologies with two peptides found in lower animal
forms, the peptide sauvagine (isolated from the skin
of a species of frog) and urotensin (a secretion of
the caudal gland of the fish). Both have potent CRF
activity. A mammalian CRH-related peptide, urocor-
tin, with close sequence homology to fish urotensin,
interacts with CRH receptors and elicits a potent
ACTH releasing activity.

8.2. Distribution in the Hypothalamus

The cell group most rich in CRH containing cells
is the PVN, mainly the parvocellular part. The CRH
containing fibers from the PVN project to the median
eminence, forming a medial, an intermediate, and a
lateral pathway. In addition to the PVN, clusters of
CRH containing cell bodies are demonstrated in the
supraoptic, medial, and periventricular preoptic and
premammillary nuclei of the hypothalamus. CRH
containing cell bodies are also found in several extra-
hypothalamic regions, such as the bed nuclei of the
stria terminalis and anterior commissure, nucleus
accumbens, raphe nuclei, locus ceruleus, dorsal vagal
complex, and other areas.

8.3. Physiological Action on the Pituitary

CRH stimulates pituitary corticotrophs and releases
ACTH and B-endorphin into the blood, followed by
the secretion of cortisol or corticosterone. The effect
of CRH is specific to ACTH release and is inhibited
by glucocorticoids. The transcription of mRNA for
ACTH precursor (proopiomelanocorticotropin or
proPOMC) is also enhanced by CRH, suggesting that
CRH is a trophic factor.

Hypothalamic CRH is rapidly released in re-
sponse to a variety of stressors, regardless of the
nature of the stress. CRH also stimulates the release
of hypothalamic CRH, thereby upregulating its own
secretion, and suppresses the release of GHRH and
LHRH.

In the median eminence, the content of CRH shows
diurnal rhythm in rats; low in the morning, gradually
increasing in the afternoon, and reaching a peak level
in the evening. This rhythm is correlated with the
diurnal rhythm of plasma corticosterone concentra-
tions in rats. Because lesion of the suprachiasmatic
nucleus abolishes the diurnal rhythm of corticosterone



52

Part | / Neuroendocrinology

Fig. 9. Schematic illustration of ovine preproCRH. Carboxyl end represents the CRH sequence (solid black block) preceded
by the tetrapeptide, Arg-Lys-Arg-Arg, and followed by the dipeptide, Gly-Lys. The signal peptide is indicated by a shaded block.

secretion, this nucleus may regulate the rhythm of
CRH content in the median eminence.

8.4. Mechanism of Action and Receptors

CRH is indispensable for the full ACTH secretory
response and for the concomitant stimulation of
POMC transcription. CRH interacts with its receptors
on the plasma membrane of the pituitary corticotrophs
that activate adenylate cyclase and increase intracellu-
lar cAMP concentration and transmembrane Ca** flux.
This signal transduction is thought to be linked to the
stimulation of ACTH secretion and POMC synthesis.
During stress, vasopressin is also coreleased into the
hypophysial portal vessels from the parvocellular neu-
rons of PVN where it enhances CRH-induced ACTH
release in a synergistic manner. This synergistic inter-
action appears to result from an interplay between the
stimulation of protein kinase A by CRH and protein
kinase C by vasopressin.

Two types of CRH receptors, CRH, and CRH,,
have been cloned. The CRH, receptor, which was
cloned from the rat brain, has two subtypes, CRH,,
and CRH,,, resulting from alternate splicing. The
CRH receptor is membrane-bound, G-protein-cou-
pled and has seven transmembrane domains. All these
receptors transduce signals via the stimulation of
intracellular cAMP production. The CRH, receptor
is mainly expressed in the pituitary and brain, whereas
the CRH,, receptor is mainly expressed in the brain,
and the CRH,, receptor is expressed predominantly
in the peripheral tissues such as the heart and skeletal
muscles. However, in humans CRH,, is the predomi-
nant CRH,; receptor, and a human equivalent of CRH,,
has yet to be found. The CRH, receptor is not
expressed in the heart. Expressions of CRH,; and CRH,
receptors appear to be differently regulated.

8.5. CRH Binding Protein

It has been suggested that a peptide-binding glyco-
protein is present in human plasma, inactivating CRH
and thus preventing pituitary-adrenal stimulation. The

CRH binding protein (CRH-BP) was purified from
human plasma in a pure form. Subsequently, human
and rat CRH-BP cDNA were cloned. Both cDNAs
encoded proteins of 322 amino acids with one putative
N-linked glycosylation site and 11 conserved cysteine
residues. Mouse and sheep CRH binding proteins
were subsequently cloned. The structure of CRH-BP
is distinct from the CRH receptor. Expressed CRH-
BP in mammalian cells bind human CRH as well as
alpha-helical (9—41) CRH (CRH antagonist) with
high affinity. Recombinant murine CRH-BP also
blocks CRH-induced ACTH release from cultured
pituitary cells, but CRH-BP and CRH receptor utilize
different molecular interaction to bind CRH.

9. PROLACTIN SECRETION
REGULATORY FACTORS

9.1. Prolactin Release
Inhibiting Factor (PIF)

Prolactin secretion is tonically inhibited by a hypo-
thalamic factor(s) under normal conditions. When the
hypothalamic extract is added to rat pituitary cultures,
prolactin release into the medium is suppressed, indi-
cating the presence of a prolactin release inhibiting
factor (PIF) in the extract. The efforts of several labo-
ratories to isolate the hypothalamic prolactin release
inhibiting factor revealed that the major PIF activity
is dopamine. Administration of dopamine, L-dopa
(which is converted to dopamine in both peripheral
tissues and the brain), or dopamine agonists such
as bromocriptine, decrease blood prolactin levels
sharply in normal individual and in persons with
hyperprolactinemia.

Dopamine directly inhibits prolactin secretion from
pituitary lactotrophs through interaction with its
receptors. Dopamine also suppresses cell growth and
DNA synthesis, and results in a loss of stored prolactin
in the secretory granules. Dopamine inhibits cAMP
formation and inhibits synthesis of phosphoinositol,
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which is involved in the secretory process of prolactin.
Gamma butyric amino acid (GABA) also suppresses
prolactin release, but its inhibitory effect is much
weaker than dopamine’s.

9.2. Prolactin-Releasing Factor (PRF)

Prolactin secretion is not always regulated by the
inhibitory action of dopamine. Suckling-induced pro-
lactin release cannot be accounted for by the ob-
served change in dopamine levels in hypophysial
portal blood. Moreover, hypothalamic extracts con-
tain several substances that stimulate release of pro-
lactin. These prolactin-releasing factors (PRFs)
include TRH, vasopressin, oxytocin, VIP, PHI, and
PACAP. TRH stimulates prolactin release dose-
dependently. TRH secretion into the hypophysial por-
tal blood is increased by nipple manipulation in rats,
which induces prolactin release. In humans, however,
suckling does not increase TSH secretion. Oxytocin
secretion, which is increased by suckling, also stimu-
lates prolactin release in vitro. However, the PRF
activity of these neurohypophysial hormone is weak.
VIP stimulates prolactin release from the pituitary in
vitro. VIP is also present in the hypophysial portal
blood in concentrations sufficient to stimulate prolac-
tin release, and its release is stimulated by serotonin,
which increases prolactin secretion. Immunoneutrali-
zation of endogenous VIP by administration of its
antiserum suppresses stress-induced prolactin release
and reduces the elevated blood prolactin levels in
suckling mothers. However, immunohistochemical
studies have shown that VIP makes only a minimum
contribution to the tuberoinfundibular system. More-
over, expression of VIP receptors in the pituitary
is low. PHI, a peptide that is contained in the VIP
prohormone and has a similar structure to VIP, also
stimulates prolactin. PHI is colocalized with CRH in
the same neurons of the tuberoinfundibulum system
and probably coreleased with CRH during stress.
Thus, there is a possibility that PHI contributes to
stress-induced prolactin release.

10. MSH SECRETION
REGULATORY FACTORS

Like prolactin secretion, MSH secretion is tonically
inhibited by the hypothalamus. A tripeptide, Pro-Leu-
Gly-NH2, an enzymatic degradation product of oxy-
tocin, was originally considered to be a MSh inhibit-
ing factor (MIF), but its MIF activity was not consis-
tently demonstrated in various species of animals.
MSH activity in rats can be attributed to BMSH, which

is encoded by a part of the sequence of POMC gene.
Secretion of POMC-derived peptides from the inter-
mediate lobe is tonically suppressed by a direct dopa-
minergic nerve supply.

11. NEUROHYPOPHYSIAL HORMONES

11.1. Overview

Two neurohypophysial hormones, vasopressin
(VP) and oxyrocin (OXT), were the first chemically
characterized neurosecretions. VP and OXT are
mainly produced by magnocellullar neurons in the
SON and PVN, packed in secretory granules, and
transported through the axon of the supraoptico- or
paraventriculo-hypophysial tract running toward the
neural lobe via the internal layer of the median emi-
nence (Fig. 1). When the pituitary stalk is cut, the
secretory granules in the neural lobe disappear and
are accumulated in the proximal cut end of the stalk.

11.2. Chemistry, Precursor, and Processing

Extensive efforts to isolate the active principle of
the neural lobe extracts led to elucidation of structure
of oxytocin (OXT) in 1950 and vasopressin (VP) in
1954. Both VP and OXT contain nine amino acids
and a Cys-Cys bridge in the 1-6 position (see Table
1). VP differs from OXT by having Phe in place of
Ile at amino acid position 3, and Arg or Lys in place of
Leu at position 8. Among mammals, VP has identical
amino acids (arginine vasopressin or AVP), with the
exception of such animals as the pig, hippopotamus,
and wild boar, in which Arg in position 9 is replaced
by Lys, giving rise to lysine vasopressin (LVP). The
amidated carboxyterminus is important for the bio-
activity of both VP and OXT.

In lower vertebrates, such as Cyclostomata, a hypo-
thalamic neurosecretory system is present and the
neurosecretion exhibits vasopressor, antidiuretic, and
oxytocic activities. The chemical component of these
activities is argine vasotocin, perhaps the most primi-
tive, and only neurohypophysial hormone in lower
animals. Oxytocin is not present. Various neurohypo-
physal hormones have been isolated from fish,
amphibia, reptiles, and birds (Table 2). These hor-
mones differ from VP or OXT by only one or two
amino acids.

VP and OXT are each associated and co-released
with distinct peptides, VP with neurophysin II and
OXT with neurophysin I. VP and OXT, with their
respective neurophysins, are synthesized as prohor-
mones mainly in the magnocellular part of the para-
ventricular nucleus and the supraoptic nucleus. These
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Table 2
Natural neurohypophysial hormones. Amino acid sequences of lysine
vasopressin, oxytocin, and nonmammalian neurohypophysial hormones are
compared with arginine vasopressin. The amino acids differing from the
corresponding amino acids in arginine vasopressin are shown.

Arg-vasopressin

Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly-NH2

1 2 3 4 5 6 7 8 9
Lys-vasopressin Lys
Phenypressin Phe
Oxytocin lle
Arg-vasotocin lle
Lys-vasotocin lle Lys
Mesotocin lle lie
Valitocin lle Val
Ichthyotocin lle Ser lle
Glumitocin lle Ser Gin
Aspargtocin lle Asn Leu

prohormones are processed during transport to yield
VP or OXT and their respective neurophysins. Prepro-
AVP consists of the putative signal peptide, AVP,
neurophysin I, and the glycoprotein domain, and is
encoded by the AVP gene on chromosome 20 (Fig.
10). Neurophysin II is assumed to act as a carrier
protein for AVP during axonal transport.

The AVP gene is mainly expressed in the supra-
optic nucleus and paraventricular nucleus, but also in
the suprachiasmatic nucleus of the hypothalamus and
the bed nucleus of the stria terminals. AVP gene
expression is induced in response to osmotic stimula-

tion, and associated with the expression of carboxy-
peptidase H and c-fos mRNA. Carboxypeptidase H
participates in the posttranslational processing of the
precursors of many neuropeptides, including AVP
and OXT. Expression of carboxypeptidase H mRNA
is significantly increased in AVP-producing magno-
cellular neurons during chronic osmotic stimulation.
In addition to carboxypeptidase H, four other process-
ing enzymes are involved in processing the neurohy-
pophysial hormone precursors. These include PC1/
PC2, peptidylglycine monooxygenase giving pepti-
dylhydroxyglycine, and an a-amidating ligase, which

Fig. 10. Schematic illustration of pro-arginine vasopressin. The prohormone consists of three domains: arginine vasopressin,
neurophysin II, and a 37/39 residue glycopeptide or copeptin. This organization is preserved in the nonmammalian tetrapod
provasotocin. The genes of mammalian neurohypophysial hormones have the three-exon organization: exon 1, encoding the
signal peptide, the hormonal nonapeptide, the processing tripeptide sequence and the first 9 residues of neurophysin; exon II,
encoding the central part of neurophysin; and exon III, encoding the C-terminal part of neurophysin. The arginine processing

site links to copeptin.
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splits hydroxyglycine into an amide group and glyox-
ylic acid.

The precursor of OXT is similar to that of AVP.
Prepro-OXT is composed of the putative signal pep-
tide, OXT, and neurophysin I, but lacks a glycoprotein
domain in contrast to prepro-AVP. The OXT gene
encoding prepro-OXT is linked to the AVP gene with
a 12 kb intervening in humans. The structure of 5’
promoter region of OXT is different from that of
AVP, indicating that AVP and OXT may require
distinct signals for their gene regulation. The gene
expression of AVP and OXT is regulated by several
physiological factors. The major factor regulating
AVP synthesis is osmotic stimulation. A continuous
increase in AVP mRNA and OXT mRNA has been
reported in the magnocellular neurons of the SON
and PVN of rats chronically given hypertonic saline
as a drinking solution. Estrogen influences OXT gene
expression in the hypothalamic nuclei. OXT mRNA
levels in the SON are increased nearly twofold at
estrus relative to the other periods of the estrous cycle.
In contrast, no significant cyclic variation is observed
in AVP mRNA levels.

11.3. Regulation of Vasopressin
and Oxytocin Release

Cholinergic stimulation elicits release of VP, as
observed in antidiuresis resulting from smoking,
which stimulates nicotinic acid receptors. Noradren-
ergic stimulation is inhibitory on both VP and OXT.
This inhibitory response is mediated by B-adrenergic
stimulation. Stress-suppressed “milk let-down” reflex
may result from [-adrenergic inhibition of OXT
release. Similar inhibition of VP release may account
for stress-induced diuresis.

Among the neuropeptides, which modify secretion
of the neurohypophysial hormones, is angiotensin.
An intracerebroventricular injection of a minute
amount of angiotensin II suppresses water diuresis.
Intracarotid injection, but not intravenous injection,
of angiotensin II induces an increase in plasma VP
levels.

Release of OXT is elicited by mechanical stimula-
tion of the vagina, particularly stimulation of the cer-
vix. This response is reduced during pregnancy, prob-
ably because of the effect of progesterone. OXT
release, in response to vaginal stimulation, is reduced
by pretreatment with progesterone. OXT is also
released during sexual intercourse. Secretion of OXT
is at its maximum during perturition, at the time of
cervical dilation resulting from passage of the fetal
head. OXT release is also evoked during infant suck-

ling in women and milking in cows, when it induces
milk ejection.

11.4. Physiological Actions of Vasopressin

The major physiological action of VP is to increase
water absorption from the distal tubules and the col-
lecting duct of the kidney to concentrate urine. Thus,
VP is also called antidiuretic hormone (ADH). AVP
has greater antidiuretic and vasopressor activities than
LVP. The mechanism of the antidiuretic action of VP
will be discussed in Chapter 14. OXT has uterus
contractile activity, but neither antidiuretic nor vaso-
pressor activity.

VP also constricts peripheral blood vessels, includ-
ing capillary and increases blood pressure. Both VP
and OXT are widely distributed in the brain and par-
ticipate in various neurobehavioral functions. Other
actions of VP include enhancement of CRH-induced
ACTH release and stimulation of glycogenolysis.

11.5. Physiological Actions of Oxytocin

The major physiological actions of OXT are its
effect on the mammary gland during lactation and on
uterus contraction. When an infant begins to nurse,
milk appears at the nipple after a delay of 30 s or so,
a process known as “milk let-down.” The stimulus
induced by the suckling infant is initiated at the nerve
endings of the nipple, and is transmitted through the
spinal cord, midbrain, and finally the hypothalamic
OXT producing neurons, where it triggers release of
OXT from the pituitary neural lobe into circulation.
OXT is transported to the breast and causes contrac-
tion of the myoepithelial cells that encircle the mam-
mary acini, thereby expelling the milk. When the
neural lobe is removed in mother rats, nursing pups
cannot obtain milk, but they can do so after oxytocin
injection. The milk let-down reflex is affected by
changes in hypothalamic neural activity. Stressors
such as pain block milk let-down in animals, possibly
through B-adrenergic stimulation. In women, milk let-
down can be conditioned by the crying of a hungry
baby.

OXT induces contraction of the uterus in humans
and animals. Just before the onset of labor, the uterine
myometrium becomes extremely sensitive to OXT
because of a dramatic increase in the number of OXT
receptors. The magnitude of the uterine contractile
effect varies during the estrous cycle, probably
because of the effect of estrogen and progesterone.
Estrogen generally sensitizes the uterine response to
oxytocin, whereas progesterone decreases the sensi-
tivity. When labor begins in normal women, maternal



56

Part | / Neuroendocrinology

oxytocin secretion takes place in spurts and increases
to a maximum at the time of delivery.

11.6. Mechanism of Action
and Receptors of Vasopressin

VP directly interacts with its receptors on the sero-
sal side of the distal tubules and collecting ducts of the
kidney, stimulates adenylate cyclase, and increases
cAMP accumulation, which mediates enhancement
of water absorption from the lumen. AVP receptors
have been classified as V1a, Vib, and V2 receptors,
usually based on their biologic actions. AVP induces
antidiuretic action through V2 receptors, which are
mainly located in the renal tubules and coupled to
adenylate cyclase. The other biologic actions of AVP
are mediated through V1 receptors, which are located
in the vascular smooth muscle and hepatocytes (V1a),
and the pituitary (V1b), and act through phosphatidyl-
inositol hydrolysis to mobilize intracellular Ca*. The
cDNAs encoding for AVP receptors have been
cloned. The deduced amino acid sequence indicates
that all these vasopressin receptors are proteins with
putative seven transmembrane domains, coupled with
G-protein.

11.7. Mechanism of Action
and Receptors of Oxytocin

Oxytocin induces strong contractions of the uterus
at term by increasing the cytoplasmic Ca** concen-
tration. The hormone acts by activating phospholipase
C to hydrolyze phosphatidylinositol 4,5-bisphos-
phate to inositol 1,4,5-triphosphate and diacylglycerol
through a G/G11 protein. Oxytocin receptor-medi-
ated stimulation of inositol phosphate has been dem-
onstrated in the guinea pig, ovine, and human myome-
trium, human decidual cells, and the bovine mammary
gland, indicating that oxytocin receptors, like AVP
receptors of the V, subtype, are functionally coupled
to a phospholipase C. In human amnion cells, oxyto-
cin and AVP increase prostaglandin E, (PGE,) pro-
duction and may influence labor by stimulating PGE,
in the amnion through the inositol phospholipid-
protein kinase C system. Human oxytocin receptor
cDNA has been cloned, and its deduced structure
consists of 388 amino acids with seven transmem-
brane domains typical of G-protein-coupled receptors.

12. PITUITARY ADENYLATE CYCLASE
ACTIVATING POLYPEPTIDE (PACAP)

Pituitary adenylate cyclase activating polypeptide
(PACAP) was isolated and characterized from ovine

hypothalamic tissues in 1989, in an attempt to dis-
cover a novel hypothalamic hormone with the ability
to activate adenylate cyclase in rat pituitary cell cul-
tures. PACAP exists as two amidated forms, with 38
(PACAP38) and 27 residues (PACAP27), PACAP38
being the major form found in tissues. PACAP is a
new member of the secretin/glucagon/VIP family,
with greatest homology to VIP (see Table 1). PACAP
fulfills nearly all the requirements for a hypothalamic
hormone. In the hypothalamus, PACAP is synthesized
mainly in the magnocellular and parvocellular parts of
the PVN, the SON and in the periventricular nucleus.
PACAP-containing neurons contribute to both the
tuberoinfundibular system and hypothalamo-neuro-
hypophysial systems. Thus, a considerable amount
of PACAP is present in the neural lobe, apparently
coexisting with oxytocin. In sheep and primates, many
nerve fibers containing PACAP terminate in the pitu-
itary stalk adjacent to the capillaries of the hypophys-
ial portal vessels (Fig. 11). In rats, the concentration
of PACAP in the hypophysial portal blood is signifi-
cantly higher than that in the systemic blood.

The cDNA of preproPACAP was cloned and the
deduced amino acid sequence of the precursor of
ovine PACAP contains 176 amino acids. Subse-
quently, human and rat PACAP preprohormone and
human PACAP gene have been cloned. The PACAP
precursor contains a GHRH-like peptide named
PACAP-related peptide (PRP). PRP corresponds to
PHI in the VIP precursor. The PACAP precursor is
processed by PC1 and PC2, but with a greater efficacy
by PC2, which is expressed in both the magnocellular
and parvocellular parts of the PVN and SON.

The amino acid sequence of PACAP38 is identical
among mammals. PACAP38 in lower vertebrates is
also very similar to human PACAP38; frog and
chicken PACAP38 differ from mammal PACAP38
by only one amino acid, and fish PACAP38 differs
by 2—4 amino acids. Even the amino acid sequence
of tunicate PACAP is identical to human PACAP in
the N-terminal 27 residues, indicating strong conser-
vation of the structure during an evolutionary period
spanning over 700 million yr. In contrast to mammals,
GHRH-like peptide in the PACAP precursor is the
only GHRH-like molecule in lower vertebrates. That
is, GHRH in lower animals is encoded by the same
gene that encodes PACAP. Although, both the
GHRH-like peptide in the PACAP precursor and
PACAP38 of the eel stimulate GH release from the
eel pituitary in vitro, PACAP38 is more potent. In
this system, human GHRH is inactive. Therefore, it
is likely that PACAP serves as the GHRH in lower
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animals. The GHRH gene in mammals may be gener-
ated by gene duplication.

12.1. Effects on Anterior Pituitary Cells

PACAP directly stimulates adenylate cyclase and
increases CAMP accumulation, phospholipase C, and
intracellular concentrations of Ca** in cultured normal
and clonal pituitary cells. Abundant PACAP specific
binding sites have been demonstrated in the anterior
pituitary, but few in the neural lobe. Contrary to the
classic hypothalamic hormones, all cell types of the
anterior pituitary, including nongranular folliculo-
stellate (FS) cells, express PACAP binding sites. -

Although an intravenous administration of PACAP
stimulates the release of pituitary hormones in animals
and humans under certain conditions, it does not con-
sistently stimulate hormone release from cultured nor-
mal rat pituitary cells, despite exhibiting stimulation
of adenylate cyclase. PACAP alone only weakly stim-
ulates LH and FSH release, whereas PACAP and
LHRH, in combination, synergistically stimulate
gonadotropin secretion in rat pituitary cell cultures.
No significant changes in the secretion of either TSH,
ACTH, or GH have been observed.

In anterior pituitary cells taken from castrated male
rats, continuous treatment with 10 nM PACAP38
increased o.-subunit and decreased FSH- mRNA lev-
els. This treatment had no effect on LH-f mRNA,
but lengthened LH-B mRNA. In clonal GH; cells, a
large dose of PACAP stimulated the expression of
PRL mRNA over a 24-h incubation period. PACAP
also stimulated transcription of the rat PRL in GH,

Fig. 11. Immunohistochemistry of
PACAP-immunoreactive (ir) nerve
terminals in the hypophysial stalk
of sheep. Numerous PACAP-ir
fibers are seen around the capillary
of the hypophysial portal vessels.
(Prepared by K. Koves).

cells. This effect was seen at 10 pM PACAP, which
is ineffective in stimulating cAMP production in these
cells. Long-term stimulation of AtT20 cells with
PACAP led to a significant decrease in the rate of
cell division concomitant with an increase in cell size
and the formation of cell processes characteristic of
cellular differentiation. Whether these stimulatory
effects of PACAP on transcription and gene expres-
sion are seen in normal pituitary cells remains to
be studied.

PACAP does not appear, at least in vitro, to be a
potent secretagogue of the pituitary hormone, but it
may exert a major action on the regulation of hormone
synthesis. One exception is that PACAP enhances IL-
6 release from pituitary folliculo-stellate (FS) cells
in a dose-dependent fashion in vitro. PACAP-induced
IL-6 release is mediated by activation of adenylate
cyclase. FS cells and their processes are in close
contact with pituitary glandular cells and may regulate
the activities of the glandular cells in a paracrine
fashion by IL-6 and possibly by other growth factors
produced by FS cells (Fig. 12). The concentration of
PACAP in the rat hypophysial portal blood is suffi-
cient to stimulate IL-6 release from the FS cells in
vitro. Thus, PACAP may regulate the pituitary glan-
dular cells both directly and indirectly through FS
cells.

12.2. PACAP Receptors
and Signal Transduction

Human, rat and bovine PACAP receptors have
been cloned and found to be proteins with seven



58

Part | / Neuroendocrinology

Fig. 12. Folliculo-stellate (FS) cells
in the rat adenohypophysis stained
with an antiserum against S100 pro-
tein, a marker for FS cells. Many
processes of FS cells are seen
between the glandular cells juxta-
posed with these secretory cells. FS
cells produce various growth fac-
tors, including IL-6, and PACAP
stimulates IL-6 production by FS
cells. PACAP may affect the pitu-
itary glandular cells indirectly
through FS cells by stimulating pro-
duction of growth factors, which
regulate activities of the glandular
cells in a paracrine fashion.
(Provided by K. Inone).

transmembrane domains, typical of the G-protein-
coupled receptor. The PACAP specific receptor is
called PAC, receptor. At least seven subtypes of
PACAP specific receptors, resulting from alternate
splicings, were cloned, each linked with distinct
signal transduction pathways. PACAP also binds to
VIP, and VIP, receptors with a high affinity similar
or even greater than that of VIP. These receptors,
which are shared between PACAP and VIP, are
collectively known as VPAC, and VPAC, receptors.
The anterior lobe of the pituitary expresses abundant
PAC, receptors, but fewer VPAC, and VPAC,
receptors.

The interaction of PACAP with PACAP receptors
triggers at least three cascades of signal transduction:
(1) stimulation of adenylate cyclase and protein kinase
A; (2) stimulation of phospholipase C, an increase in
inositol phosphate turnover, generation of diacylglyc-
erol, and an increase in intracellular Ca*; and (3)
stimulation of MAP kinases.
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1. INTRODUCTION

Neurons of the hypothalamus, like those of the
entire central nervous system (CNS), are organized
into circuits and networks with the communication
between neurons involving either electrical synapses
(which are a form of specialized gap junctions) or
chemical synapses. When a gap junction is open, it
allows free bidirectional migration of molecules and
ions from the cytoplasm of one neuron directly into
the cytoplasm of the other neuron. In electrical syn-
apses, alternating opening and closing of gap junc-
tions between two neurons creates a regulatory situa-
tion similar to that observed for gated ion channels
imbedded in the plasma membrane (PM) of individual
neurons. Although such bidirectional interneuronal
communication via electrical synapses is not fully
understood, it presumably allows two or more neurons
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to act together as a functional unit with very rapid
information transfer. In contrast to the incomplete
understanding of electrical synapses, there is abun-
dant information about the widespread interneuronal
signaling via chemical synapses, and this chapter will
present that information in detail. Neuron-to-neuron
communication via chemical synapses involves the
release of chemicals from one neuron and their spe-
cific action on an adjacent neuron to alter its excitabil-
ity. Neuron-derived compounds that alter the excit-
ability of another neuron or a muscle fiber are defined
as a neurotransmitter (NT), and the molecule struc-
tures of the many different NT exhibit great diversity.

As stated earlier, interneuronal communication via
neurotransmitters involves an asymmetric morpho-
logical specialization known as a chemical synapse
(hereafter called a synapse) wherein part of the
NT-producing neuron is called the presynaptic ter-
minal and part of the NT-receptive neuron is
called the postsynaptic terminal. The approximately
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Table 1
Names and Categories of Various Neurotransmitters
Nonpeptide Peptide
Neurotransmitters Neurotransmitters

Aminergic compounds:

. Oxytocin
Dopamine Vasopressin
Norepinephrine
Epinephrine Hypophysiotropic neurohormones
Serotonin (multiple compounds)
Histamine Brain-gut peptides:
Acetylcholine Cholecystokinin
Amino acid compounds: Gastrin
. Insulin
Glycine
. . . Glucagon
Gamma-aminobutyric acid S :
ecretin

Glutamic acid

Gases:
Nitric oxide
Carbon monoxide

Neuropeptide-Y
Galanin

Neural lobe neurohormones:

Opioidergic peptides:

Enkephalin (multiple forms)
B-endorphin

Dynorphin-A (and -B)

o/ B-neo-endorphin

Tachykinin peptides:

Substance P
Neurokinin-A
Neurokinin-B

Melanocortin (multiple forms)
Angiotensin 11

Calcitonin gene-related peptide
Endothelin (multiple forms)
Neurotensin

15-nm-wide space between these two elements of
the synapse is termed the synaptic cleft. Because a
synapse is morphologically asymmetrical, neuron-to-
neuron communication is primarily unidirectional.
Occasionally, pairs of two unidirectional synapses
between two adjacent neuronal dendrites form what
are called bidirectional dendro-dendritic synapses.
Each synapse has a very small contact area (<0.2
um?) allowing each presynaptic terminal to communi-
cate with multiple postsynaptic neurons and for each
postsynaptic neuron to receive input from many dif-
ferent presynaptic terminals possibly derived from
multiple neurons. In addition, synaptic contacts
between neurons are not fixed. New synapses may
form and existing synapses may be eliminated during
the life of the organism.

Because there are many different types of NT
chemicals that alter neuronal excitability in the hypo-
thalamus and other CNS tissue (Table 1), the biosyn-
thesis and intracellular migration of each type will
be discussed separately. The NT designation was orig-
inally applied to a group of small molecules that
are now referred to as classical NT and include the
following: acetylcholine, selected amino acids such as
glutamic acid (also known as glutamate in its ionized
form), glycine and gamma-aminobutyric acid, and
various biogenic amines such as dopamine, norepi-
nephrine, histamine, and serotonin. Neuron-derived

peptides, which are involved in interneuronal commu-
nication, constitute a second major class of peptide
NT (see Table 1). Some of these NT peptides can
also function as neurohormones when secreted into
the blood for delivery to distant cells that possess the
appropriate receptors. A third class of NT chemicals,
only recently discovered, consists of the neuron-
derived gases such as nitric oxide and carbon monox-
ide that can readily diffuse between adjacent neurons
to alter excitability of the receptive neuron. Neither
the unidirectional nature nor the morphological fea-
tures of synapses using NT gases are well understood.

2. NEUROTRANSMITTERS EXHIBIT
GREAT CHEMICAL DIVERSITY

2.1. Biosynthesis of Catecholamines
and Serotonin Share Similarities

Catecholamines derive their name from having a
catechol nucleus (benzene ring with two adjacent
hydroxyl groups) plus one amine group. Norepineph-
rine (NE) and dopamine (DA) are two catecholamines
that function as NT, and they share a common biosyn-
thetic pathway (Fig. 1). Neurons take up the amino
acid (aa) known as tyrosine, and using the enzyme
tyrosine hydroxylase, they convert tyrosine into dihy-
droxy-phenylalanine (abbreviated DOPA), which is
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Tryptamine)

Fig. 1. Synthesis and structures of catecholamines and serotonin molecules as neurotransmitters.

the immediate precursor of DA. In those neurons
that either utilize DA as their NT or secrete it as a
neurohormone, biosynthesis continues no further. In
other neurons that possess an enzyme known as dopa-
mine-B-hydroxylase, the DA molecules serve as pre-
cursors for synthesis of NE, and it functions as a NT
in these neurons. Those neurons that can convert DA
into NE are classified as noradrenergic (noradrenaline
is another name for NE) and are less abundant than
the dopaminergic neurons in the CNS. Their neuronal
perikarya are located primarily in the locus ceruleus,
a small but important group of neurons located in
the midbrain.

Epinephrine (Epi) is formed by the enzymatic
actions of phenylethanolamine-N-methyl fransferase
(abbreviated as PNMT), which adds a methyl group
to the amine group of NE (see Fig. 1). From a chemical
point of view, Epi (also known as adrenaline) is not
a catecholamine because its amine group has been
blocked by the added methyl group, but this distinc-
tion is often ignored because Epi and NE share many
of the same actions as well as common adrenergic
receptors. The presence of the PNMT enzyme in neu-
rons identifies them as either using Epi as their NT
or secreting it as a neurohormone. PNMT was first
discovered in a subset of modified postganglionic
neurons in the adrenal medulla that secrete Epi into
blood to produce its neurohormonal effects. The exis-

tence of central neurons that utilize Epi as their NT
is controversial although some central Epi may be
derived from NE after its release into the synaptic
cleft, but clearly NE is more important than Epi as
a NT the CNS.

Serotonin (also known as 5-hydroxy-fryptamine
and abbreviated 5-HT) is considered here with the
catecholamines because its biosynthesis also begins
with an ordinary aa, namely tryptophan (see Fig. 1),
and because it shares many properties with the cate-
cholamines. The benzene ring in the indole group
of tryptophan is first hydroxylated by the enzyme
tryptophan hydroxylase. The same enzyme (aromatic
L-amino acid decarboxylase) that catalyzes the forma-
tion of DA removes the C-terminal carboxyl group,
and after this decarboxylation, 5-HT can be classified
as an indolamine. As in the case of catecholamines,
the rate-limiting step in biosynthesis of 5-HT is the
hydroxylation of its precursor amino acid tryptophan.

Catecholamines and 5-HT are synthesized through-
out the neuron including its presynaptic terminals. In
addition to precursor amino acid being obtained from
blood and extracellular fluids, there are mechanisms
for reuptake of released NT from the synaptic cleft
and adjacent areas. This reuptake into the presynaptic
terminal not only halts the action of the NT on the
postsynaptic terminal, but it replenishes quantities of
the precursor for synthesis of more NT. The mecha-
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Fig. 2. Synthesis and structures of diverse molecules that function as neurotransmitters.

nisms of this reuptake via what are called transporters
will be discussed in detail later in this chapter.

2.2. Acetylcholine Discovered
as Activator of Muscle Contractions
and an Important Neurotransmitter

The first classical NT to be discovered was acetyl-
choline (ACh), a compound that affects muscle fibers
as well as neurons. The discovery of ACh established
firmly the principle that neurons could secrete chemi-
cal compounds capable of exciting other neurons or
muscle fibers. The intraneuronal synthesis of ACh
involves the enzymatic combination of choline with
an activated form of acetate, namely acetyl coenzyme-
A using the enzyme choline acetyltransferase (see
Fig. 2). After its release into the synaptic cleft, extra-
cellular ACh is rapidly hydrolyzed by another enzyme
known as acetylcholinesterase (Fig. 2), and the result-
ing choline is taken up by the presynaptic neuron to
serve as a precursor for synthesis of more ACh.

2.3. Unmodified and Modified Amino
Acids Function as Neurotransmitters

Although amino acids often serve as precursors
for catecholamines and 5-HT, some of them do not
require any structural modification to function as a
neuroactive NT. Glycine (see Fig. 2 for structure) is
an abundant aa that appears to act as a NT in the
spinal cord and lower brain stem where it functions
as an inhibitor of postsynaptic neurons. Glutamic acid
(see Fig. 2 for structure) is another unmodified aa

that functions throughout the brain as an excitatory
NT. In addition to functioning as a NT, glutamic acid
also serves as a precursor to gamma-aminobutyric
acid (abbreviated GABA) in those neurons that pos-
sess the enzyme known as glutamic acid decarboxyl-
ase (see Fig. 2). The action of GABA on postsynaptic
neurons is mainly as an inhibitor of their spontaneous
or induced excitability. In addition, the amino acid
histadine can be converted into the aminergic NT
known as histamine.

2.4. Neuron-Derived Gases Represent
Unique Neurotransmitter Molecules

Knowledge about labile gases that diffuse from
one neuron to another and function as biological
messengers within the nervous system has only
recently become available. Whether or not labile
gases such as nitric oxide (NO) and carbon monoxide
should be considered as NT may still be controversial
to some neuroscientists. However, it seems well
established that NO is produced by neurons using
L-arginine and oxygen as substrates and the enzyme
known as nitric oxide synthase (see Fig. 2). The
resulting molecules of NO can then diffuse into
other neurons and modify their excitability, thereby
qualifying as a NT molecule.

2.5. Neuron-Derived Peptides
Function as Neurotransmitters

Neuron-to-neuron communication also occurs via
chemical synapses that use various peptides as their
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NT. Many of the peptides that function as NT were
first discovered and identified as locally acting chemi-
cal messengers or in other cases as blood-borne hor-
mones. The idea that neurons can produce and utilize
peptides as chemical messengers was first proposed
by the late Ernst and Berta Scharrer more than 50
years ago when they observed a few invertebrate neu-
rons that had the histological staining characteristics
previously ascribed only to peptide-producing cells
in endocrine organs. These histological observations
were subsequently verified by other techniques, and
they provided the foundation for the field of neuro-
endocrinology. Those blood-borne peptides that were
proved to also be neuron-derived were called neuro-
hormones (blood-borne chemical messengers synthe-
sized by neurons). Vasopressin and oxytocin produced
by neurons in the hypothalamus, transported via axons
to the neural lobe of the pituitary gland, and released
from the axon terminals into blood constituted the
first definitive neurohormones. Those other peptides
that are produced by and released from neurons,
but for which blood-borne delivery has not been
proven, are called neuropeptides to denote their origin
although their mode of action (hormone or NT)
remains uncertain.

Many neuropeptides that function as neurohor-
mones when released into blood for delivery to their
target tissues can also function as NT when released
from the presynaptic terminal of synapses to act upon
postsynaptic receptors (see Table 1). These peptider-
gic NT include the neurohormones oxytocin and vaso-
pressin released from the neurohypophysis as well as
some of the neurohormones released from axons into
the hypophysial portal veins for delivery to and regu-
lation of anterior pituitary cells (defined as hypo-
physiotropic hormones; see Chapters 1 and 7).

Another category of peptides that function as NT
were discovered first as hormones produced by tissues
of the digestive tract for hormonal regulation of
metabolism and digestion. It was subsequently found
that these digestive and metabolic hormones could
regulate neuronal excitability. Acceptance of these
peptides as NT, however, did not occur until after
their synthesis by neurons had been proven. Cholecys-
tokinin is the best known of these peptidergic NT
discovered first as a hormone of the gut, but others
include gastrin, insulin, glucagon, secretin, and vaso-
active intestinal peptide. The generic term brain-gut
peptide is sometimes used to describe this category
of gut-derived and brain-derived peptides that can
function as both a hormone and a NT (see Table 1).

Those peptidergic NT derived from the known
precursors of endogenous opioids (EO) constitute
another category. Because each EO precursor can be
cleaved into many different neuropeptides, there may
be some uncertainty about which EO neuropeptide
actually functions as the opioidergic NT at the post-
synaptic terminal. However, the EO precursor known
as proenkephalin yields methionine-enkephalin, leu-
cine-enkephalin, and other structurally similar pep-
tides that can function as an opioidergic NT. Pro-
opiomelanocortin, another EO precursor, yields -
endorphin that acts as an opioidergic NT, and this
same precursor yields adrenocorticotropin (ACTH)
and several forms of melanocortin (see Chapter 15)
that may act as a NT through nonopioidergic mecha-
nisms. Cleavage of the EO precursor known as prody-
norphin yields multiple NT molecules including
dynorphin-A, dynorphin-B, and o / B-neo-endorphin
(see Table 1).

In addition to the many categories of neuropeptide
NT described above, there are also many peptidergic
NT molecules that do not fit readily into any category.
The first one of these NT molecules to be isolated
and later sequenced was an 11-residue peptide named
substance P (SP) that caused contractions of smooth
muscle in arterioles and other tissues. It was discov-
ered later that SP is produced by neurons and is a
member of the tachykinin family of neuropeptides
that also includes neurokinin-A and neurokinin-B each
derived from the same precursor as SP (see Table 1).
Other hypothalamic neuropeptides that function as
NT molecules include neuropeptide-Y (NPY), neuro-
tensin, and galanin each of which represents a
different family of peptides. Other neuron-derived
peptidergic NT include many unique compounds such
as angiotensin II that can be enzymatically produced
in blood or in neurons as well as the multiple forms
of atriopeptin that were discovered first in cardiac
tissue, but are also produced by neurons. Calcitonin
gene-related peptide (CGRP) is also a neuron-derived
NT that is a potent vasodilator and an alternative
product of the gene for the thyroid-derived hormone
known as calcitonin. Multiple forms of the vasoactive
peptide known as endothelin, that was discovered
first as a product of endothelial cells, have also
been shown to function as a neuron-derived NT.
Because of the great molecular diversity of NT pep-
tides, there seems no valid reason to exclude from
considering any peptidergic biosynthetic product as
a potential NT (see extensive listing of peptidergic
NT in Table 1).
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Fig. 3. Axonal transport and exocytosis of synaptic vesicles
to release their contents of NT (denoted by dots) into the
synaptic cleft to interact with transporters and autoreceptors
on the presynaptic terminal as well as with metabotropic and
ionotropic receptors on the postsynaptic terminal.

3. NEUROTRANSMITTERS ARE
PACKAGED IN SYNAPTIC VESICLES
AND RELEASED FROM PRESYNAPTIC
NEURONS BY EXOCYTOSIS

3.1. Synaptic Vesicles
Are Formed and Transported

Except for the NT gases, the many different com-
pounds that function as NT are contained within syn-
aptic vesicles (SV) prior to their release from presyn-
aptic neurons. Those SV that contain peptidergic NT
are formed from the Golgi apparatus in the neuronal
perikaryon (also known as the cell body, soma, or
nucleus-containing part of the neuron) where its pep-
tide precursors are also synthesized. The peptide-filled
SV are then transported down the axon to reach and
become concentrated in each of the many axonal
branches that function as presynaptic terminals (see
Fig. 3). The process by which peptidergic SV and
other nucleus-derived material migrate into the many
axonal branches is called axonal transport, and the
details of its dynamics are incompletely understood.
However, certain toxic substances that disrupt
cytoskeletal function can block axonal transport, and
one of these substances, known as colchicine, is often
used in experiments to increase the quantity of NT-
containing SV in neuronal perikarya.

In addition to SV that contain perikaryon-derived
neuropeptides, the SV in many neurons contain other

NT molecules such as biogenic amines, acetylcholine,
and modified aa compounds. Only a small proportion
of these nonpeptidergic SV originate in the nucleus
because most of them appear to be formed by the
endosomes located some distance from the nucleus
in the axon and its presynaptic terminals. After bud-
ding off the endosome, these SV appear to take up
their respective NT from the cytoplasm using specific
uptake mechanisms located in the membrane of the
SV and to have their NT available for immediate
release into the synaptic cleft.

The population of SV, whether found locally in
the presynaptic terminal or delivered to the terminal
by axonal transport from the perikaryon, must
undergo preparation for release of their contents of
NT into the synaptic cleft. This preparation of SV
begins with a process called docking in which SV
make physical contact with the PM in what is called
an intracellular active zone adjacent to the synaptic
cleft. After docking occurs, SV must go through an
additional priming that makes them competent for
very rapid exocytotic release of their NT when the
appropriate signal is generated.

3.2. Neurotransmitters Released
by Exocytosis Bind to
Metabotropic or lonotropic Receptors

When a propagated action potential reaches and
depolarizes the PM of the presynaptic terminal, the
voltage-gated Ca** channels located in the PM are
opened. Thereafter, the population of SV that were
docked and primed undergoes immediate exocytosis
(fusion with PM and disruption of the PM at the site
of fusion) releasing NT into the synaptic cleft (see
Fig. 3). Each of the many different types of NT has
one or more receptors that bind specifically to that
extracellular NT. Many of the NT receptors are
located on the PM of the adjacent postsynaptic termi-
nal (see Fig. 3). Some of these NT receptors, also
known as metabotropic receptors, are linked to G-
proteins that mediate the effects of NT binding (i.e.,
they transduce the signal from the ligand). Other NT
receptors, called ionotropic receptors, are combined
with membrane-embedded channels that transport
specific ions. These receptor-associated channels are
also known as ligand-gated ion channels because
binding of the receptor with its specific ligand can
either open or close the channel to passage of cations
or anions. Depending upon the specific nature of the
NT and its receptor, binding of the NT can either
promote or suppress depolarization of the postsynap-
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tic membrane to either increase or decrease the proba-
bility of action potentials being generated in the post-
synaptic neuron.

Because each exocytotic release of NT inserts
membrane from the former SV into the PM of the
presynaptic terminal, a method to recover and recycle
the inserted PM is needed to prevent enlargement of
the terminal. Membranes of the former SV inserted
into the PM are rapidly internalized by endocytosis
to form coated vesicles that are translocated intracel-
lularly to the endosomes for fusion with them. These
endosomes then become the source for formation of
new SV thereby completing the recycling of the
SV membranes.

The PM of the presynaptic terminal also has two
elements that interact with NT molecules that have
been released into the synaptic cleft, and these two
elements are illustrated in Fig. 3. Some presynaptic
terminals have what are called autoreceptors for their
released NT. These autoreceptors may function to
regulate the activity of the presynaptic neurons in
ways that are probably inhibitory. Many presynaptic
terminals as well as adjacent neuroglial cells also
have mechanisms for selective reuptake of released
NT (or their breakdown products), but these mecha-
nisms involve transporters rather than receptors. Each
transporter is presumed to be specific for reuptake of
only one NT, and these transporters can also be targets
for drugs. Pharmacological antagonism of a NT trans-
porter will leave more NT molecules in the synaptic
cleft to increase the functional interaction with recep-
tors on the postsynaptic terminal. Other drugs can
either enhance or delay the extracellular degradation
of NT molecules after their release into the synaptic
cleft and in this way alter the efficiency of neurotrans-
mission.

4. PROPERTIES AND SIGNAL
TRANSDUCTION PATHWAYS
FOR IONOTROPIC AND
METABOTROPIC RECEPTORS

The specific affinity of each receptor leads to
selective binding with its NT for the purpose of sig-
nal transduction inside the receptor-containing cell.
Some receptors are located in the interior of cells so
that their ligands must diffuse through the PM to
interact with them. Most receptors of this type belong
to a superfamily of ligand-activated transcription fac-
tors that must reach the nucleus to produce their
effects on gene transcription (see Chapter 6). Because

most NT are not freely diffusible through the PM,
the intracellular ligand-activated transcription factors
are rarely involved in signal transduction by NT
although they do mediate many effects of lipid-solu-
ble hormones in the brain. Another general class of
receptors is embedded in the PM of cells such that
their ligands do not enter the cell to produce their
effects. All PM-associated receptors are an integral
part of the neuronal PM, which is a lipid bilayer, and
therefore they must have at least one hydrophobic
transmembrane (TM) domain in order to be stable in
the hydrophobic local environment of the PM. As
discussed in the previous section, PM-associated
receptors for NT are classified as either ionotropic or
metabotropic, and the characteristics of each category
are presented in Table 2 and will be discussed in the
following paragraphs.

4.1. lonotropic Receptors Directly
Produce Immediate Changes in lon Flux

Ionotropic receptors mediate the rapid transmission
of signals between neurons. Because they are an inte-
gral part of a ligand-gated ion channel (for passage
of Ca*, Na*, K*, or CI"), the channel can be opened
or closed within a few milliseconds after the ligand
binds. Each ionotropic receptor contains between
three and five TM segments (always fewer than seven)
that consist of hydrophobic aa sequences. The entire
ionotropic receptor is a macromolecular complex that
contains the NT binding site plus the ion channel (see
Fig. 3). Occupation of the receptor by its ligand leads
to a change in the conformation of the ion channel
to either open or close it. Because of the speed with
which ligands bind and unbind, these mechanisms
mediate synaptic transmission that has a very rapid
onset and an equally rapid termination (see Table 3).
The most thoroughly studied ionotropic receptor is the
nicotinic ACh receptor that is coupled to a nonspecific
cation channel (mainly Na*/K*, but some Ca’*) and
is activated by nicotine, one of the most widely used
pharmacological agents in the world. Other ionotropic
receptors include the GABA, receptor and the glycine
receptor that are each coupled to an anionic channel
for CI". Another ionotropic receptor is the 5-HT;
receptor that is coupled to a Na*/K* channel. Gluta-
mate (Glu), the ionized form of the NT glutamic acid,
is the ligand for at least three subtypes of iono-
tropic Glu receptors each named for the synthetic
ligand (or its abbreviation) that activates the receptor
most effectively: (1) kainic acid, (2) amino-hydroxy-
methyl-isoxazole-propionic acid (AMPA), and (3) N-
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Table 2
Categories, Characteristics, and Examples of lonotropic and Metabotropic Receptors

IONOTROPIC

METABOTROPIC

Shared Characteristics

Contains NT (ligand) binding site
Is embedded in neuronal PM
Alters ion fluxes across PM

Distinguishing Characteristics

Integral part of ion channel

No association with G-proteins

Contains less than seven TM domains

Rapid onset and termination of ion fluxes across PM

Physically separate from ion channel

Coupled to G-proteins

Contains exactly seven TM domains

Slower onset and delayed termination of ion fluxes
across PM

Names of Receptors in Each Category
(endogenous ligand in italics)

Nicotinic—acetylcholine
5-HTs—serotonin

GABA ,—gamma-aminobutyric acid
Kainic Acid—glutamate
AMPA—glutamate
NMDA—glutamate

Glycineric—glycine

Muscarinic—acetylcholine

Serotoninergic (multiple subtypes except for 5-HT;)—
serotonin

GABAy—gamma-aminobutyric acid

Metabotropic Glutamate—glutamate

Dopaminergic—dopamine

Noradrenergic—(multiple forms of both o and 8
subtypes)—norepinephrine and epinephrine

Histaminergic—histamine

Peptidergic (multiple forms and subtypes for each of the
many neuropeptide families)

methyl-D-aspartate (NMDA). These three ionotropic
Glu receptors are coupled to Na*/K* channels, but
only the channel associated with the NMDA subtype
also allows Ca* to enter the cell along with Na*.
Because this NMDA receptor—ion channel complex
accepts Ca*, it can be blocked by the divalent cation,
Mg?, that binds to the exterior of the channel when-
ever the PM is near its resting potential. When the PM
is fully depolarized by other means (usually voltage
gating), Mg* is displaced out of the NMDA-activated
ion channels allowing influx of both Ca?* and Na*.
The NMDA receptor for Glu also tends to be activated
by glycine binding to its receptor at another site on
the PM. In addition, these three ionotropic receptors
for Glu are much larger than the four other ionotropic
receptors, namely nicotinic ACh, GABA,, glyciner-
gic, and 5-HT;. The greater size of the ionotropic Glu
receptors includes the TM domains as well as the
extracellular portions that apparently contain the
ligand recognition site.

4.2. Metabotropic Receptors
Indirectly Produce Slower
but More Sustained Changes in lon Flux

Metabotropic receptors are also often called
G-protein-coupled receptors. When transducing the
signal generated by binding with their ligands, they
produce changes in ways that are much slower to
initiate and to terminate than the ionotropic receptors.
Whereas NT binding to an ionotropic receptor can
open or close an ion channel in a few milliseconds,
the ligand binding to G-protein-coupled receptors will
either enhance or dampen the excitability of the post-
synaptic neuron for several seconds or perhaps
minutes. In many cases, the metabolic changes pro-
duced by the ligand-activated metabotropic receptors
modulate the excitability created initially by ligand-
occupied ionotropic receptors.

Metabotropic receptors are an integral part of the
neuronal PM, just like the ionotropic receptors. Their
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N-terminus extends into the extracellular space, and
their C-terminus resides within the cytoplasm. How-
ever, they always contain exactly seven groups of
approximately 24 mostly hydrophobic aa that consti-
tute the seven TM domains (see Table 2). Their desig-
nation as metabotropic receptors stems from the fact
that eventual movement of ions depends on one or
more metabolic steps. Current models for ligand-
induced activation of metabotropic receptors propose
that the receptor is converted from an inactive state
to an active state by ligand binding. Metabotropic
receptors are physically linked to G-proteins anchored
in the adjacent PM, and when in the active state,
they interact with the G-proteins in a productive fash-
ion. The G-proteins are heterotrimeric protein com-
plexes consisting of alpha, beta, and gamma subunits,
and there are multiple forms of each subunit. Their
designation as G-proteins is derived from their struc-
tural and functional association with two guanyl
nucleotides known as guanine diphosphate (GDP)
and guanine friphosphate (GTP). This chapter will
omit specific details about how ligand-activated
G-proteins either activate or inhibit neuronal excit-
ability. However, these ligand-induced changes medi-
ated by metabotropic receptors can involve either
direct modulation of an ion channel by G-proteins or
more commonly an indirect modulation through what
is called a second messenger. Although there are mul-
tiple types of second messengers, they are each
formed by the NT (designated as the first messenger)
binding to its metabotropic receptor, and the activated
G-protein complex then stimulating an enzyme that
catalyzes the formation of one of the various second
messengers. The following molecules have been
shown to function as second messengers: Ca*, cyclic
adenosine monophosphate (cyclic AMP), cyclic gua-
nosine monophosphate (cyclic GMP), inositol tris-
phosphate (IP;), diacylglycerol (DAG), and arachi-
donic acid. The entire system consisting of NT ligand,
metabotropic receptor, G-protein complex, and enzy-
matic production of a second messenger greatly
amplifies and prolongs the NT-induced changes in
neuronal excitability.

Table 2 lists a few of the many metabotropic recep-
tors that have been identified. A family of muscarinic
receptors for ACh has been well characterized and
shown to occur on both presynaptic and postsynaptic
PM and to mediate both excitatory and inhibitory
effects. There are also metabotropic receptors for each
of the aminergic NT (5-HT, NE, DA, and histamine).
Although there are ionotropic receptors for Glu and
for GABA, each of these NT also activates a metabo-

tropic receptor located on both presynaptic and post-
synaptic PM. Among the families of receptors for
the numerous peptidergic NT, there appear to be no
ionotropic receptors since only metabotropic recep-
tors have been identified.

Desensitization (also called down-regulation) of
G-protein-coupled metabotropic receptors for various
NT can also influence interneuronal communication.
The quantity of receptors available to the ligand may
be decreased when the receptor-containing section of
the PM is internalized by endocytosis. Another type
of receptor desensitization involves phosphorylation
of specific proteins making ligand binding and/or sig-
nal transduction less efficient.

The amount of free cytoplasmic Ca®* also deter-
mines excitability of neurons. As stated earlier, Ca®
enters the cell via both voltage-gated and ligand-gated
ion channels. However, levels of free intracellular
Ca* are much lower than extracellular levels because
free Ca® is rapidly taken up by various cytoplasmic
binding proteins and sequestered into intracellular
storage sites. The endoplasmic reticulum (ER) repre-
sents a major intracellular site for Ca** storage, and
this stored Ca®* can be released later to influence
neuronal excitability. One of the second messengers
described above, IPs, can even act upon a Ca** channel
in the ER membranes to release stored Ca**. Because
intracellular Ca?* can activate a number of processes,
Ca” released from the ER by IP; could be considered
as a third messenger. However, in most cases Ca®
release or influx from outside the cell would not be
the result of a second messenger but rather the opening
of a ligand-gated ion channel.

4.3. Concurrent Release of Two
Neurotransmitters into the Same Synaptic
Cleft Increases Signaling Possibilities

The historical concept that an individual neuron
operates with one and only one NT has been aban-
doned for a long time. Using histochemical and immu-
nochemical techniques, the coexistence of multiple
types of NT molecules in the same neuron has been
repeatedly demonstrated. In many cases, one of the
coexisting molecules is a classical nonpeptide NT
(such as biogenic amines or modified aa) whereas the
other coexisting molecule is a peptide NT. In some
cases, there may be two or more different peptides
coexisting with a classical NT.

When classical NT and peptide NT are found in
the same neuron, they appear to be contained in differ-
ent SV. However, it is not clear whether each type
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of SV can release its contents independently of the
other types. When there is more than one type of
peptide produced by a given neuron, the evidence
suggests that they coexist within the same SV and
would therefore be released together.

Neurons that could release more than one type of
NT from their presynaptic terminals would appear to
have enhanced opportunities for interneuronal com-
munication. As described previously, ionotropic
receptors respond more rapidly than metabotropic
receptors. If a presynaptic terminal could activate
both classes of postsynaptic receptors, it would have
enhanced signaling possibilities. Not all pairs of coex-
isting NT molecules, however, activate different
classes of receptors. Nevertheless, the opportunity for
a single presynaptic terminal to affect multiple types
of ion channels in the postsynaptic terminal would
also enrich the complexity of the transmitted message.

5. REGULATION OF NEURONS
THAT PROJECT INTO THE NEURAL
LOBE OF THE PITUITARY GLAND

The magnocellular hypothalamic neurons that proj-
ect their axon and its branches into the neural lobe
of the pituitary gland are the source of the posterior
pituitary neurohormones oxytocin (OT) and vasopres-
sin (VP). The precursors and carriers of these hor-
mones are transported down the axon within large-
diameter SV, and the cleaved OT and VP molecules
are secreted from the axon terminals by the process
of exocytosis as described for release of NT into the
synaptic cleft (see Fig. 3). The exocytotic release is
acutely regulated by the frequency of action potentials
(AP) arriving in the axon terminal to open voltage-
gated Ca** channels. This moment-to-moment regula-
tion of OT and VP release by AP frequencies permits
the precise and very immediate regulation of neuro-
hormone secretion necessary for optimum homeo-
static and reproductive processes (see chapters 10 and
14). Various hypothalamic NT molecules interact to
regulate the AP frequency in the magnocellular hypo-
thalamic neurons in a manner similar to the regulation
of other ordinary hypothalamic neurons (also termed
parvocellular neurons). Acting through both musca-
rinic and nicotinic receptors, ACh excites vasopres-
sinergic as well as oxytocinergic neurons to increase
their firing rates and thereby their release of hormones
(see Table 3). Acting through B-adrenergic receptors,
NE decreases the excitability of OT and VP neurons.
Other NT molecules having effects on release of OT
and VP include histamine that is stimulatory and

Table 3
Direct Stimulatory and Inhibitory Effects
of Various NT Molecules on
the Release of Hypothalamic Neurohormones

Classification of NT Based on Their Usual Effects

Hypothalamic  Stimulatory Inhibitory
Neurohormone NT NT
VP and OT ACh NE
Histamine GABA
oT Opioid peptides
GnRH Glu GABA
NO Opioid peptides (via NE)
CRH ACh GABA
Epi
5-HT
TRH NE NPY
Epi

GABA that is inhibitory. In addition to functioning
as a neurohormone when released from the neural
lobe into blood, OT can function as NT when released
into a synapse (see Table 1). Such synaptic release
of OT (whether derived from magnocellular or parvo-
cellular presynaptic neurons) appears to increase
excitability of magnocellular OT neurons (see Table
3). This mechanism may help to sustain AP frequen-
cies (i.e., autostimulatory feedback) or to excite other
OT neurons to fire in synchrony with a presumed
pacemaker OT neuron. Synchronous bursts of AP
have been observed in OT neurons found in different
locations, but similar synchrony has not been
observed in populations of VP neurons. In addition,
opioidergic peptides (see Table 1) have been shown
to inhibit the release of OT and VP from axonal
terminals. Because VP neurons produce dynorphin
neuropeptides and OT neurons produce enkephalin
neuropeptides, the inhibitory actions of these endoge-
nous opioids on neurohormone release may represent
autoinhibitory mechanisms.

6. NEUROTRANSMITTER REGULATION
OF NEURONS THAT RELEASE
HYPOPHYSIOTROPIC HORMONES

Hypophysiotropic hormones (HTH) are defined as
those neurohormones produced in the hypothalamus
for ultimate action (usually stimulatory or trophic,
but sometimes inhibitory) on the anterior lobe of the
pituitary gland (also known as the hypophysis). The
many different parvocellular hypothalamic neurons



Chapter 4 / Neurotransmitters as Regulators

69

that secrete HTH into hypophysial portal blood for
delivery to the anterior lobe are each excited or inhib-
ited by a variety of NT molecules. In the following
sections, the various NT known to influence each
type of HTH-producing neuron will be discussed in
separate sections.

6.1. Gonadotropin-Releasing Hormone
(GnRH)

The perikarya of GnRH neurons are located
throughout the rostral parts of the hypothalamus and
even rostral to the hypothalamus in some species (see
Chapter 8). Like other hypophysiotropic neurons, they
project their axons to the median eminence where
they secrete their neurohormones into the capillaries
that give rise to hypophysial portal blood. Various
NT molecules can act synaptically on the dendrites
and perikaryon of each GnRH neuron as well as any
place along the axon including its terminals in the
median eminence. The regulation of GnRH neurons
by any specific NT will depend on the nature of the
NT receptors contained in the PM of GnRH neurons
and the presynaptic elements releasing the appropriate
NT in the vicinity of those receptors. For most NT
molecules, the specific effect (to stimulate, inhibit,
or have no effect) varies among species, sexes, and
endocrine states. Therefore, general conclusions are
very difficult to make for many NT. It can be
concluded, however, that certain NT molecules will
usually be either excitatory to GnRH neurons or
have no effect depending on the situation. Gluta-
mate is generally stimulatory to GnRH neurons as it
is to most other neurons (see Table 3). Likewise,
exposure of GnRH neurons to locally produced nitric
oxide is stimulatory. Opioidergic neuropeptides usu-
ally inhibit GnRH release, but other NT (such as NE)
may mediate some of these inhibitory effects because
most GnRH neurons appear to lack opioidergic recep-
tors. The various aminergic NT, such as DA, NE, and
5-HT, exert different effects on release of GnRH in
different model systems, sometimes being stimulatory
and other times being inhibitory. The type of feedback
from blood-borne steroid hormones is often an
important determinant of how each aminergic NT
affects release of GnRH. Ionotropic receptors of the
GABA, type have also been localized on GnRH peri-
karya suggesting that GABA may inhibit these neu-
rons. GABA-producing neurons are known to have
intracellular receptors for several gonadal steroids
whereas GnRH neurons lack such hormone receptors.
Therefore, some effects of gonadal steroids on GnRH
release may be mediated by GABA neurons. The

neuropeptide known as galanin is synthesized and
stored within many GnRH neurons raising the possi-
bility of galanin being released together with GnRH,
but the functional significance of this colocalization
is not known.

6.2. Corticotropin Releasing
Hormone (CRH) and
Parvocellular-Derived Vasopressin

This section deals with CRH as well as the VP
that originates in parvocellular neurons because both
neurohormones acutely increase the release of ACTH
from the anterior lobe of the pituitary gland. Notably,
the quantities of VP that are secreted into the general
circulation from magnocellular-derived axons in the
neural lobe appear insufficient to stimulate ACTH
release after dilution and degradation in the systemic
circulation. Under basal conditions of ACTH release,
the parvocellular neurons in the paraventricular
nucleus and adjacent areas that produce either CRH
or VP are completely separate. When there is hyper-
secretion of ACTH, as occurs after removal of the
adrenal glands, both CRH and VP may become colo-
calized in a population of neurons that formerly con-
tained only CRH. The profile of ACTH secretion
consists mainly of episodic discharges, only some of
which are provoked whereas others probably repre-
sent the spontaneous discharges that comprise basal
and circadian-related secretion. Release of either CRH
or VP into the hypophysial portal blood can provoke
release of ACTH, and the relative contributions of
each neurohormone in specific in vivo situations is
often difficult to determine.

Because it is difficult to study the regulation of
parvocellular-derived VP independently of magnocel-
lular-derived VP, most of the information about spe-
cific NT molecules that influence release of ACTH
is based on those NT that either stimulate or inhibit
release of CRH. In addition to releasing CRH into
hypophysial portal blood, many other CRH neurons
send axons to brain areas wherein CRH apparently
acts as a NT to promote an integrated response to
stressors including activation of the sympathetic ner-
vous system. Regulation of CRH by various NT mole-
cules is assumed to be the same for both types of
CRH neurons, but current levels of technology do
not usually allow this assumption to be validated
experimentally. CRH neurons are activated by ACh
acting through both nicotinic and muscarinic recep-
tors that may or may not be located on the CRH
neurons. Both Epi and 5-HT appear to also directly
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stimulate the activity of CRH neurons through synap-
tic mechanisms (see Table 3). The actions of NE
and DA on CRH neurons are difficult to generalize
because there is evidence for both stimulatory and
inhibitory effects. Perhaps this variability reflects the
difficulty of determining whether specific NT agonists
and antagonists act directly on the CRH neurons or
indirectly on other neurons that are synaptically linked
with CRH neurons. However, the actions of GABA
are consistently inhibitory to CRH release. As stated
above, ACTH secretion is regulated to yield a circa-
dian profile, and neural input to CRH neurons from
the suprachiasmatic nucleus is thought to mediate
this effect. One peptidergic NT (vasoactive intestinal
peptide) and one aminergic NT (5-HT) are thought
to mediate these circadian signals.

The coexistence of multiple peptidergic NT within
single neurons has been discussed previously, but
the situation in CRH neurons represents an extreme
example. In addition to colocalization with VP
described above, CRH has been found to coexist
together with oxytocin, neurotensin, and vasoactive
intestinal peptide. It has not been determined whether
these neuropeptides are released at the same time as
CRH or whether they have any feedback effects on
the CRH neurons.

6.3. Growth Hormone Releasing Hormone
(GHRH) and Somatostatin

The secretion of growth hormone (GH) is regulated
by two neurohormones, GHRH and somatostatin
(SS), that have opposite actions on the release of
GH from the anterior pituitary gland. With this dual
control by separate neurons, it is difficult to determine
the specific mechanisms of action by which various
NT molecules modulate secretion of GH. For exam-
ple, stimulation of GH release may result from excita-
tion of GHRH neurons or from suppression of SS
neurons. Despite this uncertainty, some generaliza-
tions are possible. The actions of NE, through one
subtype of the o-adrenergic receptor, provoke the
release of GH apparently mediating a variety of inter-
nal homeostatic signals for enhanced GH secretion.
In contrast, a different subtype of the o-adrenergic
receptor and the B-adrenergic receptor mediate sup-
pression of GH secretion. Activation of muscarinic
receptors by ACh promotes the secretion of GH, and
there is evidence that suppression of SS release is
involved. Other NT molecules, such as 5-HT and
GABA, either stimulate or inhibit secretion of GH
depending on the situation, and these differences may
reflect their actions on neurons other than GHRH neu-

rons and SS neurons as well as the complex synaptic
interactions between GHRH neurons and SS neurons.

6.4. Thyrotropin Releasing Hormone (TRH)

The delivery of hypothalamus-derived TRH to the
anterior pituitary stimulates the release of thyroid-
stimulating hormone (TSH) and prolactin (PRL).
TRH is also produced, however, in other areas of the
CNS where it apparently functions as a NT. The
present discussion will focus only on the NT regula-
tion of neurons that release TRH into hypophysial
portal blood. Therefore, the effects of any NT being
studied are usually measured as the in vivo release
of TSH or PRL. Each of these pituitary hormones,
however, can be inhibited by the one or more inhibi-
tory neurohormones. Secretion of TSH is inhibited
by SS, whereas PRL secretion is inhibited by the
aminergic NT dopamine. Therefore, inferences about
TRH release based on secretory profiles of TSH and
PRL can be problematic.

Both Epi and NE appear to stimulate release of
TRH into hypophysial portal blood (see Table 3), and
synaptic inputs from both Epi and NE axons have
been observed on TRH neurons. Peptidergic inputs
that contain NPY have also been observed on TRH
neurons, and there is evidence for NPY-induced sup-
pression of TSH secretion. The specific actions of
DA cannot be generalized because both stimulatory
and inhibitory effects on TRH release have been
observed.

6.5. Dopamine

Dopamine-containing axons of the fuberoinfundi-
bular dopaminergic (abbreviated TIDA) tract that
originate in the arcuate nucleus release DA from their
axon terminals into hypophysial portal blood for
delivery to the anterior lobe of the pituitary gland.
Dopamine delivered to the anterior lobe inhibits secre-
tion of PRL and may in some situations also inhibit
the secretion of TSH. These neurons that produceDA
for release into hypophysial portal blood constitute
only a very small proportion of all DA neurons in
the CNS, but their regulation by NT is important
because of the indirect effects on anterior pituitary
secretion. Another small subgroup of adjacent DA
neurons form the ruberosypophysial dopaminergic
(abbreviated THDA) tract, and send their axons into
the posterior lobe of the pituitary gland. It is possi-
ble that DA released within the posterior lobe reaches
the anterior lobe through the short hypophysial portal
vessels that link the two lobes of the gland.

Dopamineric neurons of the TIDA tract and the
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THDA tract receive synaptic input from NE neurons
as well as Epi neurons with both types originating
from outside of the hypothalamus. A variety of other
NT, such as 5-HT, GABA, and ACh, also innervate
the DA neurons involved in regulation of the anterior
pituitary gland, but generalizations are difficult at
the present time. DA neurons contain many different
neuropeptides including neurotensin, enkephalin, and
NPY. There is also some neuronal colocalization of
DA with GHRH in the arcuate nucleus of the hypo-
thalamus.

6.6. Vasoactive Intestinal Peptide (VIP)

Although VIP may function as a NT in the hypo-
thalamus and other areas of the brain (see Table 1), it
is considered here as a neurohormone in hypophysial
portal blood because it is capable of stimulating the
release of PRL from the anterior lobe of the pituitary
gland. Those VIP neurons located in the hypothala-
mus and that may secrete into portal blood undoubt-
edly have synaptic inputs, but very little is known
about which NT molecules affect them. Afferent
suckling-related stimuli from the mammary gland
appear to activate VIP neurons leading to suckling-
induced release of PRL. In addition, profiles of PRL
secretion are closely associated with circadian
rhythms in rodent species, and VIP inputs from the
suprachiasmatic nucleus to those neurosecretory neu-
rons that regulate PRL (specifically TRH, DA, and
VIP neurons) may participate in this circadian regula-
tion of PRL.

7. PHARMACOLOGICAL ALTERATIONS
OF NEUROTRANSMITTER SYSTEMS

The scientific discipline of neuropharmacology
develops and investigates drugs that can selectively
modify (increase or decrease) synaptic transmission in
specific neural circuits to provide therapeutic benefits
without undesirable side effects. Many of the earliest
neuroactive drugs simulated the actions of certain NT
molecules and were designated as agonists of these
NT molecules. In contrast, other drugs appeared to
oppose the actions of certain NT molecules and were
designated as antagonists of that NT. The interaction
of a drug with an ionotropic receptor or a metabotropic
receptor for the NT could either activate the receptor
(i.e., be a receptor agonist) or block receptor activa-
tion (i.e., be a receptor blocker or antagonist). Other
more recent approaches to neuropharmacology have
included drugs that regulate the quantity of precursors
for NT synthesis or that alter the clearance of released

NT from the synaptic cleft, either by metabolic degra-
dation or removal via NT transporters. Each of the
following sections will provide information about one
or more prototypical drugs that alter synaptic neuro-
transmission using one of the above listed approaches.

7.1. Receptor Agonists Mimic the Effects
of the Natural Ligand on the NT Receptor

Drugs that can activate a single subtype of one
class of NT receptors are valuable tools for identifying
which physiological events depend on that receptor.
Selectivity of the drug for just one receptor subtype,
however, must be verified before valid conclusions
can be drawn. Delivery of the drug to the neural
location of the receptor is also important. The actions
of Glu at ionotropic receptors of the NMDA subtype
are readily simulated by systemic administration of
NMDA, a compound that readily penetrates into neu-
ral tissue and activates those receptors.

Opioidergic drugs, such as morphine, readily enter
the neural tissue and are highly potent activators of
opioidergic receptors although not all subtypes are
equally responsive. Other drugs, such as bromocrip-
tine and haloperidol, can activate DA receptors, but
some of these DA agonists cannot enter the CNS and
therefore must act only on the DA receptors in the
pituitary gland and that portion of the median emi-
nence outside the blood-brain barrier.

7.2. Receptor Antagonists Block Ligand-
Induced Activation of the NT Receptor

Drugs that can prevent endogenous ligands from
activating their usual receptor are highly effective
therapeutic and investigational agents. In those cases
where the NT ligand is a classical nonpeptide mole-
cule, the agonist usually has a molecular structure
that is similar to the natural ligand (i.e., to promote
binding) but is lacking in some key structural element
that activates the signal transduction pathway. If the
binding affinity and/or local concentration of the
antagonist is greater than those of the endogenous
ligand, most physiological effects of the natural ligand
are blocked. Antagonists that are able to block recep-
tors for peptide NT may be modified peptides, but
they usually have a completely different structure.
Other molecular structures predominate as peptider-
gic receptor antagonists because peptidergic drugs are
often degraded rapidly and/or fail to easily penetrate
the CNS.

The opioidergic receptor antagonist naloxone is
widely used to block the biological effects of exoge-
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nous and endogenous opioids. Naloxone has a struc-
ture similar to that of the agonist morphine, but it
does not activate any of the opioidergic receptors.
Naloxone is a pure antagonist that does not partly
activate the signal transduction pathway (i.e., does not
have some agonist potency) in any of the numerous
experimental paradigms. Various drugs that are selec-
tive for each of the many adrenergic subtypes can
antagonize receptors for NE and Epi. Propranolol
blocks B-adrenergic receptors whereas phentolamine
blocks o-adrenergic receptors. Dopaminergic recep-
tors can be antagonized by pimozide. A drug known
as dizocilpine (usually designated MK-801) can selec-
tively antagonize the NMDA subtype of ionotropic
Glu receptors. Atropine is used to antagonize most
forms of the muscarinic ACh receptor. When used
for investigational purposes, these receptor antago-
nists may produce biological effects, but the neuronal
cell type and anatomical location at which they act
cannot always be determined. It can only be concluded
that synapses that signal via those blocked receptors
were indeed inhibited and that the biological effects
resulted from this inhibition of neurotransmission.

7.3. Drugs Can Augment
the Supply of Precursors
for Synthesis of Neurotransmitters

In clinical syndromes resulting from deficiencies
of a particular NT, it may be possible to increase the
production of that NT by administering drugs that
augment the supply of precursors for the NT. One
example of this approach is the widespread use of
DOPA (see Fig. 1) to treat people with Parkinson’s
disease, a disorder in which there is a deficiency of DA
neurotransmission. Although used for investigational
rather than clinical purposes, the production of the
gaseous NT known as nitric oxide can be stimulated
by increasing the quantities of its immediate precursor
L-arginine (see Fig. 2).

7.4. Drugs Can Increase Quantities
of Neurotransmitter in the Synaptic Cleft

In addition to interacting with its receptors, NT
molecules released from the presynaptic terminal into
the synaptic cleft are cleared from the area by enzy-
matic degradation and transporter-mediated uptake
into neurons and neuroglial elements. Drugs that can
decrease the efficiency of either of these NT clearance
mechanisms may provide therapeutic benefits associ-
ated with increased actions of that particular NT on
its postsynaptic receptors. Some of the earliest tran-

quilizing drugs, like chlorpromazine and reserpine,
inhibited the enzymatic breakdown of catecholamin-
ergic NT by antagonizing the NT-degrading enzyme
known as monoamine oxidase. Another group of more
recent and clinically popular drugs, of which fluoxe-
tine is an example, stimulate serotonergic neurotrans-
mission by increasing the quantities of 5-HT in the
synapse through blocking its reuptake by presynap-
tic transporters.

In addition to producing therapeutic benefits, drug-
induced increases of a particular NT within the synap-
tic cleft may alternatively produce harmful effects.
A number of organophosphorous compounds (often
designated as nerve gases or toxins) can irreversibly
inhibit acetylcholinesterase, the enzyme that degrades
ACh in the synaptic cleft (see Fig. 2). A chronic
excess of extracellular ACh is toxic to neurotransmis-
sion, and the antidotes for such toxicity consist of
drugs to decrease ACh production and/or receptor
activation.

7.5. Drugs Can Delay
the Degradation of Second Messengers
Produced by Metabotropic Receptors

As knowledge about metabotropic receptors and
the second messengers that they generate has
increased, another approach to neuropharmacology
has developed. Each intracellular second messenger
generated as a result of NT activation of a metabo-
tropic receptor is degraded within the cell in order
to eventually terminate the excitatory or inhibitory
actions of the NT. Drugs are being developed to delay
this degradation in order to prolong the actions of the
second messenger. Sildenafil represents one such drug
that delays the degradation of cyclic GMP and thereby
prolongs the vasodilation caused by nitric oxide in
certain blood vessels.

8. CONCLUSIONS

Communication among CNS neurons via chemical
synapses is mediated by a large number of NT mole-
cules that differ widely in chemical structure (see
Table 1). Presynaptic neurons produce both excitatory
and inhibitory effects on postsynaptic neurons. The
various receptors to which the released NT bind and
which initiate the changes in neuronal excitability
have some common features such as ligand recogni-
tion properties, location within the PM, and ability
to alter ion fluxes (see Table 2). However, the various
receptors differ widely in speed, duration, and mecha-
nisms for altering ion fluxes.
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An important function of the hypothalamus is to
regulate the hormones secreted from the posterior and
anterior lobes of the pituitary gland. The hypothalamic
neurons that synthesize and release the neurohor-
mones involved in this regulation are affected by NT
molecules released from presynaptic axon terminals
that originate from outside the hypothalamus as well
as from inside the hypothalamus. Generalizations
about NT-mediated effects on specific neurohor-
mones produced in the hypothalamus are possible in
alimited number of situations (see Table 3). However,
the precise nature of a specific NT effect often
depends on other interacting factors (e.g., environ-
mental, hormonal, and other NT systems).

Effective neuroactive drugs usually alter some
aspect of synaptic neurotransmission. Some drugs
may promote signaling mediated by a specific NT
through activating its receptor, increasing NT synthe-
sis, decreasing extracellular clearance of the NT, or
delaying degradation of its receptor-generated second

messenger. Other drugs may decrease neurotransmis-
sion mediated by a specific NT through reducing syn-
thesis of that NT or by blocking its receptors.
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1. INTRODUCTION

The “constancy of the internal milieu,” as described
by Claude Bernard in 1859, is essential for the survival
of any warm-blooded animal, and its maintenance
requires strict control over behavioral, autonomic, and
endocrine responses to the environment. The hypo-
thalamus has clearly evolved as the major integrative
center for regulating all of these homeostatic control
systems. The location of the hypothalamus—superior
to the hypophysis, and adjacent to subcortical “lim-
bic” structures—suggests this role, as it is uniquely
positioned to both send and receive endocrine signals,
as well as neural signals from sensory organs, memory
centers, and autonomic circuitries. Incoming infor-
mation is registered, analyzed, and integrated in hypo-
thalamic neurons. On the basis of these calculations,
the hypothalamus effects the changes, if needed, in
hormone secretions, behavioral state, and autonomic
activity. The hypothalamus is thus responsible for
monitoring the internal and external environment and
coordinating adaptive physiological responses among
several systems.

From: Neuroendocrinology in Physiology and Medicine, (P. M. Conn
and M. E. Freeman, eds.), © Humana Press Inc., Totowa, NJ.
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A remarkably diverse set of physiological activities
are regulated by the hypothalamus: energy homeosta-
sis, water and electrolyte balance, reproduction,
growth and development, stress responses, immune
function, sleep and wakefulness, and thermoregula-
tion. For each function, the appropriate neural and
endocrine inputs must be processed and the appro-
priate outputs must be produced. This chapter will
discuss the physiological, cellular, and molecular
mechanisms by which the hypothalamus integrates
relevant signals and thereafter formulates appropriate
commands to effect changes in these vital processes.

2. BASIC PRINCIPLES
OF NEUROENDOCRINE INTEGRATION

Hypothalamic regulatory systems can be generally
described as either homeostatic or reflexive in their
physiological features. Homeostatic systems usually
function to restrict a physiological variable such that it
is maintained about a set-point value. Neuroendocrine
reflexes, on the other hand, resemble their neuromus-
cular reflex counterparts; they occur as transient,
fixed-pattern, or graded reactions to an applied sen-
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Fig. 1. Schematic representations of controlled systems. (A) Basic form of a controlled system, in which a controlling element
regulates a controlled variable that provides a feedback signal that is registered and changed by a transducer; the transduced
feedback signal is conveyed to an integrator, which compares the magnitude of the feedback signal with a preselected set-
point value. Any discrepancy is calculated and an appropriate error signal is delivered to the controlling element, whose activity
1s increased or decreased accordingly. (B) Thermoregulatory homeostatic mechanisms represented as a controlled system. The
controlling elements are those which produce and/or retain heat (e.g., shivering, metabolic and behavioral responses, venous
constriction) and those that promote heat loss (e.g., sweating, increased respiration, behavioral responses, venous dilation).
Core body temperature is the controlled variable and it is monitored by central nervous system and peripheral thermoreceptors.
These transduce thermal information into neural signals, which are then conveyed to integrative hypothalamic neurons; neural
signals for the body set-point value are compared with the transduced feedback signals, and appropriate error signals are sent
to the controlling element for any needed adjustments. This controlled system thus makes use of a negative feedback mechanism

to maintain core body temperature within a very narrow range of values about the set-point of 98.6°F.

sory stimulus. The basic components of homeostatic
systems are first described and exemplified below.

2.1. Neuroendocrine Homeostatic
Systems Use Negative Feedback
to Maintain a Preselected State

Homeostatic regulation in any physiological sys-
tem can often be better understood when described
in terms of control system analysis. Borrowing princi-
ples and terms from engineers, Fig. 1A describes a
generic neuroendocrine control system which features
a set point, an integrator (also referred to as an error
detector or a comparator), a controlling element, a
controlled variable, a feedback signal, and a feedback
signal transducer.

This simple system makes use of negative feedback
to maintain the controlled variable within a narrow
range of physiological values. The controlling ele-
ment regulates the controlled variable, which in turn
provides a feedback signal representing the real,

momentary value of the variable. A feedback signal
transducer registers the feedback signal, converts it
to a “readable” signal (if necessary), and conveys that
information to an integrator; here, a comparison is
made between the ambient level of the variable and
a desired set point value. If a discrepancy is calculated
between the real and preselected state, then the integ-
rator delivers an error signal to the controlling ele-
ments. In almost all physiological systems, this error
signal is inverted in sign to produce an adjustment
of the controlling element activity in the opposite
direction of the original deviation from set point. This
type of control system, in which an excess of the
controlled variable provides a signal for a compensa-
tory reduction in the value of the variable, is referred
to as a negative feedback mechanism. Virtually all
neuroendocrine homeostatic systems use some form
of negative feedback control that can be described in
these terms.

Thermoregulatory systems are particularly amena-
ble to control system analysis, and a simplified repre-
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sentation of such a system is given in Fig. 1B. The
target body temperature of 98.6°F is defended within
very narrow limits under normal conditions. This pre-
selected point (which may vary among individuals
by fractions of degrees, at most) is prescribed by
the activity of sets of hypothalamic neurons, through
mechanisms which remain largely unknown. The con-
trolling elements include those that produce heat and
compensate for low body temperature (e.g., shivering,
metabolism, venous constriction) and those that facili-
tate heat loss and compensate for high body tempera-
ture (e.g., sweating, venous dilation, decreased metab-
olism). The controlled variable—body temperature—
functions as a feedback signal. Thermosensitive cells
in the hypothalamus monitor the temperature of the
blood that perfuses the basal forebrain, and integrative
neurons compare this information, along with signals
from peripheral thermoceptors, with the desired set
point. If a discrepancy is detected, error signals are
formulated and commands for increased heat loss
or heat production are conveyed to the appropriate
effector systems. Much of the microanatomy of the
system’s components have yet to be characterized,
and many of the cellular and molecular events that
mediate these integrative and signalling mechanisms
remain to be elucidated. Nevertheless, further studies
will likely continue to be guided by control system
representations of this type.

2.2. Neuroendocrine Systems
Can Employ Positive Feedback to
Produce Punctuated Physiological Events

Some physiological situations require that major
deviations from a basal activity state be achieved.
Parturition is one such circumstance in which labor
produces intrauterine pressure, which in turn induces
reflexive release of oxytocin from the posterior pitu-
itary gland and leads to an intensification of the labor
contractions. This circular stimulatory process can be
described as a positive feedback process, in which
“autocatalysis” proceeds until an end point is
achieved. Attainment of the biological end point then
breaks the cycle of stimulation. For childbirth, the
process terminates with the expulsion of the infant
from the birth canal. Another major example of posi-
tive feedback is the explosive release of the preovula-
tory gonadotropin surge during the ovulatory cycle in
female rodents. In this case, ripened ovarian follicles
release a surge of estrogen, which activates receptors
in the hypothalamus and pituitary gland. The hypo-
thalamus is thus prompted to release a surge of GnRH

into the hypophysial portal vessels; whereas the pitu-
itary gland is rendered exquisitely sensitive to the
actions of GnRH. The net result is a massive, transient
surge of gonadotropin secretion, which in turn trig-
gers ovulation.

In both of the foregoing examples, major excur-
sions from a basal activity state produce positive feed-
back signals, which in turn evoke additional departure
from the original state. The lack of any inversion of
the feedback signal enables this “snow-balling” effect.
It is this unusual characteristic that ensures successful
completion of a critically important, yet relatively
infrequent physiological events, such as ovulation
or childbirth.

3. NEUROENDOCRINE
HOMEOSTATIC SYSTEMS

3.1. Homeostatic Systems
Can Involve Hypothalamus, Pituitary,
and End-Organ, Functioning
Together as Neuroendocrine “Axis”

Neuroendocrine homeostatic systems often involve
the coordinated activity of two or more organs. Many
such systems are organized into distinct tiers of regu-
lated activity, arranged so that signals are conveyed
from hypothalamus to anterior pituitary, and from
anterior pituitary to target tissues. In many of these
hypothalamic-hypophysial axes, a third round of sig-
naling occurs that completes the loop from the target
tissue back to hypothalamic neurons and/or the ante-
rior pituitary gland. In all of these axes, experimental
analysis has revealed that feedback regulation—virtu-
ally always of the negative type—functions as the
predominant feature of the controlled system. Feed-
back signals from anterior pituitary gland to hypothal-
amus comprise a short-loop feedback system and may
either be conveyed through retrograde flow in the
portal vasculature or via the peripheral circulation.
A long-loop feedback mechanism is one in which
feedback signals are conveyed from the end-organ
(e.g., gonad, thyroid, adrenal cortex) to antecedent
levels. Fig. 2 depicts schematically the organization
of hypothalamic-hypophysial axes in which long-loop
and short-loop feedback mechanisms operate.

The hypothalamic-pituitary-thyroidal (HPT) axis
is shown in Fig. 3A as a representative “three-tiered”
system. A population of hypothalamic neurons largely
located in the paraventricular nucleus produces the
tripeptide-releasing factor, thyrotropin-releasing hor-
mone (TRH). The neuropeptide is secreted from neu-
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Fig. 2. Three- and two-tier hypothalamic-pituitary hormone axes, schematically depicted as controlled systems. Shown in (A)
is the organization of a three-tier neuroendocrine axis in which “long-loop” negative feedback signals predominates. A set-
point of activity determines the rate of neurosecretion of neurohormone into the hypophysial portal vessels; the actions of the
neurohormone determines the secretion of the target adenohypophysial hormone, which in turn acts at the level of a target
endocrine organ to determine the output of hormone from that end-organ. The end-organ hormone can exert negative feedback
effects at the level of the hypothalamus and pituitary gland. Integration of negative feedback signals with feedforward signals
can occur in interneurons that project to the neurosecretory neurons, as depicted, or they may alternatively be exerted directly
on the neurosecretory neuron itself (not shown). (B) depicts a neuroendocrine axis in which the target organ is nonendocrine
tissue and short-loop negative feedback signals are conveyed by the adenohypophysial hormone to hypothalamic interneurons

Or neurosecretory neurons.

rovascular terminals in the median eminence and is
conveyed to the anterior pituitary gland through the
hypophysial portal vessels. The TRH diffuses via a
secondary, fenestrated capillary plexus into the inter-
stitial fluid of the anterior pituitary gland, where it can
bind membrane-bound TRH receptors on thyrotropes
and activate signaling pathways, thus stimulating
TSH synthesis and secretion. Through the peripheral
circulation, TSH is conveyed to the thyroid where it
binds the TSH receptors on follicular cells and pro-
motes the production of T3 and thyroxine. Thyroid
hormones exert their widespread actions on target
tissues via their cognate intracellular receptors.
Equally important, however, circulating thyroid hor-
mones also provide the major feedback signal within
the axis; elevations in T3 and thyroxine exert long-
loop feedback actions at the hypothalamic level to
suppress TRH neurosecretion, and at the pituitary
level to suppress basal and/or TRH-stimulated TSH

secretion. Conversely, reductions in thyroid hormone
secretions are generally accompanied by elevations
in TRH and TSH secretion. The HPT axis can thus
be represented as a controlled system in which the
regulated variable is “metabolism”; the major con-
trolling element is thyroid hormone, which is primar-
ily under the control of TRH via TSH; the major
feedback signal is the ambient level of thyroid hor-
mone in the peripheral circulation; the integrator is
likely a set of hypothalamic neurons (and perhaps
also thyrotropes). These neurons or thyrotropes regis-
ter the magnitude of the feedback signal, compare it
to a preselected set-point value, and dictate the degree
of change (if any) that should be brought to bear on
the TRH and TSH secretion rate. The physiochemical
bases of the set-point, as well as the integrative pro-
cess, are largely unknown and remain the subject of
much research.

Similar feedforward and feedback relationships
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Fig. 3. Schematic representations of the major hypothalamic-pituitary axes in which long-loop negative feedback signals
predominate. Shown are the respective hypothalamic neurohormones, anterior pituitary hormones, and end-organ hormones
for the (A) hypothalamic-pituitary-thyroidal (HPT) axis, (B) hypothalamic-pituitary-gonadal (HPG) axis (both male and female
axes depicted), and (C) hypothalamic-pituitary-adrenocortical (HPA) axis. Cellular targets of negative feedback are not specified,
and may include hypothalamic interneurons, neurosecretory neurons, or both. TRH, thyrotropin-releasing hormone; TSH, thyroid-
stimulating hormone (thyrotropin); T3, triiodothyronine; T4, thyroxine; GnRH, gonadotropin-releasing hormone (GnRH); LH,
luteinizing hormone; FSH, follicle-stimulating hormone; T, testosterone; E2, estrogen (estradiol 17-B); P4, progesterone;
corticotropin-releasing hormone (CRH); ACTH, adrenocorticotropic hormone.

prevail in other hypothalamic-pituitary axes, albeit
with different casts of neuroendocrine characters (Fig.
3B,C). As described fully in succeeding chapters, the
hypothalamic-pituitary-gonadal (HPG) axis and the
hypothalamic-pituitary adrenocortical (HPA) axis
also function as three-tiered control systems in which
long-loop feedback mechanisms predominate. Like
the HPT axis, the HPG and HPA axes are organized
so that primary releasing factors (GnRH and CRH)
stimulate trophic pituitary hormones (gonadotropins
and ACTH), which in turn stimulate end-organ hor-
mones (gonadal steroid/peptide hormones, and corti-
costeroids), which exert long-loop feedback effects
at preceding levels in the respective axes.

Prolactin and GH secretions are largely controlled
by two-tier systems in which short-loop feedback
functions as the major regulatory mechanism (Fig.
4). The deemphasis of end-organ feedback in these
systems probably reflects the relatively distributed

nature of GH and prolactin actions. Growth hormone
is known to exert actions in bone, cartilage, liver,
muscle, and other tissues, whereas prolactin’s actions
include those in mammary tissue, gonads, and acces-
sory sex organs (e.g., prostate). Without a single target
organ to provide feedback control, GH and prolactin
appear to have evolved the ability to exert their own,
direct feedback actions at target sites within the hypo-
thalamus. Moreover, both stimulatory and inhibitory
hypothalamic mechanisms appear to have evolved to
control GH and prolactin in the absence of long-
loop feedback; hypothalamic GHRH stimulates, and
somatostatin inhibits, GH secretion, whereas dopa-
mine inhibits, and one or more putative prolactin-
releasing factors stimulate, prolactin release. It is
likely that in both the hypothalamic-prolactin and
hypothalamic-GH axis, the short-loop feedback con-
trol includes both a suppression of releasing-factor
release and a stimulation of inhibitory-factor release.
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Fig. 4. Schematic representations of the major hypothalamic-pituitary axes in which short-loop negative feedback signals
predominate. Shown are the respective stimulatory and inhibitory neurohormones for the regulation of (A) growth hormone
(GH) secretion and (B) prolactin secretion. GHRH, growth hormone-releasing hormone; GH, growth hormone; PRFs, prolactin-
releasing factors. Cellular targets of negative feedback are not specified, and may include hypothalamic interneurons, neurosecre-

tory neurons, or both.

Thus, elevations in GH are generally accompanied
by decreases in GHRH and increases in somatostatin
neurosecretion; increases in prolactin secretion gener-
ally stimulate hypothalamic dopamine secretion and
suppress prolactin-releasing activity.

One caveat is applied to the GH control systems.
It is clear that the actions of GH in promoting cartilage
formation (leading to bone growth) are mediated in
large part by GH stimulation of somatomedins (IGF1,
IGF2) from the liver. Evidence suggests that IGF1,
apart from its intermediary role in bone growth, may
also exert a negative feedback action within the hypo-
thalamus, viz. inhibit GHRH release and stimulate
somatostatin release. This action represents a potential
long-loop feedback action, which may compliment
the direct, short-loop feedback regulation mediated
by GH itself.

3.2. Homeostatic Mechanisms
Can Control Motivated Behavior

Early studies using lesions or electrical stimulation
showed that particular hypothalamic loci play impor-

tant roles in governing certain motivated behaviors.
For example, lesions of the ventromedial nucleus or
lateral hypothalamic areas were found to produce
hyperphagia and hypophagia, respectively. Subse-
quent investigations demonstrated that drinking
behavior can be elicited by chemical stimulation of the
subfornical organ and that steroid hormones applied
locally to the VMN can facilitate lordotic behavior
in female rats. Results such as these have supported
the concept that regulatory “centers” exist in the hypo-
thalamus, from which signals originate that can modu-
late motivated behavioral patterns.

For many of these behaviors, it appears that nega-
tive-feedback signals from peripheral tissues are asso-
ciated with the feedforward, stimulatory neural sig-
nals that regulate that activity. Such a combination
of feedforward and feedback signals in the control of
a behavior can be considered, of course, in terms of
a homeostatic control system. An important example
of this type of homeostatic system is one that governs
feeding behavior. Much progress has been made in
the last decade in characterizing components of this
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homeostatic system, including the discovery of leptin,
a hormone produced by adipocytes that clearly func-
tions to restrain feeding behavior and likely acts to
increase energy utilization. In addition, cell groups
such as those producing neuropeptide Y in the medio-
basal hypothalamus have been identified, which medi-
ate at least some stimulatory control over food intake.
One such cell population is the neuropeptide Y-pro-
ducing neuronal group whose cell bodies reside in
the arcuate nucleus. We can describe the regulation
of feeding behavior in terms of (1) a body weight set-
point determined by unknown cellular and molecular
mechanisms in the mediobasal hypothalamus, (2) a
controlling element consisting in part of neuropeptide
Y neurons and likely other important neurotransmitter
cell groups, (3) a controlled variable viz. stored poten-
tial metabolic energy represented as body fat (size
and number of adipocytes), (4) leptin functioning as
a feedback signal, and (5) leptin-sensitive neurons in
the hypothalamus and/or their synaptic targets, func-
tioning to integrate set-point and feedback signals.
Thus, increases in feeding behavior are accompanied
by increases in fat deposition, which in turn can lead
to increases in circulating leptin levels, and hence, a
restoration of lower levels of food intake. Conversely,
prolonged fasting can reduce body fat stores, thereby
reducing leptin levels and prompting a “disinhibition”
of feeding behavior.

3.3. Homeostatic Systems
Can Be Characterized Experimentally

The existence of homeostatic neuroendocrine sys-
tems has primarily been established through con-
trolled, experimental manipulation of an axis, fol-
lowed by careful measurement and analysis of system
responses. Each component of the system is poten-
tially subject to feedforward stimulation or inhibition
and is also potentially subject to feedback regulation.
Thus, a first step in understanding the physiological
control system is to make straightforward predictions
about the likely responses of a hormone in the axis
to removal or application of a feedforward or feedback
stimulus. For example, in the HPA axis, the feedfor-
ward (stimulatory) actions of CRH on ACTH secre-
tions and ACTH on glucocorticoid secretions are eas-
ily demonstrated both in vivo and in vitro. Application
of these hormones to experimental animals or to cul-
tured pituitary or adrenocortical cells results in the
expected secretory responses. Conversely, removal
of these regulators in vivo, either by immunoneutrali-
zation, hypothalamic lesions, or by hypophysectomy

results in a precipitous decline in glucocorticoid pro-
duction.

The hallmark feature of most homeostatic sys-
tems—negative-feedback control—has also been
characterized in virtually all of the neuroendocrine
axes. The critical test invariably involves removal of
the end-organ, where possible, and measurement of
the hypothalamic or pituitary secretory response. As
one would predict for systems featuring negative feed-
back, removal of the gonads in either sex results in
an acceleration of GnRH release and a large increase
in gonadotropin secretion; removal of the adrenal
glands results in a robust increase in CRH and ACTH
secretion; removal of the thyroid evokes substantial
increases in thyrotropin (and likely TRH) secretion.
In all cases, replacement with physiological concen-
trations of the appropriate end-organ hormones pre-
vents the hypothalamic and pituitary-hormone secre-
tions from deviating past their basal values.

The specific features of feedback control can differ,
of course, between the homeostatic axes. In some
axes, the principal feedback target may be the hypo-
thalamus whereas in others, feedback control may be
predominantly exerted at the level of the anterior
pituitary. Moreover, in the two-tiered systems, short-
loop feedback may be exerted through inhibition of
a stimulatory feedforward component, stimulation of
an inhibitory feedforward component, or both. Never-
theless demonstrating the existence of these control
mechanisms is carried out according to the same gen-
eral principles. An example is the control of GH
secretion, which is stimulated by GHRH and inhibited
by somatostatin. Removal of the anterior pituitary
gland appears to be followed by an increase in GHRH
expression and a decrease in somatostatin expression.
Replacement with exogenous GH prevents or reverses
both of these responses.

Whereas the logic of such experiments may seem
straightforward, it should be noted that the exploration
of these physiological relationships can often be
exceedingly difficult, especially when measurements
of neurohormones in portal vessels are required.

3.4. Sensory and Somatic
Stimuli Evoke Physiological
Changes in the Activity of an Axis

Neuroendocrine homeostatic systems function to
maintain a preselected state, yet they must also be able
to register an acute stimulus, permit an appropriate
response to the stimulus, and return the system to the
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preselected, basal state. In the HPA axis, for example,
a stressful stimulus evokes CRH neurosecretion,
which in turn stimulates ACTH and glucocorticoid
release. The duration and form of the glucocorticoid
response will be limited to some extent by an increase
in feedback suppression of CRH and ACTH. With
the termination of the stress, the original state of
the system is restored. If the level of stress remains
unabated, a somewhat higher basal state might be
assumed by the system. Such a situation would not
necessarily reflect a change in the set-point of the
system; rather, it would only reflect the system’s
inability to mount sufficient and sustained feedback
suppression to return the system to the real preselected
state. In the case of the HPA axis, it is clear that
prolonged excess of glucocorticoid secretion is delete-
rious to the longer term health of the individual and
as such, not a desirable status quo.

The transient response of the HPA axis represents
but one example of the many short-term responses
by an axis to a physiological stimulus. In general,
such perturbations arrive in the form of exteroceptive
or interoceptive stimuli which are conveyed along
sensory signaling pathways. Exteroceptive signals
can be pheromonal, thermal, visual, auditory, tactile,
olfactory, or gustatory. Through a multitude of neural
pathways, such information is conveyed from sensory
organs along the neuroaxis, usually via multiorder
afferents to specific sets of hypothalamic neurons. In
reflex ovulators, for example, the act of coitus pro-
duces specific stimulation of virtually all sensory
modalities; these sensory stimuli are transduced and
conveyed through spinal and brain stem synaptic path-
ways to the hypothalamus where they are integrated
to produce a major ovulatory release of GnRH into
the portal vasculature. The net result of this transient
stimulation is a surge of LH and ovulation, the latter
thus occurring at an optimum time relative to the
presence of viable sperm in the reproductive tract.
Following the ovulatory release of hormone, the HPG
axis essentially returns to its basal homeostatic state.
Another example is the response of the HPT axis to
an acute cold stress. Such an environmental stimulus
almost invariably produces a transient stimulation of
TRH, and hence TSH and thyroid-hormone secre-
tions.

Interoceptive sensory signals can likewise be trans-
mitted from internal sensory receptors to hypothala-
mic neurons. Baroreceptors, thermoreceptors, and
proprioceptors are capable of delivering important
signals from the peripheral nervous system to relevant
hypothalamic centers, thereby effecting changes in

the activity of a particular axis. A sudden drop in
blood pressure, for example, is registered and trans-
duced by baroreceptors located in the atria, carotid
bodies, and elsewhere in the arterial system. The
information is transduced into neural signals, which
are thereafter conveyed up the neuroaxis, and eventu-
ally delivered to hypothalamic centers, which mediate
stress responses. The result is a marked activation of
CRH neurons (along with vasopressinergic and other
neuronal groups) and a stimulation of CRH release
into the portal vasculature. Restoration of blood pres-
sure is accompanied by a return of the HPA axis to
a basal activity state.

Interoceptive signals can also be conveyed by
changes in circulating concentrations of metabolic
intermediates, osmolytes, or growth factors. As will
be described in chapters to follow, it is clear that
specific hypothalamic neuronal populations function
as sensory receptors, endowed with the capacity to
monitor blood levels of one or more of these key
physiological regulators, and to relay appropriate
commands to one or more homeostatic regulatory
systems. Classic examples of such cues include stimu-
lation of GHRH/GH secretion by elevated amino
acid concentrations in blood, and induction of CRH/
ACTH/glucocorticoid secretion by hypoglycemia.
The physiological importance of these regulatory
responses are discussed in subsequent chapters.

3.5. One Homeostatic Axis May
Influence Another Through Crosstalk

Hypothalamic control systems do not operate inde-
pendently of one another. Indeed, regulatory mecha-
nisms have evolved to most efficiently coordinate the
activities of several homeostatic systems to yield the
most adaptive overall set of responses to a given
physiological situation. In many cases, the benefit to
the organism is derived from the enlistment of several
different systems to achieve the same physiological
goal. For example, stressful stimuli are known to
evoke neurosecretion of both CRH and vasopressin
from the same parvicellular terminals in the median
eminence. This pool of vasopressin clearly functions
to amplify and supplement ACTH secretion that
would have occurred in response to CRH alone.

In other cases, activation of one system leads to
suppression of another. In lactating women, the stimu-
lation of prolactin secretion is often accompanied by
a temporary cessation of ovulatory cyclicity. This
lactational amenorrhea is most likely mediated by an
inhibitory action of prolactin on GnRH and gonado-
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tropin secretion. This mechanism serves to ensure
that sufficient maternal physiological resources, and
parental attention, is dedicated to the care of a given
newborn prior to the arrival of the next offspring.
Other examples of cross-signaling between axes, such
as the inhibition of reproductive hormone secretions
by hormones of stress, are described in correspond-
ing chapters.

3.6. Homeostatic Settings are
Changed During Stages of Development

The ontogeny of many neuroendocrine systems
appears to involve major readjustments of homeo-
static set points. Such resettings are known to occur
perinatally, during sexual maturation, and in aging.
In the HPG axis, for example, an increase in the
frequency and/or amplitude of GnRH pulse genera-
tion is believed to mediate the pubertal activation of
the reproductive axis. The process almost certainly
represents a fundamental shift in the set-point of the
activity of the neuroendocrine axis. This shift may
be entirely because of an intrinsic neural maturation
process that directs acceleration of the GnRH pulse
generator, or a diminishment in hypothalamic respon-
siveness to negative feedback. Nevertheless, the
pubertal activation of GnRH pulsatility is sustained
throughout the adult reproductive lifespan, as is the
new, adult-like equilibrium between feedforward and
feedback regulation in the HPG axis. Other major
readjustments of neuroendocrine homeostatic settings
may occur in response to environmental cues, or they
may accompany somatic disease states, changes in
nutritional status, chronic stress, or psychiatric dis-
orders.

3.7. Neuroendocrine Homeostatic
Settings Can Be Altered
Over Hours, Days, Months, or Years

The pubertal activation of GnRH release is a clear-
cut example of set-point adjustment that is maintained
over many years within a lifetime. In other situations,
set-points may be altered over hours, days, or months.
Within the circadian period, the set-point for neuro-
hormone secretion can vary from hour to hour, likely
as a function of regulatory signals from the biological
clock residing in the suprachiasmatic nucleus (see
Chapter 22); activity within the HPA axis varies with
a rhythm that peaks in the morning hours and drops
to a nadir in the evening.

Sustained changes in the set-point of an axis can
also occur over the course of several days. Phero-

monal cues, for example, can trigger sustained inhibi-
tion or activation of the reproductive axis in many
species; social and psychological cues can alter food
intake and energy homeostasis in humans.

Seasonal breeding represents a major example of
set-point adjustments that extend over periods of
months. The HPG axis receives photoperiodic cues
through a signaling cascade, which includes the reti-
nohypothalamic pathway, synaptic pathways leading
to the pineal gland, melatonin secretions, and ulti-
mately neural circuitries governing GnRH release
(see Chapter 23). Through these pathways, informa-
tion regarding day-length is registered, transduced,
and conveyed to the reproductive axis as stimulatory
or inhibitory signals for reproductive status. The
resulting periods of reproductive activity and inactiv-
ity are thereby sustained throughout the months that
are most adaptive for the reproductive success of the
particular species.

3.8. Dysregulations in Neuroendocrine
Homeostatic Systems
Have Major Clinical Consequences

Virtually all major dysfunctions of neuroendocrine
homeostatic axes have profound effects upon the
health and well-being of an individual. The clinical
consequences of neuroendocrine pathophysiologies
are discussed in relevant chapters that follow,
although in general they fall into the categories of
infertility, growth and developmental impairments,
oligo- or galactorhea, hypo- or hyper-thyroidism,
hypo- or hyper-adrenocorticolism, and specific symp-
toms of diseases which present as a syndrome (e.g.,
polycystic ovarian syndrome or McCune-Albrights
disease). As with any disease, the underlying causes
of neuroendocrine dysregulation are varied, and can
be heritable, acquired, associated with tumorogenesis
and/or carcinogenesis, or otherwise associated with
another medical condition. Proper diagnosis and treat-
ment must always take into account the multidimen-
sional nature of the controlled neuroendocrine system
in which the hormone in question plays a func-
tional role.

Neuroendocrine diseases are considered primary,
viz. involving the major target organ of the axis, or
secondary, viz. defects at antecedent levels (pituitary
or hypothalamus). Moreover, the impairments may be
manifest as hypofunction or hyperfunction in nature.
Given the feedback relationships that prevail in neuro-
endocrine axes, it can prove difficult to accurately
locate and diagnose the endocrinopathy, as it is not
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Table 1
Expected Results of Diagnostic Tests for Basic Types of Neuroendocrine Disturbances
End-organ  End-organ  Pituitary  Pituitary  Hypothalamic  Hypothalamic
(Hyper) (Hypo) (Hyper) — (Hypo) (Hyper) (Hypo)
Serum [pituitary hormone] Low High High Low High Low
Serum [end-organ hormone] High Low High Low High Low
End-organ responsiveness High Low N N N N
to tropic hormone
Pituitary responsiveness Low or N High or N High Low N N
to releasing factor
Pituitary responses to Low or N High or N High Low High Low

hypothalamic secretagogue

always clear whether a diminished or excessive level
of hormone results from primary alterations in the
activity of glandular cells, or secondarily from
changes in the level of feedback regulation by the
succeeding organ. This is particularly true in cases
where X-rays, MRIs, or other scanning procedures fail
to reveal any obvious irregularity in the suspect tissue.

Neuroendocrine disturbances can often be con-
firmed by a combination of (1) measurement of the
pituitary and end-organ hormones in serum, and (2)
assessment of the responsiveness of the target organ
to the stimulatory hormone. The information provided
by these measurements and tests can thus be used to
logically rule in or out a primary defect at the end-
organ, anterior pituitary gland, or hypothalamus.
Expected consequences of these tests are given in
Table 1 for primary (end-organ), secondary (pitu-
itary), or secondary (hypothalamus) neuroendocrine
disturbances, along with examples of likely results in
specific diagnoses.

4. NEUROENDOCRINE REFLEXES

4.1. How Does
a Neuroendocrine Reflex Work?

Neuroendocrine reflexes mediate acute physiologi-
cal responses to sensory and/or somatic signals. A
sensory stimulus, such as the suckling by young at a
mother’s nipple, can evoke activity in an afferent
pathway, which in turn prompts an appropriate activa-
tion of an effector neuronal population, such as the
magnocellular oxytocinergic neurons. The net result
is a physiological response, e.g., oxytocin-mediated
milk ejection, that is qualitatively, quantitatively, and
temporally appropriate for the original stimulus. Thus,
neuroendocrine reflexes are like their neuromotor
counterparts in that they have afferent and efferent
loops, usually with one or more synapses intervening

within the reflex circuitries (Fig. 5). The neuromotor
reflexes, however, consist of strictly neuronal afferent
and efferent pathways; the neuroendocrine reflexes
can instead be comprised of a humoral input and
neural output, humoral input and hormonal output,
or neural input and hormonal output. Moreover, some
neuroendocrine reflexes occur as stereotyped, fixed-
action responses to a specific stimulus, similar to
neuromotor reflex responses, while others may medi-
ate graded responses to stimuli of varying magnitude.
Major examples of each are given below.

4.2. Fixed-Action Neuroendocrine Reflexes

As detailed in Chapters 8, 9, and 14, oxytocin
and vasopressin are produced in the magnocellular
neurons of the supraoptic and paraventricular nuclei,
transported intracellularly to neurovascular terminals
in the posterior pituitary gland, and released upon
electrophysiological stimulation into the peripheral
circulation. As noted in the foregoing example, one
major action of oxytocin is to stimulate contractions
in myoepithelial cells of the mammary glands,
prompting milk ejection. The reflexive secretion of
oxytocin and its actions at the mammary gland repre-
sent a fixed-action response, viz. a relatively stereo-
typed output signal that is evoked by a specific input
signal. The afferent limb of the milk-ejection reflex
consists of sensory receptor endings in the nipple,
primary sensory afferents, and multiorder synaptic
relays leading up the neuroaxis to the supraoptic and
paraventricular nuclei. The suckling stimulation leads
to transient and robust increases in the frequency
of action potentials in magnocellular oxytocinergic
neurons, which is thereafter coupled to an acute
increase in oxytocin neurosecretion. The oxytociner-
gic neurons and the circulation of oxytocin to the
mammary gland thus constitute the efferent hormonal
loop of this neuroendocrine reflex. The molecular and
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Fig. 5. Schematic representation of fixed-action neuroendo-
crine reflexes mediated by oxytocinergic neurons. Shown are
two different reflex loops. In one, stimulation of sensory recep-
tors in the nipple evokes neural impulses in afferent pathways
that ascend the spinal cord and reach the hypothalamus. Stimu-
lation of this afferent loop leads to reflexive activation of
magnocellular oxytocinergic neurons in the supraoptic and
paraventricular nuclei of the hypothalamus, and hence, neu-
rosecretion of oxytocin into the peripheral circulation. The
oxytocin stimulates smooth muscle contractions in the mam-
mary glands, leading to increased intramammary pressure
and milk-ejection. Thus, suckling by the young activates a
neuroendocrine reflex that culminates in milk-ejection. In the
second reflex, sensory receptors in the cervix are stimulated
during labor, resulting in a transmission of neural signals up
the neuroaxis to the hypothalamus. Activity in this afferent
loop results in an activation of magnocellular oxytocinergic
neurons, leading to an acute increase in the release of oxytocin
into the peripheral circulation, and a stimulation of additional
uterine contractility.

cellular events governing the secretion of oxytocin is
examined in detail in Chapters 8 and 9. For the
purposes of this discussion, the suckling-oxytocin
response represents a simple reflex circuit consisting
of a neural input and hormonal output, that exhibits
a fixed-action response to a specific stimulus.

The release and actions of oxytocin during parturi-
tion can similarly be described in terms of a neuro-
endocrine reflex. In the latter stages of parturition,
oxytocin appears to be released in response to dilation
of the cervix. A neural afferent loop conveys this
mechanoreceptive information to the hypothalamus

and neural signals activate oxytocin neuronal activity
and neurohormone secretion; the increase in circulat-
ing oxytocin stimulates an increase in myometrial
contractility and hence, the intensity of labor. Again,
this reflexive release of oxytocin is mediated by a
neural input and hormonal output and represents a
fixed-action response to a specific stimulus.

4.3. Graded Neuroendocrine Reflexes

The second major magnocellular neurohormone,
vasopressin, is also released as an efferent component
of neuroendocrine reflexes. One major action of vaso-
pressin is exerted at receptors on the distal tubules
of the mammalian kidney, where it facilitates the
resorption of H,O from the collecting ducts. The anti-
diuretic actions of vasopressin thus lead to increases
(usually restoration) of blood volume. Vasopressin
also induces the contraction of vascular smooth mus-
cle cells, thereby contributing to elevations in blood
pressure. Thus, the two major stimuli for release of
vasopressin are (1) decreases in blood pressure and
volume, and (2) increases in body fluid osmolality.
Two functionally distinct feedback mechanisms gov-
ern the release of vasopressin by these two stimuli,
the net effect of the secretory induction being the
restoration of prestimulus osmolality, blood volume,
and/or blood pressure.

Both neuroendocrine reflex mechanisms occur as
responses that are proportional to the initiating stimu-
lus. The first reflex response proceeds as follows. A
significant increase in blood osmolality is registered
and transduced by osmoreceptive cells in the hypo-
thalamus and these signals are thereafter conveyed
through afferent projections to magnocellular vaso-
pressinergic cells. The basal electrophysiological
activity of these cells is thereby altered, likely as an
alteration in the phasic firing patterns of many neurons
(more specifically, an increase in intraburst spike fre-
quency and burst duration, see Chapter 3-4). The
altered firing activity is coupled to an increase in
vasopressin secretion into the peripheral circulation,
which acts at the level of the renal tubules to promote
water resorption and hence, dilution of body fluid
osmolytes. The distinguishing feature of this neuro-
endocrine reflex is that it exhibits graded vasopressin
responses that are proportional to the magnitude of
the initial increase in blood osmolality. Moreover, the
reflex loop consists of a humoral input and hor-
monal output.

A second type of reflex is triggered by low blood
volume and/or low blood pressure, such as that which
occurs consequent to major hemorrhage. Barorecep-
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kidney

Fig. 6. Schematic representation of graded neuroendocrine
reflexes mediated by vasopressinergic neurons. Shown are
two different afferent reflex loops. In one reflex, a drop in
plasma osmolarity is registered by specialized receptor cells
in the hypothalamus and the amplitude of this change is
encoded as neural impulses; these are then transmitted through
synaptic connections to magnocellular vasopressinergic neu-
rons in the supraoptic and paraventricuar nuclei. These affer-
ent signals evoke a graded change in the activity of the vaso-
pressinergic neurons, resulting in an alteration in vasopressin
into the peripheral circulation. Vasopressin promotes reab-
sorption of water in the distal renal tubules, and stimulates
vascular smooth muscle contraction. These actions result in
dilution of blood osmolytes, defense of blood volume, and
increased blood pressure. The second reflex is triggered by
decreases in blood pressure, which are registered and trans-
duced by baroreceptors in the carotid sinus, aorta, and else-
where in the arterial system. Neural signals are conveyed up
the neural axis to the hypothalamus, resulting in a proportional
stimulation of activity in vasopressin neurons, and neurosecre-
tion of vasopressin into the circulation.

tors located in the aortic arch, carotid sinus, and right
atrium, register a suprathreshold drop in volume and
pressure and transduce the drop into neural signals
that are conveyed through multisynaptic pathways
up the neuroaxis and ultimately, to magnocellular
vasopressinergic neurons. The activity of these neu-
rons is increased accordingly, and neurosecretion of
vasopressin is stimulated. Increased plasma vasopres-

sin levels thereafter mediate both antidiuretic and
pressor responses to the original depressor or hypo-
volumetric stimulus. This response is likewise a
graded one, which proceeds with an amplitude of
vasopressin secretion that is proportional to the
stimulus.

The distinct afferent loops distinguish these two
major reflex responses from each other. The osmo-
receptor response involves a humoral input and hor-
monal output, whereas the baroreceptor response is
described as having a neural input and hormonal out-
put. The two reflexes are similar, however, inasmuch
as they both lead to graded vasopressin responses that
are proportioned so as to evoke appropriate antidi-
uretic and pressor responses. In this regard, it is fair to
consider how a graded neuroendocrine reflex differs
from a neuroendocrine homeostatic mechanism. One
difference is that the controlled variable and feedback
regulator in a homeostatic system is usually a hor-
mone that provides a continuous “readout” of the
prevailing feedforward within the system; in the case
of the foregoing reflexes, a systemic physiological
variable (body fluid osmolality, blood volume, and
blood pressure), which is monitored and may direct
changes in neurosecretion. More importantly, physio-
logical variables must be altered significantly above
or below the limits of a normal range of values before
any response is evoked within the system. Thus, under
normal circumstances, very little tuning of the vaso-
pressin secretion rate occurs in response to fluctua-
tions within the acceptable (viz. nonharmful) phy-
siological range. In essence, they function less
as homeostatic regulatory systems, and more as a
acute responses to potentially life-threatening sys-
temic stresses.

5. MOLECULAR AND
CELLULAR MECHANISMS
OF NEUROENDOCRINE INTEGRATION

Homeostatic regulatory systems and neuroendo-
crine reflexes are critically dependent upon the proper
functioning of the cellular signal transduction mecha-
nisms of their constituent parts. Perhaps the most
critical processing of information in this regard occurs
within specific hypothalamic neurons. A given hypo-
thalamic cell is endowed with a certain complement of
receptors, second messenger systems, transcriptional
regulators, and ion channels, all of which may deter-
mine the hypothalamic cell’s role in receiving, integ-
rating, and transmitting neural signals that are vital
to the operation of a given homeostatic or reflex sys-
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tem. A major challenge that faces neuroendocrinolo-
gists today is to acquire an understanding of how a
cell registers neural and hormonal signals and inte-
grates them in a process leading to the production of
a physiologically appropriate output signal. Com-
pounding the difficulty of this task is the incalculable
complexity of cell-cell connections and interactions
within the hypothalamus and the likelihood that indi-
vidual neurons may be charged with integrating not
just one type of signal, but many different types of
signals conveyed simultaneously. Indeed, an integra-
tive process may be one in which (1) synaptic activa-
tion via afferent neural pathways leads to the activa-
tion of a neuron, (2) a circulating hormone binds
its cognate receptor in a cell and thereby alters the
secretory activity of that cell, or (3) both of these
types of signals impact the neuron simultaneously.
Moreover, hormonal or neurotransmitter actions may
be directly stimulatory or inhibitory, or they may
be permissive, viz. they render a cell more or less
responsive to another particular stimulus. In any
event, the cellular and molecular pathways through
which these important integrative processes occur are
now subject to more direct study, using many of the
modern tools of molecular biology.

5.1. Spontaneous Electrophysiological
Activity in Neuroendocrine Cells

For simplicity, we define a neuroendocrine cell as
one which either secretes neurohormone at neurovas-
cular junctions, receives hormonal or other blood-
borne signals, or functions as an interneuron between
these two cell types. In most respects, all three varie-
ties of neuroendocrine cells exhibit electrophysiologi-
cal properties that are similar to neurons elsewhere
in the central nervous system. They have dendrites,
soma, and axons that resemble neurons elsewhere,
and they exhibit relatively normal resting potentials,
synaptic potentials, and action potentials. Moreover,
they can display a range of intrinsic and synaptically
driven activity patterns that are fairly common among
other brain cell types. One fundamental property that
is relatively specific to many neuroendocrine cell
groups, however, is the propensity to release neuro-
hormone or neurotransmitter in synchrony and at reg-
ular intervals. This coordinated, intermittent release
pattern by a population of cells is referred to as neuro-
endocrine pulsatility. The functional importance of
pulsatile neurohormone secretion has been clearly
demonstrated; presentation of continuous neuro-
hormonal stimuli is less effective, or even inhibitory,
in releasing pituitary hormones. By contrast, adminis-

tration of regular pulses of the same neurohormone
can continue to evoke anterior pituitary hormone
secretions for virtually unlimited periods. It is likely
that the pulsatile pattern of release prevents down-
regulation of signal transduction events within the
target anterior pituitary cell. The pulsatile pattern of
neurohormone secretion has also been found to be of
profound clinical importance, as described in subse-
quent chapters.

The phenomenon of pulsatility has been noted in
the majority of neuroendocrine axes, but it has been
most extensively studied in the HPG axis. Here, the
rhythmic release of GnRH (and hence, LH) is most
robust, and as a result, it has been best characterized.
The frequency of GnRH pulses in vivo can vary
among species, age, sex, and physiological circum-
stances. Frequencies may range from as fast as one
pulse/15 min in gonadectomized rodents, to as slow
as one pulse/6 h or more in anestrous sheep. In all
species individual pulses consist of a burst of neuro-
secretion lasting 0.5-5 min, after which the local
concentration of GnRH in the median eminence extra-
cellular spaces declines according to the rate of trans-
port through the portal vasculature. Degradation in
the extracellular fluid may also impact the waveform
of an individual pulse. Fig. 7 depicts the patterns of
GnRH and LH release as measured in two ovari-
ectomized sheep. Electrophysiological correlates of
pulsatile GnRH release have been characterized
using hypothalamic electrode recordings in monkeys,
sheep, goats, and rats. Such studies have demonstrated
that pulsatile hormone secretion is governed by some
set of neurons that periodically fire in unison a high-
frequency volley of action potentials, which result in
the neurosecretion of a pulse of GnRH into the portal
vessels. These studies demonstrate that there must
exist at least two important elements of the pulse
generating process: a pacemaker or pseudo-pacemak-
ing mechanism, and a mechanism for electrophysio-
logical synchronization among neurosecretory cells.
Underscoring the importance of these two elements is
the demonstration that immortalized neuroendocrine
neurons have the capacity for pulsatile release of neu-
rohormone in vitro; through some unknown mecha-
nism, pulses must be initiated and communicated
among these cells in culture.

One simple model for pulsatility holds that the
intrinsic rhythmic activity of one or more “pace-
maker” cells can “drive” the activity of other cells
in the population. To date, such rhythmic volleys
generated in individual cells have not been demon-
strated, at least with the temporal characteristics that
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Fig. 7. Examples of neuroendocrine pulsatility. Pulsatile
GnRH and LH release profiles were determined in two differ-
ent ovariectomized ewes. The GnRH patterns were measured
in push—pull perfusates of the hypothalamus, and LH patterns
were determined in sequential blood samples obtained via
jugular catheters. In these animals, all GnRH pulses were
temporally associated with LH pulses, and they occurred at
a frequency of approximately 1 pulse/30-40 min. (Reprinted
with permission from Levine JE, Pau K-Y F, Ramirez VD,
Jackson GL. Simultaneous measurement of luteinizing hor-
mone-releasing hormone and luteinizing hormone release in
unanesthetized, ovariectomized sheep. Endocrinology 1982;
111:1449-1455).

would be expected if the cell’s activity underlies
and stimulates the overall pattern of pulsatility.
More likely, a “pseudo-pacemaking” mechanism may
underlie pulsatile neurohormone secretion. In this sce-
nario, any neuron within a pulsing network can initiate
a pulse and the pulsatile rhythm follows from the
continued repetition of (1) random autoactivation of
a neuron within the interconnected cell network, (2)
stimulation of other neurons in the network by the
excited cell, (3) a refractory period, during which no

neurons fire, and (4) autoactivation of another neuron
in the network. This stochastic model does not depend
upon the activity of a distinct pacemaker cell, but is
instead driven by the emergent, random activity of
an interconnected network of cells. In either model,
some mechanism must operate to synchronize the
pulsatile release activity among neurons. The simplest
mechanism achieves synchronicity through intercel-
lular signaling via synaptic contacts or electrical cou-
pling among pulsing neurons. Other possibilities
include the production of other intercellular synchro-
nizing factors that mediate “volume” neurotransmis-
sion over a relatively wide multicellular area.

5.2. How are Signals Received,
Transduced, and Integrated
Within Neuroendocrine Cells?

Both neural and endocrine inputs can regulate the
spontaneous electrophysiological and secretory activ-
ity of neuroendocrine cells. The molecular mecha-
nisms through which these actions are manifest are not
well understood and are currently subject to intensive
study. The extracellular signals may be conveyed by
neurotransmitters, circulating hormones, or nonhor-
monal metabolic stimuli (e.g., osmolytes, glucose).
Signaling may be initiated either through plasma
membrane receptors, as is the case for most neuro-
transmitters or by occupation and activation of intra-
cellular hormone receptors. The latter receptors
include virtually all members of the intracellular ste-
roid receptor superfamily.

At the level of the plasma membrane, signaling
can proceed through the activation of receptor, second
messengers, and downstream intracellular effectors.
In some cases, second messengers may be generated,
which also act through effects on ion fluxes at the
level of the plasma membrane. Additionally, neuro-
transmitters and hormones may bind and activate
ligand-gated ion channels and rapidly evoke changes
in cell excitability. Activation of intracellular recep-
tors most commonly leads to transcriptional regula-
tion of target genes, which in turn results in changes
in the expression of proteins that function in the con-
trol of cell excitability and/or secretion.

Depicted in Fig. 8 is a hypothetical neuroendocrine
neuron, indicating several possible cell processes that
may ultimately be regulated by extracellular signals.
The propagation of the extracellular signals within a
cell involves transduction of the original signal into
meaningful alterations in the activity of intracellular
messengers; in many cases the initial signal can ram-
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Fig. 8. Extracellular signals can evoke changes in neurosecre-
tion through many signaling pathways. Shown are several
general cellular processes that may be altered by synaptic and
hormonal signals in hypothalamic cells, leading to regulated
changes in the rate or pattern of secretion from that cell.
Processes that may be regulated include (1) a neuroendocrine
pulse generating mechanism, which may in turn depend upon
cell—cell connectivity and local signaling, (2) membrane con-
ductances and resultant alterations in membrane resting or
action potentials, (3) transcription, RNA processing, or trans-
lation of neurotransmitter or neurohormone; the expression
of some signaling molecules, which act within that cell may
also be regulated, e.g., membrane receptors or protein kinases,
resulting in altered responsiveness of the cell to other neuro-
endocrine signals, (4) posttranslational processing, and (5)
exocytosis (stimulus-secretion coupling) or cellular reuptake
of neurotransmitter or neurohormone. Cellular signal integra-
tion is likely a function of the net effect of many extracellular
signals on one or more of these processes.

ify in many directions, simultaneously influencing a
number of different cell activities. Conversely, multi-
ple signals may be propagated along pathways that
converge to regulate one or more of the same pro-
cesses. As noted in Fig. 8, processes ultimately
regulated as a result of extracellular signals include
membrane conductances, active or facilitated trans-
port, stimulus-secretion coupling, transcription, RNA
processing, translation, post-translational process-
ing, intracellular transport, exocytosis, and cellular
reuptake.

Cellular integration occurs when a cell assesses
the weight of each of these signals, computes their
net effect, and directs alterations in output signals.
The final output signal is encoded in changes in the

rate or pattern of neurosecretion from that cell. Thus,
any signal fo a cell may alter one or more of the
foregoing cellular processes; these alterations can thus
lead to marked changes in the release of neurohor-
mone or neurotransmitter from that cell. Examples of
integrative mechanisms that may mediate the rate
or temporal pattern of neuroendocrine secretions are
given below.

5.2.1. AMPLITUDE MODULATION

The rate of neurotransmitter or neurohormone
release can be stimulated or inhibited by a variety of
mechanisms; these include (1) postsynaptic summa-
tion of signals, which leads to sufficient depolarization
or hyperpolarization of membrane potential to impact
the firing rate of the cell, (2) increased or decreased
availability or activity of intracellular signaling mole-
cules, (3) altered production, packaging, or transport
of neurotransmitter or neurohormone, or (4) altered
stimulus-secretion coupling dynamics, viz. amount of
transmitter released from axon terminals in response
to a given set of propagating impulses.

Activation and inhibition of CRH neurons can be
considered as examples of amplitude modulation.
Stressful stimuli lead to the neural stimulation of CRH
neurosecretion into the hypophysial portal vessels.
Circulating glucocorticoid hormones conversely
inhibit the amplitude CRH neurosecretion as the
major negative feedback component of the HPA axis.
In both cases, the overall rate of neurohormone
release/time is increased or decreased as a function
of these signals. The neural activation of CRH release
is rapid and appears to be mediated in part by synaptic
signals conveyed through synaptic circuitries; the
magnitude and quality of the stressful stimulus is
likely encoded by the strength and origin of the synap-
tic signals impinging upon the CRH neurons, which
in turn adjust their firing rates accordingly. The inte-
gration of signals, in this case, likely occurs at the
level of the plasma membrane through computation
of the net effect of the afferent set of synaptic signals;
additional effects may be exerted through rapid effects
of second messengers on ion channel conductances.

By contrast, the inhibitory effects of glucocorti-
coids are likely manifest through regulation of gene
expression in CRH cells. The steroids bind intracellu-
lar receptors and the activated complex binds DNA
response elements to regulate transcriptional activa-
tion of target genes. In this case, it has been demon-
strated that it is the transcription of the CRH gene
itself that is likely subject to inhibition by glucocorti-
coids (see Chapter 15). The net consequence for the
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CRH cell is that the rate of production of CRH is
diminished, leading to a likely reduction in the pool
of neurohormone that is available for exocytotic
release at the CRH axon terminal. Whereas other
mechanisms may also contribute to glucocorticoid-
mediated suppression of CRH release, this transcrip-
tional regulation is considered to be a major mecha-
nism mediating this physiological signal.

5.2.2. PuLSE FREQUENCY MODULATION

The frequency of neurosecretory episodes can also
be increased or decreased as a function of signal
integration in neuroendocrine neurons. This phenom-
enon is not to be confused with regulation of impulse
frequency in neuroendocrine neurons. All neurons act
as FM to AM converters, in that the frequency of
action potentials that invade an axon terminal deter-
mines in large part the amplitude of transmitter that
is released per unit time; thus, alterations in the fre-
quency of action potentials per se are eventually
reflected as a change in the amplitude of signaling
from the cell, as noted above. As stated earlier, how-
ever, acommon pattern of secretion in neuroendocrine
cells is one which is intermittent or pulsatile in nature.
Changes in the frequency of the action potential vol-
leys, which mediate release of pulses will, in turn,
alter the frequency of pulsatile neurohormone dis-
charges; the net output signal of the system can thus
be encoded by pulse frequency modulation. Indeed,
it has been clearly shown that pulse frequency modu-
lation can occur in nature, and that it can have pro-
found impact upon the quality and magnitude of the
response of the pituitary gland.

Physiological regulation of neuroendocrine pulse
frequency has been most extensively studied as it
pertains to GnRH release in the HPG axis. In virtually
all male and female mammals, GnRH release occurs
as regular pulses that exhibit a periodicity that is
largely characteristic of the physiological circum-
stance. The frequency of GnRH pulsatility is known
to be altered as a function of developmental stage
(e.g., at puberty), seasonal reproductive state, stage
of estrous cycle, illness, nutritional state, and the pre-
vailing degree of negative feedback regulation by
gonadal hormones. For example, castration of male
rats results in an acceleration of pulsatile GnRH
release (Fig. 9). The GnRH pulse frequency, in turn,
can dictate increases or decreases in gonadotropin
secretion, and in some circumstances may direct dif-
ferential release patterns of LH and FSH. Gonadal
hormones appear to exert much of their negative feed-
back actions within the HPG axis through feedback

Fig. 9. Frequency modulation of neuroendocrine pulsatility.
Pulsatile GnRH release patterns in an intact male rat (top
panel) and a castrate male rat (bottom panel) are shown,
with asterisks noting significant pulses. Frequency of GnRH
pulsatility has been found to be significantly increased follow-
ing castration. (Reprinted with permission from Levine et al.,
In vivo sampling and administration of hormone pulses in
rodents. In: Methods in Neuroscience, “Pulsatility in Neuro-
endocrine Systems,” 1994; pp. 129-161).

suppression of GnRH pulsatility. Intensive analysis
of GnRH and gonadotropin patterns in rats, guinea
pigs, sheep, rabbits, and monkeys have revealed that
GnRH pulse frequency is accelerated following cas-
tration and suppressed following gonadal hormone
replacement (Levine et al., 1991). What are the cellu-
lar mechanisms through which gonadal hormone
actions may lead to suppression of GnRH pulse fre-
quency? The mechanism may involve steroid hor-
mone actions that result in altered levels of cell excit-
ability; steroids may, for example, induce or reduce
expression of some proteins that confer alterations in
the duration of electrophysiological refractory peri-
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ods. Alternatively, steroid hormones may slow the
rate of a molecular processes underlying a clock-like
mechanism in true pacemaker cells. Unfortunately,
there is scant evidence supporting any hypothesis in
this regard. It is likely that the fundamental, cellular
basis of pulsatility must be characterized before prog-
ress can be made towards this end.

5.2.3. Permissive EFrecTs

Some neural and endocrine signals may not in
themselves alter the secretory activity of neuroendo-
crine cells, but they may render them more or less
responsive to other signals. For example, an extracel-
lular signal may induce expression of more receptor
molecules for another extracellular signal. Similarly,
hormones may evoke increased production or activity
in second messenger cascades, thereby amplifying the
intracellular responses to an extracellular regulator.
These types of actions are referred to as permissive,
as they essentially permit recurring signals to be trans-
mitted in an up- or down-regulated state along a given
signaling pathway, even though they do not directly
initiate signaling in that pathway.

Many hormonal actions on neurons may be permis-
sive, and indeed, evidence is accumulating that the
integration of neural and endocrine signals may more
often than not involve variations on this theme. Some
of the actions of estrogen in hypothalamic neurons
are representative of this type of action. For example,
the induction of sexual receptivity in female rats by
estrogen and progesterone treatments are mediated in
part by permissive effects of these steroids on neurons
in the ventromedial nucleus. Estrogen induces the
expression of oxytocin receptors in this hypothalamic
nucleus, and progesterone acts to stimulate distribu-
tion of these receptors. The net result of these actions
is likely a larger response of these neurons to afferent
oxytocin signals, and hence, an amplification of the
lordotic behavior that is modulated by this neural
circuitry. Other work has also shown that estrogen
can regulate the coupling of receptor populations to
G proteins, increase protein kinase activity, and alter
the expression of ion channels, actions that may all
ultimately modulate cellular responses to afferent
transmitters.

5.2.4. CELLULAR INTEGRATION MAY INVOLVE
“CROSSTALK” BETWEEN SIGNALING PATHWAYS

In recent years, it has become increasingly evident
that interactions may occur between molecules that
have traditionally been considered components of dif-
ferent, and functionally distinct, signaling pathways.

Steroid hormone receptors, for example, have been
shown to be activated by intracellular second mes-
sengers such as cAMP, growth factors, and other
mediators even in the absence of the steroid ligand
for that receptor. On this basis, it has been proposed
that such “molecular crosstalk” may be physiologi-
cally relevant in the integration of neural and endo-
crine signals. The progesterone receptor has been
most studied in this regard. Recent studies have dem-
onstrated that the progesterone receptor can be acti-
vated by stimulation of the cAMP/PKA signaling
pathway, and convincing evidence has been presented
that such a mechanism may be involved in the neural
regulation of sexual behavior, secretion of gonadotro-
pin surges (Levine, 1997), and in the GnRH self-
priming mechanism in pituitary gonadotropes. One
scenario for this integrative process holds that estro-
gen stimulates progesterone receptor expression in
hypothalamic neurons and in gonadotropes; there-
after, neural signals for GnRH surges, and neurohor-
mone signals (GnRH) for gonadotropin surges, can
effectively stimulate appropriate cellular responses
by ligand-independent activation of the progesterone
receptors. Circulating progesterone subsequently
amplifies the cellular response of hypothalamic neu-
rons to GnRH. In this model, progesterone receptors
are essentially serving the role of estrogen-inducible
transcription factors that confer responsiveness of a
cell to other afferent signals. This is a permissive
hormone action, albeit one in which one type of mole-
cule is induced (progesterone receptor) to permit con-
vergence of two signaling pathways (cCAMP/PKA and
progesterone), resulting in an integration of both neu-
ral and endocrine signals and production of an appro-
priate and robust cellular response. Other examples
of potential cross-talk mechanism include the ability
of either circulating or locally produced steroid com-
pounds to alter signaling through membrane-bound
GABA receptors, or by stimulation of cAMP levels
which, in turn, can regulate ion conductances at the
level of the plasma membrane.

5.2.5. TROPHIC SIGNALS

Neural and hormonal signals may have more long-
lasting, if not permanent, effects on the function of
a hypothalamic cell by virtue of their effects on cell
growth, development, and morphology. Such trophic
effects have been well documented in adrenal chro-
maffin cells, as their mature phenotype can be dramat-
ically altered by treatment with either glucocorticoid
or nerve growth factor. Similar actions of growth
factors and hormones are likely exerted during
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development of hypothalamic neurons. The well-
known organizational effects of steroid hormones dur-
ing fetal development are but one class of trophic
signals that impact hypothalamic neuronal function.
Other examples include the seasonal photic stimula-
tion of changes in glial/neuronal juxtaposition and
the apparent ability of ovarian steroid hormones to
alter cell—cell contacts among neuronal endings, tany-
cytes, and glial elements in the median eminence. In
puberty, moreover, considerable evidence implicates
neurotrophins in glial-neuronal signaling, which con-
tribute to the maturation of hypothalamic neurons
governing GnRH release. Further research will hope-
fully shed light on the transduction and integrative
mechanisms through which trophic signals may exert
their effects on the structure, neurotransmitter pheno-
type, and function of hypothalamic neuroendocrine
cells.

SUMMARY

The hypothalamus plays a central role in the reg-
ulation of visceral processes, motivated behavior,
and responses of the autonomic nervous system.
Hypothalamic cells are informed by signals received
through sensory pathways, peripheral hormone se-
cretions, and ill-defined afferent pathways originating
in limbic and cortical structures. They register, trans-
duce, and integrate these signals, and modulate
accordingly their output “commands” to other cells.
The outputs can consist of neurohormonal signals
acting at distant peripheral organs (e.g., kidneys), neu-
rohormonal signals to the anterior pituitary gland, or
neural signals to circuitries that govern functions as
diverse as feeding, thermoregulation, or sexual behav-
ior. The integrative activities of hypothalamic neurons
can often be considered as fundamental components
of neuroendocrine homeostatic systems or neuroendo-
crine reflexes. The microanatomy of neuronal groups
which may integrate signals in these systems has been
studied extensively and is reviewed in relevant chap-
ters in this volume.

How does signal integration occur in specific hypo-
thalamic neurons? The molecular events that mediate
these integrative processes have been extremely dif-
ficult to resolve, given the technical barriers that have
limited experimentation on a specific cell, or popula-
tion of cells, that subserve a specific integrative pro-
cess. The advent of new transgenic animal models,
gene “knock-out” paradigms, cell-activity markers,
gene-transfer methodologies, immortalized cell lines,

single-cell RNA analysis, and refined organotypic tis-
sue-slice explants will hopefully permit the character-
ization of these critically important integrative pro-
cesses.
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1. INTRODUCTION

1.1. Neuropeptide Receptors in the Brain

More than 50 neuropeptides have been identified
to be synthesized in neurons of the hypothalamus.
Most of these peptides are transported inside the axons
to the median eminence where they are released into
the perivascular space of fenestrated capillaries of the
primary plexus. The peptides then enter the blood-
stream and are carried to the secondary plexus of the
anterior pituitary where they diffuse out of the modified
capillaries into the perivascular space and bind to spe-
cific membrane receptors to regulate the synthesis and/
or release of the anterior pituitary hormones.

In addition to these “neurohormone” actions, most
neuropeptides are also released within the central ner-
vous system to regulate the activity of various neurons
and, in some cases, glial cells. In general, the neuro-
peptides are released either from a presynaptic axon
terminal, which is followed by binding to and activa-
tion of postsynaptic receptors or they are released
from extrasynaptic sites of “en passant” axons, which
is followed by diffusion of the peptides to specific
extrasynaptic membrane receptors. In addition, many
neuropeptides are released into the cerebrospinal fluid
and thus, circulated throughout the brain via the extra-
cellular fluid. The peptide levels in the cerebrospinal
fluid are of clinical importance because they parallel
in most cases the amounts of peptide released in the
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median eminence. They can also be easily determined
by radioimmunoassay of cerebrospinal fluid collected
by spinal taps. Because the neuropeptides are not
exclusively released at presynaptic terminals, but also
at asynaptic sites, anatomical mismatches in the local-
ization of the peptide-containing neurons and their
relevant receptors are a common feature for most neu-
ropeptide systems. In the following section, the local-
ization of several neuropeptide receptors is described
with focus on the hypothalamus and compared to the
localization of the corresponding neuropeptides. The
distribution patterns of peptide hormone receptors in
the hypothalamus are summarized in Table 1.

2. NEUROPEPTIDE RECEPTORS

2.1. Gonadotropin Releasing Hormone
(GnRH)

GnRH is best known for its regulation of the ante-
rior pituitary gonadotropes where it stimulates the
release and synthesis of luteinizing hormone (LH)
and follicle stimulating hormone (FSH). In addition
to this “endocrine” function, GnRH is involved in the
regulation of intracerebral processes, such as facilita-
tion of reproductive behavior. These actions are
mediated by binding of GnRH to and activation of
specific membrane receptors. So far, only one GnRH
receptor type has been cloned and sequenced. This
receptor belongs to the family of seven transmem-
brane-spanning, G-protein coupled receptors. The
GnRH receptor has the unique feature that a C-termi-



96 Part | / Neuroendocrinology
Table 1
Distribution of Neuropeptide Receptor mRNAs in the Hypothalamus
Somato-  Somato-  Somato-  Somato-
statin statin statin statin
GnRH-R  CRH-R! CRH-R2 TRH-R RI R2 R3 R4 Vasopressin ~ Oxytocin

Preoptic area - + +++ +++ +++ +++ +++ ++ +++
Median preoptic n. - - ++ ++ _
Anterior hypothalamic n. - + + + + ++ ++ ++ ++
Suprachiasmatic n. - - + + ++++ ++ +++ ++++ -
Retrochiasmatic area - o+ T+
Supraoptic n. - - +++ - +++ - e+ ++ - ++
Paraventricular n.

Parvocellular - - ++ + +++ + +++ ++

Magnocellular - - - ++
Arcuate n. +++ —/+ —/+ + ++++ +++ +++ ++ ++ —
Dorsomedial n. +++ — +++ + ++ ++ ++ —
Ventromedial n. ++ + ++++ + +++ +++ - -+
Lateral hypothalamic area  — + +++ ++ _
Mammillary body - + + + + ++ ++

nus intracellular loop is missing. After the cloning of
the receptor, cRNA probes were generated and used
for in situ hybridization to localize the cells that
contain the mRNA. In general, GnRH receptor
mRNA is restricted to a few nuclei in the brain, includ-
ing the claustrum, amygdala, hippocampus, medial
habenula as well as the hypothalamic arcuate and
ventromedial nuclei. Most of these regions also con-
tain the receptor protein as determined by in vitro
autoradiography using the 'I-labeled agonist [D-Ser
(tbu)®-Pro’-NHEt)-GnRH (Buserelin, Hoechst) as
ligand, however, several mismatches have been noted.
For instance, the ventromedial nucleus contains mod-
erate GnRH receptor mRNA levels and low levels of
specific binding sites. The ventromedial nucleus sends
extensive projections to the central gray, which con-
tains abundant GnRH binding sites. The central gray
is a site in the brain where local microinjections of
GnRH facilitate reproductive behaviors. It is likely
that the receptor protein is synthesized in the perikarya
of neurons in the ventromedial nucleus and trans-
ported intraaxonally to the central gray. Similarly,
GnRH binding sites have been detected in the inter-
peduncular nucleus where receptor mRNA is absent.
Instead, the medial habenula contains GnRH receptor
mRNA and it is likely that the receptor protein
is transported through a major projection from the
medial habenula through the fasciculus retroflexus to
the interpeduncular nucleus. In general, there is a
fairly good overlap between GnRH-neuropeptide con-
taining regions in the brain and GnRH receptor
expressing neurons. One notable exception is the hip-
pocampus, which contains substantial amounts of
receptor mRNA and protein, yet GnRH immunoreac-
tive neurons or axons are absent from the hippocam-

pus. Evidence suggests that GnRH from the cerebro-
spinal fluid can reach the hippocampus and bind to
receptors in the strata oriens and radiatum.

The exact function of intracerebral GnRH receptors
in the control of reproductive behaviors or other phys-
iological events is not clear, however, it is known
that the ventromedial nucleus is one of the critical
sites in the brain involved in the generation of lordosis
behaviors. It is possible that activation of GnRH
receptors contributes to the expression of this behav-
ior. The arcuate nucleus of the hypothalamus receives
GnRH-containing axons and also contains GnRH
receptor mRNA and protein, which suggests that
GnRH innervates certain neurons in this nucleus. On
the other hand, the neurons in the arcuate nucleus
synthesize a variety of neuropeptides and catechola-
mines, including dopamine, neuropeptide Y, and
proopiomelanocortin, which are transported to the
median eminence where they can regulate GnRH
release from axon terminals. It is likely that GnRH
can influence the activity of these neurons and
thereby participate indirectly in the control of the
secretion of GnRH from axon terminals in the
median eminence.

2.2. Corticotropin Releasing Hormone
(CRH)

CRH is the principal neuropeptide that stimulates
the release of ACTH from the anterior pituitary and
it is therefore responsible for the control of the brain-
pituitary-adrenal axis. The CRH neurons that regulate
the anterior pituitary corticotropes are located in the
paraventricular nucleus and, to a lesser extent, in the
supraoptic nucleus. In addition, CRH is synthesized in
many neurons in a variety of cortical and subcortical
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regions, the hypothalamus and brain stem and it is
thought that these neurons are involved in the control
of autonomic functions. Thus, CRH participates in the
regulation of memory, control of food and electrolyte
balance, emotions, especially fear and aggression, as
well as neurological disorders such as depression.
So far two different receptors for CRH have been
cloned and the cDNA and amino acid sequences deter-
mined. Both proteins are G-protein coupled, they
belong into the family of seven transmembrane span-
ning receptors and activation of both receptors stimu-
lates cCAMP production. The receptors differ in their
structure/function relationships in that the peptides
CRH, urotensin, and sauvagine are about equipotent
in stimulating cAMP production through activation
of the CRF-R1 (ECs, = 4 nM) whereas CRH, uroten-
sin, and sauvagine are effective at the CRF-R2 recep-
tor with ECs, of 20, 2, and 0.5 nM, respectively.
The localization of the mRNAs encoding the CRF-
R1 and -R2 receptors is quite different, especially
in the hypothalamus and pituitary. Thus, CRH-R1
mRNA is abundant in the anterior and intermediate
lobe of the pituitary, whereas CRH-R2 mRNA is
very low. In the hypothalamus, CRH-R1 mRNA is
prominent in the dorsomedial nucleus and less in the
supraoptic and ventromedial nuclei, as well as in the
lateral hypothalamus. This receptor mRNA is absent
or very low in all subdivisions of the paraventric-
ular nucleus. Conversely, CRH-R2 mRNA is highly
expressed in the ventromedial, supraoptic, and para-
ventricular nuclei, whereas less receptor mRNA is
present in the preoptic and suprachiasmatic nuclei.
CRH-R2 mRNA is absent in the dorsomedial nucleus.
Both receptor mRNAs are absent in the hypothalamic
arcuate nucleus. Both receptor mRNAs are present in
many extrahypothalamic regions, again in an almost
mutually exclusive pattern. CRH-R1 mRNA levels
are high in the cortex, pons/medulla, and amygdala,
especially in the basolateral and medial nuclei,
whereas CRH-R2 mRNA is present in the posterior
cortical nucleus of the amygdala and less in the medial
nucleus. CRH-R2 mRNA is absent in the cortex and
pons, except for certain neurons in the inferior collicle.
There are only a few regions in the extrahypothalamic
brain that contain both receptor mRNAs. These
include the hippocampus, interpeduncular nucleus,
accessory olfactory nucleus, and the ependyma.
The general localization of the CRH receptor
mRNAs matches to a large extent the distribution of
CRH-containing neurons and axons. Notable excep-
tions are the interpeduncular nucleus where immuno-
reactive fibers are absent or rare, yet both CRH-R1

and R2 mRNA is found in moderate amounts. Con-
versely, the locus ceruleus contains many CRH immu-
noreactive neurons and axons, yet neither CRH-R1
nor -R2 mRNAs have been detected.

Based upon the distribution of the two receptor
mRNA:S, it is clear that CRH action on ACTH release
in the pituitary is mediated predominantly by CRH-
R1. However, the neurons in the paraventricular
nucleus that project to the median eminence, i.e., the
neuroendocrine CRH neurons, express the CRH-R2
mRNA, which suggests that these neurons are regu-
lated at least in part by CRH itself through CRH-R2-
autoreceptors or a short-loop feedback system using
the CRH-R2 receptor. A similar situation exists in
the supraoptic nucleus where CRH is synthesized in
a subpopulation of neurons and only CRH-R2, but
not CRH-R1 mRNA is detected. These data suggest
that CRH-R2 also participates in the control of the
hormone release from the neural lobe, although it is
not clear at present if either oxytocin- or vasopressin-
containing neurons or both express the receptor. One
can only speculate about the role of CRH receptors
in other hypothalamic regions: for instance, the ven-
tromedial nucleus is an important site of integration
of autonomic-gastrointestinal functions and CRH has
been implicated in the development of eating disor-
ders. It is possible that these effects are mediated by
activation of CRH-R2.

2.3. Thyrotropin-Releasing Hormone (TRH)

TRH is synthesized in the form of a large precursor
molecule that contains five copies of the active tripep-
tide. TRH stimulates the release of thyroid-stimulat-
ing hormone (TSH) from the anterior pituitary thyro-
tropes and, to a lesser extent, of prolactin, but it has
important additional functions inside the brain. Here,
TRH is involved in the control of diverse processes
including blood pressure, respiration, body tempera-
ture, nociception, and water and food intake. All
actions of TRH are initiated by binding to a plasma
membrane receptor that belongs to the seven trans-
membrane spanning, G-protein coupled receptors.
Recently, the cDNA encoding this receptor has been
sequenced and the amino acid sequence deduced. It
appears that only one form of this receptor exists,
although a splice variant has been described that con-
tains an extended cytoplasmic C-terminal tail. How-
ever, no specific functional differences have been
determined for this 19-20 amino acid extension.

“In situ” hybridization studies using cRNA or oli-
gonucleotide probes have shown that the receptor
mRNA is widely distributed throughout the hypothal-
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amus. Thus, the medial and lateral preoptic areas
and the periventricular anterior hypothalamus contain
strongly labeled neurons, whereas fewer TRH-recep-
tor mRNA containing cells are present in the parvocel-
lular portion of the paraventricular nucleus and in
an area surrounding the magnocellular subdivision.
TRH-receptor mRNA has been found in the suprachi-
asmatic nucleus, the perifornical region of the lateral
hypothalamus, and in the dorsomedial nucleus. The
arcuate nucleus and the mammillary body contain
only a few labeled neurons, whereas the posterior
hypothalamus and the supramammillary region
contain many labeled cells. Important extrahypothala-
mic regions with high TRH-receptor mRNA content
include the accessory olfactory bulb, perirhinal cor-
tex, various subdivisions of the amygdala, as well as
the diagonal band of Broca.

The distribution of the receptor mRNA matches in
most instances the location of the receptor protein,
as determined by “in vitro” autoradiography. Thus,
binding is strongest in the preoptic area followed by
the posterior mammillary nucleus, the dorsomedial,
and the ventromedial nuclei. The amount of binding
in the paraventricular nucleus is still controversial
since very little specific binding was measured with
[*H](3-Me-His?)-TRH as ligand whereas high levels
were measured with [*H]-TRH. The finding that the
receptor protein is located in the same regions as
the corresponding receptor mRNA suggests that the
receptor is not extensively transported to distant axon
terminals, but it remains at or near the perikaryon
probably functioning as a postsynaptic dendritic or
somatic receptor.

2.4. Somatostatin

Somatostatin is the major inhibitor of growth hor-
mone release from the anterior pituitary somatotropes.
This inhibition is exerted by binding to and activation
of specific membrane receptors on the somatotropes
as well as certain neurons inside the brain. In the
central nervous system, somatostatin is thought to
inhibit the activity of growth-hormone releasing hor-
mone producing neurons. So far, five different recep-
tor subtypes for somatostatin have been cloned,
sequenced, and the amino acid sequences have been
deduced. All of these receptors are G-protein coupled
and activation of the receptors leads to an inhibition
of adenylate cyclase activity and a decrease of Ca**
influx through voltage-sensitive Ca** channels. The
expression of the five receptor subtypes is region-
specific in the brain and under differential regulation
during the pre- and postnatal development. In the

adult, the mRNAs for the somatostatin receptors
1-4 are widely expressed throughout most regions of
the cortex, olfactory system, hippocampus, amygdala,
and septum, whereas somatostatin receptor-5 mRNA
is found only in the cerebellum, dorsal motor nucleus
of the vagus, and interpeduncular nucleus. The exten-
sive extrahypothalamic distribution of the somato-
statin receptor mRNAs suggests that somatostatin
exerts additional functions, beside the regulation of
growth hormone release.

In the hypothalamus, somatostatin receptor-1
mRNA levels are highest in the supraoptic, suprachi-
asmatic, arcuate, paraventricular nuclei, and medial
preoptic area. Lower levels of the receptor mRNA
are present in the periventricular and ventral premam-
millary nuclei and lowest in the anterior hypothala-
mic, ventromedial, dorsomedial, lateral mammillary,
and medial tuberal nuclei as well as the lateral preoptic
area. In contrast, somatostatin receptor-2 mRNA lev-
els are highest in the medial tuberal, arcuate, ventro-
medial, and medial preoptic nuclei and lower levels
of receptor mRNA are present in the anterior hypo-
thalamic, suprachiasmatic, arcuate, and dorsomedial
nuclei. The mRNA content is lowest in the lateral
preoptic area, paraventricular, periventricular, and
mammillary nuclei. Somatostatin receptor-3 mRNA
levels are highest in the supraoptic, suprachiasmatic,
ventromedial, arcuate, and magnocellular paraven-
tricular nuclei and less abundant in the medial preoptic
and anterior hypothalamic areas, the dorsomedial, and
the mammillary nuclei. It is low or absent in the
periventricular nucleus. The distribution pattern of
the somatostatin-4 receptor mRNA is quite different
in that its expression is highest in the medial preoptic
area and less abundant in the supraoptic, arcuate, and
mammillary nuclei. The mRNA of the somatostatin-
5 receptor is not detectable in the adult hypothalamus.

The distribution of the somatostatin receptor 1-4
mRNAs overlaps to a large extent with the localiza-
tion of the receptor proteins as shown by in vitro
autoradiography and with the location of somato-
statin immunoreactive perikarya or axons. Thus, the
somatostatin receptor-2 selective ligand MK-678
binds to cells in the ventromedial and dorsomedial
nuclei, conversely, somatostatin-28, which is more
selective for the type-1 receptor, binds preferentially
to cells in the paraventricular nucleus. In many
instances, such as in the periventricular and paraven-
tricular nuclei, extensive overlap exists in the distribu-
tion of somatostatin immunoreactive neurons and
receptor mRNAs. This overlap suggests that a portion
of these receptors may function as autoreceptors to
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inhibit the activity of somatostatin neurons. More-
over, the localization of several somatostatin receptor
subtype mRNAs in the same nucleus, for example,
the arcuate nucleus, indicates that certain neurons
express several different somatostatin receptor sub-
types. Because growth-hormone releasing hormone
neurons are prominent in the arcuate nucleus, it is
likely that their activity is regulated, at least in part
by somatostatin, thus establishing intrahypothalamic
feedback loop systems that control either somatostatin
or growth-hormone releasing hormone secretion from
the median eminence.

2.5. Vasopressin

Vasopressin is a nonapeptide that is produced in the
hypothalamic magnocellular neurons of the supraoptic
and paraventricular nuclei, as well as in parvocellular
neurons of the suprachiasmatic nucleus. The hormonal
function of vasopressin is typically associated with the
regulation of water-salt balance, ACTH release, blood
pressure, and metabolic balance. In addition, vasopres-
sin functions as a neurotransmitter in the central ner-
vous system where it affects brain development, learn-
ing, memory, and body temperature.

Several membrane receptors for vasopressin have
been characterized based upon differential binding
properties of analogs and more recently, 3 cDNAs have
been cloned that encode for the VP1a, VP1b, and VP2
receptors. All of these receptors are G-protein coupled
and have seven transmembrane spanning hydrophobic
regions. They differ, however, in their second messen-
gers pathways in that activation of the receptors of the
V1 class stimulates phosphatidylinositol turnover and
Ca™ influx whereas the V2 receptor is coupled to ade-
nylate cyclase. Binding of an agonist to the V1arecep-
tor activates phospholipase-A,, -C, and -D, but not
cAMP production. These effects are not sensitive to
pertussis toxin, which indicates that the receptor s cou-
pled to Gy, proteins. The three different receptor sub-
types are expressed differentially and so far only the
Vla-receptor mRNA and protein have been identified
in the central nervous system, whereas the V1b recep-
tor is the dominant receptor in the anterior pituitary
corticotropes and the V2 receptor is, in the adult, only
expressed in the kidney.

Vla-receptor mRNA is present in many regions
of the brain including the frontal and piriform cortex,
islands of Calleja, olfactory system, hippocampus,
most septal nuclei, and throughout the midbrain, pons,
and medulla. In the hypothalamus, highest levels of
Vla-receptor mRNA are present in the suprachias-
matic, arcuate, stigmoid, dorsomedial, and periven-

tricular nuclei and in the lateral hypothalamic area.
Intermediate levels of the Vl1a-receptor mRNA are
present in the medial preoptic nucleus, anterior and
posterior hypothalamic areas, parvocellular portion
of the paraventricular nucleus, and ventral premam-
millary and supramammillary nuclei. Interestingly,
Vla receptor mRNA is absent or very low in the
supraoptic and ventromedial nuclei.

The location of V1a-receptor mRNA parallels well
the areas in the hypothalamus that exhibit specific
binding of [*H]-arginine-vasopressin, such as the
suprachiasmatic, arcuate, and stigmoid nuclei. These
findings suggest that vasopressin receptors are local-
ized to the perikaryal and/or proximal dendritic
plasma membrane and are, in most cases, not trans-
ported to distant sites on axons or dendrites. More-
over, the presence of Vla receptor mRNA in the
paraventricular and suprachiasmatic nuclei supports
the view that vasopressin-synthesizing neurons in
these regions express the V1a receptor and may there-
fore be regulated in part by vasopressin peptide in an
autocrine or paracrine fashion. In fact, dual in situ
hybridization for a simultaneous detection of vaso-
pressin and V1a-receptor mRNAs showed that both
mRNAs are colocalized in approx 50% of the vaso-
pressin neurons in the suprachiasmatic nucleus. In
addition, about one-half of the neurons that contain
the receptor mRNA are negative for vasopressin and
they may contain other neurotransmitters.

One region in the hypothalamus where exten-
sive vasopressin binding, but only very little recep-
tor mRNA has been detected, is the ventromedial
nucleus. It is possible that the few neurons that contain
the receptor mRNA are sufficient to translate the
mRNA into large amounts of vasopressin-receptor
protein or that the receptors that were thought to
be specific for vasopressin are indeed receptors for
oxytocin, which shares extensive amino acid sequence
homology with vasopressin.

The role of the V1a receptor in the hypothalamus
is best understood in relation to the suprachiasmatic
nucleus where the mRNA content follows a distinct
circadian rhythm with highest levels during the dark
period. This is the exact opposite of the vasopressin
mRNA, which increases about threefold during the
early light period. The circadian expression of the
Vla receptor is in good agreement with previous
electrophysiological results that have shown that
vasopressin is more effective in stimulating single unit
activity of neurons during the night when compared to
the day. Interestingly, the circadian rhythm of Vla-
receptor mRNA is not dependent upon the presence
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of the vasopressin peptide because the neurons of the
suprachiasmatic nucleus of the Brattleboro rat, which
does not synthesize vasopressin, exhibits the same
circadian rhythm of Vla-receptor expression.

2.6. Oxytocin

Oxytocin is best known for its endocrine actions
on the mammary gland where it causes contraction
of the myoepithelial cells resulting in milk ejection
and on the smooth muscle cells of the uterus to induce
contractions during parturition. In the brain, oxytocin
affects many autonomic and somatic functions, repro-
ductive and maternal behaviors, learning and mem-
ory, as well as certain neuroendocrine circuits. Oxyto-
cin is structurally closely related to vasopressin and
differs only in two amino acids in position 3 and 8.
The similarity of the two peptides made it diffi-
cult to characterize separate receptor proteins and
although in vitro autoradiography identified distinct
anatomical binding patterns for the two peptides, con-
troversies remain for several hypothalamic nuclei.

Recently, one oxytocin receptor has been cloned
and sequenced. This protein shows the appropriate
rank order of binding affinities: oxytocin > 1-de-
amino(7-sarosine)-oxytocin > arginine vasopressin
after transfection of COS cells. The receptor is G-
protein coupled and exhibits 35-50% amino acid
homology with the different vasopressin receptors.
Very little is known about the signal transduction
pathways that are activated by oxytocin although
some preliminary evidence suggests that Ca** mobili-
zation is involved in agonist action.

Oxytocin receptor mRNA is widely distributed
throughout the central nervous system with high
concentrations in the olfactory system, caudate-
putamen, bed nucleus of the stria terminalis, amyg-
dala, and hippocampus. Lower levels of oxytocin-
receptor mRNA are found throughout the mesenceph-
alon and brainstem, except for the dorsal motor
nucleus vagus, which contains larger amounts of the
receptor mRNA. No mRNA has been detected in the
pituitary. In the hypothalamus, high levels of oxyto-
cin-receptor mRNA are present in the anterior medial
and magnocellular preoptic nuclei, the retrochias-
matic area, and the ventromedial nucleus, especially
the ventrolateral subnucleus. Intermediate levels of
receptor mRNA are detected in the dorsomedial por-
tions of the paraventricular and supraoptic nuclei and
the lateral hypothalamic and supramammillary area.
No oxytocin-receptor mRNA is found in the suprachi-
asmatic and arcuate nuclei.

In general, extensive overlap exists in the location
of oxytocin binding sites as determined by in vitro
autoradiography and oxytocin-receptor mRNA sug-
gesting that most receptor protein is present in the
plasma membrane of the perikarya and/or proximal
dendrites. Small discrepancies exist in the anterior
medial preoptic nucleus, which does not exhibit spe-
cific binding of oxytocin yet has high amounts of
receptor mMRNA. One explanation is that the receptor
protein is transported along the axons and/or into the
distal dendrites. Conversely, the posterior pituitary
exhibits large amounts of oxytocin binding sites yet
no receptor mRNA. Since certain neurons in the para-
ventricular and supraoptic nuclei contain the receptor
mRNA and they project to the neural lobe, it is possi-
ble that the receptor protein is transported from the
hypothalamic perikarya to the axon terminals to regu-
late the release activity in an autocrine or paracrine
fashion.

Several hypotheses exist about the role of oxytocin
in the hypothalamus. One is related to the control of
osmotic balance because oxytocin is released from
the neural lobe in response to hypertonic saline
administration. The anterior medial preoptic nucleus
is thought to contain osmosensitive neurons and,
because oxytocin receptor mRNA levels are high in
this nucleus, the existence of an oxytocin-mediated
feedback system has been proposed that includes
communication between the anterior medial preoptic
nucleus and the magnocellular neurons in the paraven-
tricular and supraoptic nuclei.

In the ventromedial nucleus, oxytocin is involved
in the facilitation of lordosis behavior and, because
large amounts of oxytocin-receptor mRNA and bind-
ing sites are present in this structure, it appears that
oxytocin exerts these effects by activating perikaryal
receptors. Interestingly, estradiol causes a significant
increase in oxytocin-receptor protein in the ventrolat-
eral portion of the ventromedial nucleus a few hours
after administration of the steroid suggesting that clas-
sical nuclear steroid receptors are involved. This is
surprising because a typical estrogen-response ele-
ment has not been found in the oxytocin-receptor
gene, however, it is possible that widely spaced half-
palindromic motifs in the promoter region can be
activated by estrogen receptors.

3. STEROID HORMONE RECEPTORS

The brain is an important target for circulating
steroid hormones that originate from peripheral tis-
sues or local production. Steroids exert their effects
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Table 2
Distribution of Steroid Hormone Receptors in the Hypothalamus
Hypothalamus ER-a ER-B AR PR GR MR VDR

Preoptic area +4+++ ++++ +++ +++ + + +
Periventricular n. +++ +++ +++ +++ + + +
Median preoptic n. ++ - ++ ++ 4+ ++ +
Anterior hypothalamic n. + + +++ ++ ++ ++ -
Suprachiasmatic n. - + ++ ++ + — +
Supraoptic n. - +++ + - - - +
Paraventricular n. — ++ + — +4+ + +

Parvocellular region

Magnocellular region - +4++ + - - - +
Arcuate n. +++ + ++ ++ +++ + +
Dorsomedial n. + + + - 4+ +
Ventromedial n. ++ - +++ + ++ 4+ +
Lateral hypothalamic area + - + + + - +
Mammillary body — - 44+ + ++ + _

on brain function by binding to classical nuclear
receptors and, in addition they can also interact with
certain subunits of glutamate and GABA receptors.
Nuclear steroid receptors are hormone-activated tran-
scription factors that influence gene expression in a
wide variety of central nervous system neurons. They
exert profound influences on the brain throughout
the lifespan of an individual, beginning with early
development and extending into adulthood. Steroid
hormones affect the morphology of neurons, cell sur-
vival, neurochemical phenotype, and connectivity,
which has important consequences for the functioning
of the entire body.

This section summarizes the present state of the
localization of the nuclear receptors for estrogen,
androgen, progesterone, glucocorticoid, mineralcorti-
coid, and vitamin D in the central nervous system
from a perspective of their potential influence on a
wide variety of hormone-dependent functions. The
patterns of distribution of the steroid hormone recep-
tors in the hypothalamus are summarized in Table 2
and examples of autoradiograms after in situ hybrid-
ization localization of steroid hormone-receptor
mRNAs or of steroid-receptor proteins after immuno-
histochemical stainings are provided in Fig. 1.

3.1. Gonadal Steroids

3.1.1. EsTRADIOL

Early studies have shown that intravenously
administered radioactive estradiol binds to nuclear
receptors in the target neurons and these can be identi-
fied with high resolution autoradiography. Based on

these studies, it is clear that estradiol target neurons
are widely distributed throughout the central nervous
system and that the brain regions associated with
neuroendocrine functions, such as the preoptic area,
are particularly rich in estradiol-receptive neurons.
More recently, a variety of molecular, biological, and
immunohistochemical techniques have detected
estrogen receptors in anatomically distinct regions of
the brain throughout its rostrocaudal extent confirm-
ing the results of in vivo autoradiography. To date,
two types of estrogen receptor, the ER-a and ER-8
forms, have been identified and the distribution of
the receptor mRNAs has been determined with in situ
hybridization histochemistry. Brain cells that exclu-
sively express ER-B mRNA are located in the olfac-
tory bulb, supraoptic, paraventricular, suprachias-
matic, tuberal hypothalamic nuclei, zona incerta,
substantia nigra/ventral tegmental area, cerebellum,
retina, and the pineal. In contrast, cells in the ven-
tromedial nucleus and subfornical organ expressed
only ER-o transcripts. Both types of receptors are
expressed in the perikarya of other brain regions
including the bed nucleus of the stria terminalis,
medial and cortical amygdaloid nuclei, preoptic area,
arcuate nucleus, median eminence, lateral habenula,
periaquaductal gray, parabrachial nucleus, locus ceru-
leus, nucleus of the solitary tract, and spinal trigemical
nucleus. In the cerebral cortex, ER-f mRNA contain-
ing neurons appear to be more abundant than the ER-
Qo positive neurons.

In the hypothalamus, many aminergic and peptid-
ergic neurons are targets for estradiol. Thus, it has
been shown that oxytocin and vasopressin containing
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Fig. 1. Examples of localizations of estradiol receptor-o
mRNA with in situ hybridization (A,B), estradiol receptor-
« protein (C,D) and vitamin D receptor protein (E,F) with
immunohistochemistry in the rat hypothalamus. (A) is a low-
magnification dark-field micrograph of the preoptic nucleus
showing accumulations of silver grains over neurons of the
anteroventral preoptic subdivision. (B) is a high-magnification
bright-field micrograph showing the location of estrogen-
receptor-0. individual neurons of the same region. (C) and
(D) show the localization of the estrogen-o-receptor protein
in the cell nuclei of neurons in the anteroventral preoptic
subdivision with low (C) and high power (D). (E) and (F)
show the location of vitamin D receptor protein with low (E)
and high (F) magnification in the cell nuclei of certain neurons
of the rat arcuate nucleus.

neurons also express estradiol receptors as do endor-
phin, somatostatin, or neuropeptide Y-synthesizing
neurons, among others. The majority of estrogen-
responsive neurons are found in areas known to be
involved in some aspect of neuroendocrine functions.
One important aspect of the function of estradiol in
the brain is to provide the gonadal signal for positive
and negative feedback regulation of GnRH neuronal
activity, which controls the reproductive cycle in the
female. Interestingly, the GnRH neurons do not
express estradiol receptors, which implies that estra-
diol acts on afferent neurons that convey the hormone
signal to the GnRH neurons. In addition, many target
neurons are found in areas that are not typically con-

sidered to have a primary role in reproductive behav-
1or or neuroendocrine function, such as the cortex or
hippocampus. The function of estrogen in these areas
are not clear at present, however, estradiol has been
implicated to be important for diverse processes
including learning, memory and neuroprotection,
olfaction, vision, the central regulation of coordina-
tion and balance, muscle movement, and seasonal
rhythms.

3.1.2. ANDROGENS (TESTOSTERONE
AND DIHYDROTESTOSTERONE)

The pattern of distribution of cells that accumulate
radioactive androgens, contain the receptor protein or
the receptor mRNA appears similar to that described
of estrogen receptors in the brain. Androgen-respon-
sive cells are located in the habenula, pineal, interpe-
duncular nucleus, area acusticolateralis, cerebellum,
and motor nuclei of the medulla oblongata. The lateral
septal nucleus, the medial and cortical nuclei of the
amygdala, the amygdalo-hippocampal area, and the
bed nucleus of the stria terminalis, Ammon’s horn,
also contain androgen responsive cells, as do both
parts of the subiculum. Additional neurons that
express androgen receptors are present in the vestibu-
lar nuclei, the cochlear nuclei, the medial geniculate
nucleus, and the nucleus of the lateral leminiscus.
The olfactory regions of the cortex and in both, the
main and accessory olfactory bulbs, the nucleus of
the solitary tract, the area postrema, and the subforni-
cal organ also contain androgen-responsive cells.

In the hypothalamus, androgen-receptor-contain-
ing cells are concentrated in the medial aspects close
to the third ventricle and they are less numerous in
the lateral hypothalamic area. Specifically, androgen-
responsive cells are present in the suprachiasmatic,
supraoptic, and periventricular nuclei, as well as in
the parvocellular and magnocellular regions of the
paraventricular nucleus. Further caudally, androgen-
receptor-containing neurons are found in the dor-
somedial, ventromedial, and arcuate nuclei, retrochi-
asmatic area, median eminence, and the mammillary
body. The highest concentration of cells that are
responsive to androgen are in the preoptic-hypo-
thalamus.

Androgens play a critical role in the regulation of
neuroendocrine functions and reproductive behaviors
and, based on their distribution in the hypothalamus,
they are in a position to coordinate the neuropeptide
and neurotransmitter systems that govern such func-
tions and behaviors. Androgen may also alter the
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central processing of vestibular and auditory informa-
tion, as well as visceral sensory information.

3.1.3. PROGESTERONE

Progesterone receptor-containing neurons are scat-
tered throughout many brain regions including the
central, medial, and cortical nuclei of the amygdala,
the septum, subfornical organ, the lateral geniculate
nucleus, the parietal and entorhinal cortex, and the
central gray of the midbrain. In the hypothalamus,
progesterone-sensitive neurons are concentrated in
various preoptic nuclei including the medial preoptic,
lateral preoptic, and periventricular preoptic nuclei.
Further caudally, progesterone-receptive neurons are
found in the suprachiasmatic, periventricular, arcuate,
ventromedial, dorsomedial nuclei, and in the ventral
and lateral mammillary region and lateral hypothala-
mus. The results of in vivo uptake of tritiated progestin
correspond well with the results obtained with in situ
hybridization for the progesterone receptor-transcript
mRNA and with immunohistochemistry using spe-
cific antibodies to the receptor protein.

The brain regions that contain receptors for proges-
terone are known to regulate sexual behavior, the
ovarian cycle, and gonadotropin release. Depending
upon the timing and dose of progesterone administra-
tion, this steroid hormone can either inhibit or facili-
tate the estrogen-induced LH surge. Progesterone is
also associated with inhibition of sexual receptivity
and/or facilitation lordosis behavior. Little is known
about the role of PR in other brain regions.

3.2. Adrenal Steroids

3.2.1. GLUCOCORTICOID

In vivo autoradiography has shown that glucocorti-
coid-concentrating neurons are widely distributed
throughout the brain with highest levels of receptors
in the lateral septum, hippocampus, cortical, and thal-
amic regions. In the hippocampus, receptors are seen
in the pyramidal neurons of areas CAl and CA2 and
in the granular cells of the dentate gyrus. Moderate
labeling of a large number of neurons is observed in
layers II, III, and VI of the neocortex and in many
thalamic nuclei, especially the anterior and ventral
nuclear groups, as well as several midline nuclei.
Within the cerebellar cortex, strong labeling is seen
in the granular layer. In the lower brain stem, strong
labeling is found throughout the locus ceruleus and
in the mesencephalic raphe nuclei rich in noradrener-
gic and serotoninergic neurons, respectively.

In the hypothalamus, moderate numbers of gluco-

corticoid receptor-containing neurons are present in
the periventricular preoptic and suprachiasmatic
nuclei, whereas moderate to strong labeling is seen
in the median preoptic nucleus, anterior hypothala-
mus, and the mammilary body. The most intense
labeling is found in the parvocellular neurons of the
paraventricular hypothalamic nucleus and in the neu-
rons of the arcuate and dorsomedial nuclei. No labeled
cells are present in the supraoptic nucleus. These
results are in good agreement with recent in situ
hybridization or immunohistochemical studies.

3.2.2. MINERALOCORTICOID

In vivo uptake studies of [*H]-mineralocorticoids
have shown that the highest density of positive neu-
rons exists in the hippocampus and lower density in
the hypothalamus. Other brain regions that express
the mineralocorticoid receptor include the septum,
allocortical regions, and brain stem reticular forma-
tion and motor nuclei of cranial nerves and the menin-
ges. The distribution of labeled cells in the hypothala-
mus region mirrors that of the glucocorticoid receptor
distribution with the difference being that fewer
labeled cells are present in a specific nuclei. Thus,
mineralocorticoid receptors are present in certain neu-
rons of the preoptic area, including the median preop-
tic nucleus, the periventricular, arcuate, and dor-
somedial nuclei, as well as the anterior hypothalamic
nucleus and the mammillary body. The highest num-
ber of labeled neurons is seen in the ventromedial
nucleus. One main difference in the localization of
mineralocorticoid- and glucocorticoid-receptor-con-
taining neurons is seen in the paraventricular nucleus
of the hypothalamus where only a few neurons contain
the mineralocorticoid receptor. These data suggest
that modulation of the hypothalamic-pituitary-adrenal
stress axis in the paraventricular nucleus involves
only to a minor extent the mineralocorticoid receptors.

Adrenocorticosteroid receptors are intimately
linked to stress and adaptation, a system of homeosta-
sis. Response to stress occurs following a wide variety
of physiological and psychological stimuli that influ-
ence the activity of the neurons with receptors for
the adrenal steroids. Glucocorticoid receptors are
viewed as modulators of the neuroendocrine stress
response in that they translate the stress stimuli into
specific gene transcription products targeted to
enhance the capacity of an individual to adapt to the
changing environment. The existence of dual receptor
systems for the adrenal steroids suggests a tight coor-
dination of responses to stress stimuli. The glucocorti-
coid receptor system mainly functions as a negative-
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feedback regulator of the hypothalamic-pituitary-
adrenal axis whereas, the mineralocorticoid receptors
are thought to play an additional important role in
the central regulation of body fluid and electrolyte
balance by working together with the angiotensin
neural network. Elevation of blood pressure appears
to be mediated by actions of mineralocorticoids on
responsive cells in the brain, as well as in the kidney
and vascular smooth muscles.

3.3. Vitamin D

Although 1,25-dihydroxy vitamin D; has been
associated for a long time with the maintenance of
calcium homeostasis and bone development, rela-
tively recent data based on in vivo autoradiography
have shown that this steroid hormone acts on many
different target tissues in the body, including the brain.
In the central nervous system, major target sites for
1,25-dihydroxyvitamin Dj; include the central nucleus
of the amygdala, the bed nucleus of the stria termi-
nalis, the reticular nucleus of the thalamus, ventral
hippocampus, dorsal raphe, parabrachial, ambiguous
nuclei, and the nucleus tractus solitarius, motor
nucleus of the cranial nerves, cerebellum, and sub-
stantia geletinosa. In the hypothalamus, vitamin D
receptors are present in the periventricular nucleus,
the preoptic area, the parvocellular region of the para-
ventricular nucleus, arcuate, supraoptic, and suprachi-
asmatic nuclei. These data were recently confirmed
with in situ hybridization to identify the receptor
mRNA and with immunohistochemistry to identify
the receptor protein.

Based upon the distribution of vitamin D receptors
throughout the brain several functions can be sug-
gested. Many target cells are positioned in sensory
pathways, the motor system, and the neuroendocrine-
autonomic system. Thus, a regulation of the auto-
nomic system can be achieved through target neurons
in the dorsal raphe nuclei, the parabrachial, and
ambiguous nuclei, as well as the nucleus tractus
solitarius. Modulation of sensory pathways can be
processed in target neurons in substantia geletinosa,
the parabrachial nucleus, and the reticular nucleus
of the thalamus. The presence of vitamin D receptors
in the choroid plexus, preoptic, and hypothalamic
regions suggests a major role of vitamin D receptors
in regulation of neuroendocrine functions including
sexual and reproductive functions, hypothalamic-
pituitary-adrenal stress axis, hypothalamic-pituitary-
thyroid axis, and central body fluid regulation.

SUMMARY

Peptide and steroid hormones exert profound
effects in the central nervous system ranging from
regulation of adaptive, behavioral, developmental,
aging, neuroplastic and neurodegenerative to neuro-
endocrine processes, among others. Defining the roles
and regulation of peptide and steroid hormone action
in the brain is important for our understanding of
many clinical conditions that are caused by a malfunc-
tion of the neuroendocrine brain.
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1. INTRODUCTION

The human pituitary gland weighs no more than
1 g, but nonetheless controls all the major endocrine
systems and is indispensable for life. Located at the
base of the brain, and closely surrounded by protective
dense bone and fibrous membranes, the gland is com-
prised of the neurohypophysis or neural lobe and the
adenohypophysis. Embryologically derived from a
neural downgrowth, the neural lobe is a bag of axons
which project from nerve cells in the hypothalamus
and terminate on capillaries of the inferior hypophys-
ial artery. This is the site at which the nonapeptides,
vasopressin, and oxytocin are released into the sys-
temic circulation. Synthesized in the supraoptic and
paraventricular nuclei, vasopressin, also termed the
antidiuretic hormone, controls the volume of body
water whereas oxytocin is concerned mainly with
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stimulating milk ejection during lactation, and con-
traction of the uterus (womb) during parturition.
The adenohypophysis is derived from an outgrowth
of the roof of the mouth and, in subhuman species,
is divided into the pars distalis and the pars intermedia.
The pars distalis is more commonly called the anterior
lobe and the pars intermedia and the neural lobe or
pars nervosa together form the posterior lobe. There is
no distinct pars intermedia in the human. The anterior
pituitary gland controls the adrenal and thyroid
glands, the gonads, body growth, and development
of the breast and lactation by way of secreting adreno-
corticotropin (ACTH), thyrotropin (TSH), the gonad-
otropins, growth hormone (GH) and prolactin, respec-
tively. In addition to being growth promoting
(“trophic”) and stimulating immediate hormonal or
cellular events (“tropic”), these hormones all affect
metabolism. This is especially the case for ACTH,
GH, and TSH. The loss of ACTH with the consequent
loss of adrenocortical hormone secretion, and perhaps
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to a lesser degree GH and TSH, makes removal of
the gland (“hypophysectomy”) so lethal.

Anterior pituitary hormone secretion is under the
control of the brain modulated by the feedback of
hormones secreted by the pituitary target organs, i.c.,
the thyroid and adrenal glands and the gonads, and
as shown recently, fat tissue by way of leptin. Neural
control of the anterior pituitary hormones is mediated
by the hypothalamic-pituitary regulatory neurohor-
mones (formerly termed “factors”) which are released
into the exquisite hypophysial portal vessels and
transported by them to the anterior lobe, where they
either stimulate or inhibit the release of the anterior
pituitary hormones. The hypothalamic-pituitary regu-
latory factors (see Chapter 3) are termed neurohor-
mones because instead of being released at synapses
between nerve cells, they are released and transported
to their target cells in the blood stream. Neural control
of the pars intermedia, which secretes the melanocor-
tin, melanocyte stimulating hormone (MSH), is medi-
ated mainly by nerve projections from neurons in
the hypothalamus, however, portal vessel blood does
reach this part of the gland and so neurohormones
that control MSH release may exist.

The hypothalamic-pituitary system is the interface
between the central nervous and the endocrine sys-
tems by which external factors, such as day-length and
stress, and internal factors, such as emotion, trigger
endocrine responses. It was therefore termed the neu-
roendocrine system, and the pituitary gland is said to

be under neuroendocrine control. In addition to the’

hypothalamic-pituitary system, the circumventricular
organs (see Section 2), of which the pineal gland and
subfornical organ are perhaps the most important,
also satisfy the criteria of neuroendocrine systems.
Furthermore, since the term ‘“‘neuroendocrine” was
coined, it has also been applied to interactions
between nerve and endocrine cells in the periphery,
and especially the viscera, of which the gastrointesti-
nal system and its appendages are the most prominent.

This chapter focuses on the principles of neuroen-
docrine control of the pituitary gland and illustrates
how the hypothalamic-pituitary system was used to
demonstrate that peptides satisfy the criteria of neuro-
transmitters or neurohormones, played a significant
role in the development of our understanding of gene
transcription, translation and posttranslational pro-
cessing, and could be used as a “window” to study
brain function in the conscious human (‘“neuroendo-
crine window of the brain”). Also outlined are the
effects of pituitary target hormones on the brain-pitu-
itary stem: in particular, the way that hormones

secreted by the anterior pituitary target glands play an
important role in brain differentiation and plasticity,
affect central neurotransmission and thereby mood,
mental state and memory, and feedback on the brain-
pituitary system as the afferent limb of a homeostatic
regulatory system that ensures that the output of pitu-
itary hormones is maintained at a preset and function-
ally optimal level.

2. HYPOTHALAMIC-PITUITARY AXIS
2.1. Brief History

The central importance of the anterior pituitary
gland as “conductor of the endocrine orchestra”
was not understood until the early 1930s when P.E.
Smith published his parapharyngeal method for
removing the gland (“hypophysectomy”). The effects
of hypophysectomy proved to be so dramatic that for
a short period most scientists in the field, including
the distinguished neurosurgeon, H. Cushing, thought
that the pituitary gland was autonomous. However,
around the same time, W. Rowan, working in Alberta,
Canada, on the annual migration of birds showed that
day-length had a potent effect on the growth of the
gonads. Rowan’s experiments together with those on
seasonal breeding in animals, H. Selye’s observations
on the effect of stressful stimuli on endocrine organs
and especially the adrenal gland and the effects of
brain lesions on pituitary hormone secretion led to
the concept that the anterior pituitary gland must be
under central nervous control, a view that Cushing
soon adopted. The observational and experimental
evidence which supported this concept was summa-
rized by F.H.A. Marshall in his 1936 Croonian lecture.

It had long been known that the pituitary gland
and brain were connected by the pituitary stalk, but
several lines of evidence suggested that neural control
of the anterior pituitary gland was mediated, not by
nerve fibers in the pituitary stalk, but by chemical
substances released into the hypophysial portal ves-
sels. These vessels, first described by G.T. Popa and
U. Fielding in 1930, surround the pituitary stalk link-
ing a primary plexus of capillaries at the base of the
hypothalamus with a second capillary plexus in the
anterior pituitary gland. Throughout the 1930s and
1940s, a debate raged about the direction of blood
flow in the portal vessels. Based on histological evi-
dence, this debate could have been avoided had some-
one read the 1935 report by B. Houssay et al. that in
the living toad, blood flowed from the hypothalamus
down to the pituitary gland. But Houssay’s paper was
published in French.
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The neurohumoral hypothesis of the control of the
anterior pituitary gland was first formally advanced
by H.B. Friedgood in 1936 and J.C. Hinsey in 1937.
However, it was the elegant pituitary graft experi-
ments of G.W. Harris and D. Jacobsohn in 1952 that
showed beyond doubt that the anterior pituitary gland
was controlled by substances released at nerve termi-
nals in the median eminence at the base of the hypo-
thalamus and transported to the pituitary gland by the
hypophysial portal vessels. The characterization of
the first three of these substances, thyrotropin-releas-
ing factor, luteinizing hormone-releasing factor, and
somatostatin, was to take a further 18 to 21 years of
hard work in the laboratories of R. Guillemin and A.
Schally for which they were awarded the 1977 Nobel
Prize for Physiology and Medicine. Soon after its
characterization as a decapeptide in 1971, Fink and
Jamieson measured luteinizing hormone-releasing
factor (LRF: later abbreviated to LHRH or GnRH)
by radioimmunoassay in hypophysial portal blood of
the anesthetized rat and showed that its release could
be increased fivefold by a small electrical stimulus
applied to the medial preoptic area of the hypothala-
mus. The neurohumoral hypothesis of neural control
of the anterior pituitary control had been proved.

2.2. General, Anatomy, and Development

The pituitary gland is linked to the hypothalamus
at the base of the brain (Fig. 1). The hypothalamus
is comprised of a medial part adjacent to the third
cerebral ventricle and in which are located the major
hypothalamic nuclei (see Chapter 2) and a lateral part
comprised mainly of a large cable of nerve fibers that
carries reciprocal fiber tracts between midbrain and
forebrain, the medial forebrain bundle (Fig. 2), in
which are embedded a few aggregations of nerve cell
bodies. Axons from nerve cell bodies located in the
hypothalamic nuclei project to the median eminence
where they either terminate on the loops of primary
capillaries of the hypophysial portal vessels in the
external layer of the median eminence or form a cable
that passes through the internal layer of the median
eminence to form the bulk of the pituitary stalk and
then the neural lobe (Fig. 3). The median eminence,
so called because it protrudes as a small dome in the
midline from the base of the hypothalamus, forms
the floor of the third ventricle and is delineated by
the optic chiasm in front, the mammillary bodies
behind and a depression (hypothalamic sulcus) on
either side (see Chapter 2). Arising from the median
eminence is the neural stalk which links the pituitary
gland to the brain.

The pituitary gland is located in a fossa in the
basisphenoid bone at the base of the skull, the “sella
turcica,” so called because its shape resembles a Turk-
ish saddle. The close proximity of the hypothalamus
and pituitary gland to the optic chiasm means that
tumors either in the hypothalamus or the pituitary
gland may press on, or more rarely invade, the optic
chiasm or tracts, and thereby lead to visual defects.
It is for this reason that a thorough endocrine examina-
tion of the patient must include ophthalmoscopic
examination of the retina, and perimetry of the visual
fields to ascertain whether there are any defects in
the visual fields, a sign of pressure on or damage to
the optic chiasm or tracts.

Thehypothalamic-pituitary axisis divided function-
ally into two systems. The hypothalamus, hypophysial
portal vessels, and adenohypophysis constitute the
hypothalamo-adenohypophysial axis. The hypothala-
mus, neural stalk, and neural lobe constitute the Aypo-
thalamo-neurohypophysial axis. The neural stalk is
made up of numerous nerve fibers that project mainly
from the paraventricular and supraoptic nuclei (PVN
and SON) of the hypothalamus to terminate on a capil-
lary bed derived from the inferior hypophysial artery
and located in the neural lobe of the pituitary gland.
Nerve fibers in the neural lobe (or pars nervosa) are sur-
rounded by pituicytes which are equivalent to glial
cells. Also present in the neural stalk are nerve fibers of
other types of chemical neurotransmitter, such as the
endogenous opioids and dopamine, which are present
in nerve fibers that project from the arcuate nucleus and
innervate the pars intermedia. Because the stalk and
median eminence are continuous, these dopaminergic
neurons are a continuation of a dense palisade of dopa-
minergic fibers that also terminate on the primary
plexus ofthe hypophysial portal vessels enmeshed with
nerve fibers that contain other neurohormones. The
pituitary stalk and median eminence are covered by a
single layer of cells termed the pars tuberalis which is
continuous with the pars distalis.

The adenohypophysis develops from an outgrowth
of the ectodermal placode which forms the roof of the
embryonic mouth (or “stomadeum”). This ectodermal
outgrowth forms Rathke’s pouch and meets the neuro-
hypophysis that grows down from the floor of the
embryonic third ventricle. Rathke’s pouch closes and
separates from the roof of the mouth. The caudal
(rear) part of the pouch remains thin to form the
pars intermedia that becomes tightly juxtaposed to
the rostral surface of the neurohypophysis (Fig. 4).
The rostral part of the pouch develops into the pars
distalis (Fig. 5). Vascularization of the median emi-
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Fig. 1. A midsagittal section of the human brain showing the inside surface. Note the pituitary gland is attached by way of
the pituitary stalk to the floor of the hypothalamus. The hypothalamus and the thalamus, which lies above it, form the wall
of the third cerebral ventricle at the posterior end of which is the pineal gland.

nence and the pituitary gland begins at about day 15
of embryonic (E 15) life in the rat, and the hypophysial
portal vessels (see Section 3) become defined by E 18.
Nerve terminals in the median eminence with granular
vesicles (presumably neurohormones) are first evident
on E 16 and the first secretory granules appear in
pars distalis cells on E 17. This sequence of embryonic
development suggests that the appearance of secretory
cells in the pars distalis may depend in part upon
the differentiation of nerve terminals in the median
eminence and the anlage of the hypophysial portal
vessels.

3. NEUROHEMAL JUNCTIONS
AND CIRCUMVENTRICULAR ORGANS

Neurohemal junctions are the fundamental func-
tional modules of the major central neuroendocrine
system, the median eminence. They are comprised
of nerve terminals and capillaries that are closely
juxtaposed and thereby facilitate the release of chemi-
cal messengers from nerve terminals into the blood
stream and vice versa (Fig. 6). Neurohemal junctions
are also the fundamental units of the neurohypophy-

sis, and of the circumventricular organs such as the
organum vasculosum of the lamina terminalis, subfor-
nical organ, and the pineal gland that are located at
various sites around the third cerebral ventricle and
the area postrema located in the fourth cerebral ventri-
cle. All the circumventricular organs are characterized
by the fact that their vessels are fenestrated (Fig. 6)
and that the blood brain barrier is inoperative at these
sites. The neurohemal junctions in the median emi-
nence, neurohypophysis, and pineal gland facilitate
the transport of neurohormones from the nerve termi-
nals or nerve cell derivatives (pineal) into the blood
stream, whereas at the other circumventricular organs,
the neurohemal junctions facilitate the transport of
neurohormomes from the blood to nerve cells. The
latter mechanism has been implicated in the “cross-
talk” between peripheral organs and the brain so that,
for example, the peptide angiotensin increases blood
pressure by activating neurons of the subfornical
organ that have a high density of angiotensin recep-
tors. In addition to their importance as sites for the
transfer of chemical messengers from nerve terminals
into blood vessels or vice versa, the neurohemal junc-
tions of circumventricular organs are also sites at
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Fig. 2. Diagram showing the relative positions in asagittal plane
of the hypothalamic nuclei in a typical mammalian brain, and
their relation to the fornix, stria habenularis, and fasciculus ret-
roflexus. A. Anterior commissure. Ch. Optic chiasma. Hyp.
Hypophysis (pituitary gland). 1. Lateral preoptic nucleus (per-
meated by the medial forebrain bundle). 2. Medial preoptic
nucleus. 3. Paraventricular nucleus. 4. Anterior hypothalamic
area. 5. Suprachiasmatic nucleus. 6. Supraoptic nucleus. 7.
Dorso-medial hypothalamic nucleus. 8. Ventro-medial hypo-
thalamic nucleus. 9. Posterior hypothalamic nucleus. 10.
Medial mamillary nucleus. 11. Lateral mamillary nucleus. 12.
Premamillary nucleus. 13. Supramamillary nucleus. 14. Inter-
peduncular nucleus (a mesencephalic element in which the fas-
ciculus retroflexus terminates). 15. Lateral hypothalamic
nucleus (permeated by the medial forebrain bundle). 16. Stria
habenularis. 17. Fornix. 18. Fasciculus retroflexus of Meynert
(habenulo-peduncular tract) (after Le Gros Clark 1938 In: The
Hypothalamus, Le Gros Clark et al., eds. Edinburgh, Oliver
and Boyd).

which drugs or toxins that are normally excluded by
the blood brain barrier can penetrate the brain and
affect brain function.

4. THE HYPOTHALAMO-
ADENOHYPOPHYSIAL SYSTEM

4.1. Neurohormonal Control of
Anterior Pituitary Hormone Secretion

The transmission of signals between the brain and
anterior pituitary gland is mediated by chemical mes-
sengers (neurohormones; see Chapter 3) that are trans-
ported by the hypophysial portal vessels from the
hypothalamus to the anterior pituitary gland (Figs.
3-5) where they either stimulate or inhibit the release

Fig. 3. Schematic section of the mammalian hypothalamus and
pituitary gland showing the neurohypophysial tract (labeled a)
comprised mainly of fibers derived from the paraventricular
(Pv) and supraoptic (So) nuclei. A. Anterior commissure. Ch.
Optic chiasma. M. Mamillary bodies. PT. Pars tuberalus. PD.
Pars distalis. PI. Pars intermedia. PN. Pars nervosa. (Modified
after Le Gros Clark 1938.)

of anterior pituitary hormones. Synthesized in nerve
cells of the hypothalamic nuclei, the neurohormones
are released from nerve terminals into the plexus of
primary capillaries of the hypophysial portal vessel
system. These capillaries are derived from the supe-
rior hypophysial arteries and coalesce to form the
hypophysial portal veins that run on the surface or
through the pituitary stalk to the anterior pituitary
gland where they form a secondary plexus of vessels
called the pituitary sinusoids. The vessels on the sur-
face of the stalk are the long portal vessels, whereas
those within the substance of the stalk are the short
portal vessels. The latter have been implicated in
so-called short-loop feedback, a controversial issue
discussed under “Feedback.”

4.2. Hypophysial Portal Vessels

The portal vessels are so-called because they trans-
port the chemical messengers from one capillary bed
(primary capillaries) to a second capillary bed before
entering the general circulation. In principle, this is
identical to the hepatic portal system which transports
substances from the primary bed of capillaries in the
intestine and its appendages (e.g., pancreas) to a sec-
ond bed of capillaries or sinusoids in the liver. Both
the primary and secondary (sinusoids) plexus of capil-
laries are fenestrated (Fig. 6) that presumably facili-
tates the transport of substances across the capillary
wall. The hormones released from anterior pituitary
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Fig. 4. Development of the pituitary gland in the rat.
Photomicrographs of midline sagittal sections through
the hypothalamic-pituitary complex of rats at embryonic
days 15 (Fig. 1), 17 (Fig. 2) and 20 (Fig. 3). Figure 1
shows the pituitary anlage shortly after closure of
Rathke’s pouch which migrates dorsally to meet the
neurohypophysial downgrowth from the floor of the
hypothalamus. Rotation of the pituitary gland caudally
through 135° with respect to the base of the diencepha-
lon (hypothalamus) is seen, as is the invasion of the
pars distalis (PD) by the leash of portal vessels (P) at
E17. AS anatomical stem; C hypophysial cleft; HT hypo-
thalamus; /R infundibular recess; ME median eminence;
PCI pars caudalis infundibuli; P/ pars intermedia; PN
pars nervosa; POI pars oralis infundibuli; V third ventri-
cle. Ip Araldite sections, toluidine blue stain. Figs. 1, 2
X 120. Fig. 3 x 80 (Reproduced with permission from
Fink and Smith, Z. Zellforsch 1971; 119:208-226.)

cells are transported by pituitary veins into the sys-
temic circulation by which they are transported to
their major target organs, the gonads and the adrenal
and thyroid glands.

4.3. Hypothalamic Neurohormones

4.3.1. OUTLINE

Most of the neurohormones that mediate neural
control of anterior pituitary hormone secretion are
peptides (see Chapter 3) that are synthesized in
discrete hypothalamic nuclei. The neurohormone-
secreting neurons are “the final common pathway”
neurons for neural control of the anterior pituitary
gland, a term borrowed by G.W. Harris from Sher-
rington’s description of the alpha motor neurons of
the spinal cord which innervate and control the
contraction of skeletal muscles. Like the alpha motor
neurons, the hypothalamic neurons are controlled by
inputs to the hypothalamus from the brain stem and
midbrain as well as from higher brain centers. The
hypothalamic neuroendocrine neurons are, therefore,
connected with many other regions of the nervous
system, and in particular, the components of the
limbic system that is involved in several important
higher brain functions including emotion, olfaction,
and memory.

The neural control of all established anterior pitu-
itary hormones is mediated by at least one or more

neurohormones. In some cases, two neurohormones
may act synergistically, as is the case for adrenocorti-
cotropin (ACTH), the release of which is stimulated
by both the 41 amino acid residue peptide, corticotro-
pin-releasing factor-41 (CRF-41), and the nonapep-
tide, arginine vasopressin (AVP). The control of
ACTH secretion is further complicated by the fact
that urocortin, a new member of the CRF-41 family
of peptides, acts on CRF type 2 receptors to inhibit
AVP release, and studies on hypophysial portal blood
and immunoneutralization suggest that ACTH secre-
tion may be inhibited by atrial natriuretic peptide
(ANP). Urocortin, through its action on the CRF type
2 receptor may also be involved in the regulation of
blood pressure.

In other cases the neurohormones act antagonisti-
cally, as is the case for growth hormone (GH), the
release of which is stimulated by the 44 amino acid
residue peptide, GH-releasing hormone (GHRH-44),
and inhibited by the 14 or 28 residue peptide, somato-
statin-14 or -28 (see Chapter 3). The neural regulation
of pituitary GH secretion is even more complex than
originally thought in that Bowers et al. discovered in
1981 that a hexapeptide, referred to as GH-releasing
peptide-6 (GHRP-6) is a potent GH-releasing factor.
Subsequent studies suggested that GHRP-6 or a
related compound may be endogenous to the brain
and controls GH release by way of actions mediated
by GHRH-44.
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Fig. 5. A schematic diagram of the hypothalamic-pituitary
system showing the magnocellular (white) projections directly
to the systemic capillaries of the pars nervosa (PN) and the
parvocellular (black) projections to the primary plexus of the
hypophysial portal vessels which convey neurohormones to
the pars distalis of the anterior pituitary gland (AP). Dorsal
to the optic chiasm (OC) are the suprachiasmatic nuclei (SC)
that receive direct projections from the retina and play a key
role in the control of circadian rhythms (indicated by the
sinusoidal curve). The activity of the intrinsic neurons of the
hypothalamus is greatly influenced by projections (arrows)
from numerous areas of the forebrain, midbrain and hindbrain,
particularly the limbic system, as well as by hormones, mainly
estrogen, and progesterone in the case of the hypothalamic-
pituitary-gonadal system.

Prolactin seems to be the only anterior pituitary
hormone that is predominantly under inhibitory con-
trol of the brain. The evidence for this came first from
the studies of Everett and Nikitowitch-Winer who
showed that prolactotropes were the only cell type
that did not undergo atrophy in pituitary grafts under
the kidney capsule where they are far removed from
central neural control. This histological observation
was confirmed by the finding that prolactin concentra-
tions in plasma are increased in animals bearing pitu-
itary grafts under the kidney capsule. Dopamine has
long been thought to be the prolactin inhibitory factor
(PIF). Although direct proof for this is still not avail-
able, dopamine agonists such as bromocriptine are
highly effective in treating hyperprolactinemia, a rela-
tively common cause of infertility in women. Hyper-
prolactinemia is frequently due to benign tumors of

the anterior pituitary gland—and these too can often
be controlled or eradicated by treatment with dopa-
mine agonists.

Because prolactin secretion is stimulated by stress,
it is also conceivable that hyperprolactinemia may,
in some women, be due to stress. In the human, the
prolactin response to stress is as sensitive as that of
ACTH and adrenal glucocorticoids. The significance
of this is illustrated by studies in groups of monkeys
(e.g., rhesus macaques) where the dominant male or
female have high testosterone or estrogen levels and
low to absent prolactin levels—the converse is the
case for the subordinate animals—high prolactin and
low sex steroid levels. This can easily be manipulated
by switching the animals around into different
groups—if a subordinate is placed in a social setting
in which he/she becomes dominant, prolactin concen-
trations in plasma fall and sex steroid concentrations
increase. This suggests that the hyperprolactinemia
in the subordinate animal is stress-induced. The func-
tional consequence of this relationship between pro-
lactin, sex steroids and social environment is that high
prolactin levels are associated with low to absent
fertility—the neurochemical details are not under-
stood, but high prolactin levels in primates (except
for the marmoset) are nearly always associated with
low gonadotropin [LH and follicle stimulating hor-
mone (FSH)] levels.

In addition to a PIF, a search for a prolactin releas-
ing factor (PRF) has continued for many years. Poten-
tial candidates have included thyrotropin-releasing
hormone, vasoactive intestinal peptide, GnRH-associ-
ated peptide (GAP) and, recently, two novel, closely
related hypothalamic peptides (termed PrRP31 and
PrRP20, respectively) discovered in 1998 by Hinuma
et al. when searching for a ligand for an orphan recep-
tor (hGR3). However, although all of these com-
pounds are capable of stimulating prolactin release
from pituitary cells in vitro, and in some cases under
pharmacological conditions in vivo, robust proof that
any of these or other compounds are the physiological
PRF remains to be established.

The neural control of the gonadotropins, LH and
FSH, is mediated by one and the same decapeptide,
GnRH, and is discussed in greater detail below.

4.3.2. CRITERIA FOR NEUROHORMONES
AND NEUROTRANSMITTERS

Werman, in 1972, summarized the criteria for a
candidate compound to be classified as a neurotrans-
mitter (or neurohormone) thus:
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Fig. 6. Electromicrograph of the external layer of
the median eminence of a rat at the first postnatal
day. Note the high density of nerve terminals
around part of a primary portal capillary vessel (P)
which is fenestrated (F). Note also the large num-
ber of agranular and granular vesicles in the nerve
terminals. These vesicles contain the packets
(quanta) of neurohormone or neurotransmitter that
are released on nerve depolarization as a conse-
quence of nerve action potentials. The neurohor-
mones are released into the perivascular space and
from there move rapidly into portal vessel blood
for transport to the pituitary gland. This arrange-
ment is typical of neurohemal junctions found in
the several circumventricular organs of the brain
(see text). E endothelial cell; F fenestration; G
glial process; P portal vessel; PVC perivascular
cell; PVS perivascular space. x13200. (Reproduced
with permission from Fink and Smith, Z Zellforsch
1971; 119:208-226.)

“If it can be shown that a substance is released
into the extracellular space from presynaptic nerves
in quantities consistent with the amount and rate of
stimulation and the physiology of transmitter release
at that junction, and if it can be shown that the material
released acts on postsynaptic membranes by using
molecular mechanisms identical with those used by
the physiologically evoked transmitter, then that sub-
stance is a transmitter.”

Werman’s two principal criteria—endogenous
release (collectibility) and exogenous mimicry (iden-
tity of action)—should be supplemented by a third
criterion invoking the topochemistry of the mecha-
nisms for the synthesis and inactivation of the trans-
mitter.

The surgical accessibility of the hypophysial portal
vessels in the anesthetized rat has made it possible to
satisfy these criteria for all the hypothalamic-pituitary
neurohormones outlined above, with the exception of
dopamine. Thus, although dopamine is released into
portal blood, the rate of its release is not consistent
with a role as a PIF, whether the portal blood was
collected by the transpharyngeal or the paraphar-
yngeal route. In the sheep, where Clarke and Cum-
mins devised a method for collecting hypophysial
portal blood from conscious animals, no detectable
dopamine is released into portal blood even under
conditions in which prolactin levels are low. These
negative findings on dopamine suggest that the role
of this monoamine as a physiological PIF needs to
be reexamined.

The technique of collecting hypophysial portal
blood has also made it possible to clarify the physio-

logical significance of posttranslational processing.
This is exemplified by the fact that somatostatin 14
as well as 28, derived from the same precursor, are
released into hypophysial portal blood. The measure-
ment of neurohormone release into hypophysial portal
blood has also made it possible to ascertain whether
newly discovered hypothalamic compounds could
serve as hypothalamic-pituitary regulatory factors.
This is exemplified by work in our laboratory which
showed that the concentrations of the cardiac peptide
ANP were about four times greater in portal than in
systemic blood—a finding which lead to immunoneu-
tralization studies which suggest that ANP is an
ACTH inhibiting factor. Studies of hypophysial portal
blood can also exclude the neurohormonal role of a
candidate neurotransmitter. Thus, although angioten-
sin and cholecystokinin are present in the median
eminence, their concentrations in portal blood are not
greater than in peripheral blood, and this makes it
unlikely that either plays a role as a neurohormone.

All of the hypothalamic-pituitary regulatory neuro-
hormones are present in regions of the nervous system
outside the hypothalamus—here Werman’s criteria
for a neurotransmitter, mentioned above, need to
proved by determining whether the neurohormones
are released (by push-pull cannulae or dialysis), acti-
vate cells (e.g., electrophysiologically) and are
responsible for a behavioral effect. With respect to
the criterion of evidence for the presence of mecha-
nisms for neurotransmitter inactivation, the inactiva-
tion of peptides differs from the monoamines in that
the latter are inactivated by specific uptake systems
(the serotonin, norepinephrine, and dopamine trans-
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porters) while peptides are inactivated by degradative
enzymes, which are present at a high concentration
in the central nervous system, as well as by diffusion
into the extracellular space.

4.3.3. NEUROHORMONE RECEPTORS

The hypothalamic neurohormones and their recep-
tors, all G-protein-coupled, underscore the adage that
the evolution of hormones is not dependent on
structural changes in the hormones, but rather to the
uses to which they are put. The latter depends entirely
on the receptors and the signal transduction systems
that mediate receptor activation, a point illustrated by
the receptors that mediate the neurohormone control of
growth hormone and adrenocorticotropin secretion.

The human GHRH receptor cDNA was first cloned
and sequenced in Michael Thorner’s laboratory in
1993 and found to be a member of a family of recep-
tors that includes secretin, calcitonin, vasoactive
intestinal peptide, and parathyroid hormone. The
activity of the GHRH receptor promoter is enhanced
by the pituitary-specific transcription factor Pit-1. The
importance of Pit-1, the prototypic POU domain pro-
tein, for the development and activity of the GHRH
receptor is demonstrated by the fact that the GHRH
is not present in the pituitary gland of dwarf mice
(dw/dw) that lack Pit-1. Glucocorticoids stimulate
whereas estrogen inhibits GHRH-receptor gene
expression, actions that are likely to be mediated by
the glucocorticoid and estrogen response elements
present in the promoter and explain in part the physio-
logical effects of glucocorticoids and estrogen on GH
secretion. The pituitary expression of GHRH receptor
mRNA in the rat increases with embryonic develop-
ment to reach a peak at embryonic day 19.5 (two
days before parturition) followed by a decline through
to postnatal day 12 and then an increase to day 30
followed by a decline with age. If a similar pattern
occurs at the corresponding times in the human then
that would be a major factor in the decline in plasma
GH concentrations with age in the elderly.

There are five receptors for somatostatin (SSTR)
encoded by five distinct genes. All five receptors are
present in the anterior pituitary gland of which SSTR-
5 is the most prominent on the somatotrophs, followed
by SSTR-2. Hypothalamic arcuate neurons that
secrete GHRH express the SSTR-2 and SSTR-1, sup-
porting the proposition that the action of somatostatin
may involve an effect on the release of GHRH. Rela-
tively large amounts of somatostatin are also present
in the cerebral cortex and hippocampus, regions which
express the SSTR-2(a), a splice variant of the SSTR-2.

The accumulation of cyclic AMP possibly leads
to the activation of Pit-1 by protein kinase A-mediated
phosphorylation of the transcription factor CREB.
Whether there is a direct action of cyclic AMP via
CREB on the GHRH receptor gene remains to be
determined as does the possibility that this is the
common pathway for the action of both GHRH and
somatostatin which inhibits GH secretion by sup-
pressing cyclic AMP.

The actions of CRF-41 in brain and periphery are
mediated by three receptors: CRF1, CRF?2 alpha, and
CRF2 beta. The CRF1 receptors are expressed pre-
dominantly in brain and pituitary whereas the CRF2
receptors are present mainly in heart and skeletal
muscle. A CRF-binding protein is also present in the
circulation. In addition to subserving the action of
CRF-41, the cyclic AMP-linked CRF receptors also
mediate the action of urocortin, the mammalian
homologue of urotensin in fish, and of sauvagine, a
homologue of CRF-41 derived from the South Ameri-
can tree frog. In addition to its role in mediating
the neural control of ACTH release, CRF-41 and
urocortin exert actions on the brain and the cardiovas-
cular system. The ACTH releasing action of CRF-41
is potentiated by AVP that binds to the V; receptor.
The Vg receptor activates the inositol phospholipid
cycle. Synergism between CRF-41 and AVP involves
calcium activated cyclic AMP production. ACTH
secretion is inhibited by ANP, an action mediated by
two guanylyl cyclase-coupled receptor subtypes—A
and B.

The complexity of the receptors involved in the
control of ACTH and GH secretion contrasts mark-
edly with the apparent biological efficiency of the
gonadotropin control system where GnRH mediates
the neural control of both LH and FSH, and the appar-
ent simplicity of the thyrotropin and prolactin control
systems in which there is evidence for only one neuro-
hormone, TRH and the PIF, dopamine, respectively.
Dopamine inhibition of prolactin release is mediated
by the dopamine 2 (D2) receptor. Alternative splicing
results in a long and short form of the D2 receptor,
and this allows coupling to different types of G pro-
tein. The D2 receptor when activated inhibits ade-
nylyl cyclase.

Whether the complexity of the neurohormones and
receptors involved in the neural control of GH and
ACTH release is a consequence of evolutionary con-
vergence of different regulatory systems that are not
deleterious and therefore “retained” or whether com-
plexity has developed as a consequence of selective
pressure to provide flexibility or increase the number
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of variables that can influence the two systems remain
to be determined.

4.3.4. CuNicar Use

All of the hypothalamic neurohormones have been
used extensively as tests of anterior pituitary function,
sometimes inappropriately termed “pituitary reserve”
rather than “pituitary responsiveness.” In addition,
neurohormone agonists and antagonists have been
deployed for a variety of diagnostic tests and thera-
peutic regimes. The use of dopamine agonists, such
as bromocriptine, for the treatment of hyperprolactin-
emia and prolactin secreting pituitary adenomata has
been mentioned above, and the use of GnRH superac-
tive agonists and antagonists will be outlined in sub-
heading 4.7. Somatostatin, or its synthetic mimetics
such as Octeotride, has been used in the treatment of
GH-releasing tumors in the pituitary gland which lead
to acromegaly and also ectopic (i.e., tumors outside
the pituitary gland) hormone secreting tumors—most
commonly small cell carcinomas of the lung or tumors
of the gastrointestinal system. Somatostatin and its
agonists are also effective in the treatment of pancre-
atitis. Orally active, nonpeptide mimetics of GHRP,
such as MK-677, have recently been developed and
these may have therapeutic value in the treatment of
children of short stature and adult GH deficiency. The
use of GHRH, GHRP, and its mimetics are also being
explored as useful agents for the treatment of meta-
bolic deficiencies that occur in aging.

Analogs of CRF-41 and urocortin have been devel-
oped with a view to their possible use in the treatment
of depression, anxiety, anorexia nervosa, and stroke.

4.4. Teleological Advantages
of Neurohormonal Control

The hypothalamic-pituitary axis illustrates the
remarkable economy of physiological systems. First,
and perhaps most impressive are the hypophysial por-
tal vessels which, by transporting the neurohormones
from the hypothalamus to the pituitary gland, undi-
luted by mixture in the systemic circulation, ensure
that hypothalamic neurohormones released in very
small amounts from the hypothalamus will reach the
pituitary gland at concentrations that are several
orders of magnitude greater than in the systemic circu-
lation and therefore sufficient to exert their effects.
The corollary of this is that the relatively little neuro-
hormone needs to be released to exert its effect and
that therefore only a small amount of new neurohor-

mone needs to be synthesized. This is exemplified by
the fact that while electrical stimulation of the medial
preoptic area of the hypothalamus produces a signifi-
cant increase in the output of GnRH into portal blood
and massive LH release into the systemic circulation,
there is no detectable change in the amount of GnRH
stored in the hypothalamus. The “metabolic econ-
omy” of the hypophysial portal system is brought into
sharp relief by the fact that hypothalamic concentra-
tion and total content of the hypothalamic-anterior
pituitary regulatory neurohormones are three or more
orders of magnitude lower than those of the neurohy-
pophysial nonapeptides, vasopressin, and oxytocin,
which reach their peripheral targets by the systemic
circulation.

Second, the transport of neurohormones at effec-
tive concentrations by the hypophysial portal vessels
also protects the body from potential adverse effects
of the high concentrations of the neurohormones
necessary to stimulate or inhibit pituitary hormone
secretion. Thus, for example, the high portal blood
concentrations of somatostatin may, in the systemic
circulation, have adverse effects on the gut and on
insulin secretion by the -cells of the pancreas. Simi-
larly, as shown by Fink et al., the portal plasma con-
centrations of atrial natriuretic peptide that inhibit
ACTH secretion would, in the systemic circulation,
cause a lethal drop in blood pressure.

Third, the neurohormones in the hypothalamo-
adenohypophysial system are also chemical messen-
gers in other systems; that is, as is also the case for
the monoamines, acetylcholine, GABA and excitatory
amino acids, the same substances serve as chemical
messengers in different systems depending on the
upon the presence of appropriate receptors and intra-
cellular signaling mechanisms. Most of the neuropep-
tides of the hypothalamic-pituitary system have been
implicated as neurotransmitters, neuromodulators,
or neurotropins elsewhere in the nervous system,
although robust evidence for their precise function
needs to be established. Thus, for example, somato-
statin is secreted by cells of the pancreatic islets and
inhibits insulin secretion. CRF-41 is present in higher
brain centers and has been implicated in stress-related
behaviors, and in the periphery with cardiovascular
control. GnRH is present in the placenta, too, at high
concentrations affects the gonads and has also been
implicated in mating behavior.

The gene regulation, expression and processing of
each hypothalamic-pituitary regulatory neurohor-
mone is discussed in Chapter 3. Here the “efficiency”
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of hypothalamic-pituitary regulatory neurohormones
and their neuroendocrine control will be illustrated
by reference to gonadotropin-releasing hormone
(GnRH).

4.5. Gonadotropin-Releasing Hormone

4.5.1. A PLURIPOTENT PEPTIDE

Gonadotropin-releasing hormone exemplifies the
pluripotent nature of neuropeptides. Thus, in addition
to stimulating the synthesis and release of the gonado-
tropins, FSH, and LH, GnRH also maintains the struc-
tural and functional integrity of the gonadotropes and
has the capacity to increase by several fold the respon-
siveness of the pituitary gland to itself—the self-prim-
ing effect of GnRH.

As discussed in greater detail elsewhere (see Chap-
ter 10), the primary function of FSH in the female is
to stimulate the development of ovarian follicles and
estrogen secretion. LH triggers ovulation, corpus
luteum formation, and progesterone secretion. In the
male, FSH stimulates spermatogenesis, whereas LH
stimulates testosterone secretion. The fact that LH and
FSH release is stimulated by the same decapeptide,
GnRH, came as a surprise and remains a conundrum.
In spite of intensive investigations carried out over
more than 30 yr, no specific FSH-releasing hormone
has been discovered. Nonetheless, because it is diffi-
cult to prove the non-existence of a factor, some
journals and authors prefer the term LH-releasing
hormone (LHRH), which leaves open the possibility
of the existence of a separate FSH-RH. Several lines
of evidence suggest that LH release is under precise
minute by minute control of GnRH, whereas once
the release of FSH has been triggered by GnRH,
its continued release may no longer be dependent
on GnRH.

For most of reproductive life, the secretion of LH
and FSH is moderated by a negative feedback action
of gonadal steroids, estrogen in the female and testos-
terone in the male. The physiological power of steroid
hormone negative feedback is shown by the marked
increase in the plasma concentrations of LH and FSH
which occurs after menopause when the ovary stops
secreting estrogen. The secretion of FSH is further
modulated by the peptides, inhibin, activin, and folli-
statin, which are members of the transforming growth
factor-beta superfamily. Inhibin, which inhibits FSH
release, is secreted primarily by the gonads, but
activin is also present in brain and is known to play
a key role in embryogenesis. Subunits of inhibin and

activin interact with Pit-1, a transcription factor
important for the embryogenesis of the pituitary gland
(as already discussed).

The menstrual cycle in the human female and
estrous cycle in the female rat are punctuated by a
massive surge of LH that triggers ovulation (Figs. 7
and 8). The LH surge, in turn, is triggered by the
spontaneous surge of estradiol-17f that occurs during
the late follicular phase in the human and reaches a
peak at noon of proestrus in the rat. This positive
feedback action of estrogen involves: 1) an action of
estradiol-173 on the brain to stimulate the surge
release of GnRH and/or to increase the pulse fre-
quency of GnRH release, and 2) an increase in pitu-
itary responsiveness to GnRH. In the human and rat,
the increase of pituitary responsiveness to GnRH just
before occurrence of the ovulatory LH surge is of the
order from 20- to 50-fold (Fig. 9). This increase in
pituitary responsiveness, generated by estrogen and
the self-priming effect of GnRH, is pivotal for the
occurrence of the ovulatory surge since the amount
of GnRH released during the surge or pulses is far
too small by itself to release an ovulatory surge of
LH (Fig. 10). GnRH self-priming serves also to coor-
dinate the release of GnRH with the increase in pitu-
itary responsiveness to GnRH so that both events
reach a peak at the same time and thereby ensure the
occurrence of the ovulatory LH surge (Fig. 11).

4.5.2. Site oF GNRH SYNTHESIS—
KALLMANN’S SYNDROME

The sites and mechanisms of synthesis of the hypo-
thalamic-pituitary neurohormones are described in
detail in Chapters 2 and 3. Here, brief mention will
only be made of the GnRH neurons that are located
mainly in the medial preoptic area from where they
project to the median eminence as well as to the
organum vasculosum of the lamina terminalis. The
function of the latter remains unresolved.

There are several remarkable features of the GnRH
neurons. First, and most striking, is the fact that as
shown by Schwanzel-Fukuda and Pfaff, these neurons
arise in the epithelium of the medial olfactory pit and
migrate from the nose into the forebrain along nerve
fibers rich in neural cell adhesion molecules. Indepen-
dent studies by Schwanzel-Fukuda and Pfaff and
C. Petit et al. showed that a genetic defect responsible
for failure of the normal migration of the GnRH neu-
rons as well underdevelopment of the olfactory bulbs
and tracts are the cause of the X-linked form of Kall-
mann’s Syndrome, which is characterized by hypogo-
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Fig. 7. Schematic diagram of the control of the ovar-
ian cycle by follicle-stimulating hormone (FSH) and
luteinizing hormone (ILH) released from the anterior
pituitary gland. The secretion of LH and FSH is con-
trolled by the brain by way of gonadotropin releas-
ing hormone (GnRH), a decapeptide that is released
from hypothalamic neurons into the hypophysial por-
tal vessels. The release of GnRH from hypothalamic
neurons is influenced by external and internal fac-
tors acting by way of central nervous pathways, and
the system is regulated by positive- and negative-
feedback control involving estrogen and progester-
one secreted by the ovary. Estrogen and progester-
one act on the uterus to prepare the endometrium for
implantation of the zygote should fertilization occur.
Not shown for the sake of clarity is the peptide
inhibin that is secreted by ovarian follicles and inhib-
its FSH release. FSH secretion is also influenced by
activin and follistatin. (Reproduced with permission
from Fink 1988b.)

nadism and ansomia. The Kal-1 gene responsible for
X-linked Kallman’s Syndrome encodes a putative
secreted protein of 680 amino acid residues which
contains four fibronectin type III repeats and a four
disulfide core motif. The majority of cases of Kall-
mann’s syndrome are sporadic and few of these (less
than 8%) have deficiencies in the Kal-1 gene—and
so further research for the cause of this syndrome is
required. Nonetheless, it seems that the anosmia and
hypogonadism of Kallman’s Syndrome are likely to
be because of a defect in the extracellular matrix,
which plays a key role in ensuring the correct migra-
tion of neurons to their programmed location in the
brain.

Second, very few GnRH neurons reside in the
medial basal hypothalamus, the putative site of the
GnRH pulse generator, and so the generation of GnRH
pulses, which in the rodent do not depend upon the
integrity of connections with the preoptic area,
remains to be determined.

Third, ultrastructural studies show that there are
dendrodendritic connections between the GnRH neu-
rons that could play a role in the synchronization of

GnRH neuronal activity and/or in autoinhibition of
GnRH neuronal firing.

4.5.3. GNRH SuUrGE AND PuLse GENERATORS

Numerous studies in the rat have shown that the
integrity of the medial preoptic area and the nearby
suprachiasmatic nuclei is essential for the occurrence
of regular estrous cycles and the spontaneous surge
of GnRH and LH. This has led to the concept that
this most rostral area of the hypothalamus (Fig. 2) is
the site for the GnRH “surge generator.” Pulsatile
GnRH release is thought to be generated by the medial
basal hypothalamus, the “pulse generator.”” The rhe-
sus monkey differs from the rat in that, as shown by
Knobil, Krey et al., the LH surge and ovulation can
occur even after total surgical isolation of the medial
basal hypothalamus. Experimental studies suggest
that in the rheseus monkey, the LH surge is triggered
by pulses of GnRH with a frequency of about one
per hour (Knobil 1980), the optimal frequency for
GnRH self-priming in an estrogen-primed rat and
similar to the frequency of LH pulses in the human
female towards midcycle. This pulse frequency is also
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Fig. 8. Schematic diagram of the key hormonal changes during
the human menstrual cycle and rat estrous cycle. Ovulation
is preceded by a surge of luteinizing hormone (LH), which
is triggered by a surge of estradiol-17p (E,) and accompanied
and followed by a surge of progesterone (P). In the human,
most of the progesterone is secreted by the ovary in response
to LH, but in the rat, a small amount of progesterone is
secreted by the adrenal gland just before the onset of the LH
surge. In the human, the timing and magnitude of the FSH
surge are less consistent than that of the LH surge, and in the
rat the major peak of the FSH surge occurs on the morning
of estrus (after or about the time of ovulation). (Reproduced
with permission from Fink, 1988b.)

optimal for generation of an LH surge by administer-
ing exogenous GnRH in the estrogen-primed human
female. Thus, while the occurrence and importance
of the spontaneous GnRH surge cannot be discounted
in the human, the GnRH pulse generator may play a
pivotal role in the control of ovulation in the monkey
and the human. Because the GnRH pulse generator
also plays a crucial role in the onset of puberty and in

the control of seasonal reproduction, pulse frequency
proves to be as powerful a signal as pulse amplitude.

The precise mechanism of the neural control of
both the pulse and the surge generators has yet to be
established. Work in Pfaff’s laboratory showed that
GnRH neurons do not possess estradiol receptors, and
so the stimulation of GnRH release by the positive
feedback effect of estradiol must be mediated by
neurons that project to the GnRH neurons. Present
evidence suggests that several stimulatory (e.g.,
serotonergic, noradrenergic, glutamatergic and pep-
tidergic—neuropeptide Y, and galanin) and inhibitory
(e.g., GABA, CRF-41, and endogenous opioids)
mechanisms control the GnRH surge. The same neu-
rotransmitter systems also appear to be involved in
the control of GnRH pulses, but do not necessarily
act in the same direction as in the control of the surge.
Thus, for example, central noradrenergic neurons
stimulate the GnRH surge, but inhibit GnRH pulses.
The existence of an array of neurotransmitter systems
for GnRH control might be expected because the
appropriate release of GnRH is crucial for reproduc-
tion of mammalian species.

4.6. Self-Priming Effect of GnRH

The self-priming effect of GnRH is indispensable
for the ovulatory surge of LH, and therefore reproduc-
tion of spontaneously ovulating mammals. The effect
is a prime example of a neuroendocrine servomecha-
nism. The self-priming effect of GnRH has two
actions: first, it increases pituitary responsiveness to
GnRH, and, second, it coordinates the exponential
increase in pituitary responsiveness with the increased
release of GnRH, either as a surge or increased fre-
quency of GnRH pulses. As a consequence, both
events reach a peak simultaneously, thereby ensuring
a massive release of LH that triggers ovulation. Thus,
a very small amount of GnRH, either in the form of
a surge or a series of pulses, can induce the ovulatory
surge of LH (Fink 1988). Figure 12 shows that 1)
the self-priming effect is greatest when the pulses of
GnRH are separated by 60 min, which is significant
in terms of the optimal pulse frequency for LH release
(as already described), and 2) the effect has a “mem-
ory” in that it is almost extinguished 240 min after
the first pulse of GnRH. At the time of the midcycle
in women, when the pituitary gland has already been
primed by the endogenous surge of estradiol-17§, one
pulse of GnRH can increase the LH response to a
second pulse administered 2 h later by more than
two-fold. In the proestrus rat, the GnRH-induced
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Fig. 9. Changes in pituitary responsiveness to GnRH during the estrous cycle of the rat. Note the exponential increase in the
LH response to GnRH injections just before the spontaneous ovulatory LH surge. The figure shows the mean (+SEM) preinjection
concentrations (————) and mean maximal increments (——) in plasma LH concentrations (ng NIH-LH-S13/mL) in animals
anesthetized with sodium pentobarbitone 30—60 min before the injection of 50 ng GnRH/100 g body weight at different stages
of the estrous cycle. (Reproduced with permission from Fink 1988b.)

increase in pituitary responsiveness to a second pulse
of GnRH administered 1 h after the first is about
seven-fold.

GnRH-self priming involves postreceptor changes
that result in potentiation of the GnRH intracellular
signaling cascades and the movement of secretory
granules toward the cell membrane (‘“‘margination”).
The latter is brought about by changes in the cytoskel-
eton possibly induced by protein kinase C (PKC)
acting on myristoylated alanine-rich C kinase sub-
strate (MARCKS) and MAP kinase. GnRH self-
priming is also associated with the synthesis of a
new protein—hormone induced protein 70—recently
shown to be a protein disulfide isomerase that is likely
to be involved in posttranslational processing of gly-
coproteins and intracellular redox actions.

4.7. GnRH Agonists and Antagonists

Superactive GnRH agonists have proven to be
powerful clinical tools in that, by virtue of tachyphy-
laxis (downregulation or desentization of GnRH
receptors), prolonged exposure to GnRH superactive
agonists turns off gonadotropin secretion. These ago-
nists are thus effective for “chemical ovariectomy or
castration” that is required as adjunct therapy of
tumors of the breast and prostate gland. For the same
reason, superactive GnRH agonists are effective in
the treatment of precocious puberty, in which inappro-
priately high gonadal steroid secretion results in pre-

mature development of secondary sex characteristics
and epiphyseal bone growth and closure. If left
untreated, the premature epyphyseal bone growth and
closure results in dwarfism. Superactive GnRH ago-
nists are also used for the treatment of uterine leiomy-
omas (fibroids) and can also be used as contraceptives.

In vitro evidence suggests that superactive GnRH
agonists may exert direct inhibitory effects on breast
cancer cells, which do in fact, express GnRH recep-
tors. Administered as pulses (which do not cause
tachyphylaxis), superactive GnRH agonists can, by
virtue of the self-priming effect of GnRH, result in
an ovulatory LH surge, and this fact is utilized in the
treatment of infertility.

Potent antagonists of GnRH have been developed
mainly as a consequence of the energetic work carried
out in A.V. Schally’s laboratory. Early antagonists
triggered anaphylactic reactions because they released
histamine. This problem has now been overcome and
trials of GnRH antagonists are now ongoing to deter-
mine the therapeutic efficacy of these antagonists in
the treatment of cancer of the breast, ovary and pros-
tate, which all express GnRH receptors and which
are also dependent on gonadal steroids. The advantage
of using antagonists is that unlike the GnRH agonists,
there is no flare effect; that is, superactive GnRH
agonists, but not the antagonists, at first, stimulate
gonadotropin and thereby gonadal steroid release that
could stimulate tumor growth. The GnRH antagonists
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Fig. 10. Shows that the spontaneous surge of GnRH is too
small to produce a spontaneous surge of LH except on proes-
trus, when the responsiveness of the anterior pituitary gland
is 20 to 50 times greater than on diestrus. Units on the ordinate
are nanograms for LH and picograms for GnRH per ml plasma.
A: the mean (+SEM) peripheral plasma concentrations of
LH (ng NIH-LH-S18) (———-) and GnRH (——) in either
proestrous (O; n = 11) or diestrous (@; n = 5) rats that were
infused intravenously with synthetic GnRH at a rate of 0.167
ng/100/g/min for a period of 90 min after anesthesia with
sodium pentobarbitone at 13.30 h. B: The mean (+SEM)
concentrations of GnRH in hypophysial portal plasma (——);
n =9-52) and LH (NIH-LH-S13) in peripheral plasma (———;
n = 6-9) during the day of proestrus. (Reproduced with per-
mission from Fink 1988b.)

are also being tested, either alone or in combination
with testosterone, as a possible male contraceptive.
The antagonists are also useful for the treatment of
uterine leiomyomas and, in combination with GnRH
agonists, for in vitro fertilization.

5. THE HYPOTHALAMO-
NEUROHYPOPHYSIAL SYSTEMS

5.1. Overview

The neural lobe is the site of release of the nonapep-
tides, oxytocin, and vasopressin, into the systemic
circulation. Presumably because a considerable dis-
tance removes the target cells of these peptides from
their site of release in the neural lobe, and because
there is massive dilution in the systemic circulation,

the rate and amount of synthesis of oxytocin and
vasopressin and their content in the hypothalamus is
about three orders of magnitude greater than that of
the neurohormones concerned in anterior pituitary
control (above). This fact, together with their synthe-
sis in discrete hypothalamic nuclei, their ease of assay,
and that both nonapeptides contain disulphide bridges
which allow easy incorporation of the radioactive
tracer, *S-cystine, contributed to four important land-
marks of neuroendocrinology. First, oxytocin and
vasopressin were the first of the hypothalamic neuro-
hormones to be sequenced (by Du Vigneaud et al.).
Second, the glycoprotein components of their precur-
sor proteins led to their conspicuous staining and
thereby to the concept of neurosecretion (the Schar-
rers), a term applied to neurons whose main purpose
is to secrete neurohormones rather than transmit sig-
nals by propagated action potentials. Third, the fact
that both peptides have disulfide bridges and their
synthesis involves the incorporation of cystine, which
can be labeled with the relatively high energy radio-
nuclide, ¥S, made them excellent models for the first
studies of neuropeptide synthesis and transport (first
shown by Sachs et al.). Fourth, oxytocin and vaso-
pressin-containing neurons were the first neuroendo-
crine neurons from which electrophysiological record-
ings were made (by J. Green and B. Cross in 1959).

The concept of neurosecretion (above) was soon
discarded because it was shown that the magnocellu-
lar neurons are no different from others—i.e., they
propagate action potentials and secrete neurohor-
mones or neurotransmitters. In fact, oxytocin and
vasopressin-containing neurons facilitate electro-
physiological recording because they are large and
because their axons terminate in the surgically acces-
sible neural lobe. This makes it relatively easy to
locate and verify by antidromic stimulation the iden-
tity of the neurons and record from them. Further-
more, the electrophysiological activity of the hypo-
thalamic magnocellular neurons can be correlated
with secretion of vasopressin and oxytocin. Finally,
the neural lobe is a “bag” of nerve terminals and,
therefore, proved to be a useful model for the study
of exocytosis and stimulus-secretion coupling—that
is, the coupling between the cascade of ion fluxes
through membrane channels (membrane depolariza-
tion) triggered by action potentials and the calcium-
dependent release of neurohoromones or neurotrans-
mitters. The neurohormones like all other known neu-
rotransmitters and peptide and protein hormones are
packaged in secretory vesicles (Fig. 6) which are
released in packets or “quanta.”
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Fig. 11. Schematic diagram which shows the cascade of events which generates the spontaneous ovulatory LH surge in the
rat. The increase in plasma concentrations of estradiol-17f (E,) increases the responsiveness of the pituitary gonadotropes
(increased stippling) to GnRH and also triggers the surge of GnRH. Pituitary responsiveness to GnRH is further augmented
by the priming effect of GnRH, the unique capacity of the decapeptide to increase pituitary responsiveness to itself. Progesterone
(P) secreted by the ovary in response to the LH released during the early part of the LH surge may also enhance pituitary
responsiveness to GnRH. The priming effect of GnRH coordinates the surge of GnRH with increasing pituitary responsiveness
so that the two events reach a peak at the same time. The conditions are thereby made optimal for a massive surge of LH.
This cascade, which represents a form of positive feedback, is terminated by destruction of a major component of the system
in the form of the rupture of the ovarian follicles (ovulation). The human female shows a similar increase in pituitary
responsiveness and GnRH self-priming just before the midcycle LH surge.

Fig. 12. The self-priming effect of GnRH in the rat. Mean (+SEM) plasma LH concentrations (ng NIH-LH-S13/mL) after two
successive intravenous injections of 50 ng GnRH/100 g body weight. The first dose of GnRH was injected 30—60 min after
the administration of sodium pentobarbitone at 13.30 h of proestrus; the second dose of GnRH was injected either 30, 60,
120, or 240 min after the first. Note that the response to the second injection of GnRH was greatest when the two injections
were separated by 60 min and that by 240 min the priming effect had almost been extinguished. (Reproduced with permission
from Fink 1988b.)
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5.2. Oxytocin: Lactation and Parturition

Oxytocin is concerned mainly with milk ejection
during lactation and parturition (the birth process),
which are two perfect examples of a neuroendocrine
reflex. Oxytocin is the neurohormonal component of
the milk ejection reflex whereby suckling at the nipple
of lactating mothers triggers volleys of impulses that
travel through the mammary nerves to the spinal cord
and by way of a multisynaptic pathway to reach the
hypothalamus where they trigger the release of oxyto-
cin. Oxytocin transported by the systemic circulation,
stimulates the contraction of the myoepithelial cells of
the breast acinar resulting in milk ejection. During
parturition, oxytocin coordinates and reinforces uter-
ine contractions. Here, too, a reflex is involved in that
as uterine contractions force the head of the fetus
against the cervix, volleys of impulses are triggered
which ascend through multisynaptic pathways involv-
ingthe pelvic nerves and the spinal cord to the hypothal-
amus to trigger the release of oxytocin that acts on the
smooth muscle cells of the uterus. This is a classical
positive feedback system (see subheading 8.1.2.).

Vasopressin (or the anti-diuretic hormone) is con-
cerned mainly with the control of body water,
although, as its name implies, it also induces vasocon-
striction and thereby can increase blood pressure,
although this usually occurs only after a substantial
loss of blood volume. The vasopressin cells of the
supraoptic and paraventricular nucleus respond to
osmotic stimuli—an increase in plasma osmolality
triggers the release of vasopressin which increases
water reuptake in the nephron as a consequence of
which there is an overall increase in body water with
a fall in plasma osmolality. This is a perfect example
of a homeostatic regulatory mechanism. In addition
to its role in osmoregulation, vasopressin synthesized
in the smaller (parvicellular) neurons of the PVN,
acts synergistically with CRF-41 to release ACTH.

6. THE INTERMEDIATE LOBE
OF THE PITUITARY GLAND

6.1. Model for Posttranslational Processing

The major secretion of the intermediate lobe of the
pituitary gland is oumelanocyte stimulating hormone
(oMSH), a 13 amino acid residue peptide that, together
with ACTH and B endorphin, is derived from the
precursor proopiomelanocortin (POMC). In addition
to oMSH, the pars intermedia also contains other
derivatives of POMC, BMSH, yYMSH, CLIP, and j3-
endorphin that, together with the ACTH, comprise

the melanocortins. The fact that in the pars distalis,
ACTH is the major hormone derived from posttransla-
tional processing of POMC, whereas in the pars inter-
media, MSH is the major active hormonal product
of POMC processing, reflects the presence of different
enzymatic processing pathways in the two parts of
the gland. The release of «’MSH is inhibited by dopa-
minergic neurons that originate in the arcuate nucleus
and reach the intermediate lobe by way of the neural
stalk. Man is conspicuous among mammals in that
the pars intermedia is not defined as a separate lobe
of the human pituitary gland.

6.2. Melanocortins

Although they are all derived from POMC, the
melanocortins have diverse physiological functions.
Alpha-MSH, first thought to stimulate the growth of
melanocytes and pigment formation (melanogenesis),
1s also involved in fever, inflammation, and the
immune response. Indeed, several of the melanocor-
tins, including ACTH, affect cytokine-induced effects
on thymocytes, T- and B-lymphocytes and neutro-
phils. The actions of the melanocortins are mediated
by five melanocortin receptor subtypes (MC1-MCS5).
Although all of the melanocortin receptors are seven
transmembrane G-protein-coupled, the tissue distri-
bution of the five receptors is quite distinct. Thus, the
MCl1 is located on melanocytes and mediates MSH-
stimulated melanocyte proliferation and melanogen-
esis, whereas the MC2 receptor is located in the adre-
nal cortex where it mediates the ACTH-induced secre-
tion of glucocorticoids and mineralocorticoids. The
MC3 and MC4 receptors are both located in the
brain—the function of MC3 is unknown, but MC4
is involved together with leptin (a protein produced
by adipocytes) and neuropeptide Y in the regulation
of body weight. Studies on mutant ob/ob mice show
that the action of leptin in regulating body weight is
mediated, at least in part, by hypothalamic melanocor-
tin activation that results in decreased food intake. The
importance of hypothalamic melanocortin activity for
moderating food intake is illustrated by the agouti
peptide, which is a high-affinity antagonist for the
MCI receptor and induces obesity in the mouse. The
MCH4 receptor is also involved in grooming behavior.
The MCS5 receptor, whose function remains unknown,
is widely distributed in body organs including the
spleen, thymus, skin, and bone marrow. Cutaneous
pigmentation is a function of the MCI receptor and
MCI1 gene variants may predispose to red hair and
light skin color that may make the individual suscepti-
ble to melanoma.
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7. PINEAL GLAND AND PHOTOPERIODIC
CONTROL OF REPRODUCTION

The pineal gland is a circumventricular organ (Fig.
1) that secretes melatonin into the circulation and
plays an important role in the photoperiodic control
of reproduction. The gland deserves special mention
here because it reinforces the principles of neuro-
endocrine control. Philosophers (Descartes’ “seat of
the soul”) and scientists have long been intrigued by
the pineal. The secretion of melatonin is exquisitely
sensitive to light. Pinealocytes in submammalian spe-
cies are photoreceptors and the gland offers an excel-
lent experimental model for studies of the transduc-
tion of light into nerve impulses and neurohormone
secretion.

The outer segment (sensory pole) of the pinealo-
cyte in fish, ampibia, and reptiles has all the ultrastruc-
tural characteristics of a true photoreceptor, but these
features are only vestigial in mammals and intermedi-
ate forms exist in birds. In fish, amphibia, and reptiles,
the effector pole of the pinealocyte “synapse” with
secondary pineal neurons that give rise to the pineal
tract which propagates signals to the central nervous
system. In birds and mammals, however, the pinealo-
cytes secrete melatonin directly into the circulation
(or cerebrospinal fluid) in a neuroendocrine manner.

Melatonin, a derivative of serotonin, is synthesized
within the pinealocytes in two steps. First, serotonin
is converted by the rate limiting enzyme, N-acetyl-
transferase (NAT), to N-acetyl serotinin which is then
converted to melatonin by hydroxyindole-O-methyl-
transferase. Because little, if any, melatonin is stored,
the rate of melatonin secretion is tightly linked to its
synthesis that depends upon NAT action, which in
turn, depends upon noradrenaline release from the
dense sympathetic innervation of the gland. In mam-
mals, the control of melatonin secretion by light is
mediated by a multisynaptic pathway that starts at the
retina of the eye and successively involves synapses in
the suprachiasmatic nuclei, the PVN, the intermedio-
lateral column of the spinal cord, and the neurons
of the superior cervical ganglion of the sympathetic
nervous system. Sympathetic terminals in the pineal
gland release noradrenaline that stimulates melatonin
secretion by an action on adrenoreceptors on pinealo-
cytes. Cyclic AMP seems to be the main intracellular
second messenger that mediates the action of nor-
adrenaline in this system, and recent studies suggest
that the main point of regulation is NAT which,
depending on the species, can be affected at the level
of NAT gene expression as well as by posttransla-

tional modifications which alter the activity of the
enzyme.

The secretion of melatonin starts with the onset of
the dark period (night) and stops with the onset of the
light period (day). The secretion of melatonin during
the dark period is stopped abruptly by exposure to light.
In blind persons, the secretion of melatonin takes on
the typical 25 h free running period. Taken together,
these and other data suggest that the secretion of
melatonin is predominantly controlled by light expo-
sure superimposed upon the intrinsic rthythm of the
major neural clock, the suprachiasmatic nuclei.

The action of melatonin is predominantly inhibi-
tory with respect to reproduction, and the effects of
pinealectomy and manipulation of melatonin levels
is most pronounced in seasonal breeding animals such
as the wallaby, hamster, vole, and sheep. However,
the precise role of melatonin in reproduction has yet
to be established.

What is well established is that the suprachiasmatic
nuclei constitute the central generator of circadian
rhythms of the body and that the functional integrity of
these nuclei are indispensable for normal reproductive
rhythms. The relative importance of the pineal gland
and its precise role in reproductive control in relation
to the suprachiasmatic nuclei await to be determined.
With the discovery of genes that regulate circadian
rhythms and melatonin synthesis the prospects of
defining what is likely to be a remarkably elegant
and robust molecular control system seems excellent.

8. HORMONAL EFFECTS
ON THE NERVOUS SYSTEM

While neuropeptides such as angiotensin affect
central neural mechanisms, steroid and thyroid hor-
mones, the secretions of the three major pituitary
target organs, have by far the most prominent effects
on brain function. The effects of the steroid and thy-
roid hormones may be classified in terms of (1) feed-
back actions, (2) brain differentiation and neural plas-
ticity, (3) neurotransmission, and (4) membranes and
ion channels.

8.1. Feedback Actions

The feedback actions of steroid and thyroid hor-
mones have been known since the 1930s. There are
two types of feedback—negative and positive.

8.1.1. NecaTive FEEDBACK

Negative feedback is deployed in most systems of
the body, and its “purpose” is homeostasis (a term
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introduced by Walter Cannon); that is, to maintain
the functioning of a system at a constant predeter-
mined level. Man, in the design of machines and
control systems, has borrowed the concept of negative
feedback from biology. The analogy most often used
to explain negative feedback is central heating of a
house. Central heating systems are comprised of a
heater, which is controlled by a thermosensitive
device and can be set to maintain the house at a certain
temperature. The thermosensor is comprised of a
detector, comparator, and a drive. If the temperature
of the house drops below the preset temperature, the
thermosensor switches on the heater. Once the preset
temperature has been reached or exceeded (say
because of the high ambient temperature) the thermo-
sensor switches the heater off. Similarly, the range of
the blood concentrations of gonadal steroid hormones
(especially estrogen, testosterone, and progesterone)
adrenal corticosteroids (especially cortisol in man)
and thyroid hormones (thyroxine and tri-iodothyro-
nine) have been preset at levels consistent with
requirements for normal body function. The sensor-
comparator that “measures” and compares the hor-
monal level with the preset level and the drive or
regulator are probably located within the hypothala-
mic-pituitary unit, and the setting is probably deter-
mined genetically. Decrease of the gonadal, adrenal
or thyroid hormones below the preset level results in
the increased secretion of the pituitary gonadotropins,
ACTH or thyrotropin (TSH) which increase the syn-
thesis and release of gonadal steroids, adrenal steroids
or thyroid hormone, respectively. Increased levels of
the target hormones above the preset level reduces
or inhibits the secretion of the corresponding pituitary
“tropic” hormone—hence “negative feedback.” As
illustrated in Fig. 13, negative feedback control is
more complex than outlined above, because the
strength of the feedback signal depends on the amount
of free plasma target-organ hormone. The latter is
determined, not only by the rate of secretion, but
by the concentrations of hormone binding protein in
plasma and the rate at which the target-organ hormone
is metabolized and cleared from plasma.
Interruption of negative feedback results in over-
secretion of the pituitary hormones as occurs, for
example, at the menopause, when gonadal steroid
concentrations in blood are low or absent and pituitary
gonadotropin concentrations reach very high levels.
The negative feedback actions of the pituitary tar-
get hormones have been used extensively in the clinic.
The negative feedback of estrogen and progesterone,
for example, is the basis of the “contraceptive pill,”

different formulations of which are used widely to
block the secretion of FSH and LH and thereby pre-
vent the development of ovarian follicles and ovu-
lation.

8.1.2. Posimive FEEDBACK

Positive feedback, where increased output of the
system increases the drive of the regulator, is far less
common than negative feedback. The likely reason for
this is that positive feedback can only be terminated by
destruction of a component of the feedback loop. A
moment’s reflection suggests that the replacement of
negative by positive feedback in the hormonal sys-
tems mentioned above or in the blood glucose or
blood pressure control systems would be deleterious
and possibly lethal. Nevertheless, positive feedback
is essential for two crucial events in reproduction—
ovulation and parturition, which have been outlined
above. In both systems, termination of the positive
feedback cascade is in fact associated with the
“destruction” of the output component of the sys-
tem—rupture of the ovarian follicle and ovulation in
the case of estrogen positive feedback and expulsion
of the fetus in the case of the parturition-oxytocin
reflex. However, whereas in the latter the cause of
feedback termination is clear (i.e., expulsion of the
fetus prevents further ascending nerve volleys from
the uterine cervix which are necessary for triggering
the reflex release of oxytocin), the factors which deter-
mine the cessation of the ovulatory LH surge have
yet to be determined.

The positive feedback effect of estradiol in the rat
(Fig. 14) illustrates again the economy of neuroendo-
crine systems. Thus, the same hormone, estrogen, is
able to trigger a cascade of events which ensure that
ovulation and mating can occur in a precisely timed
manner so as to ensure fertilization of the ova and,
therefore, reproduction of the species.

8.1.3. SHORT-LOOP AND
ULTRASHORT-LOOP FEEDBACK

Short-loop and ultrashort-loop feedback refer to
the concept that the release of hypothalamic-pituitary
regulatory neurohormones is moderated, respectively,
by the appropriate pituitary hormones and the neuro-
hormones themselves. The mechanistic basis for
short-loop feedback is that some workers have
observed reverse (pituitary to hypothalamus) blood
flow in the hypophysial portal vessels. However, care-
ful scrutiny of these reports, notably that of Torok,
shows that the animals were either in extremus or that
the stalk was twisted in order to expose the vessels,
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Fig. 14. Demonstration that fertilization and, therefore, procreation and the continuation of the mammalian species depends
upon an orderly cascade of events orchestrated by a surge of estradiol-17p. This surge triggers the ovulatory surge of GnRH
and LH and mating behavior. Mating depends upon the right mental state or mood and olfactory memory. Estrogen controls
and coordinates all four modalities by way of different central mechanisms listed in the ellipsoids on the left. These mechanisms
are only examples of key mechanisms and are by no means complete. There is a major interaction between total body mass,
fat weight, and estrogen secretion, so that below a certain level of total body and fat weight, estrogen secretion is switched
off. The mechanism is unknown, but could conceivably involve growth hormone, the secretion of which is stimulated by
estrogen. The mechanism by which low total body and fat weight switches estrogen secretion off in anorexia nervosa could
be a safety mechanism for protecting against fertility when the mental state is not appropriate for maternal behavior. Abbrevia-
tions: o, 0, adrenoreceptors; 5-HT2A receptors; D, dopamine mechanisms; B EP, B endorphin; GAL, galanin; NPY, neuropeptide
Y; Prog R, progesterone receptor; GnRH, gonadotropin releasing hormone; D2, dopamine 2 receptor; 5-HT, 5-HT mechanisms;
AVP, arginine vasopressin; BNST, bed nucleus of the stria terminalis; HIP70, hormone-induced protein which is stimulated
by GnRH in the pituitary and estrogen in the brain and is thought to play a role in estrogen induction of mating behavior and

the GnRH induction of the self-priming effect. (Reproduced with permission from Fink 1996.)

thereby blocking normal hypothalamic to pituitary
flow of blood. Robust direct evidence that a pituitary
hormone inhibits the release of its own neurohormone
remains to be obtained.

However, there is ultrastructural evidence for den-
dro-dendritic connections in the case of GnRH neu-
rons, allowing the possibility (as mentioned above)
that GnRH neurons may affect the activity of one
another. This, however, is not a feedback system, but
rather a neural network which subserves synchroniza-
tion or autocrine-inhibition of neuronal activity.

Engineering models suggest that no control benefit
would be derived from either a short- or ultrashort-
loop feedback system.

8.2. Brain Differentiation and Plasticity

Thyroid and gonadal steroid hormones exert both
reversible and irreversible effects on brain structure,
connectivity, and synapses. Thus, if left untreated,
congenital lack of thyroid hormone results in irrevers-
ible cretinism owing to serious defects in brain devel-
opment. Reduced secretion of thyroid hormones in

adult life (myxedema) also results in cognitive and
other neurological deficits which can be reversed by
thyroid hormone administration. Here, attention will
be focused on gonadal steroids and their irreversible
effects on sexual differentiation of the brain as well
as reversible effects on certain neuronal systems.

8.2.1. SEXUAL DIFFERENTIAL OF THE BRAIN

The early studies of Steinach (in 1913) and Pfeiffer
(in 1936) showed that in the rodent the differentiation
of neural control of reproductive function (cyclical
in female and acyclial in the male) is determined by
exposure to sex steroids rather than the genetic sex
of the individual. Thus, transplantation of testes to
genetic female rodents before a critical period of brain
development permanently abolishes estrous cycles
and ovulation and induces male behavior. The classi-
cal studies with pituitary grafts carried out by Harris
and Jacobsohn (in 1952) and confirmed by Adams
Smith and Peng (in 1966), showed that this action of
the gonads was on the brain. Androgens were found
to be as effective as the testis in producing masculini-
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zation of the brain (Barraclough 1961). By the early
1960s, it was clear that, irrespective of the genetic
sex, in the rodent as well as in several other mammals,
the brain is at first neuter or feminine, and in the male
is converted to the masculine form by exposure to
androgens either in utero or during the early neona-
tal period.

The effect of testosterone is mediated by its enzy-
matic conversion by aromatase to estradiol-17[3. The
female brain is thought to be protected from the mas-
culinizing effects of circulating estradiol by the pres-
ence of a-fetoprotein, which has a very high affinity
for estrogen. In male animals, the brain is protected
from the masculinizing actions of androgens by cas-
tration shortly after birth. They have the capacity to
show estrous cyclicity—as assessed by the formation
of corpora lutea in grafted ovaries—as well as female
mating behavior.

The mechanism of action of androgens and estro-
gens in masculinizing the brain has not been estab-
lished. Estrogen has been shown to stimulate neurite
outgrowth from hypothalamic explants in culture, and
ultrastructural studies demonstrated sex differences
in synapse formation in hypothalamus. The most
striking morphological sex difference in the mamma-
lian brain is the sexually dimorphic nucleus of the
preoptic area first shown by R. Gorski et al. in 1984.
In the male rat, this nucleus is about three to five
times the size of that in the female, and the size of
the nucleus in the female can be converted to that in the
male by the administration of androgens before the
critical period of brain development (postnatal day
5 in the rat). However, in spite of its anatomical
prominence, the function of the sexually dimorphic
remains unknown. Functionally meaningful effects of
sex steroids on sexual differentiation of the brain
come from studies, pioneered by Nottebohm et al.,
on the sex differences in the telencephalic nuclei that
control song in some songbirds because the functional
anatomy of these nuclei is reasonably well under-
stood. Androgens switch the song system on, but it
seems that the central nuclei, which control song, are
only responsive to androgen in the adult if the bird
has been exposed to a surge of androgen or estrogen
at hatching. The female brain in birds may be pro-
tected from the masculinizing effects of androgens
by enzymatic inactivation.

What significance do these findings have for
humans? Well, human sexual outlook and behavior
i1s governed more by gender assignment and social
factors and, therefore, the precise role and importance
of sexual differentiation of the brain by sex steroids

is more difficult to identify. However, there are three
genetic deficiencies that suggest that androgen expo-
sure in utero and possibly during the early neonatal
period does influence sexual differentiation of the
brain in the human.

First, there is the adrenogenital syndrome in which,
because of a mutation in one of several enzymes, the
adrenal gland secretes large quantities of androgen
during fetal and postnatal life. A cohort of women
with the adrenogenital syndrome, followed at Johns
Hopkins hospital for about 20 yr by Money, Ehrhardt
et al., showed that although most have normal men-
strual cycles they also have a greater degree of male
characteristics on psychosocial tests compared to
women with androgen insensitivity or Mullerian
duct aplasia.

Second, there is the testicular feminization or
androgen insensitivity syndrome that occurs also in
cattle, rats, and mice. Individuals with the disorder
are genotypically male, but phenotypically female as
a consequence of the fact that androgen receptors are
absent or defective owing to a variety of mutations
of the androgen receptor gene. Thus, although testes
are present and secrete androgens, the tissues cannot
respond to testosterone or Sa-dihydrotestosterone. As
a consequence of normal plasma concentrations of
testicular estrogens, the individual undergoes a “femi-
nizing” puberty that results in the development of
breasts and female appearance, but no pubic or axil-
lary hair. Individuals with testicular feminizing syn-
drome show feminine behavior as would be predicted
from androgen-deprived rodents. However, given the
fact that in the rodent, sexual differentiation of the
brain is effected by estradiol rather than testosterone
itself, the feminine self-perception of subjects with
androgen insensitivity syndrome may at first sight
seem puzzling. A possible explanation is that because
the androgen receptor is known to be important for
normal activity of the aromatase enzyme, defective
androgen receptors may lead to a deficiency in aroma-
tase and, therefore, an inability to convert testosterone
to estradiol.

Third, testosterone is normally converted in the
periphery to So-dihydrotestosterone, a powerful
androgen. This steroid cannot masculinize the brain,
butis important for masculinizing the genitalia. Imper-
ato-McGinley and associates carried out an important
study in the Dominican Republic on pseudohermaph-
rodites with a deficiency of So-reductase that converts
testosterone to So-dihydrotestosterone. At birth, the
external genitalia of these individuals are female in
appearance and consequently the affected individuals
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are raised as girls. Under the influence of testosterone
secreted in large amounts at puberty, the external
genitalia become male in appearance, and in spite of
the fact that they have been brought up as girls, the
individuals now take on a male gender role. This led
Imperato-McGinley et al. to conclude that exposure
of the brain to testosterone in utero, neonatally, and
at puberty, appears to contribute substantially to the
formation of male gender identity. The syndrome of
So-reductase deficiency is in keeping with the rodent
model of sexual differentiation of the brain which
predicts that 5a-dihydrotestosterone plays no signifi-
cant role in masculinizing the brain; the brain in this
syndrome will have been masculinized by testoster-
one¢ or estrogen.

These three genetic deficiencies together with other
data suggest that the effect of sex steroids in man is as
important for sexual differentiation of the brain as in
the rodent. Clearly, behavior and psychosocial atti-
tudes may be permanently influenced by the nature of
steroid exposure of the brain during early development.
Further intensive genetic studies are warranted in this
important psycho-social area.

8.2.2. NEURAL PLASTICITY: LONG-TERM
REevVERrsIBLE EFFECTS OF STEROIDS

The bed nucleus of the stria terminalis (BNST)
provides a dramatic example of the effects of sex
steroids on neural plasticity. The stria terminalis is the
main nerve fiber tract that connects the hypothalamus
with the amygdala, an important component of the
limbic system concerned with emotion, olfaction,
aggression and the control of related behaviors, and
central neuroendocrine systems. Equivalent to a junc-
tion box within the stria terminalis, the BNST contains
neurons, concerned with olfactory or “social” mem-
ory, that project to the lateral habenula and lateral
septum. These neurons utilize AVP as a neurotrans-
mitter. The expression of AVP in the BNST, but not
in the PVN or SON of the hypothalamo-neurohypo-
physial system is dependent on normal levels of tes-
tosterone or estrogen. Thus, the AVP concentrations
in the BNST neurons fall to undetectable levels after
castration or ovariectomy, and can be restored to nor-
mal by the administration of either of these two sex
steroids. The action of testosterone is dependent upon
its conversion to estrogen, and the action of estrogen
or testosterone is mediated by AVP gene transcription
(Figs. 15 and 16). The reason for the exquisite sensi-
tivity to sex steroids of the BNST, but not the PVN
or SON, remains to be established, but perhaps one
relevant difference is that the BNST contains high

concentrations of both alpha and beta estrogen recep-
tor and aromatase whereas the AVP and SON contain
only relatively low concentrations of the beta estrogen
receptor and little if any aromatase.

8.3. Effects of Sex Steroids
on Neurotransmission
(Relevance for Mood and Mental State)

Many studies have demonstrated that adrenal and
gonadal steroids affect the turnover of monoamine
neurotransmitters by actions on the enzymes that syn-
thesize and metabolize monoamines. Recent studies
carried out by Fink and associates on rodents have
shown that estrogen increases the expression of the
genes for the serotonin 2A receptor and serotonin
transporter in the dorsal raphe nucleus of the midbrain
with a concomitant increase in the density of serotinin
2A receptors and serotonin transporter sites in higher
forebrain centers which in man are concerned with
the control of mood, cognition, mental state, emotion,
and memory. Specifically, acute (32 h) treatment with
estradiol or testosterone, but not So-dihydrotestoster-
one, induces a significant increase in the density of
serotonin 2A receptors in frontal, cingulate and piri-
form cortex, and in nucleus accumbens. The lack of
effect of the potent androgen, Sa-dihydrotestosterone,
suggests that the action of testosterone is mediated
by its conversion to estradiol-17f through the action
of aromatase. This may also explain why estradiol,
but not testosterone, increases the density of serotonin
2A receptors in the striatum which has little or no
aromatase enzyme. Our findings on the acute effect
of estradiol on the serotonin 2A receptor in cerebral
cortex have been confirmed by T. di Paolo et al. who
studied the long-term (14 d) effects of estradiol. The
estradiol-induced changes in density of the serotonin
transporter sites occurred in the basolateral amygdala,
lateral septum and ventromedial nucleus of the hypo-
thalamus—three areas noted for their role in emotion,
and especially aggression. The possible clinical rele-
vance of the latter is that aggression in man is some-
times amenable to therapy with selective serotinin
reuptake inhibitors such as fluoxetine (“Prozac”)
which target the serotonin transporter.

Because the serotonin 2A receptor has been impli-
cated in depression and schizophrenia and the seroto-
nin transporter in depression, our findings offer a
rational biological basis for the depressive symptoms
which occur in some women premenstrually, around
the time of the menopause or after childbirth, times
at which estrogen levels fall precipitously. The effect
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Fig. 15. Photomicrographs of coronal sections
taken through the habenula of the hypogonadal
(hpg) mouse, a mutant deficient in GnRH and
therefore in estrogen or testosterone. The lower
section was taken from an hpg mouse treated
with testosterone while the upper section comes
from an untreated Apg mouse. Note the high den-
sity of AVP-containing fibers in the lateral haben-
ula of the mouse treated with testosterone. Simi-
lar results were obtained by treatment with
estrogen and by the transplantation of a hypothal-
amic graft from a normal mouse into the third
ventricle of an Apg mouse. The development of
the dense plexus of AVP terminals in the lateral
habenula of the Apg mouse treated with testoster-
one is due to stimulation of AVP gene transcrip-
tion shown in Fig. 16. (Data modified with per-
mission of Mayes et al., Neuroscience 1988;
25:1013-1022.)

Fig. 16. Shows the dramatic stimulatory effect of testosterone on expression of the AVP gene in the bed nucleus of the stria
terminalis (BNST). Mean (xSEM) number of cells expressing AVP mRNA in the BNST of hypogonadal mice at different
times after implanting either empty (open bars) or testosterone-propionate containing (closed bars) silicone elastomer capsules.
Significance of differences (Mann-Whitney U test): *P <0.05; **P <0.01. (Reproduced with permission from Rosie et al., Mol
Cell Neurosci 1993; 4:121-126.)
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of estrogen on serotonin 2A receptors may also help
to explain the sex differences in schizophrenia.

The effect of estrogen on the serotonin transporter
and the serotinin 2A receptor may have relevance for
hormone replacement therapy (HRT). Furthermore,
because the serotonin 2A receptor is the major target
for atypical antipsychotics such as clozapine and the
serotonin transporter is the target for the selective
serotinin reuptake inhibitors (above) which are potent
antidepressants, the findings outlined above may pro-
vide a basis for the use of sex steroids, or their analogs,
as adjunct therapy for depression and psychoses.

8.4. Gonadal Steroid Action:
Classical Versus Membrane FEffects

The “classical” mechanism of steroid action
involves transport of the steroid into the cell cyto-
plasm where it binds to and activates steroid receptors
which in turn bind to a specific binding site (steroid
response element) of the promoter region of a gene.
The activated steroid receptor thereby stimulates or
suppresses gene expression. In addition to this “classi-
cal” mechanism of steroid action, some steroid effects
are likely to involve rapid effects on membranes and
membrane receptors. Progesterone and its cogeners,
forexample, activate the GABA, receptor and thereby
potentiate the influx of chloride ions that results in
marked hyperpolarization of the cell. This action of
progesterone and its derivatives explains its anesthe-
tic/sedative effect which, first noted by H. Selye, led
to the development of alphaxalone (3o-hydroxy-5a
pregnane-11,20 dione), a progesterone derivative,
which is a potent anesthetic. The sedative effect of
progesterone may explain why some women remark
on the fact that they feel remarkably calm during
the second and third trimesters of pregnancy when
progesterone levels are elevated. Similarly, progester-
one may also exert an anxiolytic-like effect during
the luteal phase of the menstrual cycle. Electrophysio-
logical and other studies show that some of the effects
of estrogen may also be mediated by actions at the
cell membrane as well as through its cytoplasmic
receptors. This point is underscored by our findings
and those of Di Poalo and her associates that estradiol
increases the density of serotonin 2A and dopamine
2 receptors in the striatum, which appears to be bereft
of “classical” cytoplasmic estradiol receptors.

9. PSYCHONEUROENDOCRINOLOGY

The recognition that the secretion of pituitary hor-
mones reflects the activity of hypothalamic neurons

which in turn reflects neurotransmitter activity in the
brain, provided the basis for the use of pituitary hor-
mone secretion as a marker of disordered central neu-
rotransmission that may underlie or be associated with
mental disorders. The growth of this discipline, “psy-
choneuroendocrinology,” has been impeded by our
lack of fundamental knowledge about the precise neu-
rotransmitter regulation of hypothalamic neurons that
regulate the anterior pituitary gland. Nonetheless, sev-
eral robust findings have been made and these provide
important clues for further research that might opti-
mally be carried out in conjunction with human genet-
ics and sophisticated brain imaging.

Thus, for example, it has long been known that
plasma cortisol concentrations are abnormally high
in patients with psychosis, and especially severe
depression. Furthermore, as shown by the ground
breaking work of Carroll and Rubin et al., in many
psychotic patients it is not possible to suppress these
high cortisol concentrations by injecting a glucocorti-
coid agonist such as dexamethasone (the “dexametha-
sone suppression test”). Although it cannot accurately
discriminate between psychoses, failure of dexameth-
asone to suppress cortisol levels is a robust method
for providing collateral biological evidence that a
patient is suffering from a severe psychosis. The
inability of dexamethasone to suppress cortisol levels
in many patients with depressive psychosis points to
a significant abnormality in the regulatory mechanism
for ACTH release. Elucidation of the precise nature
of this abnormality may help to explain the central
neurotransmitter dysfunction that leads to severe
depression or other psychoses.

The growth hormone and prolactin responses to
pharmacological challenge are also abnormal in cer-
tain psychotic states. In anorexia nervosa, for exam-
ple, a life-threatening condition, which occurs pre-
dominantly in young women, the normal growth
hormone surge that can be induced by infusion of L-
tryptophan, the precursor for serotonin synthesis, is
completely absent. This cannot simply be attributed
to a lack of food intake because the GH response to
L-tryptophan infusion is enhanced, rather than sup-
pressed, in women of a similar age who have been
placed on a low calorie diet. Again the precise expla-
nation for this phenomenon, shown first by G. Good-
win et al., is not established, but point to an abnormal-
ity in central serotonin function that underlies or is
associated with anorexia nervosa.

The advantages of the psychoneuroendocrine
investigation of mental disorders is that it is cheap,
only mildly invasive, and can be carried out in
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severely ill patients. Its power will depend upon fur-
ther fundamental studies to enable us accurately to
interpret neuroendocrine responses to pharmacologi-
cal challenges and correlative studies with sophisti-
cated brain imaging and human genetics.
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