activity of multiple brain areas in individ-
ual female rats. We cannot, at present,
relate a specific brain area to a specific
behavioral or physiological consequence
of copulatory stimulation. We speculate
that the MPOA acts as a receiving area
for copulatory information provided by
cervical stimulation during mating (27).
The brief stimulation from each intro-
mission may be integrated in this brain
site, even when the intromissions are
widely spaced (22). At a later time (23)
the MPOA is inhibited to allow the pro-
gestationally relevant nocturnal surges
of prolactin to occur (24).
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University of Pennsylvania,
Philadelphia 1914
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Paradoxical Elevation of Growth Hormone by Intraventricular

Somatostatin: Possible Ultrashort-Loop Feedback

Abstract. Somatostatin, the growth hormone-inhibiting factor, when microinjected
into the third ventricle of the rat brain, paradoxically induced the release of growth
hormone. A pituitary site of action having been ruled out, this result supports the
concept that exogenous somatostatin within the hypothalamus acts either to sup-
press the release of somatostatin from somatostatin-containing neurons, possibly via
an ultrashort-loop feedback mechanism, or to augment release of hypothalamic
growth hormone-releasing factor, thereby inducing a release of growth hormone.
Injection of somatostatin into the third ventricle also decreased plasma concentra-
tions of luteinizing hormone, follicle-stimulating hormone, and thyroid-stimulating
hormone, probably by inhibiting the release of luteinizing hormone-releasing factor

and thyrotropin-releasing factor.

The - somatotropin release-inhibiting
factor (SRIF) was discovered in partially
purified hypothalamic extracts by Krul-
ich et al. (I) on the basis of its ability to
inhibit growth hormone (GH) secretion
by the pituitary in vitro. This tetradeca-
peptide, isolated and characterized by
Brazeau et al. (2) and renamed soma-
tostatin, inhibits GH release both in vivo
and in vitro €, 3). '

Not only does SRIF inhibit GH re-
lease, but it depresses several com-
ponents of the central nervous system
). For instance, the microiontophoretic
application of SRIF to certain hypotha-
lamic and extrahypothalamic structures
depresses neuronal firing activity (5). We

0036-8075/81/0306-1072800.50/0 Copyright © 1981 AAAS

examined the participation of centrally
administered SRIF in the regulation of
its own hypothalamic secretion and in
that of other hypothalamic peptides.
This was accomplished by monitoring
the effects of central and systemic SRIF
treatment on the secretion of GH, lute-
inizing hormone (LH), follicle-stimulat-
ing hormone (FSH), thyroid-stimulating
hormone (TSH), and prolactin (PRL), all
of which are pituitary hormones under
the control of hypothalamic releasing or
inhibiting factors. In addition, we com-
pared in rats the responses obtained with
SRIF to those obtained following injec-
tion of the decapeptide luteinizing hor-
mone-releasing factor (LHRH).
SCIENCE, VOL. 211, 6 MARCH 1981



Table 1. Effect of the intraventricular administration of SRIF or saline on the plasma concentrations of LH, FSH, and TSH. Hormone values
(means = standard errors) are shown at time zero (immediately before intraventricular injection) and at 15, 30, and 60 minutes after the injection;
N is the number of animals per group. Levels of significance were determined by the paired-sample ¢-test comparing hormone values before and
after a particular treatment. For TSH measurements, five animals were used for each time interval within each treatment group.

Treat- LH (ng/ml) FSH (ng/ml) TSH (ng/ml)
ment 0 15 30 60 0 15 30 60 0 15 30 60
Saline 11 204 = 204% 171+ 19.1= 1429+ 1419= 1391 = 1246 = 3264= 2957 = 3113+ 3331+
1.2 2.5 1.9 3.4 105 124 101 77 422 54.5 343 63.4
SRIF
Sug 10 20= 171+ 188= 196+ 1556+ 1283 = 1396 = 1423 = 3757 = 2007 % 2048+ 2322 %
0.3 2.4% 2.3 2.3 117 95% 77 94 74.6 47.0% 34.2% 53.6
lug S 256= 137% 264= 243= 1709= 1606 = 1605 = 1659 = 3614+ 1419+  154.9 =
4.5 2.2% 3.4 3.4 150 158 135 164 89.6 7.5% 12.3%
*P < 05, tP < .025. P < .01,

Adult female rats that had been ova-
riectomized 4 weeks earlier had cannulas
implanted in the third ventricle of the
brain for injection of test substances, and
Silastic cannulas implanted in the right
external jugular vein to facilitate blood
sampling in conscious animals. Peptides
prepared in sterile saline or saline alone
were injected into the ventricle in a vol-
ume of 4 ul over 60 seconds. Doses were
1 or 5 ug of synthetic SRIF or 1 ug of
synthetic LHRH (6). Heparinized blood
samples of 250 to 300 ul were withdrawn
just before microinjection and at 15, 30,
60, 120 and, in some instances, 240 min-
utes after microinjection. Hormone val-
ues were measured by radioimmunoas-
say (7). Statistical significance within a
treatment group was determined by the
paired ¢-test (8). Significance between
the means of treatment groups was de-
termined by analysis of variance, the
Student-Newman-Keuls test, and Stu-
dent’s ¢-test (8).

Injection of 5 ug of SRIF into the third
ventricle induced two- to threefold in-
crements in plasma GH at 15 (P < .05),
30 (P < .0025), and 60 (P < .01) minutes
after injection (Fig. 1A). Peak values,
reached at 30 minutes, also were signifi-
cantly greater than corresponding values
in animals receiving saline (P < .005) or
LHRH (P < .05). Growth hormone con-
centrations were no longer significantly
elevated at 120 and 240 minutes. To de-
termine the latency of the rise in GH, we
obtained blood samples 5 minutes after
SRIF injection into the third ventricle in
three rats; GH had already increased

slightly in two animals and considerably

in the third (9).

Injection of 1 wug of SRIF induced a
sixfold increase in GH at 15 minutes
(P < .05); values at 30 minutes were still
double the values obtained before injec-
tion (P < .025) (Fig. 1A). The effects of
this dose lasted a shorter time than those
of the 5-ug dose. Values peaked at 15
minutes and were significantly greater
than those for animals receiving saline
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(P < .005) or LHRH (P < .05). By 60
minutes GH had fallen below the base-
line value. Administration of saline into
the third ventricle did not affect GH lev-
els (Fig. 1B). Furthérmore, LHRH in-
jected intraventricularly failed to alter
GH values significantly at the times stud-
ied (Fig. 1B).

The effects of central administration of
SRIF versus those produced by systemic
administration were compared in ova-
riectomized rats prepared only with
jugular cannulas. Intravenous injection
of 5 ug of SRIF or saline diluent did not
significantly change basal GH, TSH,
FSH, or LH concentrations (not shown).

In an additional experiment, adminis-
tration of SRIF (1 ug) into the third ven-
tricle was followed S minutes later by an
intravenous injection of SRIF (100 wg).
In control animals, injection of SRIF into
the third ventricle was followed by saline
given intravenously. The clear increment

in GH (P < .05) after the central injec-
tion of SRIF was completely blocked by
systemic administration of SRIF (P <
.025), and values were even lower than
baseline (P < .05) after 15 minutes (Fig.
1C). By 30 minutes, GH values had re-
bounded, but to levels significantly low-
er (P < .05) than those in the group that
received the SRIF intraventricularly and
the saline intravenously.
Intraventricularly administered SRIF
reduced plasma concentrations of LH,
FSH, and TSH. Both the 1- and 5-ug
doses of SRIF significantly (P < .01 and
P < .05, respectively) decreased LH
values 15 minutes after injection (Table
1). Only the 3-ug dose of SRIF caused a
significant decrease in FSH 15 and 30
minutes after injection (P < .01 and
P < .05, respectively); saline-injected
rats showed no changes in LH or FSH.
Saline injected into the third ventricle
had no effect on plasma TSH, but intra-

Fig. 1. (A) Effect on
plasma GH of injec-
tion of 1 or 5 ug of
SRIF into the third
ventricle in ovariec-
tomized rats. (B) Ef-
fect on plasma GH of
saline or ILHRH (1
ug) injection into the
third ventricle. Points
represent the means
of hormone values
and vertical bars rep-
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ventricular administration of 1 or 5 ug of
SRIF significantly decreased TSH values
at 15 and 30 minutes (Table 1). Neither
saline nor SRIF produced a significant
variation in plasma concentrations of
PRL during the intervals examined (not
shown). . :

Injection of LHRH into the third ven-
tricle drastically increases plasma levels
of its target pituitary hormone, LH (10).
This effect has been attributed to the up-
take of the peptide by the hypothalamus
and its subsequent transport to the pitui-
tary by the hypophysial portal system of
veins (/0). Thyrotropin-releasing factor
(TRH) administered intraventricularly
similarly. stimulates TSH release from
the pituitary (/1). These findings suggest
that injection of SRIF into the third ven-
tricle should suppress GH levels, since
SRIF suppresses GH release from dis-
persed pituitary cell incubations, pitui-
tary perfusions and perifusions, and after
systemic administration 2, 3, 12).

Instead of a suppression, we have
found a paradoxical elevation of plasma
GH after injection of SRIF into the third
ventricle. Regions of the hypothalamus
that contain SRIF also contain neurons
with branching axor collaterals, one of
which terminates on the portal vessels
and the other in the tuberoinfundibular
area (I3). The phenomenon of recurrent
inhibition within the tuberoinfundibular
area, whereby axon collaterals may re-
turn to and synapse at their cell bodies of
origin in order to inhibit their firing has
been described (/4). Such a recurrent
neuronal circuitry could provide the
pathway for an ultrashort-loop feedback
mechanism for SRIF, a concept original-
ly formulated for neurohormones by
Martini (/5). The uptake of exogenous
SRIF by the hypothalamus may provide
high local concentrations of the peptide
in the vicinity of the cell bodies of the
SRIF neurons in the region adjacent to
the third ventricle (I6); this could sup-
press the release of endogenous SRIF,
thereby removing somatostatin-activat-
ed inhibition of pituitary GH release. In-
creased plasma GH would result.

Another mechanism by which SRIF
might induce GH release by the pituitary
would be by stimulation of the release
of growth hormone-releasing factor
(GHRPF) from neurons in the hypothala-
mus. SRIF in the vicinity of these neu-
rons might augment rather than inhibit
GHREF release. Since SRIF generally has
an inkhibitory action (¢), it might depress
the firing of inhibitory interneurons that
synapse with the GHRF elements. This
would remove the inhibition and lead to
release of GHRF, which then would
stimulate the release of GH. Our results
do not distinguish between these two

possibilities nor do they exclude the pos-
sibility of an indirect effect on SRIF neu-
rons via neurotransmitters or other hy-
pothalamic peptides.

The 1-ug dose of SRIF was more ef-
fective than the 5-ug dose in producing a

‘peak elevation of GH. The smaller peak

following the larger dose of SRIF could
be due to a certain amount of eéxogenous
SRIF reaching the pituitary gland after
uptake by the portal vessels, which then
would suppress GH release to some ex-
tent. The smaller dose, however, would
have less direct inhibitory action on the
pituitary, and thereby the removal of en-
dogenous hypothalamic SRIF would
lead to a greater elevation of GH. The
longer period of elevation of GH after
the larger dose is probably caused by an
extended suppression of endogenous re-
lease.

Evidence of a similar self-regulating
somatostatin system has been obtained
in the D cells of the pancreas, where in-
jection of SRIF analogs resulted in de-
creased circulating SRIF immunoreac-
tivity (17).

The fact that intravenous administra-
tion of 100 ug of SRIF blocked the stimu-
latory action of the intraventricularly ad-
ministered peptide is further evidence
that the GH release induced by soma-
tostatin is centrally mediated and that, in
agreement with previous reports 2, 3,
12), SRIF, when delivered to the anterior
pituitary via systemic injections or in vi-
tro, has only inhibitory effects on GH re-
lease.

Because centrally applied SRIF de-
creased LH and FSH at 15 minutes, and
because SRIF does not act on the pitui-
tary to affect gonadotropin secretion (2,
3, 18), a hypothalamic site of action for
SRIF to block neuronal LHRH secretion
is indicated. It is also possible that the
decrease of basal TSH levels after cen-
tral SRIF injection is the result of a
SRIF-induced inhibition of hypothalamic
TRH secretion (19).

Since the completion of these experi-
ments, we have become aware of a re-
port (20) in which a similar elevation of
GH followed injection of SRIF into the
lateral ventricle of urethane-anesthetized
male rats. In another study (27), SRIF
administered by the same route into
anesthetized male rats that had been
primed with pharmacological doses of
estrogen had no effect on plasma GH. A
clarification of these conflicting results is
provided by our use of conscious ani-
mals and administration of SRIF closer
to its presumed site of action in the hypo-
thalamus.

Our results provide evidence for the
existence of a hypothalamic mechanism
by which neuronal SRIF may inhibit its

own secretion (possibly by an ultrashort-
loop feedback system), as well as that of
other hypothalamic-releasing hormones,
and may prompt the release of GHRF.
MicHAEL D. LumMPKIN
ANDRES NEGRO-VILAR
SAMUEL M. McCANN
Department of Physiology,
University of Texas Health Science
Center at Dallas, Dallas 75235
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