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Abstract

C57BL/6J and 129 substrains of mice are known to differ in their basal levels of anxiety and
behavioral response to drugs of abuse. We have previously shown strain differences in heroin-
induced conditioned place preference (CPP) between C57BL/6J (C57) and 129P3/J (129) mice,
and in the regional expression of several receptor and peptide mRNAs. In this study, we examined
the contribution of the GABAergic system in the cortex, nucleus accumbens (NAc), caudate
putamen (CPu) and the region containing the substantia nigra and ventral tegmental area (SN/
VTA) to heroin reward by measuring mRNA levels of 7 of the most commonly expressed GABA-
A receptor subunits, and both GABA-B receptor subunits, in these same mice following saline
(control) or heroin administration in a CPP design. Using real-time PCR, we studied the effects of
strain and heroin administration on GABA-A al, a2, a3, f2, and y2 subunits, which typically
constitute synaptic GABA-A receptors, GABA-A a4 and & subunits, which typically constitute
extrasynaptic GABA-A receptors, and GABA-B R1 and R2 subunits. In saline-treated animals, we
found an experiment-wise significant strain difference in GABA-A 2, MRNA expression in the
SN/VTA. Point-wise significant strain differences were also observed in GABA-A2, GABA-A.3,
and GABA-A 4 mMRNA expression in the NAc, as well as GABA-Bro mRNA expression in the
NAc and CPu, and GABA-Br; mRNA expression in the cortex. For all differences, 129 mice had
higher mRNA expression compared to C57 animals, with the exception of GABA-Br; MRNA in
the cortex where we observed lower levels in 129 mice. Therefore, it may be possible that known
behavioral differences between these two strains are, in part, due to differences in their
GABAergic systems. While we did not find heroin dose-related changes in mRNA expression
levels in C57 mice, we did observe dose-related differences in 129 mice. These results may relate
to our earlier behavioral finding that 129 mice are hyporesponsive to the rewarding effects of
heroin.
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1. Introduction

Gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter in the brain, plays
arole in various complex neurobiological processes such as anxiety, reward, and learning
and memory, by binding to ionotropic GABA-A receptors and metabotropic GABA-B
receptors. GABA-A receptors are typically thought to produce both phasic and tonic
inhibition (Churchill et al., 1992), while GABA-B receptors are thought to produce slow,
prolonged inhibitory signals (Jones et al., 1998).

GABA-A receptors are hetero-pentameric ligand-gated ion channels, and are assembled
from 5 of 19 subunits, each encoded by its own gene. Each receptor consists of two a
subunits, two [ subunits, and an alternative subunit (usually y). Eleven heteropentameric
receptors have been identified in vivo, the most prevalent of which consists of the a1p2vy2
subunits (Benke et al., 1991; Olsen and Sieghart, 2008; Somogyi et al., 1996). The location
of these receptors, either synaptically or extrasynaptically, determines the type of
conductance they mediate. When activated, synaptic GABA-A receptors are briefly exposed
to low millimolar concentrations of endogenous GABA, and subsequently mediate phasic
inhibition. However, extrasynaptic GABA-A receptors experience a “spillover effect” from
synapses such that GABA exists at a thousand-fold lower concentration but is maintained
consistently over time (Caraiscos et al., 2004; Mortensen and Smart, 2006; Mtchedlishvili
and Kapur, 2006; Stell and Mody, 2002). This results in the continual activation of
extrasynaptic GABA-A receptors, and subsequently tonic inhibition (Farrant and Nusser,
2005). No GABA-A receptor subunit has yet been found to have an exclusively synaptic
location, however the a4, a6 and & subunits are predominantly if not exclusively found
extra-synaptically (Farrant and Nusser, 2005).

GABA-B receptors are G-protein coupled receptors that regulate potassium and calcium
channels. There are two subunits of the GABA-B receptor, R1 and R2, both of which are
required to produce a fully functional GABA-B receptor (Jones et al., 1998). When
expressed alone in mammalian cells, the GABA-BR receptor subunit exhibits relatively low
affinity for GABA in comparison to the endogenous GABA-B receptor. However, when the
GABA-BR; subunit forms a heterodimer with the GABA-Bg1 subunit, it results in a fully
functional GABAB receptor at the cell surface with high affinity for GABA (White et al.,
1998). The GABA-BR1 subunit contains the agonist-binding site, while the GABA-Bg,
subunit is necessary for G-protein coupling and activation (Couve et al., 1998).

Depressant drugs, such as barbiturates and benzodiaze-pines, potentiate the inhibitory effect
of GABA via interactions with the GABA-A receptor. Benzodiazepines exert their effects
by binding to the interface between the a and y subunits, while barbiturates bind to the 5
subunit. GABA-A receptor activation by benzodiazepines has been found to be both
anxiolytic and sedative, an effect which was originally believed to depend on receptor
subunit composition (Low et al., 2000; McKernan et al., 2000; Morris et al., 2006; Rowlett
et al., 2005; Rudolph et al., 1999; Rudolph and Mohler, 2004). However, more recent
research has shown that many drugs with preclinical anxiolytic profiles fail to exhibit
anxiolysis in a clinical setting (Skolnick, 2012). Therefore, it has been concluded that drugs
with high efficacy at a2-containing GABA-A receptors do not necessarily lead to anxiolysis,
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and drugs with high efficacy at al-containing receptors do not necessarily lead to sedation
(Skolnick, 2012). Despite these recent findings, it is still believed that GABA receptors play
a prominent role in anxiety-related behaviors (Lydiard, 2003; Nemeroff, 2003; Nutt and
Malizia, 2001), and perhaps this role is not subunit specific but rather depends on a
combination of various subtypes of GABA-A and GABA-B receptors in brain regions
crucial to anxiety.

Mice of the C57BL/6J (C57) strain and various 129 substrains (both commonly used in the
generation of knockout animals) have been found to differ in their basal levels of anxiety
and responsiveness to diazepam. C57 mice show relatively high levels of basal locomotor
activity and lower levels of anxiety-like behaviors compared to most other strains studied.
Many substrains of 129 mice, on the other hand, have been found to be less active than C57
mice, and all substrains of 129 mice show more anxiety-like behavior than C57 mice (e.qg.
(Lad et al., 2010)). Even after accounting for differences in locomotor activity between the
two strains, 129 mice display higher levels of anxiety-like behavior relative to C57 mice
(Rodgers et al., 2002). These strain-related behavioral differences may be related to
differential expression of GABAergic mRNAs. Studies in humans with anxiety disorders
have shown reductions in binding to GABA-A receptors in cortical, striatal and limbic brain
areas (reviewed in (Nikolaus et al., 2009)).

Opiates, both endogenous and exogenous, inhibit GABAergic activity, and therefore
disinhibit dopaminergic (DA) projection neurons. Morphine, the biologically active
metabolite of heroin (Inturrisi et al., 1983), binds to the mu opioid receptor (MOP-r) on
GABAergic neurons in the VTA, thus disinhibiting DAergic projection neurons (Johnson
and North, 1992b), resulting in the release of DA in the mesocorticolimbic and nigrostriatal
projection fields such as the NAc and frontal cortex (Di Chiara and Imperato, 1988). Both
GABA-A and GABA-B receptors, located on DAergic neurons as well as non-DAergic
neurons within the mesocorticolimbic DAergic system, have been suggested to play a role in
the positive reinforcing effects of heroin (e.g. (Xi and Stein, 1999; Yoon et al., 2009)).

One way to study individual differences in vulnerability to develop addictive diseases is to
examine inbred strains of mice that are known to differ in their response to drugs of abuse.
Mice of the C57BL/6 J strain and of various 129 substrains differ in their response to drugs
of abuse. 129 substrains of mice consistently express less stereotypic behavior following
cocaine administration than do C57 mice (Kuzmin and Johansson, 2000; Kuzmin et al.,
2000; Miner, 1997; Schlussman et al., 1998, 2003). Mice of 129 substrains also consistently
appear less responsive to the locomotor effects of cocaine (Kuzmin and Johansson, 2000;
Kuzmin et al., 2000; Miner, 1997; Schlussman et al., 1998, 2003). We have reported
significant strain-related differences in the locomotor stimulating and rewarding properties
of heroin administration in the same mice described in the study presented here (Schlussman
et al., 2008). While heroin produced dose-dependent increases in the locomotor activity of
both strains of mice, C57 mice developed CPP to relatively low doses of heroin, while 129
mice developed preference only to higher doses (Schlussman et al., 2008). This suggests that
129 mice are less sensitive to the rewarding effects of heroin than are C57 mice.
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We have previously reported significant strain differences and heroin related effects on the
expression levels of mMRNAs of the somatostinergic system (Schlussman et al., 2010), the
opioidergic system (Schlussman et al., 2011), and the DAergic system (Schlussman et al.,
2011) in the same mice used in the present report. Here we extend our studies by examining
the relative expression of GABA receptor subunit mRNAs in various brain regions of these
C57BL/6J and 129P3/J mice.

2.1. Point-wise significant strain differences in GABA-A receptor subunits in saline-treated

animals

Expression of GABA-A receptor subunit mRNAs varied between strains in a region-specific
manner (Fig. 1). In the SN/VTA, a significant strain-related difference was observed in the
expression of GABA-A» mRNA (Fig. 1A), such that 129 mice had higher levels of GABA-
Aq2 MRNA than did C57 mice (t20)=3.836, p<0.001). In the NAc, expression levels of
GABA-A.> (Fig. 1B), GABA-A 3 (Fig. 1C), and GABA-A 4 mRNA (Fig. 1D) were
significantly higher in the NAc of 129 compared to C57 mice (U=12.00, p<0.005;
t(19)=2.273, p00.05; and t(18)=2.780, po0.05 respectively). No significant strain-related
differences were found in GABA-A receptor subunit mMRNA expression levels in the cortex
or CPu.

2.2. Point-wise significant strain differences in GABA-B receptor subunits in saline-treated

animals

Strain differences in the levels of GABA-B receptor subunit mRNAs were also observed
regionally. In the cortex, GABABR; MRNA levels were significantly lower in 129 mice
compared to C57 mice ()=4.168, p<0.01; Fig. 2A). However, in the NAc (Fig. 2B) and
CPu (Fig. 2C), levels of GABA-Br, mRNA were significantly higher in 129 compared to
C57 mice (t(18=2.753, p<0.05; U=24, p<0.005 respectively).

2.3. Experiment-wise significant strain differences in saline-treated animals using the
Bonferroni correction

To control for multiple comparisons, the Bonferroni correction was applied to all point-wise
significant findings in GABA-A and GABA-B receptor subunit mRNA expression levels. In
the SN/ VTA, the observed difference in GABA-A,» mMRNA expression levels was
experiment-wise significant (Bonferroni corrected p<0.05); however, all other strain-related
differences in subunit mMRNA expression levels were not. It should be noted that the
Bonferroni correction is very conservative. The level of expected false positive significant
differences between strains, with 36 independent comparisons (9 independent subunit
mRNA s in 4 separate brain regions), at a level of p<0.05, is 1.8, based on the Poisson
distribution. In analyzing GABA-A and GABA-B receptor subunit mRNAs, we found 7
strain-related differences at this level of confidence, highly suggestive that many of these
differences are in fact real, and not resulting from random variance. The presence of a
substantially greater number of results with p valueso0.05 than would be expected based on
the Poisson distribution is a compelling argument to not reject these differences as
insignificant.
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2.4. Heroin-induced effects on GABA receptor subunit mRNA levels

In the present study, heroin-induced effects were not observed in subunit mMRNA expression
levels in the brains of C57 mice. However, multiple region-specific heroin-induced effects
were observed in mMRNA expression levels in 129 mice. In the SN/VTA of 129 mice, a
significant main effect of Dose was observed in GABA-A; and GABA-A,4 mMRNA
expression levels (Fs 51=5.73, p<0.0005, Fig. 3A; F(5 51)=3.20, p<0.05, Fig. 3B
respectively). Newman—Keuls post hoc tests showed that, in regards to GABA-A1, 129
mice receiving the two lowest doses of heroin (1.25 mg/kg and 2.5 mg/kg) had significantly
higher levels of expression than did those receiving the two highest doses of heroin (10
mg/kg and 20 mg/kg; p<0.05). In addition, expression levels of GABA-A,4 mMRNA in 129
mice receiving the lowest dose of heroin were significantly higher than were those of mice
receiving saline, or the three highest doses (5 mg/kg, 10 mg/kg and 20 mg/kg; p<0.05).

In the NAc of 129 mice, a significant main effect of Dose was observed in the expression
levels of GABA-A,1 (Fig. 3C), GABA-A3 (Fig. 3D), GABA-A; (Fig. 3E) and GABA-Bg»
(Fig. 3F) mRNA (F 5 52)=8.194, p<0.00001; F(5 60)=5.72, p<0.0005; F(5 0)=2.94, p<0.05;
F(5,58)=4.499, p<0.005 respectively). Newman—Kuels post hoc tests showed that 129 mice
receiving the two lowest doses of heroin expressed significantly lower expression levels of
GABAA 3 and GABA-Bg, compared to saline controls, and that 129 mice receiving the
highest dose of heroin expressed significantly higher expression levels of GABA-A,1
compared to those receiving saline and all other heroin doses (p<0.05).

Lastly, in the CPu and the cortex, a significant main effect of Dose was observed in the
expression levels of GABA-A; (Fig. 3G) and GABA-A3 (Fig. 3H) MRNA (F(s5 45)=7.13,
p<0.0001; F(5 58)=3.55, p<0.01), respectively. Newman-Keuls post hoc tests showed that, in
the CPu, expression levels of GABA-Ag were significantly lower in 129 mice receiving the
two lowest doses of heroin compared to 129 mice receiving the two highest doses (p<0.05),
and that mice receiving the second-lowest dose of heroin (2.5 mg/kg) also had significantly
lower expression levels than did mice receiving saline and 5 mg/kg (p<0.05). In the cortex,
Newman-Keuls post hoc tests showed that expression levels of GABA-A 3 mMRNA in mice
receiving the second-lowest dose of heroin were significantly lower compared to mice
receiving the second-highest dose (p<0.05).

In order to control for multiple testing, the Bonferroni correction was also applied to all
point-wise significant heroin-related differences in mRNA expression levels, and 4 out of 8
differences were found to be experiment-wise significant. In the SN/VTA of 129 mice, the
main effect of Dose in GABA-A 1 MRNA expression levels was observed to be experiment-
wise significant (Bonferroni corrected p<0.01). In the NAc of 129 mice, the main effects of
Dose in GABA-A1 and GABA-A 3 MRNA expression levels were also observed to be
experiment-wise significant (Bonferroni corrected p<0.001 and p<0.01, respectively).
Lastly, in the CPu of 129 mice, the main effect of Dose in GABA-As mRNA expression
levels was found to be experiment-wise significant (Bonferroni corrected p<0.005).
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3. Discussion

In the present report, we examined the relative mRNA expression levels of several important
GABA-A and GABA-B receptor subunits, in C57 and 129 mice. We observed regional
strain differences in the relative expression levels of GABA-A and GABA-B receptor
subunits. For GABA-A receptor subunits, we report an experiment-wise significant finding
that compared to C57 animals, 129 mice had higher levels of GABA-A» mRNA in the SN/
VTA. We also report point-wise significant differences in the NAc, in which 129 mice had
higher levels of GABA-A 2, GABA-A3 and GABA-A 4 MRNA than did their C57
counterparts. For GABA-B receptor subunits, we report the point-wise significant findings
that compared to C57 animals, 129 mice had lower levels of GABA-Br1 mMRNA in the
cortex and higher levels of GABA-Br, mRNA in both the NAc and CPu. Furthermore,
while we did not observe any heroin dose-related differences in C57 mice, we did observe
eight region-specific dose-related differences in GABA-A and GABA-B receptor subunits in
129 mice.

GABA, the major inhibitory neurotransmitter in the CNS, is crucial to diverse
neurobiological processes such as anxiety, reward, and learning and memory. The
GABAergic system, specifically in forebrain areas, is believed to mediate, at least in part,
the expression of anxiety disorders (Lydiard, 2003; Nemeroff, 2003; Nutt and Malizia,
2001), although the exact neurobiological mechanisms behind anxiety are not yet fully
understood (for review, see Kalueff and Nutt, (2007)). Gene expression studies have found a
down-regulation of both GABA-A and GABA-B genes in the cortex (Kroes et al., 2006;
Wang et al., 2003), amygdala (Mei et al., 2005), and hypothalamus (Verkuyl et al., 2004) of
highly anxious rats. One study found that infusions of the GABA-A receptor agonist,
muscimol, into the prefrontal cortex reduced anxiety-like behaviors in rats (Shah et al.,
2004). Additionally, mice lacking GABA-B receptors have been found to display heightened
anxiety-related behaviors (Mombereau et al., 2004, 2005). Behaviorally, all substrains of
129 mice display more anxiety-related behaviors than do C57 mice even after accounting for
basal differences in locomotor activity (Rodgers et al., 2002). We and others have reported
that 129 mice are consistently less responsive to the effects of drugs of abuse than are C57
mice, a difference which has been hypothesized to be mediated by differential expression of
anxiety-like behavior rather than by differences in the reward system (e.g. (Dockstader and
van der Kooy, 2001)). Consequently, we would expect to find decreased mRNA expression
levels of GABA-A and/or GABA-B receptor subunits in the cortex of 129 compared to C57
mice. While we did not see significant differences in GABA-A mRNA expression levels in
the cortex, we did observe significantly lower GABA-Br; mMRNA expression levels in 129
compared to C57 mice in this region. Interestingly, the cortex is the only region in which we
observed lower mMRNA expression levels in 129 compared to C57 mice. This finding is
consistent with the hypothesis that lower levels of GABA-B receptors in the cortex might, in
part, mediate heightened expression of anxiety-like behaviors and decreased demonstration
of opiate reward.

We have previously reported significant differences in the expression of CPP to heroin in
the same C57 and 129 mice utilized in this study. While both strains showed significant CPP
to heroin, the C57 mice showed this conditioned effect only to the two lowest doses of

Brain Res. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schlussman et al.

Page 7

heroin tested, while the 129 mice expressed this behavior only to the three highest doses
used (Schlussman et al., 2008). This and other data (e.g. (Szumlinski et al., 2005)) suggests
that compared to C57 mice, 129 animals are hyporesponsive to the rewarding effects of
heroin. It has been shown previously that the development of CPP following morphine
administration is largely a DA-dependent process (Shippenberg et al., 1992; Stinus et al.,
1992), and therefore it is possible that this hyporesponsiveness is not only due to a
difference in anxiety phenotypes, but also to a difference in heroin-induced release of
mesolimbic DA, which may be driven by the strain-dependent differences in GABA
function.

There is evidence to suggest that GABA-A and GABA-B receptors in the VTA are involved
in DA transmission in the NAc and VTA, and consequently heroin self-administration and
reward. While ventral tegmental GABA-B receptor activation has been shown to be
centrally involved in the inhibition of DA release into the NAc (Westerink et al., 1996; Xi
and Stein, 1998), as well as the attenuation of heroin self-administration behaviors (Xi and
Stein, 1999) and morphine-induced CPP (Tsuji et al., 1996), we have not observed any
strain-related differences in GABA-B receptor subunit mRNA expression in the SN/VTA.
However, our finding that GABA-A,» mRNA levels were higher in 129 compared to C57
mice suggests that GABA-A receptors in this region may partially mediate the
hyporesponsiveness of 129 mice to the rewarding effects of heroin. GABA-A receptors in
the VTA reside on both DAergic projection neurons (Johnson and North, 1992a; Xi and
Stein, 1998) as well as GABAergic interneurons (O'Brien and White, 1987; Steffensen et al.,
1998), and the effect of GABA-A receptor activation on accumbal DA release has been
shown to be directly inhibitory and indirectly disinhibitory, respectively (Churchill et al.,
1992; Johnson and North, 1992a; Kalivas et al., 1990; Klitenick et al., 1992; O'Brien and
White, 1987; Sugita et al., 1992). Interestingly, it has been found that GABA-A receptor
agonists, such as muscimol, dose-dependently activate GABA-A receptors on both DAergic
projection neurons and GABAergic interneurons (Doherty and Gratton, 2007; Grace and
Bunney, 1979; Kalivas et al., 1990; Klitenick et al., 1992; Waszczak and Walters, 1980; Xi
and Stein, 1998). Muscimol has also been shown to both decrease (Guan and McBride,
1989; Westerink et al., 1996) and increase (Xi and Stein, 1998) DA levels in the NAc,
effects which have both been reversed by microinjections of the GABA-A receptor
antagonist, bicuculline, into the VTA(Westerink et al., 1996; Xi and Stein, 1998). Since
VTA GABA-A receptors appear to be primarily located on non-DA neurons (Churchill et
al., 1992), it has been suggested that these GABA-A receptors are activated preferentially,
and it is at high doses of muscimol that GABA-A receptors on DAergic projection neurons
are also activated (Doherty and Gratton, 2007). Additionally, it has been found that
iontophoretically applied GABA was substantially more potent in binding to GABA-A
receptors on non-DA neurons (Grace and Bunney, 1979). Therefore, in order to fully
understand the effect of differential GABA-A > MRNA expression between C57 and 129
mice, the relative localization of a2-containing GABA-A receptors to either DAergic or
GABAergic neurons in the VTA would need to be distinguished in a matter not possible
using the methods of the current investigation. Furthermore, studying the development of
heroin-induced CPP in 129 a2-knockout mice would help determine whether the heightened
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a2 subunit mRNA expression we observed in fact contributes to a differential expression of
heroin reward.

Important to the effect of GABA-A receptor activation in the VTA on subsequent DA
release is the distinction between synaptic and extra-synaptic GABA-A receptors. Muscimol
has been found to act preferentially at high-affinity extrasynaptic GABA-A receptors
typically containing the a4 and & subunits (Korpi et al., 2002; Mihalek et al., 1999;
Mortensen et al., 2010; Quirk et al., 1995); however, it also acts as a prototypic GABAA
receptor agonist (Chandra et al., 2010). a4- and 8-knockout mice have been found to possess
fewer binding sites in forebrain areas for muscimol, as well as a reduced behavioral
sensitivity to muscimol administration (Chandra et al., 2010), suggesting that extrasynaptic
GABA-A receptors in the fore-brain contribute to the behavioral effects of muscimol. In the
VTA, muscimol administration has been shown to be rewarding as measured by CPP
(Laviolette and van der Kooy, 2001, 2004) and to differentially affect morphine-induced
CPP depending on the dose injected (Sahraei et al., 2005). However, gaboxadol—a GABA-
A receptor agonist which acts predominantly on extrasynaptic receptors but does not act as a
prototypic GABA-A receptor agonist (Belelli et al., 2005; Chandra et al., 2010; Jia et al.,
2005)— has not been found to be rewarding. One study demonstrated that while gabaxadol
induced glutamatergic synaptic plasticity on DAergic neurons in the VTA, an effect which is
common in response to various drugs of abuse, intravenous self-administration of gaboxadol
failed to be rewarding in mice or baboons (Vashchinkina et al., 2012). Therefore, it is
possible that the rewarding effects of muscimol in the VTA are primarily due to the binding
of synaptic, as opposed to extrasynaptic, GABA-A receptors. Our results indicate that
despite robust strain-related behavioral differences to heroin administration between 129 and
C57 mice, there were no differences in either GABA-A 4 or GABA-As mRNA expression
levels in the SN/VTA. This observation is consistent with the suggestion that extrasynaptic
GABA-A receptors in the VTA may not be crucial to the mediation of drug reward. A study
investigating the effect of intra-ventral tegmental injection of gaboxadol on morphine or
heroin-induced CPP would be a worthwhile test of this hypothesis.

In addition to the VTA, GABA receptors in the NAc may also be involved in DA
transmission and subsequently heroin self-administration and reward. It has been suggested
previously that decreased GABA release might mediate drug-induced elevations of
accumbal DA levels (Ferraro et al., 1996; Tanganelli et al., 1994) via an intra-accumbal
mechanism. Furthermore, it is possible that this effect occurs by activation of GABA-A,
rather than GABA-B receptors. While we observed a significant difference between 129 and
C57 mice in expression levels of GABA-Br, mRNA in the NAc, several studies have
suggested that GABA-B receptors in the NAc may not in fact be crucial to opiate reward.
Despite the finding that accumbal infusions of the GABA-B receptor antagonist 2-OH
saclofen causes an increase in extracellular DA in the NAc (Saigusa et al., 2008),
microinjections of baclofen directly into the NAc have consistently failed to affect morphine
and heroin self-administration behavior in rats (Xi and Stein, 1999; Yoon et al., 2009). On
the other hand, not only have accumbal injections of the GABA-A receptor antagonist
bicuculline been found to significantly increase extracellular DA levels in the NAc (Yan,
1999), but microinjections of muscimol into the NAc have also been found to decrease
morphine self-administration(Yoon et al., 2009). It was therefore suggested that this effect
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of muscimol in the NAc was mediated by the tonic inhibition of DA release by GABA-A
receptors on DA terminals within the NAc. However, similar to the VTA, the relative
localization of GABA-A receptors to either DAergic nerve endings or GABAergic
interneurons in the NAc is not yet fully understood. One group hypothesized that since both
muscimol and bicuculline administered into the NAc increase accumbal DA efflux,
muscimol may act at GABA-A receptors on GABAergic interneurons, while bicuculline
may act at GABA-A receptors on DAergic nerve endings (Aono et al., 2008). In the present
study, we found higher expression levels of GABA-A,2 GABA-A3 and GABA-A 4
MRNA, as well as higher expression levels of GABA-Bgr, mRNA in the NAc of 129 mice.
Taking into account the hyporesponsiveness of 129 mice to heroin administration, our
results would suggest that the GABA-A receptors crucial to the counter-modulation of
opiate reward may reside primarily on DAergic nerve terminals in the NAc. Furthermore,
since we observed differences in mMRNA expression levels of GABA-A subunits associated
with extrasynaptic receptors (a4) as well as subunits associated with synaptic receptors (a2
and a3) in the NAc, it is possible that both types of GABA-A receptors in the NAc
contribute to the hyporesponsiveness of 129 mice to heroin self-administration. Although
GABA-B receptors also localize on DAergic nerve terminals in the NAc, and GABA has
been found to exhibit an inhibitory tone on accumbal DA levels by acting at both GABA-A
and GABA-B receptors, only GABA-A receptor agonists have been found to attenuate
opiate reward (Yoon et al., 2009). It has previously been suggested that the two types of
GABA receptors are activated by different sources (and therefore “pools”) of GABA in the
NAc (Aono et al., 2008; Saigusa et al., 2008, 2012), and therefore it is possible that this
difference also affects the role of accumbal GABA-A and GABAB receptors in the
countermodulation of opiate reward.

Lastly, in the present study we observed eight region-specific heroin dose-related
differences in GABA-A receptor subunit mRNA expression levels in 129 mice.
Interestingly, we did not observe any heroin dose-related differences in C57 mice. This
would suggest that not only do 129 mice appear to have a distinct organization of GABA
receptors in the mesolimbic DA pathway compared to C57 mice, but also that the mRNA
expression levels of these receptors are affected differently by heroin administration.
Furthermore, heroin-related dose effects in 129 mice were observed to follow two distinct
patterns. In the SN/VTA, low doses of heroin administration were generally associated with
increased mRNA expression levels relative to saline and/or higher doses of heroin.
Alternatively, in all other regions, low doses of heroin administration were generally
associated with decreased mRNA expression levels relative to saline and/or higher doses.
Therefore, it appears that heroin administration alters GABA receptor subunit MRNA
expression levels in 129 mice differently in the SN/VTA compared to the DAergic terminal
fields such as the NAc, CPu and cortex.

In summary, we report various region-specific strain differences in the expression of key
components of the GABAergic system between 129 and C57 mice. These differences may
be related to known strain differences in the response to drugs of abuse and expression of
anxiety-like behaviors.
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4. Experimental procedure

4.1. Animals

Fifty-six C57BL/6J and 72 age-matched 129P3/J male mice (6 weeks old on arrival; Jackson
Laboratory, Bar Harbor, ME) were utilized in this study. Mice were individually housed in
an environmentally controlled room dedicated to this study 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, based on dose of heroin administered (0, 1.25, 2.5, 5, 10, or
20 mg/kg). Three animals died during the course of these studies (two 129P3/J and one
C57BL/6J) and were not included in analyses. This study was approved by the Rockefeller
University Institutional Animal Care and Use Committee and included provisions to
minimize pain and discomfort. Heroin (3,6-diacetyl-morphine HCI) was obtained from NIH-
NIDA.

Mice whose tissue was studied here were from the abovementioned study of heroin-induced
CPP, and has been reported elsewhere (Schlussman et al., 2008). All animals in non-saline
groups received i.p. injections of heroin or saline on alternate days for a total of eight days,
half receiving heroin and half saline on the first day. Animals in the 0 mg/kg group received
isotonic saline [0.9% NacCl] on all days (for details see (Schlussman et al., 2008)). Animals
were sacrificed immediately following the testing session (24.5 h following the last
conditioning session), and brains were rapidly removed. The cortex (an area containing the
cingulate cortex area 1, the primary and secondary motor cortices and the prelimbic cortex)
(Franklin and Paxinos, 1997), nucleus accumbens (NAc), caudate putamen (CPu) and a
region containing both the substantia nigra and the ventral tegmental area (SN/VTA) were
dissected and homogenized in guanidium thiocyanate as previously described (Branch et al.,
1992). RNA from the CPu and the cortex was isolated using RNAqueous (Ambion [ABI],
Austin, TX). RNA from the NAc and SN/VTA was isolated using an acid phenolic
extraction(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 was determined with the Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA).

4.2. cDNA synthesis

cDNA was synthesized from each sample using the Super Script™ 111 first strand synthesis
kit (Invitrogen, Carlsbad, CA). Five hundred ng of RNA from the CPu and the cortex was
used for reverse transcription, while the entire NAc and SN/VTA were utilized for
generation of cDNAs. cDNAs were diluted 1:10 for real time PCR (RT-PCR) analysis.

4.3. RT-PCR analysis

RT-PCR analysis of the relative mRNA expression levels of GABA-A,1 GABA-A»,
GABA-A.3, GABA-A 4, GABA-Apy, GABA-A,, GABA-As, GABA-BRr; and GABA-Bg,
in all four regions was conducted using commercially available primers and master mix
(RT2gPCR™ primer assays and RT2 Real Time™ SYBRS Green PCR Master Mix; Qiagen,
Valencia, CA) in an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA). Water controls for each primer set were included in every assay. Any

Brain Res. Author manuscript; available in PMC 2014 June 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schlussman et al. Page 11

sample with a cycle threshold (Ct) greater than that of the water control, or a Ct=5, was not
included in data analysis. All data was normalized to Gapdh and reported as 27ACt where
ACt is the cycle threshold of the mRNA of interest minus the cycle threshold of Gapdh.

4.4, Statistics

Strain effects were analyzed by t-test or Mann-Whitney U tests, as appropriate, in saline
control animals. Heroin Dose effects were analyzed within each strain by one-way ANOVA.
Any sample that was42.5 standard deviations from the strain mean was considered an outlier
and dropped from the analysis. To control for multiple comparisons (9 independent subunit
mRNAs in 4 separate brain regions), the Bonferroni correction was applied to all Strain and
Dose effects in GABA receptor subunit mRNA expression levels.
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Region-specific strain differences in the levels of GABA-A receptor subunits mRNA. (A)
GABA-A,> mMRNA expression in the SN/VTA was higher in 129 mice than in C57 animals
(t(20=3.836, p<0.001). B) GABA-A,» mRNA levels were higher in the NAc of 129
compared to C57 mice (U=12.00, p<0.005). C) Levels of GABA-A,3 MRNA were higher in
the NAc of 129 compared to C57 mice (t(19)=2.273, p<0.05). D) GABA-A,4 MRNA
expression in the SN/VTA was higher in 129 mice than in C57 animals (t(1g)=2.780,
p<0.05). The number of animals in each group is indicated within each bar.
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=] Region-specific strain differences in the levels of GABA-B receptor subunits mRNA. (A)
g GABA-Br1 mRNA levels in the cortex were significantly lower in 129 mice compared to
% C57 mice (t()=4.168, p<0.01). (B) Levels of GABA-Br, mRNA in the NAc were
o significantly higher in 129 compared to C57 mice (t(18)=2.753, p<0.05). and (C) Levels of
= GABA-Br,; mRNA in the CPu were significantly higher in 129 compared to C57 mice
=) (U=24, p<0.005). The number of animals in each group is indicated within each bar.
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Fig. 3.

Region- and gene- specific effects of heroin on levels of GABA receptor subunit mRNAS in
129P3/J mice. In the SN/VTA, there were significant main effects of Dose on expression
levels of (A) GABA-A,1 MRNA (Fs 51) =5.73, p<0.0005), and (B) GABA-A 4 MRNA
(F(5,51) =3.20, p<0.05). In the NAc, there were significant main effects of Dose on
expression levels of (C) GABA-A,1 MRNA (F(s 52) =8.194, p<0.00001), (D) GABA-A3
MRNA (F (s 60) =5.72, p<0.0005), (E) GABA-As MRNA (F(5 50) =2.94, p<0.05), and (F)
GABA-Brz MRNA (F(s 5g) =4.499, p<0.005). In the CPu, there was a significant main
effect of Dose on expression levels of (G) GABA-As MRNA (Fs 45) =7.13, p<0.0001), and
in the cortex there was a significant main effect of Dose on expression levels of (H) GABA-
Aq3 MRNA (Fs5 58) =3.55, p<0.01). Lines marked with asterisks are used to illustrate
significant differences, according to the Newman—Keuls post hoc test.
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