during five seasons (1972 through 1976),
we never observed three gulls defending
a territory together or attending the same
nest. The presence of two females shar-
ing the same territory cannot be con-
strued as polygamy, regardless of wheth-
er or not the eggs produced by those fe-
males were fertilized by promiscuous
mating with a male. The finding of one
male-female pair incubating four fertile
eggs does not invalidate the conclusion
that the majority of supernormal
clutches in the colony are the result of
female-female pairing.

Homosexual pairing has not, to our
knowledge, been reported for any group
of wild birds (/6). With the exception of
our study it is unknown in gulls, a taxon
that has been exposed to widespread and
thorough scrutiny. Its existence in west-
ern gulls is apparently recent. Before
1968, only two clutches greater than the
usual maximum of three eggs were re-
ported for western gulls nesting in the
Channel Islands off California and Mexi-
co (I7). The first records of substantial
percentages of supernormal clutches in
this species are from 1968 [11.3 percent
of 150 clutches examined, San Nicolas
Island (3)] and 1972 [11.0 percent of 63
clutches examined, Santa Barbara Island
]

Supernormal clutches have been re-
ported in colonies of ring-billed gulls (L.
delewarensis) as early as 1942 (7). Ver-
meer (8) reported that in one super-
normal clutch, two eggs were laid on the
same day, but no data were presented in
any of these studies on either the fertility
or the origin of the large clutches in this
species.

At present we do not know whether fe-
male-female pairing in western gulls is
pathological or if it has adaptive value.
Promiscuous matings allow some homo-
sexually mated females to produce fertile
eggs. Without being paired, they would
not be able to incubate these eggs or
raise chicks (18). If there were an excess
of females in the population (yet to be
determined), then homosexual pairing
would raise from zero the probability
that the excess females would raise
offspring. '

Although female-female pairs may
produce fertile eggs from promiscuous
matings, these pairs may still lack other
contributions to chick production pro-
vided by the male. One difference be-
tween pair types is the lack in female-fe-
male pairs of net energy input to females
by males through courtship-feeding.
Eggs laid by the stable homosexual pairs
are smaller than those laid by hetero-
sexually paired females (/9). Chicks
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from small eggs have lower posthatching
survival (20). This study may provide a
unique opportunity to test the adaptive
value of energy provided by the males to
the females for egg production.

GEORGE L. HUNT, JR.

MoLLy WARNER HUNT
Department of Ecology and
Evolutionary Biology, University of
California, Irvine 92717
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Somatostatin: Analogs with Selected Biological Activities

Abstract. [D-Cys']-Somatostatin is the first analog of somatostatin found to be
more potent in inhibiting glucagon and growth hormone secretion than it is in inhib-
iting insulin secretion. [D-Trp®]-Somatostatin is eight to ten times more potent than
somatostatin in inhibiting insulin, glucagon, and growth hormone secretion. [D-
Trp®,D-Cys']-Somatostatin is more potent than [D-Cys'-somatostatin, but retains
its relative selectivity in being a more potent inhibitor of the secretion of glucagon and

growth hormone than of insulin.

Somatostatin is now recognized as a
suppressor of the secretion of various pi-
tuitary, pancreatic, and gastrointestinal
hormones (/). In addition, somatostatin
has been shown to influence an array of
neurochemical, neurophysical, pharma-
cological, and behavioral parameters (/,
2).

The plethora of actions of somatostatin
and the demonstrations of its anatomic
distribution throughout the central ner-

vous system (3, 4), gastrointestinal tract
@, 5), and pancreas @, 6, 7) have sug-
gested that somatostatin might play sev-
eral physiological roles as a local extra-
cellular messenger (7).

Somatostatin when given continuously
intravenously (8) or subcutaneously (9)
decreases the glucose intolerance of hu-
man juvenile diabetes mellitus. This ac-
tion is at least partially secondary to the
lowering of the abnormal elevation of
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Table 1. Biological activities of somatostatin (SS) and analogs of SS. The numbers in parentheses

are 95 percent confidence limits.

Percent potency based on inhibition of

Peptide
GH Insulin Glucagon
SS 100 100 100
[D-Cys!]-SS 271(144 to0 522) 20(3to75) 310(151to 1050)
[D-Trp®-D-Cys']-SS 647 (350to 1168) 130 (40 to 300) 950 (420t02000)

plasma glucagon that occurs in diabetes
mellitus (8).

The multiple pharmacological actions
of somatostatin and, therefore, its rela-
tive lack of specificity when administered
parenterally and the increasing clinical in-
terest in the possible use of this peptide in
the treatment of diabetes mellitus have
prompted our search for analogs of soma-
tostatin that might have a selected action
on inhibition of glucagon secretion with-
out altering insulin or growth hormone
(GH) secretion.

Analyses of the biological activities of a
variety of somatostatin analogs have led
to an appreciation of the strict structural
requirements for biological activity. Re-
cently a series of Asn® (asparagine in posi-
tion 5) deleted somatostatin analogs were
reported to preferentially inhibit insulin
rather than glucagon or GH secretion (10,
11). These studies suggested the feasibil-
ity of developing analogs with selective
activities.

Analogs of somatostatin have been
synthesized by means of solid-phase
methodology, purified, and characterized
asdescribed (12). To assess the biological
activity of these analogs relative to soma-
tostatin, multiple doses of somatostatin
and analogs were tested for their ability to
inhibit the secretion of GH from enzy-
matically dispersed anterior pituitary
cells in vitro (13) and to lower the concen-
trations of insulin and glucagon in vivo in
the portal vein in the etherized rat (/1,
14). Potency valuesrelative to somatosta-
tin standard are thus obtained from four-
or six-point bioassays with the use of the
computer programs EXBIOL and HUBA.

[D-Cys'*])-Somatostatin is the first ana-
log of somatostatin to be more potent in
inhibition of glucagon and GH secretion
(310 and 270 percent) than on inhibition of
insulin secretion (20 percent) (somatosta-
tin = 100 percent; Table 1 and Fig. 1).
These results, however, may actually un-
derestimate the selectivity of action of
this peptide since, in normal animals,
pancreatic insulin secretion may de-
crease as a regulatory mechanism to pre-
vent hypoglycemia secondary to a specif-
ic inhibition of glucagon secretion. An an-
alog such as [D-Cys'*]-somatostatin may
be best evaluated for the therapeutic con-
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sequences of its selectivity in animals or
humans with adult-type diabetes mellitus
who have limited insulin reserve. In such
animals or adult-type human diabetics,
administration of somatostatin may ac-
tually increase glucose intolerance in
contrast toits beneficial effects in juvenile
diabetes (9). If this deteriorization of glu-
cose tolerance is indeed secondary to in-
hibition of the physiologically important
limited insulin reserve, such an analog of
somatostatin as [p-Cys'*]-somatostatin
may be useful. In the best situations,
the desired pharmacotherapeutic effect
would be preservation of insulin secre-
tion with a concomitant lowering of
plasma glucagon.

We have previously demonstrated that
[D-Trp®]-somatostatin is eight to ten times
more potent than somatostatin on inhibi-
tion of growth hormone, insulin, and
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Fig. 1. Effects of graded doses of somatostatin
and [D-Cys!*]-somatostatin on plasma levels of
insulin and glucagon. Each point represents
data on six animals.

glucagon (/4, 15). We had observed that
the potency of des-Asn®-somatostatin, an
analog that selectively inhibits insulin se-
cretion, could be enhanced by incorpo-
ration of the p-Trp® modification (11).
Des-Asn®-[D-Trp®]-Somatostatin retains
the selectivity of des-Asn’-somatostatin
while exhibiting high potency (I3, 16).
We therefore considered it of interest to
synthesize and test [D-Trp®-p-Cys]-
somatostatin. This analog has a higher
potency than [D-Cys!‘]-somatostatin for
inhibition of the secretion of GH, insulin,
and glucagon with the maintenance of a
similar selectivity of glucagon to insulin
ratio of 10 : 1 (Table 1). Since [D-Trp®]-
somatostatin has been reported to be less
potent on inhibition of pentagastrin-in-
duced gastric acid secretion than on inhi-
bition of GH secretion (I7), it could be
that the p-Trp® modification might result
in [D-Trp®-p-Cys']-somatostatin  pos-
sessing lower potency to inhibit gastric
acid secretion than glucagon secretion.
These results suggest that there are ex-
ploitable differences between the soma-
tostatin receptors of the various respon-
sive cell types involved regarding their
structural requirements for ligand recog-
nition. The existence of potent soma-
tostatin analogs that are relatively selec-
tive for glucagon inhibition should accel-
erate those programs assessing the
potential of this approach to the therapy
of diabetes mellitus.
MARVIN BROWN
JEAN RIVIER
WYLIE VALE
Laboratories for Neuroendocrinology,
Salk Institute,
LaJolla, California 92037
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Somatostatin: Electron Microscope Inmunohistochemical
Localization in Secretory Neurons of Rat Hypothalamus

Abstract. Somatostatin, the hypothalamic hormone which inhibits the secretion of
growth hormone by the pituitary, has been localized in the rat hypothalamus by using
electron microscope immunohistochemistry. Somatostatin occurs in secretory gran-
ules (80 to 110 nm in diameter) of a few neurons located in the hypothalamic per-
iventricular nucleus. These observations establish the identity of neurosecretory neu-

rons involved in the regulation of adenohypophyseal secretion.

Since the isolation and characteri-
zation of a hypothalamic tetradecapep-
tide named somatostatin, which inhibits
the release of immunoreactive growth
hormone (/), many reports have been
published on the distribution in the brain
of this inhibiting hormone. Immuno-
histochemical techniques at the light mi-
croscopic (2) and ultrastructural levels
(3), have shown that somatostatin is
mainly concentrated in nerve endings of
the median eminence.

Somatostatin-containing cell bodies
have recently been described as occur-
ring mainly in the rat preoptic and ante-
rior hypothalamus ). To establish that
these somatostatin-containing cells are
really secretory neurons, we have con-
ducted an immunohistochemical study of
somatostatin in the rat hypothalamus us-
ing the electron microscope. We report
here that somatostatin is contained with-
in secretory granules present in the per-
ikarya of a few secretory neurons lo-
cated in the hypothalamic periven-
tricular nucleus.

Brains of seven adult male Sprague-
Dawley rats were fixed by perfusion with
4 percent paraformaldehyde or 1 percent
glutaraldehyde in 0.1M sodium cacody-
late buffer (pH 7.3). For light microscop-
ic studies, the whole brain was fixed by
perfusion for 1 to 3 days and embedded
in paraffin. For immunoelectron micros-
copy, the hypothalami were dissected
immediately after the perfusion and em-
bedded in Araldite. Two hypothalami
were subsequently fixed in 1 percent os-
mium tetroxide for conventional electron
microscopy.

Immunohistochemical staining of so-
matostatin for both light and electron mi-
croscopy was performed with the per-
oxidase-antiperoxidase technique of
Sternberger (5). Rabbits were injected ei-
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ther with synthetic somatostatin con-
jugated to human a-globulin by means of
glutaraldehyde, or with synthetic soma-
tostatin conjugated to bovine thyroglob-
ulin by the glutaraldehyde method (6).
The antiserums thus obtained were used

Fig. 1. (a) Frontal sec-
tion from the per- A\

iventricular nucleus of y

a male rat, stained with
antiserum to soma-
tostatin serum (diluted
1/1000). Immuno-
stained cell bodies (—)

are located adjacent to AT o,
the ependyma (E); V in- 5

dicates the third ven- -
tricle. (b) Control sec-

tion adjacent to that -

shown in (a). Absorp-
tion with excess soma-
tostatin has completely
prevented the staining. a
Scale bars, 50 um.

at a dilution of 1:1000 to 1:10,000.
Specificity of the staining was verified on
adjacent paraffin sections by using an-
tiserums which had been previously ab-
sorbed with an excess of synthetic soma-
tostatin (10~*M).

The studies with the light microscope
showed that positively stained cell bod-
ies occurred in the preoptic and anterior
hypothalamus, mostly in areas adjacent
to the ependyma of the third ventricle.
Both antiserums produced the same re-
sults. Adjacent control sections stained
with previously adsorbed antiserums
confirmed the localization of somatosta-
tin (Fig. 1).

Ultrathin sections from the peri-
ventricular nucleus were also stained for
electron microscopy. A positive reac-
tion, as indicated by the accumulation of
molecules of the peroxidase-antiperoxi-
dase complex, was observed in the se-
cretory granules within the perikarya of
afew neurons located in the proximity of
ependymal cells (Fig. 2a). Most of the se-
cretory granules, but none of the other
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Fig. 2. (a) Electron microscope immunohistochemical detection of somatostatin in a neuron
from the periventricular nucleus. A positive reactjpn is present in most secretory granules (long
arrows) whereas a few granules are unstained (short arrows). In the inset, the higher magnifica-
tion (X 44,600) indicates that the reaction is due to the accumulation of the molecules of the
peroxidase-antiperoxidase complex (arrowheads). (b) Section of a neuron treated for conven-
tional ultrastructural studies. This neuron, presumably containing somatostatin, is character-
ized by the presence of a well-developed Golgi apparatus (G), secretory granules (arrows), and
lysosomes (L). The nucleolus (Nu) is prominent. Scale bars, 1 um.
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