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INTRODUCTION

Our knowledge of how hormones affect normal growth and development has
derived from observing the pathophysiological effects of hormonal deficiency
or excess in clinical and experimental studies. These observations have led to
the identification of numerous hormones that exert significant effects on
somatic growth, including growth hormone (GH), insulin, thyroid hormones,
glucocorticoids, and androgens. As implied by its name, GH is the fun-
damental factor regulating growth. Moreover, it is of particular interest since it
is the hormonal link between somatic development and its regulation by the
central nervous system.

GH release by the anterior pituitary is controlled by hypothalamic releasing
and inhibiting factors. The recognition (1) and characterization (2) of hypotha-
lamic growth hormone release—inhibiting factor, somatostatin, in 1973 ex-
tended our knowledge of the regulation of GH secretion. The structural elucida-
tion of growth hormone-releasing factor (GRF) was not accomplished until
almost ten years later. In November 1982, Guillemin and associates (3)
reported the isolation and characterization of a 44 amino acid peptide from a
pancreatic tumor causing acromegaly with potent GH-releasing activity. These
investigators also described two additional GH-releasing peptides consisting of
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the first 37 and 40 amino acids of the 44 amino acid peptide. The structure of the
40 amino acid GRF was confirmed shortly thereafter by Rivier et al (4) and
Esch et al (5). This information has led to the successful characterization of
human hypothalamic GRF (5a) as well as murine (6), porcine (7), bovine (8),
and ovine and caprine GRF (8a).

The availability of synthetic GRF has opened a new era in our investigations
of the regulation of GH secretion by the anterior pituitary. The purpose of this
article is to review the literature concerning the in vivo actions of growth
hormone-releasing factor.

THE ONTOGENY AND DISTRIBUTION OF GRF WITHIN
THE CENTRAL NERVOUS SYSTEM

Based on its hypophysiotropic function, the distribution of GRF within the
central nervous system had been hypothesized as being concentrated in the
hypothalamus. Immunohistochemical studies conducted to evaluate this
hypothesis show that the localization of this peptidergic system within the
central nervous system is highly consistent with its physiological function of
releasing GH from the anterior pituitary.

GRF immunoreactivity is not observed in the hypothalami of human fetuses
younger than 29 weeks of age (9). Between 29 and 3 | weeks of intrauterine life,
numerous immunoreactive cells are found in the infundibular (arcuate) nucle-
us, showingtypical neuroblastic aspects such as small diameterand no process-
es. No immunoreactive fibers can be found in the median eminence of the
hypothalamus at these ages. The hypothalamic distribution of GRF neurons is
similar in older fetuses and neonates; however, cell bodies appear more
immunoreactive and short, immature processes are observed. GRF im-
munoreactive fibers first appear in the hypothalamus after the thirty-first week
of fetal life and are numerous at birth. These fibers also appear in the median
eminence, with endings in contact with the hypothalamic-hypophyseal portal
vessels, at about the same time.

The ontogeny of the GRF system does not parallel the development of the
other hypophysiotropic factors. Neurons staining for luteinizing hormone-
releasing factor (LRF) are detectable by the eleventh week of fetal life (10), for
somatostatin by the fourteenth week (11), and for corticotropin-releasing factor
(CRF) by the sixteenth week (12). The appearance of somatotropic cells within
the pituitary occurs as early as the eighth week of gestation. Thus, it appears
that the initial stages of the development and differentiation of pituitary so-
matotrophs are independent of hypothalamic GRF input.

Numerous cell bodies containing GRF immunoreactivity are observed in the
adult human and monkey hypothalami (13, 14); the vast majority of these cell
bodies are in the medial basal hypothalamus, especially in the arcuate nucleus.
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Figure 1 Diagrams of the frontal sections of the adult human hypothalamus showing the
localization of GRF immunoreactive cell bodies. A-D are from anterior to posterior planes.
Abbreviations: AC = anterior commissure; D = nucleus of diagonal band; DM = dorsomedial
nucleus; F = fomix; I = infundibular nucleus; IR = infundibular recess; LV = lateral ventricle; MF
= midline fissure; NVZ = neurovascular zone; OT = optic tract; PO = preoptic nucleus; PV =
paraventricular nucleus; S = pituitary stalk; SO = supraopticnucleus; T = lateral tuber nucleus; V
= third ventricle; VM = ventromedial nucleus (taken from 9).

Some cell clusters extend into the lateral hypothalamus, and others extend
dorsally near the ventromedial nucleus and along the wall of the third ventricle.
Cell bodies are found as far anterior as the optic chiasm and as far posterior as
the mamillary bodies (Figure 1). GRF immunoreactive fibers are present in the
median eminence, arcuate nucleus, and ventromedial nuclei. Within the me-
dian eminence, the fibers appear grouped in bundles that terminate on the
primary capillary plexus of the hypothalamic-hypophyseal portal system, an
expected observation based on the functions of GRF.

The distribution of GRF immunoreactive structures within the rat hypothala-
mus is similar to that found in primate brains. The majority of cell bodies are
found in the arcuate nucleus and in the medial perifornical region of the lateral
hypothalamus (15-17, 22). Scattered cell bodies are also seen in the ventral and
dorsal lateral hypothalamus. Of interest is the apparent absence of GRF-
containing neurons in the ventromedial hypothalamus in the rat (16). Electrical
stimulation (18) and lesion experiments (19-21) have strongly implicated the
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ventromedial hypothalamus as an important neural locus with regard to GRF.
Since GRF cell bodies are located in areas contiguous to this region, it is likely
that the effects observed by destruction or stimulation of the ventromedial
nucleus are due to extension of the lesions or to diffusion of the stimulation to
adjacent areas. Nevertheless, neurons within the ventromedial nucleus might
exert an effect on GRF neurons in the arcuate nucleus.

Dense GRF immunoreactive processes and terminals are observed in the
median eminence. Bloch et al (22) have demonstrated that neonatal treatment
of rats with monosodium glutamate, a procedure that selectively destroys the
neurons of the arcuate nucleus, results in the almost complete and selective loss
of GREF staining in the median eminence. These results demonstrate that the
arcuate nucleus is the main source of GRF in the median eminence. Fibers from
GRF-staining neurons in the perifornical region run perpendicular to the basal
surface of the hypothalamus. They then turn medially and run parallel to it until
they terminate in the median eminence.

The ontogeny and distribution of GRF immunoreactivity has also been
studied in the cat (23). As in other species, cell bodies are most abundant in the
arcuate nucleus, with additional staining observed in the paraventricular,
supraoptic, and dorsomedial nuclei and anterior periventricular areas. Again,
little or no immunoreactivity is observed in the ventromedial nucleus. Consis-
tent with what is observed in humans, the development of the GRF pathways in
the cat is much later than that of the other hypothalamic releasing and inhibiting
factors. Although the GRF cell bodies are developed by 15 days of age, only
scarce GRF immunoreactive fibers in the median eminence can be observed.
By 30 days of age nerve fibers are abundant and well developed, and terminals
canbe seen in close proximity to the primary capillary bed of the hypothalamic-
hypophyseal portal system. GRF perikarya have also been observed outside the
hypothalamus in the cat; however, questions concerning the specificity of the
GREF antiserum in relation to feline GRF leave these observations open to
interpretation.

GRF REGULATION OF GH RELEASE

Extensive studies on the in vivo action of GRF were initiated as soon as the
synthetic replicate of GRF became available. Initial experiments were designed
to establish the dose-response relationship and the specificity of GRF in
stimulating GH release in a variety of animal models. Likewise, studies were
conducted to evaluate whether the various GRFs characterized possess differ-
ent biological activity. Since the 44 amino-acid peptide isolated from human
tissue has in vivo biological activity similar to the 40 and 37 amino-acid
peptides (Figure 2) and since human and murine GRF are equipotent in vivo



Annu. Rev. Pharmacol. Toxicol. 1985.25:463-483. Downloaded from www.annual reviews.org
by Central College on 12/11/11. For personal use only.

PHYSIOLOGY OF GRF 467

800 - l
600 -
E
~
D 400
T
(G]
200- .
n
0- — - ,
0 6 10 15

minutes

Figure 2 The relative potency of 0.02 nmole human GRF (1-44), (1-40), and (1-37) (see 3) in
anesthetized male rats. Animals were treated with 60 mg/kg sodium pentobarbital administered
intraperitoneally 15 minutes prior to the initiation of blood sampling. The peptides were adminis-
tered intravenously immediately after time O in 0.5 ml saline. Data points represent the mean of
results obtained in 19 rats; vertical bars represent the SEM (W. Wehrenberg, N. Ling, unpublished
observations).

(23a), little distinction will be given here to which specific molecule of GRF
was used in a given study.

Doses

HUMAN AND SUBHUMAN PRIMATES The identification of a substance with
direct and potent GH releasing activity has stimulated substantial clinical
interest. Intravenous administration of GRF into normal adults in doses of
0.1-10 pgkg body weight results in a significant increase in plasma GH
concentrations (24-29). Peak concentrations of GH are reached 15-30 minutes
post-injection and concentrations return to baseline values in between one and
two hours (Figure 3). The pituitary GH response to GRF is specific; the
secretion of no other anterior pituitary hormone is altered by GRF administra-
tion (24). Thorner et al (30) have reported that GRF is also effective in
stimulating GH release following subcutaneous and intranasal administration.
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Figure 3 Elevation of plasma GH concentrations in response to GRF in normal adult human
volunteers. Responseto the 0.5, 5, and 10 ng/kg doses of GRF wereall significantly higher than the
placebo. GH concentrations rose within five minutes and reached a maximum at 30-45 minutes
(0.5 pg/kg), 45-90 minutes (5 pg/kg), and 30-120 minutes (10 pg/kg). Results areexpressedin ng
hGH/ml (mean + SEM) (taken from 25).

The minimum effective doses of GRF required for subcutaneous administration
are approximately 30 times greater than those required for intravenous adminis-
tcation (30). Intranasal administration of GRF requires doses about 100 times
greater than those required for intravenous administration (30, 31).

The specific pituitary GH response to GRF and its dose-response relationship
has also been confirmed in subhuman primates (32). Increases in GH are
observed in normal female monkeys following the intravenous administration
of 5-100 pg GRF/kg. Maximum GH concentrations are measured approx-
imately 30 minutes following injection; concentrations return to baseline within
one hour following lower doses of GRF, but they remain elevated for up to two
hours following higher doses.

The reports published thus far on the effects of GRF on GH secretion in
humans and monkeys demonstrate a marked heterogeneity of the GH response
to a given dose of GRF. This applies to the response observed within an
individual given repeated doses of GRF and to the response observed between
individuals. It is unclear what factors are involved in modulating the GH
response to GRF. It is possible that somatostatin is actively involved, since this
neuropeptide plays a major role in regulating GH secretion and it has already
been shown to modulate the GH response to GRF in laboratory animals (33,
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43). Regardless of the variability in the GH response to GRF, this peptide is
already of immense importance in the clinical diagnosis of GH disorders.

OTHER SPECIES Extensive research has been conducted on the biological
relationships between GRF and GH in the laboratory rat. Initial studies were
conducted in rats anesthetized with sodium pentobarbital. This animal model
has proven very useful for the study of GRF, since pentobarbital anesthesia
appears to inhibit the release of both endogenous somatostatin and GRF (34).
Studies with GRF have demonstrated that the maximum GH response occurs
within 3—5 minutes post-intravenous injection; concentrations begin to decline
within 15 minutes and return to baseline by 30 minutes. The dose-response
relationship for GRF has been clearly demonstrated in the rat, in contrast to
results obtained in the human. The minimum effective dose of GRF to elicit a
GH response is approximately 100 ng/kg and the maximum dose is in the range
of 5 pg/kg (Figure 4). The subcutaneous administration of GRF is also
effective, the minimum effective dose being approximately 25 pg/kg (35). Rats
anesthetized with urethane also appear to be a useful model (35, 36). However,
urethane anesthesia is known to increase somatostatin concentrations in
hypothalamic-hypophyseal portal blood compared to sodium pentobarbital
anesthesia (37), and thus it is not unexpected that the amount of GRF needed to
stimulate GH secretion is greater in the urethane-anesthetized rat.

GH (ng/ml)

minutes

Figure4 Theincrease in plasma GH concentrations following the intravenous administration of
saline (@), 0.15(0), 0.5 («), 1.5 (a), 15 (D), and 25 pg/kg (W) of GRF in anesthetized male rats three
months of age. Animals were treated immediately after the time 0 sample, data points represent the
mean response in six rats, and vertical bars represent the SEM. Note that the increase in GH
concentrations following the 0.15 pg/kg dose is significant (p <0.05), although it is difficult to
illustrate this increase here because of the tremendous responses observed at the higher doses (taken
from 90).
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Figure5 The effect of 10 p.g GRF administered intravenously on GH secretion in four conscious,
freely moving male rats. Injections (indicated by arrows) were made at a time known to be between
spontaneous GH pulses. Note the absence of response in rat #63 and the partial response in rats
#59 and #68 compared to the response in rat #67 (taken from 33).

While anesthetized animals are a very useful model for numerous studies, it
is apparent that they are not the best model for studies designed to investigate
some of the physiological interactions between GRF and GH. Ideally, such
studies should be carried out in conscious, freely moving animals. Initial
studies using this animal model yielded very perplexing results (33). The
intravenous administration of GRF, which is unequivocally bioactive in vitro
(3, 4) and in vivo in anesthetized rats (3, 4), only induces an increase in plasma
GH concentrations in 30% of the rats tested (Figure 5). This inconsistency in
response, which to some degree appears similar to the heterogeneity of re-
sponses observed in humans, can be completely eliminated by pretreating the
rats with antibodies raised against somatostatin (Figure 6). An additional study
was conducted to further establish the role of somatostatin in modulating the
pituitary GH response to GRF. Following a 72-hour fast, a treatment reported
to increase endogenous somatostatin release (38), rats were injected with GRF.
The administration of GRF did not elicit a significant GH response in fasted
rats, a result that can be reversed by pretreatment of the animals with somato-
statin antibodies (33). These results demonstrate the dynamic and opposite
roles exerted by GRF and somatostatin in regulating GH secretion (see further
discussion below).

An additional fact that can complicate the interpretation of results obtained
from studies involving the administration of GRF to conscious, freely moving
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Figure 6 The effect of 1 g GRF administered intravenously on GH secretion in four conscious,
freely moving male rats pretreated with antiserum against somatostatin. Injections (indicated by
arrows) were made at atime known to be between spontaneous GH pulses. Note the change indose
of GRF administered and scale of GH concentrations compared to Figure 5 (taken from 33).

animals is that the endogenous release of GH by the pituitary is pulsatile in
nature (39). Using a monoclonal antibody raised against rat GRF (40), Wehren-
berg et al (41) have shown that these spontaneous GH pulses are GRF depen-
dent. The fact that plasma GH concentrations during spontaneous pulses can
approach those observed in response to exogenously administered GRF make it
difficult to delineate spontaneous and induced changes in plasma GH concen-
trations. To circumvent the problems created by endogenous somatostatin and
GRF, Wehrenberg et al (42) treated conscious, freely moving animals with
antiserum against somatostatin and with a monoclonal antibody against rat
GREF that does not recognize GRF isolated from human tissue. This animal
model is ideal in that it represents an immediate, noninvasive, yet reversible,
functional lesion of the hypothalamo-pituitary axis that is specific only for
endogenous somatostatin and rat GRF. Using this model, these investigators
have shown that the pituitary GH response to repeated doses of human GRF is
virtually unchanged over time (Figure 7). In addition, dose-response studies
conducted in this animal model confirm studies performed in anesthetized rats.
The minimum effective dose of GRF required to elicit a GH response is
100-200 ng/kg and the maximum GH response is observed with approximately
S pgkg (Figure 8).

GREF has been shown to be biologically active in all of the animal species
tested thus far. Intravenous injection of 1-10 pg GRF in rabbits causes a
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Figure7 The capacity of the pituitary in conscious, freely moving male rats (n = 6) tosecrete GH
in response to repeated intravenous injections of a moderate (0.25 g; ®) and maximal (5 pg; ©)
dose of human GRF. Two hours before the first injection, the rats were treated with an antiserum
against somatostatin and a monoclonal antibody against rat GRF that does not recognize human
GRF. Arrows indicate the injection of human GRF. Data points represent the mean GH concentra-
tion and the vertical bars represent the SEM (taken from 42).
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Figure8 Thedose-dependentresponse of the pituitary in conscious, freely moving male rats (n =
6) to secrete GH in response to human GRF administered intravenously. Two hours before the
saline injection, the rats were treated with an antiserum against somatostatin and a monoclonal
antibody against rat GRF that does not recognize human GRF. The dose and time of injection of
human GREF are indicated, data points represent the mean GH concentration, and the vertical bars
represent the SEM (taken from 42).

significant and dose-related increase in plasma GH concentrations (43). As in
the rat, the GH response is significantly greater in rabbits pretreated with
somatostatin antiserum than in rabbits pretreated with control serum. The GH
response to repeated doses of GRF is also unaltered over time in rabbits, again
illustrating the capacity of the pituitary to secrete GH. GRF is effective in
releasing GH in dogs (3). In domestic animals, GRF stimulates GH secretion in
ovine (44, 45), porcine (46), and bovine species (47). It is also active in
chickens (48, 49) and turkeys (50). GRF releases GH in at least one lower
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vertebrate species, the goldfish (51). It is our opinion that, as further research is
conducted, GRF will continue to be shown as a potent and specific releaser of
GH across all species.

Animal Models for the Study of GRF Regulation
of GH Release

As already discussed, the stimulation of GH secretion by GRF can be clearly
illustrated in normal animals following various routes of administration.
However, the GH response to GRF is quite variable due to the interaction of
endogenous somatostatin and the pulsatile nature of spontaneous GH secretion.
For this reason, various animal models have been investigated for their poten-
tial use in studying the GH response to GRF. Rats with electrolytic lesions of
the ventromedial-arcuate region of the hypothalamus have a marked suppres-
sion of the GH release (52) that is not due to increased somatostatin release
(21). Using such lesioned animals, Tannenbaum et al (54) and Wehrenberg et
al (55) have reported a potent effect of GRF on GH secretion. Pretreatment of
these animals with somatostatin antibodies results in an enhancement of the GH
response to GRF. Other animal models in which spontaneous GH secretion can
be modified have also been evaluated. Chemical lesion of the arcuate nucleus
by neonatal treatment with monosodium glutamate and the pharmacological
interruption of catecholamine synthesis and storage by a-methyl-p-tyrosine
and reserpine respectively are all known to inhibit spontaneous GH release. In
each of these animal models, the GH response to GRF is enhanced by prior
treatment of the animals with somatostatin antiserum (55).

CENTRAL NERVOUS SYSTEM PATHWAYS
INVOLVED IN GRF SECRETION

Numerous stimuli are known to release GH in vivo. Their actions are indirect,
since they are unable to stimulate GH release in vitro. Initial reports are now
appearing in the literature that indicate that these indirect pathways for releas-
ing GH ultimately involve GRF. Opiates and opioid peptides are potent
releasers of pituitary GH in vivo, yet are devoid of any GH releasing activity in
vitro. Wehrenberg et al (42) reported that the GH response to morphine sulfate
administration in rats can be completely blocked by the prior administration of
GRF antibodies. These results have been expanded by the recent report by Miki
et al (58) that shows that passive immunization of rats with an antibody raised
against human GRF that recognizes rat GRF completely abolishes the GH
response to FK 33-824, an enkephalin analogue. We have also observed that
such passive immunization inhibits the GH-releasing activity of B-endorphin
when administered into the lateral cerebral ventricles (57). Miki et al (58) have
also shown that the a—adrenergic stimulating pathways involved in GH secre-
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tion require the active involvement of GRF. These initial observations indicate
that GRF is the final common pathway for the ultimate regulation of GH
secretion.

FACTORS MODULATING GRF REGULATION
OF GH RELEASE

Other Hypothalamic Releasing Factors

The specificity of previously characterized hypothalamic releasing factors in
releasing their respective pituitary target hormones is well established. Thyro-
tropin-releasing factor (TRF) stimulates the release of thyrotropin (TSH) and
prolactin; luteinizing hormone-releasing factor (LRF) stimulates the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH); cortico-
tropin-releasing factor (CRF) stimulates the release of adrenocorticotropin
(ACTH) and B-endorphin. Likewise, GRF is specific for the release of GH (3,
4, 24, 34). Under numerous pathophysiological conditions, the secretion of
anterior pituitary hormones is altered. For example, stress increases the secre-
tion of ACTH and decreases the secretion of gonadotropins and TSH (60, 61).
This change in pituitary secretion may be due to a variety of mechanisms, one
of which might be changes in the pituitary response to the releasing factors in
the presence or absence of other releasing factors (i.e. interactions). To investi-
gate the possibility of interactions between the four hypothalamic releasing
factors on anterior pituitary secretion, Wehrenberg et al (62) conducted in vitro
and in vivo experiments using a 2 X 2 X 2 X 2 factorial design. This design
allows for the evaluation of both main effects of the releasing factors as well as
of all possible interactions between them. The results obtained confirm the
specificity of each of the releasing factors on their respective target cells in the
anterior pituitary under normal physiological conditions. There were no signifi-
cant interactions between any of the releasing factors on anterior pituitary
hormone secretion. These results suggest that changes in the pituitary secretion
observed under pathophysiological conditions are not due to interactions of the
releasing factors at the level of the pituitary, but rather to other secondary
interactions that modify the hypothalamic release of the releasing factors or the
pituitary response to the stimuli. An important implication of these results is
that the clinical pituitary reserve test conducted in humans to evaluate pituitary
response to the hypothalamic releasing factors can be expanded to include all
four releasing factors, since any lack of response will reflect pituitary dysfunc-
tion and not an interaction of the releasing factors.

Hypothalamic Inhibiting Factor: Somatostatin

As discussed earlier, somatostatin plays an active role in modulating the GH
response to GRF. One of the most perplexing observations made thus far is the
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apparent randomness of the GH response to GRF in conscious, freely moving
animals (33, 43). When normal animals are pretreated with somatostatin
antiserum, the GH response is normalized. These observations suggest that
somatostatin is released in a pulsatile or episodic fashion. Arancibia et al (63)
and Kasting et al (64) have reported that the concentrations of somatostatin
released from the median eminence is pulsatile, with a period interval of
approximately 60-120 minutes. Evidence thus suggests that both GRF and
somatostatin are released in a pulsatile fashion. Apparently, somatostatin
predominates in this system, since administration of somatostatin always
reduces plasma GH concentrations (65) and the administration of GRF does not
always increase GH (33). For the exogenous administration of GRF to be
effective, hypothalamic somatostatin secretion must be at a nadir. Much work
is needed in this area to further delineate the relationship between GRF and
somatostatin in regulating GH secretion.

Pituitary Hormones

To date, only the effects of reduced or excess GH on the pituitary response to
GREF have been reported. These reports have centered primarily on clinical
studies in patients suffering from acromegaly or hypopituitarisms. Shibasaki et
al (66) have observed that the time of peak GH concentrations, as well as the
magnitude of the pituitary response to GRF, was highly variable in ten
acromegalic patients. In light of the clinical history of these individuals, the
significance of the results is unclear. A preliminary report has appeared that
suggests that the exogenous administration of GH to normal subjects reduces
the GH response to GRF (67).

The effects of GRF administration under conditions of GH deficiency can be
summarized by stating that GRF is very useful in distinguishing pituitary
dysfunction from hypothalamic dysfunction (68—71). The significance of this
as a clinical tool is apparent. Pintor et al (72) have also observed that GRF has a
prolactin-lowering effect in GH-deficient children. This observation will need
further confirmation.

Other Endocrine Effects

Glucocorticoids enhance GH production by somatotrophs in in vitro systems
(73-75). Yetin vivo, the exogenous administration of these steroids results in
an inhibition of somatic growth. To study this apparent dichotomy in the
actions of glucocorticoids, the pituitary response to GRF has been evaluated in
intact and adrenalectomized rats receiving glucocorticoid replacement therapy.
Administration of the glucocorticoid dexamethasone significantly enhanced
the GH response to GRF in intact as well as in adrenalectomized rats (76).
These observations demonstrate that these steroids enhance the pituitary GH
response to GRF in vivo. This fact, coupled with the fact that glucocorticoids



Annu. Rev. Pharmacol. Toxicol. 1985.25:463-483. Downloaded from www.annual reviews.org

by Central College on 12/11/11. For personal use only.

476 WEHRENBERG ET AL

inhibit somatic growth, leads to the hypothesis that adrenocortical steroids are
positive modulators of the GH response at the pituitary level but negative
modulators at peripheral sites. Thyroid hormone also enhances GH production
by somatotrophs in vitro (74, 75). Preliminary observations in vivo are consis-
tent with these observations in that thyroid hormone appears to enhance the GH
response to GRF (77). These results are in agreement with in vitro data (78).

Males of most vertebrate species, including humans and laboratory rodents,
are much larger than their female counterparts. Sex differences in weight are
known to be due to direct and potent anabolic effects of androgens on metabolic
processes in target tissues. In addition, some evidence suggests that gonadal
steroids mediate their effects on growth by regulating GH synthesis and release
(79-84). Wehrenberg et al (85) have reported that testosterone replacement
therapy in gonadectomized male rats causes a significant enhancement of the
GH response to GRF, but estradiol replacement therapy in gonadectomized
female rats does not alter the response. Other results in pre- and post-pubescent
rats suggest that the enhanced response observed in male rats is not observed
until after puberty.

Other Factors

The amino acid sequence of GRF shows considerable homology with peptides
in the secretin-glucagon family of gut peptides and suggests that peptides
within this family might interact. Glucagon, gastric inhibitory peptide (GIP),
and secretin cause a slight inhibition of plasma GH concentrations when
administered to anesthetized rats (86). When GIP is administered in combina-
tion with GRF, the pituitary GH response is significantly augmented. In
contrast, when secretin is administered in combination with GRF, the pituitary
response is significantly reduced. It is unclear whether these results reflect a
direct interaction of these peptides with GRF receptors on the somatotrophs or
are due to extrapituitary mechanisms.

One of the standard clinical tests to elicit pituitary GH secretion in man is
insulin-induced hypoglycemia. The fact that hyperglycemia suppresses GH
secretion is well known. In light of this relationship, the effects of blood
glucose ontheresponse of GH to GRF have been evaluated in humans (87, 88).
Under conditions of hyperglycemia, the GH response to GRF is significantly
suppressed.

Significant age-related variations in the spontaneous secretion of GH exist in
man and experimental animals. At or near the time of puberty, GH secretionis
near a maximum for both the frequency of spontaneous GH pulses and the
magnitude of plasma GH concentrations. With advancing age, both of these
parameters are significantly reduced. The cause of these age-related changes is
unknown; however, a possible mechanism could be changes in pituitary re-
sponse to GRF. The datareported in humans are unequivocal: the pituitary GH
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response to GRF in men in their twenties and thirties is significantly greater
than the response observed in men in their forties or older (89). It is not known
whether this change in response reflects decreased pituitary sensitivity to GRF
or increased involvement of somatostatin.

Studies conducted in rats show an absence of any age-related change in GH
response to GRF. Wehrenberg et al (90) have reported no age-related change in
the pituitary response to either submaximal or maximal doses of GRF when
administered to anesthetized male rats. Using a similar experimental design,
Sonntag et al (91) have reported a decreased response to GRF in old rats as
compared to young rats. In vitro data published by these investigators show that
there is no change in the somatotrophs’ response to GRF when these cells are
isolated from hypothalamic influences. In light of these in vitro results, Sonn-
tag et al (91) have suggested that the reduced response to GRF in vivo may be
due to increased release of or enhanced sensitivity to somatostatin ratherthanto
a decrease in the pituitary response to GRF.

There is no doubt that the somatomedins play a significant role in mediating
the actions of GH. To date, we have little information on what role somato-
medins have in the feedback regulation of GRF or how they might modify the
GH response to GRF . Motilin is another peptide that might be involved, since it
has been reported to have a direct effect on pituitary GH secretion in vitro (92),
and passive immunization of animals with antiserum raised against motilin
suppress plasma GH concentrations (93). An additional factor that may be
involved is an enkephalin analog with growth hormone-releasing activity in
vitro and in vivo (94-96). How these factors integrate into the regulation of GH
secretion remains to be determined.

CHRONIC ADMINISTRATION OF GRF AND
ITS EFFECTS ON SOMATIC GROWTH

The GH content of the anterior pituitary is very high compared to that of other
anterior pituitary hormones. This suggests that the pituitary may have a large
capacity to secrete GH after repeated or chronic administration of GRF. As
previously discussed, the pituitary GH response to GRF does not change after
repeated doses of GRF in the rat (Figure 7) (42). In contrast, earlier observa-
tions indicated that the pituitary becomes refractory to the continuous adminis-
tration of GRF in less than one hour (34). In a more extensive study, Wehren-
berg et al (97) have shown that the capacity of the pituitary to respond to GRF
can be exhausted after a 12-24 hour administration of a relatively high dose of
GRF inrats pretreated with somatostatin antiserum. The loss of response is due
at least in part to depletion of pituitary GH content. The possible involvement
of GRF receptor desensitization or down-regulation has not been evaluated and
therefore can not be ruled out.
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One of the most obvious applications for the chronic use of GRF is to
enhance somatic growth. There is no doubt that GRF is critical in this process.
Indeed, passively immunizing rats with GRF antibodies for as short a time as
eight days causes a significant inhibition of somatic growth (98). The absence
of any published reports indicating the successful use of GRF to enhance
growth undoubtedly reflects the complex nature of the hypothalamic regulation
of GH secretion by GRF and somatostatin.

TOXICOLOGICAL AND PHARMACOLOGICAL EFFECTS

The potential toxic effects of GRF have been evaluated in various animal
models (28; W. Wehrenberg, N. Ling, P. Brazeau, R. Guillemin, unpublished
observations). The gross and microscopic pathology of tissues obtained from
animals receiving over 1,000 times the maximum effect dose of GRF are
normal. No morbidity or mortality of animals was noted in studies in which
large doses of GRF were administered for extended periods (more than seven
days). Administration of GRF to humans does cause a transient flushing of the
face and upper torso (24-29). These effects occur during the first few minutes
following GRF administration, and no long-term effects have been observed.

CONCLUSIONS

Since the isolation and characterization of GRF, initially from tumor tissue but
subsequently from normal hypothalamic tissue, most of the fundamental stud-
ies of the in vivo actions of GRF have been performed. Immunohistochemical
mapping of GRF neurons in the central nervous system has been completed, the
dose-response relationships between GRF and GH have been established, and
the clinical use of the peptide has been initiated. Our present knowledge of the
actions of GRF will serve as a solid foundation for the numerous additional
studies that must be conducted before we will be able to completely understand
the physiology of GRF. It is easiest to illustrate the immense amount of
research that is currently being conducted and that remains to be performed by
stating that in the week prior to the submission of this manuscript, over 100
abstracts on the actions of GRF were presented at the seventh international
congress on endocrinology held in Quebec City, Canada.
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