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Brain Somatostatin Receptors Are Up-Regulated In
Somatostatin-Deficient Mice

JOSÉ L. RAMÍREZ, RANIA MOUCHANTAF, UJENDRA KUMAR, VERONICA OTERO CORCHON,
MARCELO RUBINSTEIN*, MALCOLM J. LOW, AND YOGESH C. PATEL

Fraser Laboratories (J.L.R., R.M., U.K., Y.C.P.), Departments of Medicine, Pharmacology and
Therapeutics, Neurology and Neurosurgery, McGill University and Royal Victoria Hospital, Montréal,
Québec, Canada, H3A 1A1; and The Vollum Institute (V.O.C., M.R., M.J.L.), Oregon Health &
Science University, Portland, Oregon 97201

The peptide somatostatin (SST) is widely synthe-
sized in the brain and periphery and acts through a
family of five receptors (SSTR1-5) to exert numer-
ous effects. A gene product related to SST, cor-
tistatin (CST), also interacts with SSTR1-5. Here we
have investigated the regulation of SSTR1-5 and of
CST in SST knockout (SSTKO) mice. The five
SSTRs were quantitated individually by subtype-
selective binding analysis, by immunocytochemis-
try, and by mRNA measurement and showed, in the
brain of SSTKO mice, up-regulation of subtypes 1,

2, 4, and 5, and down-regulation of SSTR3. Periph-
eral tissues displayed both subtype- and tissue-
specific changes in SSTR1-5 mRNA levels of ex-
pression. Lack of SST did not up-regulate normal
CST expression in brain nor did it induce its ex-
pression in the periphery. SST-like immunoreactiv-
ity, however, was induced in the proximal midgut in
SSTKO animals, suggesting intestinal expression
of a novel SST-like gene. (Molecular Endocrinology
16: 1951–1963, 2002)

SOMATOSTATIN (SST), A REGULATORY peptide
with two bioactive forms, SST-14 and SST-28,

is produced in neuroendocrine cells in the brain and
periphery and acts on a wide array of tissue targets
to modulate neurotransmission, cell secretion, and
cell proliferation (1–3). Marked changes in brain and
cerebrospinal fluid levels of SST occur in several
neurodegenerative diseases including Alzheimer’s
and Huntington’s disease and AIDS encephalopathy
(4–8). The actions of SST are mediated by a family of
G protein-coupled receptors (GPCRs) with five sub-
types (SSTR1-5) encoded by separate genes (3, 9).
The five SSTRs are variably expressed in brain. In
the rat, mRNA for SSTR1 is the most abundant
followed by SSTR2, SSTR5, SSTR3, and SSTR4 (3,
10–13). A high density of neurons positive for SSTR1
and SSTR2 and moderate density of SSTR5-
expressing neurons occur in the deeper layers of the
cerebral cortex (14, 15). SSTR3 localizes mainly in
the cerebellum (3). All five SSTRs are also expressed
in the pituitary, islets, gut, and aorta (16–18). SSTRs
are extensively regulated at the membrane by ago-
nists (19). SSTR2, 3, 4, and 5 undergo rapid agonist-
dependent endocytosis. SSTR1 does not internalize
but is instead up-regulated in response to continued
agonist treatment (19, 20).

Recently, a second SST-related gene, cortistatin
(CST), has been identified in humans and rodents

which gives rise to two cleavage products compa-
rable to SST-14 and SST-28, CST-14 and CST-29 in
the rat and CST-17 and CST-29 in humans, but only
a putative CST-14 in the mouse (21–24). Unlike the
broad distribution of SST, expression of CST is re-
stricted to interneurons in the cerebral cortex and
hippocampus. CST-14 shares 11 of 14 amino acid
residues with SST-14 and binds to the five SSTRs
with high affinity. The actions of CST overlap with
those of SST but also include additional novel ef-
fects on sleep, suggesting that CST has indepen-
dent biological functions (21).

We have investigated the effect of SST deficiency
on the regulation of SSTR1-5 expression and of the
CST gene in SST gene knockout (SSTKO, SST �/�)
mice. These mice are born normally and grow to
adulthood with no obvious physiological or anatom-
ical defect of the brain or peripheral organs (25).
They display neuroendocrine abnormalities in GH
secretion and mildly increased seizure severity (26),
but it is not known whether the CST gene compen-
sates for SST deficiency (25). We have compared
the pattern of expression of SSTR1-5, SST, and CST
expression in different brain regions and in periph-
eral tissues of control and SSTKO mice. We show
that loss of endogenous SST induces subtype-
specific alterations in SSTR expression with a net
increase in brain membrane SSTRs. SST deficiency
did not alter brain CST levels nor did it induce de
novo expression of the CST gene in the periphery. It
was, however, associated with the expression of a
novel, hitherto unknown, SST-like species in the
upper intestine and pancreas.

Abbreviations: CST, Cortistatin; CST-LI, CST-like immu-
noreactivity; GPCR, G protein-coupled receptor; hSSTR,
human SSTR; [125I]-LTT STT-28, 125I-labeled Leu8-DTrp22-
Tyr25, SST-28; SST, somatostatin; SSTKO, SST knockout;
SST-LI, SST-like immunoreactivity; SSTR, SSR receptor; wt,
wild-type.
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RESULTS

Quantitation of Individual SSTR Subtypes by
Binding Analysis

The total population of SSTRs in brain of control and
SSTKO mice was analyzed by saturation binding anal-
ysis of membranes isolated from whole brain using as
radioligand [125I]-labeled Leu8-D-Trp22-Tyr25, SST-28
([125I]-LTT SST-28), which binds to all five SSTRs with
comparable affinity. In addition, saturation binding
analysis with [125I]-LTT SST-28 in the presence of
an excess of subtype-selective nonpeptide analogs
permitted a quantitative analysis of the membrane
concentration of each individual SSTR subtype as a
component of the total receptor population. Figure 1
depicts saturation isotherms of specific [125I]-LTT
SST-28 binding to membranes from whole brain of
wild-type (wt) and SSTKO animals in the presence of
excess SST-14 or nonpeptide SST analogs. Scatchard
analysis of maximal binding (Bmax) and dissociation
constant (Kd) values obtained from these binding data
are shown in Table 1. There was a net increase in the
level of expression of total [125I]-LTT SST-28 binding
sites in SSTKO mice (Fig. 1, panel A). Scatchard anal-
ysis revealed a 116% increase in binding capacity
(Bmax) in SSTKO mice compared with control, from
147 � 4.4 to 317 � 29 fmol/mg protein (P � 0.001)
without any change in ligand binding affinity (Kd) (Table
1). Separate analysis of the individual SSTR subtypes
revealed a significant increase in Bmax of SSTR1
(103%), SSTR2 (106%), SSTR4 (38%), and SSTR5
(110%) in the SSTKO mouse brains (Fig. 1 and Table
1). In contrast, the level of SSTR3 selective binding
sites was reduced by 38% in the SST-deficient ani-
mals. There was no significant change in ligand bind-
ing affinity (Kd) for any of the SSTR subtypes in the
control and KO animals.

Expression of SSTR1-5 mRNA in Brain

The mean levels of mRNA for each receptor quantified
from Southern hybridization of RT-PCR signals by
densitometry are shown in Fig. 2. All five SSTR mRNAs
were detected in normal mouse brain with the follow-
ing relative abundance: SSTR1 � SSTR2 � SSTR3 �
SSTR4 � SSTR5. mRNA for SSTR1, SSTR2, and
SSTR5 displayed significant 201%, 178%, and 163%
increases in the SST-deficient mice compared with
control. On the other hand, SSTR3 mRNA showed a
significant 57% decrease in the level of expression
whereas SSTR4 mRNA was unchanged.

The results of SSTR1-5 mRNA expression in differ-
ent brain regions analyzed by semiquantitative RT-
PCR are presented in Fig. 3. In both the wild-type (wt)
and knockout mice, expression of all five SSTRs was
detectable in most brain regions tested. As in the case
of whole brain, SSTR1 mRNA displayed significant
up-regulation in most brain regions including the ce-
rebral cortex, thalamus, cerebellum, midbrain, brain-

stem, and spinal cord (Fig. 3A). Striatal SSTR1 mRNA,
however, was unchanged whereas SSTR1 mRNA ex-
pression in the hypothalamus was dramatically re-
duced in the SST-deficient mice. Like SSTR1 mRNA,
SSTR2 mRNA was also significantly increased in sev-
eral prominent central nervous system regions includ-
ing the cerebral cortex, striatum, hypothalamus, and
spinal cord but was unchanged in the thalamus, cer-
ebellum, midbrain, and brainstem (Fig. 3B). SSTR3
mRNA was down-regulated in the olfactory bulb, ce-
rebral cortex, striatum, and midbrain without signifi-
cant changes in other brain regions (Fig. 3C). SSTR5
mRNA showed significant increases in frontal cortex,
hypothalamus, and midbrain (Fig. 3E). Regional brain
expression of SSTR4 mRNA was unaltered in the
SSTKO mice except for a significant increase in the
brainstem (Fig. 3D).

Expression of SSTR1-5 Protein in Brain by
Immunocytochemistry

The pattern of expression of SSTR1-5 protein in the
brain of the SST-deficient mice was analyzed directly
by immunocytochemistry and represented in coronal
sections through the frontal cortex of control and
SSTKO mice (Fig. 4). SSTR1-5 immunoreactivity was
localized as a dark brown reaction product by perox-
idase immunocytochemistry and expressed both as a
membrane and cytoplasmic protein (Fig. 4, A–J). In wt
mice, SSTR1-like immunoreactivity was observed in
pyramidal neurons in layer 5 and in interneurons in
layer 2. Positively labeled cells also exhibited strong
staining of dendrites and processes extending through
the neuronal somata. SSTKO mice displayed a 28%
increase in the number of SSTR1-positive neurons as
well as denser staining of the labeled neurons (Fig. 4,
A, B, and K). SSTR2-positive neurons were sparsely
distributed throughout the cortical layers mainly in in-
terneurons and in occasional pyramidal cells; they
lacked any clear laminar distribution (Fig. 4, C and D).
In the SSTKO mice, SSTR2 immunoreactivity was
more intense in layer 2 and in the deeper layers, es-
pecially layer 5 where it showed a clear laminar distri-
bution. Immunostaining was associated with neuronal
perikarya as well as with neuronal processes and den-
drites (Fig. 4). Quantitative analysis revealed a 23%
increase in the number of SSTR2-positive neurons in
the SSTKO mice (Fig. 4). SSTR3 immunoreactivity in
control mice was strongly expressed throughout the
cortex in both pyramidal and nonpyramidal neurons,
being concentrated in nerve cell bodies in the upper
layers (2 and 4) and in both cell bodies and processes
in the deeper layers (5 and 6) (Fig. 4E). In the SSTKO
mice, there was a 33% reduction in the number of
SSTR3-immunostained neurons, and the labeling was
less intense in all the positively labeled structures
(Fig. 4, F and K). SSTR4-like immunoreactivity was
moderately well expressed in neurons and cell pro-
cesses throughout the cortex with no difference in the
level of expression between wt and SSTKO mice (Fig.
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4, G and H). SSTR5 was the least expressed subtype in
control cortex with relatively selective expression both in
perikarya and in dendrites in neurons confined to layer 5
(Fig. 4I). SSTKO mice displayed increased SSTR5 ex-
pression in layers 5 and, to a lesser extent, in layer 2 (Fig.
4J). There was an 18–20% increase in the number of
SSTR5 (Fig. 4J)-labeled neurons (Fig. 4K).

Expression of SSTR1-5 mRNA in
Peripheral Tissues

Because of the known high level expression of SSTRs
in human and rat peripheral tissues such as the pitu-
itary, islet cells, gastrointestinal tract, adrenals, and
gonads, these organs were selected for SSTR analy-

Fig. 1. Saturation Isotherms of [125I]-LTT-SST-28 Binding to Membranes Prepared from Whole Brain
Membranes were incubated with increasing concentrations of radioligand and assayed for binding in the absence or presence

of 100 nM SST-14 (to quantitate the total population of SSTRs, panel A) or 100 nM or 1 �M of subtype monospecific nonpeptidic
SSTR analogs (to quantitate individual SSTR subtypes, panels B–F). wt (sst �/�, solid lines), SSTKO (sst �/�, dotted lines). Data
represent the mean of at least three separate membrane preparations from different animals, performed in wt and SSTKO brain
pairs.
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sis. In addition, the liver was included as a SSTR-poor
tissue for comparison (Fig. 3). In control mice, SSTR1
mRNA was abundantly expressed in the pituitary, dis-
played moderate levels in the pancreas, stomach, and
adrenals, but was absent in the liver and gonads (Fig.
3). In the SSTKO mice, SSTR1 expression was up-
regulated only in the stomach but not in the other
receptor-positive tissues; in the adrenals, mRNA for
SSTR1 was significantly decreased. In the case of
SSTR2 mRNA, control mice displayed high-level ex-
pression of this subtype in adrenals and pancreas,
moderate levels in the pituitary and gonads, and no
expression in the stomach and liver (Fig. 3B). As in the
brain, the pancreas in the SSTKO mice showed sig-
nificant up-regulation of this receptor subtype, but

unlike the brain, the pituitary and adrenals displayed
40–50% reduction in mRNA. SSTR3 mRNA was nor-
mally detectable in the pituitary, pancreas, and go-
nads and showed a significant decrease in the SSTKO
mice only in the pancreas with no change in the other
organs (Fig. 3C). SSTR4 mRNA was present in high
concentrations in the pancreas and in low amounts in
the pituitary but was absent in all other peripheral
tissues tested (Fig. 3D). Pancreatic expression of this
subtype mRNA showed a small but significant reduc-
tion in the SSTKO mice. Among the peripheral tissues,
SSTR5 mRNA was identified in the pancreas, pituitary,
and gonads and exhibited a significant increase in the
pituitary and a reduction in the pancreas in the SSTKO
mice (Fig. 3E).

Expression of CST mRNA in Brain and
Peripheral Tissues

Expression of CST mRNA was determined in whole
brain, brain regions, and peripheral tissues of control
and SSTKO mice and was compared with SST mRNA
simultaneously measured in the same tissues. As ex-
pected, SST mRNA was undetectable in the SSTKO
mice. CST mRNA expression in whole brain of the
knockout mice was similar to that in controls. Analysis
of SST mRNA in different brain regions showed de-
tectable levels in all brain areas of control mice with
the highest concentration in the frontal cortex (Fig. 5A).
CST mRNA in control mice was also detectable in
most brain regions tested (Fig. 5B), which included the
olfactory bulb, cerebral cortex, striatum, thalamus, hy-
pothalamus, and midbrain. It was absent, however, in
the cerebellum, brainstem, and spinal cord. As in
whole brain, there was no significant difference in the
level of CST mRNA expression in different brain re-
gions of the SST KO mice compared with controls.

In peripheral tissues, SST mRNA was readily de-
tected in the pancreas, stomach, and pituitary of con-
trol mice but not in the liver, gonads, or adrenal glands
(Fig. 5A). None of the peripheral tissues of the control

Table 1. Binding Analysis of Total SSTRs and Individual Subtypes in Whole Brain Membranes from wt (sst �/�) and SSTKO
(sst �/�)

sst �/� sst �/�

Bmax
(fmol/mg protein) Kd (nM) Bmax

(fmol/mg protein) Kd (nM)

All SSTRs 147 � 4.4 0.86 � 0.2 317 � 29a 0.69 � 0.24
SSTR1 59 � 2.6 0.91 � 0.39 120 � 4.6a 0.92 � 0.14
SSTR2 64 � 8 0.84 � 0.15 133 � 26b 1.08 � 0.2
SSTR3 43 � 11 1.17 � 0.26 17 � 2.2c 0.81 � 0.1
SSTR4 16.9 � 0.88 0.61 � 0.14 23 � 1.4c 0.62 � 0.14
SSTR5 23.3 � 0.95 0.27 � 0.05 49 � 3.7b 0.4 � 0.17

n � 3; see Fig. 1 legend for details.
a P � 0.001 vs. wt.
b P � 0.01.
c P � 0.05.

Fig. 2. SSTR1-5 mRNA Expression in Whole Brain
SSTR mRNA was quantitated from Southern hybridization

signal of RT-PCR products of wt (solid columns) and SSTKO
(open columns) mice. Densitometric analysis was performed
using the software Vista Scan 2.4 and the total intensity
(average optical density � area in pixels) was quantified with
the Igor Pro 3.13 analysis software package. The arbitrary
units were collected for background and expressed as a ratio
of actin mRNA. Data are expressed as mean � SE of four
measurements of optical densities of hybridization signals
from three separate experiments. *, P � 0.05; **, P � 0.02; vs.
corresponding wt.
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or SSTKO mice displayed any expression of CST
mRNA (Fig. 5B).

Expression of SST and CST Immunoreactive
Proteins

Whole-brain extracts of control mice contained 4.4 �
0.63 ng SST-like immunoreactivity (SST-LI)/mg total

protein. Because the RIA used for measuring SST-LI
detects both SST and CST immunoreactivities, the
total material represented a mixture of both SST- and
CST-like peptides. Deletion of the SST gene resulted
in a 95% reduction in total brain SST-LI in the SST-KO
mice to a level of 0.197 � 0.01 ng/mg protein. The
small residual immunoreactivity of approximately 5%

Fig. 3. SSTR1-5 mRNA Expression in Central Nervous System Regions and in Peripheral Tissues
SSTR1 (panel A), SSTR2 (panel B), SSTR3 (panel C), SSTR4 (panel D), and SSTR5 (panel E) mRNA expression was analyzed

by semiquantitative RT-PCR in different brain regions and in peripheral tissues from wt (solid columns) and SSTKO (open columns)
mice. See Fig. 2 for further details of mRNA analysis and quantification. OB, Olfactory bulbs; CX, frontal cortex; VX, visual cortex;
ST, striatum; T, thalamus; HT, hypothalamus; CB, cerebellum; MB, midbrain; BS, brain stem; SC, spinal cord; PY, pituitary;
P, pancreas, ST, stomach; LV, liver; GN, gonads; AD, adrenals. *, P � 0.05; **, P � 0.02; ***, P � 0.001 vs. corresponding wt.
n � 3; n.d., nondetectable.

Ramirez et al. • SSTRs in SST-Deficient Mice Mol Endocrinol, August 2002, 16(8):1951–1963 1955



Fig. 4. Photomicrographs Illustrating Immunohistochemical Localization of SSTR1-5 in Brain Cortex
SSTRs were visualized in cortex of both wt (sst �/�, left-hand panels) and SSTKO mice (sst �/�, right-hand panels) as a brown

reaction product by peroxidase immunocytochemistry, using SSTR1-5 subtype-specific rabbit antibodies. Scale bar, 25 �m. The
insets show high-power views of selected SSTR-positive neurons illustrating receptor localization in membranes of cell bodies
and diffusely in cytoplasm of neuronal processes. Lower magnification, �100; inset magnification, �400. Panels A and B, SSTR1;
panels C and D, SSTR2; panels E and F, SSTR3; panels G and H, SSTR4; panels I and J, SSTR5. Panel K depicts the number
of immunopositive neurons per mm2 for each SSTR subtype. Mean � SE. *, P � 0.05 vs. corresponding wt. n � 3.

1956 Mol Endocrinol, August 2002, 16(8):1951–1963 Ramirez et al. • SSTRs in SST-Deficient Mice



in the SST-KO mice suggests a ratio of 19:1 for SST:
CST-like peptides in mouse brain. To characterize the
nature of endogenous CST peptides present in brain,
whole-brain extracts from both control and SSTKO
mice were fractionated by HPLC and the eluant was
analyzed by RIA. The elution positions of the peaks
obtained were compared with those of synthetic SST-
14, CST-14, SST-28, and CST-29 under identical con-
ditions. As shown in Fig. 6A, synthetic SST-14 coe-
luted with CST-14 (retention time, 67 min), and
likewise synthetic SST-28 coeluted with CST-29 (re-
tention time, 73 min). Thus, under the conditions of
HPLC analysis that were used, the CST and SST pep-
tides in the same sample were indistinguishable. The
HPLC profile of whole-brain extracts from control an-
imals (Fig. 6B, representative profile of four separate
extractions) showed two major peaks corresponding
to SST-14/CST-14 (46% of total immunoreactivity)
and SST-28/CST-29 (34% of total immunoreactivity),

respectively. A third peak of retention time, 110 min,
accounted for 20% of the total immunoreactivity and
corresponded to higher molecular weight precursor
forms of both peptides (pro-SST and pro-CST). HPLC
analysis of brain extracts of SSTKO mice revealed
three peaks corresponding to CST-14 (66% of total
immunoreactivity), a novel peak eluting after synthetic
CST-29 at 77 min (18% of total immunoreactivity), and
a peak at 110 min corresponding to pro-CST (16% of
total immunoreactivity) (Fig. 6C).

Although the peripheral tissues of the SSTKO mice
were negative for CST mRNA expression, analysis of

Fig. 5. SST and CST mRNA Expression in Different Brain
Regions and in Peripheral Tissues

SST (panel A) and CST (panel B) mRNA expression was
analyzed by semiquantitative RT-PCR in different brain re-
gions and in peripheral tissues from wt (solid columns) and
SSTKO (open columns) mice. OB, Olfactory bulbs; CX, frontal
cortex; VX, visual cortex; ST, striatum; T, thalamus; HT, hy-
pothalamus; CB, cerebellum; MB, midbrain; BS, brain stem;
SC, spinal cord; PY, pituitary; P, pancreas, ST, stomach; LV,
liver; GN, gonads; AD, adrenals. Mean � SE. n � 3. n.d.,
Nondetectable.

Fig. 6. HPLC Profiles of SST/CST-LI in Brain Extracts
Panel A illustrates the elution position of synthetic rat SST-

14/CST-14 (retention time, 67 min) and SST-28/CST-29 (re-
tention time, 73 min) standards detected by absorbance at
214 nm. Synthetic SST-14 and SST-28 coelute with CST-14
and CST-29, respectively. Panels B and C represent control
and SSTKO mice samples, respectively. Profiles are repre-
sentative of four separate extraction experiments from differ-
ent animals.

Ramirez et al. • SSTRs in SST-Deficient Mice Mol Endocrinol, August 2002, 16(8):1951–1963 1957



SST-LI by RIA revealed measurable quantities of im-
munoreactivity in pancreas, duodenum, jejunum, and
ileum (Fig. 7). Indeed, the duodenal and jejunal con-
centrations of SST-LI in the SSTKO mice were com-
parable to the levels in control mice. To characterize
this immunoreactivity further, duodenal extracts from
wt and SSTKO mice were fractionated by HPLC (Fig.
8). Compared with wt duodenum, which expressed a
single peak of retention time of 67 min corresponding
to SST-14 (panel A), the SSTKO mouse duodenum
featured two peaks, a minor peak with retention time
of 67 min and a major peak that eluted at 115 min, 5
min after the elution position of pro-SST/pro-CST
(panel B). Because this material could not be derived
from either the SST or the CST gene, it appears to be
the product of an unknown third SST-related gene
expressed at high levels in the midgut.

DISCUSSION

The present study is the first comprehensive report of
the in vivo regulation of SSTRs in the absence of their
principal natural ligand SST. As in the rat, SSTR1 and
SSTR2 were the predominant subtypes. SSTR3 mRNA
was expressed throughout the mouse brain, in agree-
ment with Fehlmann et al. (27). Moreover, in the mouse
cerebellum, we found expression of not only SSTR3,
the sole isoform described in the rat (12, 28), but also
SSTR1 and SSTR2. SSTR5, which is moderately well
expressed in the rat brain (13), was the least well

expressed subtype in the mouse brain, in accordance
with previously reported studies (27, 29). Such prom-
inent differences in the pattern of SSTR expression
between rat and mouse, two closely related species,
suggest that there is no fixed pattern of expression of
these receptors, because they are likely regulated dy-
namically in a subtype-, tissue-, and species-specific
manner.

In the present study, we analyzed both the total
population of membrane SSTRs as well as the five
individual SSTR subtypes by three independent tech-
niques, saturation binding in the presence of subtype
monospecific analogs, immunocytochemistry using
subtype-selective antibodies, and mRNA analysis by
semiquantitative RT-PCR. SST deficiency induced a
116% increase in total brain membrane SSTRs mea-
sured by binding analysis with a nonselective radioli-
gand that binds to all five SSTR subtypes. Character-
ization of the individual subtypes by binding analysis
showed a doubling of the level of expression of
SSTR1, 2, and 5 associated with a 38% reduction in
the level of SSTR3 binding sites and a comparable
increase in SSTR4 binding sites. These findings were
correlated by quantitative immunohistochemical anal-
ysis of SSTR-immunopositive neurons in the cerebral
cortex and revealed an increase in the number of
neurons expressing SSTR1, 2, and 5 together with a

Fig. 7. SST/CST-LI in Whole Brain and Peripheral Tissues
from Control (solid columns) and SSTKO (open columns)
Mice

Results are expressed as nanograms of immunoreactive
protein per milligram total protein. Brains from sst �/� mice
contain small but readily detectable quantities of immunore-
activity representing 4.46 � 0.53% of total immunoreactivity,
presumably representing immunoreactive CST. Detectable
SST/CST-LI are shown in pancreas, duodenum, jejunum, and
ileum of SSTKO animals. BR, Whole brain; PC, pancreas;
STC, stomach; DU, duodenum; JJ, jejunum; IL, ileum; CL,
colon; LV, liver; n.d., nondetectable concentration. Values
are mean � SE of nine experiments. *, P � 0.05; **, P � 0.01
vs. wt.

Fig. 8. HPLC Profiles of SST-LI in Duodenal Extracts
See Fig. 6 for details of HPLC analysis. Panel A, Control

mice; panel B, SSTKO mice. Profile is representative of three
experiments.
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decrease in SSTR3-positive neurons in the SSTKO
mice. In the case of SSTR4, the small increase in the
number of binding sites for this subtype was not de-
tected by immunocytochemistry. Finally, the pattern of
SSTR subtype expression at the protein level was
paralleled by changes in SSTR mRNA levels. Because
SSTR1 and 2 are the predominant subtypes in mouse
brain, our results suggest that the net increase in
membrane SSTRs in the SSTKO mouse is due largely
to augmented expression of these two receptors. Our
results are consistent with previous studies showing
that chemical depletion of brain SST in the rat with
cysteamine also up-regulates cortical membrane SST
binding sites (30). In contrast, in human Alzheimer’s
disease, the loss of cortical SST is associated with a
reduction in SST binding sites, suggesting that the
neurodegenerative process targets both SST neurons
and SST-receptive neural elements (4, 7). It will be
interesting to determine whether there is an attempt at
functional up-regulation of SSTRs in the early stages
of Alzheimer’s disease in response to falling cortical
concentrations of SST. The finding that SSTRs are
up-regulated in the absence of their natural ligand
suggests that SST is capable of negatively regulating
its own receptors, but whether this effect is direct or
indirect is unclear. Like other GPCRs, SSTRs are
acutely regulated at the membrane by agonist binding
(3, 19, 31–33). Prolonged exposure of human SSTRs
to agonist produces up-regulation of human (h) SSTR1
and, to a lesser extent, that of hSSTR2 and hSSTR4
(19, 20). These short- and long-term in vitro regulatory
responses of SST on SSTR expression, however, fail
to explain fully the pattern of SSTR subtype expres-
sion in vivo in the SSTKO mouse. For instance, SSTR3,
which undergoes endocytosis in response to agonist
activation, was also found to be down-regulated in the
SST-deficient mouse (19). SSTR1, which is up-regu-
lated by chronic agonist exposure, was also up-regu-
lated in vivo in SST-deficient mice (20). In addition to
these subtype-selective differences, there were tis-
sue-specific variations in the pattern of expression of
an individual subtype. For instance, SSTR1, which was
generally up-regulated in most tissues, was differen-
tially reduced in the hypothalamus and adrenals. Like-
wise, SSTR2, which was typically up-regulated in most
tissues, was selectively down-regulated in the pituitary
and adrenals, whereas SSTR3 was consistently de-
creased in both brain and peripheral tissues. Surpris-
ingly, we could detect expression of SSTR1 mRNA
only in the stomach, despite previously reported de-
tection of mRNA for SSTR2 in rat stomach (28, 34) and
the evidence from SSTR2 knockout mice suggesting
that this receptor subtype may be involved in the reg-
ulation of gastric acid production (35). We can only
speculate that perhaps the effects of SSTR2 removal
on acid secretion are mediated via central SSTR2 re-
ceptors or via an indirect mechanism locally in the
stomach.

Overall, this implies that the effect of SST deficiency
on SSTR regulation in vivo is complex and because it

is tissue specific, it is likely to be mediated indirectly
rather than directly. In the case of other GPCRs, no
consistent pattern of change in receptor expression
has been found as a result of chronic deficiency of
ligand. Mice deficient in dopamine do not show any
change in expression of D1 and D2 receptors in the
striatum (36). The GnRH-deficient mouse is character-
ized by a loss of pituitary GnRH receptors (37) whereas
GHRH deficiency in rat hypothalamus leads to in-
creased expression of pituitary GHRH receptors (38).

The pattern of expression of SST in mouse reported
here is consistent with that described previously (2,
39). Deletion of the SST gene provided an opportunity
for quantifying the concentration of CST relative to
SST in brain, because previous estimates of the brain
concentrations of SST-LI likely reflect a mixture of
both SST and CST (40). Our results reveal that the
brain content of CST is relatively low, constituting only
approximately 5% of the total SST-/CST-like immuno-
reactivities. We found the highest level of CST mRNA
expression in brain cortex in agreement with studies in
rats and humans (22, 24). However, unlike the rat, CST
expression in the mouse was also prominent in the
hypothalamus, thalamus, and midbrain (21). Deletion
of the SST gene did not augment CST mRNA expres-
sion in any brain region that normally expresses this
gene, nor was there an induction of the CST gene in
peripheral tissues. Rat and human prepro-CSTs are
processed through endoproteolytic cleavage at diba-
sic sites, generating CST-14 and CST-29 in the rat,
and hCST-17 and hCST-29 in humans (23). Mouse
prepro-CST sequence contains only a single dibasic
cleavage motif for a putative CST-14 product but lacks
any recognizable cleavage motif for a CST-29 ho-
molog (23). Consistent with the predicted processing
pattern, HPLC analysis of CST-LI in brain extracts
from SSTKO mice revealed a peak coeluting with syn-
thetic CST-14 without a peak corresponding to syn-
thetic CST-29. HPLC analysis, however, did reveal a
second immunoreactive peak which eluted 4 min later
than synthetic CST-29 (Fig. 8). The nature of this peak
remains to be determined. It may be a mouse homolog
of CST-29 that is derived through cleavage by en-
zymes different from the classical prohormone con-
vertases, or it may represent the product of a different
SST-related precursor.

Our finding of SST-like immunoreactivity in the pan-
creas and midgut of the SSTKO mice is of consider-
able interest. This material was present in small but
readily detectable amounts in the pancreas and ileum
and in high concentrations in the duodenum and jeju-
num. It was clearly not a product of the CST gene
whose mRNA was undetectable in the intestine or any
other peripheral tissue of the SSTKO mouse. By HPLC
analysis, the immunoreactivity in the gut was resolved
into a novel peak that eluted after the peak corre-
sponding to pro-SST/pro-CST. Thus, by both mRNA
and protein analysis, this material was not derived
from the SST or CST genes. It appeared to be the
product of a novel third SST-related gene that was
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induced in the midgut in response to SST deficiency.
The induction of auxiliary sources of hormone in re-
sponse to specific hormonal deficits appears to be a
common safety feature of endocrine regulation (41).
Further studies to elucidate the structure of the intes-
tinal SST-like gene are currently in progress.

SST has been implicated in the control of motor
activity, in cognitive function, and in the modulation of
sensory function (2, 39). Despite the increase in mRNA
expression for SSTR2 and 5 in brain, the SSTKO mice
displayed no overt behavioral abnormality. One expla-
nation is that CST interacts with the up-regulated
SSTRs to compensate for SST deficiency. Another
more likely possibility is that SST deficiency does in-
duce neuropsychological deficits, which, however,
can only be detected by detailed behavioral testing. In
this context, studies of neuroendocrine function in
these mice have already shown an essential role of
SST in the sexually diergic secretion of GH (25). Over-
all, our studies reveal that SST deficiency is compat-
ible with life but produces a number of phenotypic
changes. Further studies of central nervous system,
metabolic, and immune cell function may reveal addi-
tional abnormalities that will help to define the full
extent of the SSTKO phenotype and the essential bi-
ological functions of SST.

MATERIALS AND METHODS

Reagents

Synthetic peptides were obtained as follows: SST-14,
SST-28 (Bachem, Torrance, CA); Tyrosinyl SST-14, Leu8-D-
Trp22-Tyr25 SST-28 (LTT-SST-28), rat CST-14, and rat
CST-29 (Peninsula Laboratories, Inc., Belmont, CA). Aceto-
nitrile and trifluoroacetic acid were purchased from Fisher
Scientific (Pittsburgh, PA). Heptafluorobutyric acid was ob-
tained from Pierce Chemical Co. (Rockford, IL). All other
reagents were of analytical grade and obtained from various
manufacturers.

SST-Deficient Mice and Tissue Samples

SST-deficient mice were created by targeted disruption of
the SST gene in embryonic stem cells followed by the deri-
vation of transgenic Smst�/� mice as previously described
(25). The mutated allele was backcrossed for five consecutive
generations onto the C57BL/6J genetic background, and
viable N5 homozygous offspring were produced in the normal
Mendelian ratios from heterozygous breeding pairs. SSTKO
and wt mice were sibling littermates derived from the mating
of heterozygous breeder pairs. SST-deficient animals had
normal gestation, birth and litter sizes and were viable and
outwardly healthy. Adult mice of both genotypes were killed
by decapitation. Whole brain, brain regions (frontal cortex,
visual cortex, striatum, thalamus, hypothalamus, cerebellum)
pituitary, stomach, pancreas, intestine, adrenal glands, liver,
and gonads were removed by gross dissection, cleared from
connective tissue and fat, and frozen immediately in liquid
nitrogen. All procedures involving mice were approved by the
Institutional Animal Care and Use Committee and conducted
in accordance with accepted standards of humane animal
care.

Binding Analysis

Membrane SSTRs were quantitated by binding analysis using
[125I]-LTT SST-28 radioligand, which binds to the five SSTR
subtypes. Brain membranes were prepared as previously
described (42). Whole brains were homogenized in 0.32 M

sucrose, 20 mM Tris-HCl, 2.5 mM dithiothreitol (pH 7.5), with
a glass homogenizer. The homogenate was centrifuged at
1000 rpm for 10 min. The supernatant was centrifuged at
10,000 rpm for 45 min and the pellet obtained was resus-
pended in the same buffer and centrifuged again at 12,000
rpm for 30 min. The final pellet was resuspended in 20 mM

Tris-HCl buffer, an aliquot was removed for determination of
protein content by the Bradford method, and the remaining
sample was kept for membrane binding analysis. Saturation
binding studies were carried out for 35 min at 37 C with 40 �g
membrane protein and [125I]-LTT SST-28 radioligand in
50 mM HEPES (pH 7.5), 2 mM CaCl2, 5 mM Mg Cl2, 0.5% BSA,
0.02% PMSF, and 0.02% Bacitracin (binding buffer), as pre-
viously described (20). Specific binding was defined as the
difference in the amount of radioligand bound in the absence
and presence of 100 nM SST-14. Saturation binding experi-
ments were performed with membranes using increasing
concentrations of [125I]-LTT SST-28 under equilibrium bind-
ing conditions. To quantitate the concentration of individual
SSTR subtypes, saturation binding analysis of whole-brain
membranes was carried out with [125I]-LTT SST-28 in the
presence of a cocktail of nonpeptide agonists specific for
each SSTR (43) but excluding the SSTR to be quantitated.
The analogs L-797591 (SSTR1 specific) and L-779976
(SSTR2 specific) were used at 10�6 M; L-796778 (SSTR3
selective), L-803087 (SSTR4 selective), and L-817818
(SSTR5 selective) were used at 10�7 M. Incubations were
terminated by the addition of 1 ml ice-cold binding buffer,
rapid centrifugation, and washing. Radioactivity associated
with membrane pellets was quantified in an LKB �-counter
(LKB-Wallach, Turku, Finland). Data analysis and calculation
of kinetic constants was performed by Scatchard analysis
with Prism 3.0 (GraphPad Software, Inc., San Diego, CA).
Each experiment was repeated at least three times with sam-
ples from both wt and SSTKO mice analyzed in the same
experiment. Membranes were prepared from different ani-
mals in several separate different extractions.

RIA of SST and CST

Immunoreactive SST (SST-LI) and CST (CST-LI) were both
measured using a SST RIA that has been previously de-
scribed in detail (40, 44). Brain and peripheral tissue samples
from different animals were homogenized in 1 M acetic acid
by sonication, boiled for 5 min, and aliquots were removed for
protein estimation by the Bradford assay. The remaining ex-
tract was centrifuged at 8000 � g for 30 min, and the super-
natant was neutralized and applied as samples in the RIA. RIA
was performed using the rabbit anti-SST antibody (R149)
directed against the central segment of SST-14, synthetic
SST-14 standards, and a BSA-coated charcoal separation
method. Antibody R149 recognizes both SST-14 and SST-28
equally and cross-reacts 72% with rat CST-14 and 68% with
rat CST-29 (40).

HPLC

Mouse tissues from different animals were extracted in 1 M

acetic acid by sonication, and extracts were analyzed by
HPLC on a C18 �Bondapak reverse phase column using a
Waters HPLC apparatus (Waters Corp., Milford, MA) as pre-
viously described (45). The column was eluted at room tem-
perature at 1 ml/min with a 12–55% acetonitrile and 0.2%
heptafluorobutyric acid gradient over 150 min. The column
effluent was monitored for UV absorbance at 214 and 280
nm. Fractions were collected in glass tubes, spiked with 10 �l
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of 10% BSA, and aliquots (100–500 �l) were evaporated in
a Speed-Vac and assayed for SST-14 LI (and/or CST LI)
by RIA.

RT-PCR

mRNA for SSTR1-5 was analyzed by semiquantitative RT-
PCR (18). Tissue samples were homogenized in Trizol re-
agent (Life Technologies, Inc., Gaithersburg, MD). Total RNA
was isolated by the guanidinium isothiocyanate phenolchlo-
roform extraction method. Samples were then incubated with
RQ1 ribonuclease-free deoxyribonuclease (Promega Corp.,
Madison, WI) at 37 C for 30 min, and the deoxyribonuclease
was inactivated and removed by phenol chloroform extrac-
tion. After precipitation of RNA by sodium acetate and eth-
anol, samples were redissolved in water, and the total
amount of RNA was quantified by spectrophotometric mea-
surement. The integrity of the RNA was confirmed by agarose
gel electrophoresis and staining with ethidium bromide. For
reverse transcription, 10 �g total DNA-free RNA were incu-
bated in 40 �l reaction containing 20 mM Tris-HCl (pH 8.4), 50
mM KCl, 5 mM MgCl2, 1 mM deoxynucleoside triphosphates,
8 U of RNasin (Promega Corp.), 100 pmol of random hex-
anucleotides (Pharmacia Biotech, Piscataway, NJ), and 400
U of Moloney murine leukemia virus reverse transcriptase
(Life Technologies, Inc., Paisley, UK) at 42 C for 30 min. Four
microliters of the resulting cDNA samples were denatured at
94 C in 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2,
(2 mM MgCl2 and 5% dimethylsulfoxide for PCR of SST), 200
�M deoxynucleoside triphosphates, and 15 pmol each of
SSTR1-5, SST, or CST primers in 100 �l reaction volume for
10 min. The primers used for SSTR1-5 were against the rat
receptor sequences, as previously described, and were vir-
tually identical with mouse SSTR sequences (18). The primers
for mouse SST and CST have been previously published (25).
The primers used for SSTR2 amplified only the SSTR2A
isoform.

PCR was initiated by addition of 2.5 U of Taq polymerase
(3 U for CST PCR) (Life Technologies, Inc.) at 85 C (hot start).
The following conditions were used: SSTR1 and 2, denatur-
ation at 94 C for 1 min, annealing at 52 C for 30 sec, and
extension at 72 C for 90 sec; SSTR3, 4, and 5, denaturation
at 94 C for 1 min, annealing at 54 C for 30 sec, and extension
at 72 C for 90 sec; SST, denaturation at 94 C for 50 sec,
annealing at 56 C for 35 sec, and extension at 72 C for 45 sec;
CST, denaturation at 94 C for 1 min, annealing at 55 C for 45
sec, and extension at 72 C for 85 sec. SSTR1-5, SST, and
CST were coamplified with �-actin for 27 cycles followed by
final extension at 72 C for 10 min.

Southern Transfer and Hybridization

PCR products (30 �l) were separated by electrophoresis on
1.5% agarose gels, transferred to gene screen plus hybrid-
ization membranes (Bristol-Myers Squibb, Billerica, MA), and
hybridized with 32P-labeled SSTR1-5 and �-actin-specific
cDNA probes. Probes were labeled to high specific activity by
random hexanucleotide primers using a Life Technologies,
Inc. Kit. After hybridization for 20–22 h at 65 C, filters were
washed and exposed to Kodak X-AR film (Eastman Kodak
Co., Rochester, NY) for various times. Autoradiograms were
scanned in a Umax 610 P Scanner using the software Vista
Scan 2.4 (Umax Data Systems, Inc., Pleasanton, CA). The
hybridization signals were quantified with the Igor Pro 3.13
Analysis Software Package (Wave Metrics, Inc., Lake Os-
wego, OR). Total intensity of the blots (average optical den-
sity � area in pixels) was corrected for background and used
as an index of SSTRs and actin mRNAs. Only bands that did
not reach saturation density of x-ray film exposure were
subjected to quantitative analysis. Values of SSTR1-5 mRNA
expression were normalized to those of actin mRNA on the
same gels. The same quantification method was used for

analysis of SST and CST mRNA expression directly in
ethidium bromide-stained gels of the corresponding PCR
products. All experiments were performed three times, and
each mRNA quantification represents an average of at least
three measurements.

Immunohistochemistry

Brain sections from control and SSTKO mice were studied for
expression of SSTR1-5 and SST/CST-LI by immunocyto-
chemistry. Antipeptide rabbit polyclonal antibodies specific
to SSTR1-5 and to SST were produced and characterized as
previously described (16–18, 44). Mice were perfused with
4% paraformaldehyde in 0.1 M PBS, and the brain was re-
moved and postfixed in 4% paraformaldehyde overnight.
Free-floating vibratome sections (30–40 �m) were collected
and treated with H2O2 1.5% and methanol 10% for 10 min to
block endogenous peroxidase. Sections were then washed in
PBS and incubated with 5% normal goat serum followed by
incubation with primary antibodies to SSTR1-5 (diluted 1:200)
or to SST (diluted 1:500) at 4 C for 24 h. After washing with
Tris-buffered saline, sections were incubated with biotinyl-
ated goat antirabbit secondary antibody (diluted 1:200) at
room temperature for 1.5 h, followed by exposure to avidin-
biotinylated-peroxidase complex (Vectastain Elite, ABC Kit,
Vector Laboratories, Inc., Burlingame, CA) in Tris-buffered
saline for 1 h at room temperature. The reaction was revealed
by chromogen 3.3�-diaminobenzidine, 0.5 mg/�l (Sigma, St.
Louis, MO), containing 0.01% hydrogen peroxide yielding a
brown-black reaction product. After three additional washes,
sections were mounted and viewed under a microscope
(Leica Corp., Deerfield, IL). Controls used to validate the
specificity of the immunoreactivity included preimmune se-
rum in place of primary antibody and primary antibody ab-
sorbed with excess antigen. The number of cortical neurons
positive for SSTR expression in sections of control and
SSTKO mice was analyzed quantitatively. Neurons immu-
nopositive for SSTR1-5 were counted at low-power magnifi-
cation (�10) in 11 fields and expressed as the number of
immunopositive neurons/mm2. A total of 1500–3200 neurons
were analyzed for each receptor.

Statistical Analysis

Results are presented as mean � SE. Statistical comparisons
between genotypes were made by unpaired t test, comparing
SSTKO samples with their correspondent wt values as paired
data groups within the same experimental procedure. P val-
ues � 0.05 were considered statistically significant.
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