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Abstract
Using real time qPCR, we examined the expression of mRNAs for the five somatostatin receptors
(SSTRs) in the caudate putamen of male C57BL/6J and 129P3/J mice. Animals were exposed to
multiple injections of heroin, or saline, in the setting of a conditioned place preference study. The
relative expression levels of the five SSTR mRNAs differed between the two strains. In both
strains, SSTR-1 mRNA was expressed at the highest levels and SSTR-5 at the lowest.
Interestingly, in 129P3/J mice SSTR-3 mRNA was not detected in the caudate putamen. We
confirmed this finding in the frontal cortex, hypothalamus, nucleus accumbens and a region
containing the substantia nigra and ventral tegmental area. We also found strain differences in the
mRNA levels of SSTR-2 and -4. Intermittent heroin administration had a dose-dependent effect on
the levels of SSTR-1 and -3mRNAs. These results demonstrate strain differences in the expression
of specific mRNAs and a heroin-induced dose-dependent elevation of SSTR-1 and -3 mRNAs in
the mouse caudate putamen.
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1. Introduction
The ventromedial (nucleus accumbens; NAc) and dorsolateral (caudate putamen; CPu)
striata, are major sites of action for drugs of abuse (e.g. Di Chiara and Imperato, 1988;
Volkow et al., 2002). Drugs of abuse activate the mesolimbic and nigrostriatal dopaminergic
systems, elevating extracellular dopamine in the NAc and CPu. Opioids interact with the mu
opioid receptor on GABAergic interneurons in the midbrain, inhibiting GABAergic activity,
thus disinhibiting dopaminergic projection neurons (e.g. Johnson and North, 1992; Xi et al.,
2002). The NAc is a major locus mediating the rewarding effects of drugs of abuse (e.g.
Wise, 1989). The CPu receives a topologically ordered projection from the cortex (e.g.
McGeorge and Faull, 1989; Willuhn et al., 2003), is involved in habitual learning and
motivated behavior (e.g. Packard and Knowlton, 2002; White and McDonald, 2002), and
thus may play a role in the development of addictions.
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Somatostatin (a.k.a. somatotropin release inhibiting factor; SRIF) is a neuropeptide
originally isolated from the hypothalamus and shown to inhibit the secretion of growth
hormone from the pituitary (Brazeau et al., 1973). Two forms of SRIF are known, the
original tetradecapeptide and an N terminal extended form, SRIF-28 (Noe and Spiess, 1983).
SRIF has a wide distribution, both in the central nervous system and in peripheral tissues
(e.g. Johansson et al., 1984; Patel et al., 1995; Reichlin, 1983a,b). Most SRIF is found in
extrahypothalamic regions (for review see e.g. Vale et al., 1977), including the basal ganglia
and limbic regions (e.g. Johansson et al., 1984; Vale et al., 1977; Weiss and Chesselet,
1989).

SRIF has exocrine, endocrine, neuromodulatory and neurotransmitter functions. There is a
strong interaction between the dopaminergic system and SRIF. Exogenous SRIF,
administered i.c.v. to rats, resulted in increased synthesis and utilization of dopamine (and
serotonin) (Garcia-Sevilla et al., 1978). SRIF dose dependently increased dopamine levels in
the mouse striatum when administered locally (Hathway et al., 2004). SRIF increased
dopamine release in superfused rat or cat striatum (Chesselet and Reisine, 1983) and
elevated extracellular dopamine in the mouse striatum (Hathway et al., 2004). Antagonism
of either dopamine D1 or D2 receptors decreased levels of SRIF mRNA in the rat striatum
(Augood et al., 1991). In addition to effects on dopamine release, SRIF also stimulates the
release of GABA and glutamate from striatal neurons (e.g. Hathway et al., 1998).

SRIF has a dose-dependent behavioral effect (e.g. Rezek et al., 1977; Vecsei and Widerlov,
1990). Low doses of SRIF infused directly into the rat CPu result in a behavioral activation
characterized by increased locomotor activity and the expression of behavioral stereotypy
(Rezek et al., 1977). In rats, low doses of SRIF administered i.c.v. also resulted in increased
locomotor activity and behavioral stereotypy, while higher doses produced motor deficits
including catatonia, paraplegia-in-extension and tonic–clonic seizures (Havlicek et al.,
1976). In mice, SRIF administration unilaterally into the CPu, resulted in contralateral
turning behavior (Hathway et al., 2004). Depletion of SRIF with cysteamine administered
systemically blunted apomorphine-induced behavioral stereotypy and amphetamine-induced
locomotor activation (Martin-Iverson et al., 1986). Local infusion of cysteamine into the
nucleus accumbens also attenuated the locomotor stimulating effects of amphetamine, but
had no effect on amphetamine-induced conditioned place preference (Martin-Iverson et al.,
1986).

SRIF acts through binding to membrane bound G protein coupled receptors. There are five
distinct somatostatin receptors (SSTR-1–5), each encoded by its own gene (for review see
e.g. Patel et al., 1995). In the rat, mRNAs for all SSTRs are located throughout the brain and
expression levels are region specific (e.g. Breder et al., 1992; Bruno et al., 1993; Patel et al.,
1995). mRNA for all five SSTRs are found in the rat striatum, with modest levels of SSTR-3
and -5, somewhat lower levels of SSTR-2 and -4 and low levels of SSTR-1 (for review see
Patel et al., 1995). Morphine (a mu opioid receptor (MOP-r) agonist) binds to SSTR-2
(Hatzoglou et al., 1995) and the formation of heterodimers of SSTRs and dopaminergic and
opioidergic receptors have been reported in vitro (for review see Duran-Prado et al., 2008).
However, it is important to note that there is no evidence, to date, to indicate the formation
of such heterodimers in vivo (Duran-Prado et al., 2008). Additionally, a previous study from
our laboratory demonstrated a significant increase in SSTR-2 mRNA in the CPu of rats
exposed to cocaine (Yuferov et al., 2003).

Opioid administration to rodents also causes behavioral activation (e.g. Babbini and Davis,
1972; Castellano et al., 1976; Schlussman et al., 2008). Strain differences in the behavioral
effects of opioids have been reported. In C57BL/6J mice, opioids have a locomotor
stimulatory effect (e.g. Crawley et al., 1997; Oliverio and Castellano, 1981; Schlussman et
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al., 2008). C57BL/6J mice show high levels of oral morphine self-administration (Belknap
et al., 1993). 129P3/J mice did not show naloxone-induced jumping following chronic
infusion of morphine, suggesting a lack of development of physical dependence (Kest et al.,
2002b; Metten et al., 2009), nor did they develop tolerance to analgesic effects of morphine
(Kest et al., 2002a). However, another study suggested that 129P3/J mice did develop
physical dependence to morphine (Metten et al., 2009) and we have shown that 129P3/J
mice develop conditioned place preference to heroin, although at higher doses than in
C57BL/6J animals (Schlussman et al., 2008), indicating that heroin is rewarding in this
strain of mice. The C57BL/6J and 129P3/J strains also differ in the locomotor and
pDynmRNA stimulatory effects of cocaine (Schlussman et al., 2003a,b). These studies
demonstrate that the C57BL/6J and 129P3/J strains of mice show significant differences in
their behavioral response to drugs of abuse.

To more fully characterize the C57BL/6J and 129P3/J mouse strains, we examined mRNA
levels of the five SSTRs within the CPu in mice following four administrations of various
doses of heroin alternated with four injections of saline, in a conditioned place preference
paradigm.

2. Results
2.1. Strain effects

mRNA for all five somatostatin receptors was detected in the CPu of C57BL/6J mice (Fig.
1). Significant differences in the levels of mRNA expression of these receptors were
observed (F(4,164)=24.08, p<0.00001). SSTR-1 had the highest level of expression, followed
by SSTR-3. SSTR-5 showed the lowest level of expression. Significant differences in the
levels of individual SSTR mRNAs were also observed in the CPu of 129P3/J mice
(F(4,224)=104.1, p<0.001). mRNA for SSTR-1, -2, -4 and -5 was observed (Fig. 1) with
SSTR-1 showing the highest level of expression, followed by SSTR-2 and -4, with SSTR-5
showing the lowest detectable levels of mRNA expression. SSTR-3 mRNA was not detected
in the CPu of 129P3/J mice. In addition to this lack of expression of SSTR-3 mRNA in
129P3/J mice (Fig. 1), we also found significant strain differences in the expression levels of
SSTR-2 (F(1,92)=49.81, p<0.0001; Fig. 1) and SSTR-4 (F(1,111)=0.01; Fig. 1). In the CPu,
levels of mRNA for SSTR-2 and SSTR-4 were greater in 129P3/J mice than in C57BL/6J
animals.

To further investigate the apparent lack of SSTR-3 mRNA in 129P3/J mice, we measured
SSTR-3 mRNA levels in the hypothalamus, frontal cortex, nucleus accumbens and a region
containing the substantia nigra and ventral tegmental area. SSTR-3 mRNA was observed in
all these brain regions of C57BL/6J mice but no measurable expression of SSTR-3 mRNA
was found in 129P3/J mice (Fig. 2).

2.2. Drug effects
A significant main effect of dose was observed in the expression of SSTR-1 (F(5,108)=3.76,
p<0.005), SSTR-2 (F(5,92)=4.76, p<0.001), SSTR-3 (F(5,106)=3.12, p<0.05) and SSTR-4
mRNAs (F(5,111)=3.03, p<0.05); however the only significant change relative to saline
controls was found in SSTR-1 and SSTR-3 (Fig. 3). mRNA levels of SSTR-1 and -3 were
significantly higher in mice given the 20 mg/kg dose of heroin relative to saline controls
(Newman–Keuls post hoc tests p<0.05 and p<0.005, respectively).

3. Discussion
The pattern of SSTR mRNA expression in the CPu reported here differs significantly from
reports on relative expression levels in the rat. In the CPu of both C57BL/6J and 129P3/J
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mice we found that SSTR-1 mRNA has the highest levels of expression and SSTR-5 has the
lowest. This is in sharp contrast to the relative expression levels reported in the rat striatum.
In adult Sprague–Dawley rat striatum there were relatively low levels of SSTR-1 mRNA
expression (Bruno et al., 1993). In the CPu of adult Wistar rats, SSTR-1 mRNA was at
background levels (Thoss et al., 1995). Similar to our findings in the mouse, SSTR-5 mRNA
levels in the CPu of Wistar rats were also at low levels of expression (Thoss et al., 1995). In
contrast, in the striatum of Sprague–Dawley rats SSTR-5 had the highest level of expression
along with SSTR-3 (Bruno et al., 1993). These differences are likely related to strain and
species differences, as well as to technical considerations concerning tissue isolation and
mRNA quantification.

Interestingly, SSTR-3 mRNA was not detected in the CPu of 129P3/J mice whereas we
found relatively abundant expression of this mRNA in the CPu of C57BL/6J mice, and
others have reported relatively high levels of SSTR-3 mRNA in the rat CPu or striatum (e.g.
Bruno et al., 1993; Thoss et al., 1995). Furthermore, SSTR-3 mRNA was not detected in the
frontal cortex, hypothalamus, nucleus accumbens or a region containing both the substantia
nigra and ventral tegmental area of 129P3/J mice, but was found to be expressed in of all
those regions in C57BL/6J animals. Additional studies are required to determine if 129P3/J
mice are indeed completely lacking in SSTR-3 mRNA expression. Further studies will also
be required to determine the etiology of this deficit. In the absence of appropriate behavioral
studies utilizing SSTR-3 knockout mice or specific SSTR-3 agonists or antagonists, it is
difficult to determine the functional significance of the lack of SSTR-3 mRNA in 129P3/J
mice.

SSTR-3 is localized in primary cilia of neurons throughout the CNS (Berbari et al., 2008;
Handel et al., 1999). Studies using SSTR-3 knockout mice and specific SSTR-3 agonists and
antagonists have shown that SSTR-3 in the hippocampus is critical for recall of object
information and synaptic plasticity (Einstein et al., 2010). We did not examine SSTR-3
mRNA in the hippocampus; however compared to C57BL/6J mice, 129/J (now 129P3/J)
mice showed increased escape latencies in distally and proximally cued Morris Water Maze
tasks, (e.g. Montkowski et al., 1997) which are, at least partially, dependent on hippocampal
function (e.g. Morris et al., 1982). These deficits in Morris Water Maze performance may be
partially due to loss of SSTR-3 mediated signaling in these mice. However, it may also be
related to poor visual acuity associated with the pink-eyed dilution allele carried by 129P3/
Jmice (see e.g. Montkowski et al., 1997).

We also found significant strain differences in the expression of SSTR-2 and SSTR-4
mRNA. Levels of both were higher in the CPu of 129P3/J mice than in age-matched
C57BL/6J counterparts. SSTR-2 has been suggested to mediate SRIF/dopamine/glutamate
interactions. Mice with lifelong deletion (knockout) of the SSTR-2 gene show higher basal
levels of glutamate and attenuated SRIF-induced release of dopamine and glutamate in the
striatum (Allen et al., 2003). We have reported that, compared to C57BL/6J mice, 129P3/J
mice show augmented levels of striatal dopamine following a single “binge” administration
of cocaine (Zhang et al., 2001). It is possible that this strain difference is related to
differential levels of striatal SSTR-2 receptors.

SSTR-2 knockout mice also show increased anxiety-like behavior and decreased levels of
exploratory behaviors when stressed (Viollet et al., 2000). The report of lower levels of
anxiety-like behavior in an elevated plus maze test in 129P3/J mice compared to C57BL/6J
mice (Montkowski et al., 1997) might be related to differential expression of striatal
SSTR-2.
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It is difficult to know the functional consequence of differential expression of striatal
SSTR-4 mRNA. It has been shown that hippocampal SSTR-4 are critical for the selection of
memory strategies, mediating the switch between declarative, hippocampal-based memory
and procedural, striatal-based memory strategies (Gastambide et al., 2009) which may be
relevant to drug seeking or self-administration behavior. The SSTR-2 and -4 receptors
interact in the mouse hippocampus (Cammalleri et al., 2006; Moneta et al., 2002). It is not
clear whether this interaction is the result of direct coupling of the receptors (Cammalleri et
al., 2006; Moneta et al., 2002) or a functional interaction (Gastambide et al., 2010). It also is
not known whether such interactions occur in the striatum.

We identified a significant increase in the mRNA levels of SSTR-1 and SSTR-3 in the CPu
as a result of exposure to heroin at the highest (20 mg/kg) dose, but not of SSTR-2, 4 or 5. It
is important to emphasize that animals were sacrificed 24.5 h after the last conditioning
session; therefore there was no heroin on board at the time of tissue collection. This suggests
that heroin, at this dose, has a relatively long-term effect on SSTR-1 and 3 mRNA levels or
that elevations in these mRNA levels are the result from acute withdrawal from heroin. The
latter is unlikely however, since animals received a single daily dose of heroin, every other
day for a total of eight days (four heroin injections (Schlussman et al., 2008)). Additionally,
while somatic signs of heroin withdrawal were not monitored in this study, nor were they
grossly apparent.

In the basal ganglia, SSTR-1 is thought to function as an inhibitory autoreceptor on
somatostatinergic neurons (Thermos et al., 2006) and increased mRNA levels may represent
a countermodulatory mechanism related to elevated levels of dopamine.

Unlike the other SSTRs, SSTR-3 is coupled to adenylate cyclase (Yasuda et al., 1992). In
vitro, SRIF acting through SSTR-3 inhibits dopamine D1 receptor cAMP formation (Yasuda
et al., 1992). The increase in SSTR-3 mRNA observed in this study may be related to a
heroin-induced increase in dopaminergic tone and activity at the dopamine D1 receptor.

The lack of a heroin-induced effect on mRNA levels of SSTR-2 is, perhaps, unexpected.
SSTR-2 has been shown to bind MOP-r agonists in vitro (e.g. Hatzoglou et al., 1995) and,
also in vitro, SSTR-2 and MOP-r were shown to form functional heterodimers (e.g. Pfeiffer
et al., 2002).

The C57BL/6J and 129P3/J strains of mice differ in their behavioral and neurochemical
response to “binge” cocaine (Schlussman et al., 2003a,b; Zhang et al., 2001) and to opioids
(Kest et al., 2002a,b; Schlussman et al., 2008) in a manner that suggests that the 129P3/J
mice are relatively less sensitive to the effects of drugs of abuse. This examination of all the
SSTR mRNA species demonstrates a significant strain-specific expression of SSTR mRNAs
in the CPu. These strain-specific differences in mRNA expression may underlie some of the
behavioral differences observed in these strains.

4. Experimental procedures
A total of 125 age-matched male mice (6 weeks old on arrival, Jackson Laboratory, Bar
Harbor, ME), 55 C57BL/6J and 70 129P3/J were studied. All animals were individually
housed in an environmentally controlled room dedicated to this study. Food and water were
available ad lib and animals were allowed two weeks to acclimate prior to the start of the
experiments. Mice of each strain were randomly assigned to one of six groups, each
administered a specific dose (0, 1.25, 2.5, 5, 10 or 20 mg/kg) of heroin (3, 6 diacetyl-
morphine HCl, obtained from NIH-NIDA). This study was approved by the Rockefeller
University Institutional Animal Care and Use Committee and included provisions to
minimize pain and discomfort.
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Mice used in this study were froma study of heroin-induced conditioned place preference,
which has been reported else-where (Schlussman et al., 2008). Animals in the 0mg/kg group
received i.p. injections of isotonic saline on all days of the study. Animals in the other
groups received i.p. injections of heroin or saline on alternate days for a total of 8 days (for
details see Schlussman et al., 2008). Animals were sacrificed immediately following the
testing session, 24.5 h following the last conditioning session, by decapitation following
brief CO2 exposure (<20 s). Brains were rapidly removed and placed on ice. Brains were
placed into a chilled rodent brain matrix (ASI Instruments, Warren, MI) and 1.0mm coronal
sections were cut. The CPu, frontal cortex, hypothalamus, nucleus accumbens and a region
containing the substantia nigra and ventral tegmental area were rapidly dissected, on ice,
from the 1.0mm coronal sections under a stereoscope and homogenized in guanidine
thiocyanate as previously described (Branch et al., 1992). RNA was isolated from
homogenates of the CPu, frontal cortex and hypothalamus, with the RNAqueous system
(Ambion [ABI], Austin TX) according tomanufacturer's instructions. RNA from the nucleus
accumbens and the region containing both the substantia nigra and ventral tegmental area
were isolated using acid phenolic extractions as previously described (Chomczynski and
Sacchi, 1987) Following RNA isolation, all samples were treated with DNase (Turbo DNA-
free™, Ambion [ABI], Austin, TX). The quantity and quality of RNA in each extract were
determined using the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).

cDNA was synthesized from each sample using the Super Script™ III first strand synthesis
kit (Invitrogen, Carlsbad, CA). One µg of RNA from the CPu, frontal cortex and
hypothalamus was used for reverse transcription. The entire RNA from the nucleus
accumbens and the region containing both the substantia nigra and ventral tegmental area
was used to synthesize cDNAs. All cDNAs were diluted 1:10 for real time PCR analysis.

Real time PCR analysis of the relative mRNA expression levels of SSTR-1–5 was
conducted using commercially available primers and master mix (RT2 qPCR™ primer
assays and RT2 Real Time™ SYBR® Green PCR Master Mix; SA Bioscience, Frederick,
MD) according to manufacturer's directions in an ABI Prism 7900 HT Sequence Detection
System (Applied Biosystems, Foster City, CA).

All samples were assayed in duplicate.Water controls were included in each assay. Any
sample with a cycle threshold (CT) greater than that of the water control or a CT of 35 or
higher was not included in the analysis. All data were normalized to the expression level of
GAPDH and reported as 2−ΔCT where ΔCT is the cycle threshold of the mRNA of interest
minus the cycle threshold of GAPDH.

Data for each mRNA of interest were analyzed by two-way ANOVA, Strain×Dose,
followed by Newman–Keuls post hoc analysis where appropriate. Any sample that was ≥2.5
standard deviations from the mean was considered an outlier and dropped from the analysis.
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CPu caudate putamen

SRIF somatostatin (a.k.a. somatotropin release inhibiting factor)
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SSTR somatostatin receptors

NAc nucleus accumbens
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Fig. 1.
Relative expression levels of all five SSTR mRNAs in the CPu of C57BL/6J and 129P3/J
mice. Levels of SSTR-2 and -4 mRNA were higher in the CPu of 129P3/Jmice than in
C57BL/6J animals (p<0.0001 and 0.01 respectively). SSTR-3 was not detectable in the CPu
of 129P3/Jmice.
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Fig. 2.
SSTR-3 mRNA was abundant in the hypothalamus, frontal cortex, nucleus accumbens and
substantia nigra/ventral tegmental area of C57BL/6J mice but was below the limits of
detection in these brain regions from 129P3/J animals.
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Fig. 3.
Heroin effects on mRNA levels of specific SSTRs. Heroin dose dependently elevated
SSTR-1 (A) and SSTR-3 (C) mRNAs. The highest dose of heroin (20 mg/kg) significantly
elevated the levels of SSTR-1 (p<0.005) and SSTR-3 (p<0.005) relative to saline controls.
Heroin did not significantly affect the expression of SSTR-2 (B), SSTR-4 (D) or SSTR-5 (E)
relative to saline controls. Note: Y-axis scale differs in all graphs.
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