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Deletion of Type 2 Metabotropic Glutamate Receptor (mGIuR2)
Decreases Sensitivity to Cocaine Reward in Rats
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Summary

Cocaine users show reduced expression of the metabotropic glutamate receptor (mGIuR2), but it is
not clear whether this is a predisposing trait for addiction or a consequence of drug exposure. In
this study, we found that a nonsense mutation at the mGIluR2 gene decreased mGIuR2 expression
and altered the seeking and taking of cocaine. mGluR2-mutant rats show reduced sensitivity to
cocaine reward, requiring more cocaine to reach satiation when it was freely available, and ceasing
their drug-seeking behavior sooner than controls when the response requirement was increased.
mGIuR2-mutant rats also show a lower propensity to relapse after a period of cocaine abstinence,
an effect associated with reduced cocaine-induced dopamine and glutamate overflow in the
nucleus accumbens. These findings suggest that mGIuR2 polymorphisms or reduced availability of
mGIuR2 might be risk factors for the initial development of cocaine use, but could actually protect
against addiction by reducing sensitivity to cocaine reward.
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The etiology and pathophysiology of drug addiction remain poorly understood. Yang et al. show
that genetic deletion of mGIuR2, a presynaptic glutamate autoreceptor, decreases sensitivity to
cocaine reward that causes a compensatory increase in cocaine-taking and a decrease in relapse to
cocaine-seeking behavior in rats.
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Introduction

Despite intensive research, the etiology and pathophysiology of the development and
maintenance of substance use disorders are still not well understood (Kalivas et al., 2005;
Wise and Koob, 2014). Although drug use does not lead to addiction in most people, certain
individuals are more vulnerable (Sagheddu and Melis, 2015; Swendsen and Le Moal, 2011).
Studies in humans suggest that certain vulnerability traits, such as high impulsivity, stress
reactivity, novelty-seeking, negative emotionality, and structural abnormalities of the
frontostriatal brain system, may predispose individuals to increased drug abuse and the
development of addiction (Adams et al., 2003; Ersche et al., 2011; Koob, 2015). However,
the cellular and molecular mechanisms by which such traits influence drug-taking and drug-
seeking behavior remain unresolved (Swendsen and Le Moal, 2011; Wise and Koob, 2014).
Since dopamine (DA) is critically involved in the rewarding and psychostimulant effects of
drugs of abuse (Wise, 2008), it has been postulated that innate individual differences in the
mesocorticolimbic dopamine (DA) pathway may influence the behavioral response to drugs
(Swendsen and Le Moal, 2011). In particular, lower DA D2 and/or D3 receptor availability
in the striatum has been considered a risk factor that might facilitate continued drug use and
abuse (Song et al., 2012; Volkow et al., 2009; Volkow et al., 2002).
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In addition to DA, glutamate also plays an important role in substance use disorders,
particularly in relapse to drug-seeking behavior (Kalivas, 2009). However, little is known as
to whether an alteration in glutamate receptor expression is also involved in vulnerability to
drug-taking and drug-seeking behavior. Glutamate receptors are classified into ionotropic
and metabotropic receptors. Metabotropic glutamate receptors (mGIuRs) are G protein-
coupled receptors consisting of eight subtypes that are further classified into three groups
(Riedel et al., 2003). Given that group Il mGIluRs (mGIuR2/3) are the presynaptic glutamate
autoreceptors that control glutamate release, and that cocaine and heroin have been shown to
induce relapse by increasing extracellular levels of dopamine and glutamate in the nucleus
accumbens (Moussawi and Kalivas, 2010; Pomierny-Chamiolo et al., 2014), a number of
studies have focused on mGIluR2/3 agonist therapy as a potential treatment for drug
addiction. However, mGIuR2/3 agonist therapy may be futile since cocaine-dependent
subjects display a significant reduction in mGIluR2/3 expression and function in the
mesocorticolimbic system (Ghasemzadeh et al., 2009; Huang et al., 2007; Kasanetz et al.,
2013; Xi et al., 2002b; Xie and Steketee, 2009). These findings raise the question of whether
this reduction in mGIuR2/3 expression is a pre-existing trait for the development of
addiction or a consequence of drug exposure.

In the present study, we used wild-type (WT) and mGIluR2-mutant rats, in which no
mGIuR?2 is expressed, to study whether mGIuR2 loss alters cocaine-taking and cocaine-
seeking behaviors in different stages of the drug addiction cycle, including acquisition of
drug-taking behavior, changes in drug consumption when the dose or response requirement
is changed, changes in drug seeking when cocaine is no longer available (extinction), and
relapse to drug-seeking behavior upon re-exposure to cocaine or cocaine-associated cues
after a period of abstinence. We then used multiple behavioral, neurochemical,
immunostaining, and transgenic approaches to study the cellular and molecular mechanisms
underlying the changes in drug-taking and drug-seeking behavior observed in rats after
mGIuR2 deletion.

Characterization of mGluR2-KO rats

Figure 1 (A, B, C) shows the structure of the mGIuR2 gene, transcripts (MRNAs), and
receptor proteins in wild-type (WT) and mGluR2-knockout (mGIluR2-KO) rats. The KO rats
harbor a premature stop codon in exon 3 of the mGIuR2 gene (Fig. 1B), causing a nonsense
mutation at amino acid position C407 in the extracellular N-terminal domain and truncated
mGIuR2 expression (Fig. 1C). The truncated protein in mGluR2-KO rats lacks part of the
extracellular N-terminal, the agonist binding site, the entire transmembrane and intracellular
C-terminal domain (Fig. 1C, slashed area). Therefore, it is likely unstable and rapidly
degraded. Single nucleotide polymorphism assays, conducted by Charles River Laboratories
Inc. (Frederick, MD, USA), confirmed this nonsense mutation in the mGIluR2 genome.
Western immunoblot assays with an antibody that targets the deleted intracellular C-terminal
of mGIuR2 indicated lack of mGIuR2 expression in the brain in mGIluR2-KO rats (Fig. 1D).
Given that mGIuR2 shares 66% sequence homology with mGIuR3 (Nakanishi et al., 1994),
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we also examined the expression of mGIuR3, and found that mGIuR3 expression is not
affected in the these mGIuR2-KO rats (Fig. 1D).

To determine whether mGIuR2 mutation causes loss of mGIuR2 function, we examined the
effects of LY-379268, a mGIuR2/3 agonist, on presynaptic DA or glutamate release in the
nucleus accumbens (NAc). Figure 1-E/F shows that intra-NAc local perfusion of LY-379268
failed to alter extracellular DA (Fig. 1E, two-way ANOVA, the LY-379268 treatment main
effect, 14,182 = 1.86, p> 0.05), but significantly decreased extracellular glutamate (Fig. 1F,
the LY-379268 treatment main effect, F14 168 = 16.52, p < 0.001) in WT rats in a dose or
concentration-dependent manner. However, this inhibitory effect on glutamate release was
substantially reduced in mGIuR2-KO rats (Fig. 1F, the genotype main effect, /1 13=6.52, p
< 0.01). These data suggest that mGIuR2 is selectively expressed in NAc glutamate
terminals, not in DA terminals. mGIuR2 deletion caused loss of mGIuR2 function in
modulating presynaptic glutamate release. mGIuR2-KO rats are in general healthy, showing
no significant differences from WT rats in fertility, feeding, and body weight. There are no
significant changes in basal locomotion and locomotor response to cocaine, rotarod
locomotor performance, nociceptive response to heat or morphine, or anxiety-like behavior
between WT and KO rats (Fig. S1).

MGIuR2 rats require more frequent infusions of cocaine to maintain drug satiety

To determine whether mGIuR2 deletion alters vulnerability to cocaine use, one group of WT
rats (n=12) and one group of mGIluR2-KO rats (n=18) were allowed to voluntarily self-
administer cocaine, beginning with a dose of 1 mg/kg/infusion for 5 days under a fixed-ratio
1 (FR1) reinforcement schedule (in which one response is required for each infusion),
followed by 0.5 mg/kg/infusion under a FR2 reinforcement schedule (in which 2 responses
are required for each infusion). Figure 2 (A, B) shows the time course of the acquisition of
cocaine self-administration, illustrating that mGluR2-KO rats display enhanced cocaine self-
administration as assessed by the total number of cocaine infusions during the daily session
(Fig. 2A), which lasted up to 3 hr but was ended early if 50 cocaine infusions were obtained
(to prevent overdose). Two-way ANOVA for repeated measures over time revealed a
significant strain (WT vs. KO) main effect (Fig. 2A: F1 30=7.28, p<0.05). Individual group
comparisons revealed significant differences in the total number of cocaine infusions
between WT and mGIuR2-KO rats at several time points during acquisition (Fig. 2A).

We note that there was no difference between groups in the total number of cocaine
infusions per session after the initial 5 days of cocaine self-administration. This is a ceiling
effect due to the maximum of 50 cocaine infusions allowed per session, which most animals
reached consistently after the 5th day of training. Therefore, we normalized the total number
of cocaine infusions with respect to the amount of time spent (i.e., infusions per hr). Figure
2B shows that mGIluR2-KO rats displayed a significantly higher rate of cocaine self-
administration over the 14 days of training. Two-way ANOVA for repeated measures over
time revealed a significant strain (WT vs. KO) main effect (Fig.2B, Fq 30=24.62, p<0.001).
Figure 2C shows the patterns of cocaine self-administration, illustrating that mGluR2-KO
rats reached the maximal 50 infusions in a shorter period of time than WT rats (i.e., with
shorter inter-infusion intervals), requiring more cocaine to reach a state of satiety and
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displaying a tolerance-like insensitivity to the rewarding effects of cocaine (Panlilio et al.,
2003).

To study whether this reduced sensitivity to cocaine reward generalizes to other addictive
drugs, we examined the effects of mGIuR2 deletion on intravenous nicotine self-
administration. Figure 2D shows that mGIluR2-KO displayed higher rates of nicotine self-
administration as compared to WT rats (F; 15=7.82, p<0.01), consistent with a reduced
sensitivity to nicotine reward. In contrast to cocaine and nicotine, mGIuR2 deletion did not
alter oral self-administration of sucrose, a nondrug reinforcer (Fig. 2E).

We then compared cocaine self-administration dose-response curves between KO and WT
rats. Figure 3A shows that mGIuR2 deletion significantly shifted the cocaine dose-response
curve upward as compared to WT rats (F1 13=9.88, p<0.01). Paired comparisons between
KO and WT rats revealed significant increases in cocaine self-administration in mGluR2-KO
rats at several unit doses of cocaine (Fig. 3A). Figure 3B shows cumulative cocaine intake
(e.g., infusion number x unit cocaine dose, mg/kg), illustrating a significant upward shift in
the cocaine dose-response intake curve in mGluR2-KO rats (Fq 13=9.12, p<0.01).

mGIuR2 deletion attenuates cocaine reward

Drug intake under FR1 and FR2 schedules is determined largely by drug satiety and the
duration of rewarding effects, but can also be affected by other factors not related to reward
(Lynch and Carroll, 2001). Therefore, we obtained a more direct measure of the effects of
mGIuR2 deletion on the rewarding strength of cocaine by using a progressive-ratio (PR)
schedule, in which the break-point (i.e., the maximal number of responses the subject will
emit to obtain a reward when the response requirement is increased) indicates the efficacy of
the reward in that subject (Richardson and Roberts, 1996). Figure 3C shows that mGIuR2
deletion significantly lowers the break-point for cocaine self-administration (Fy »7=5.88,
p<0.05). Figure 3D shows the averaged breakpoint levels over the last 3 days, indicating a
significant reduction in break-point in mGIluR2-KO rats compared to WT rats. These
findings indicate a reduced sensitivity to cocaine’s rewarding effects after mGIluR2 deletion.

To obtain further evidence concerning the effects of mGIuR2 deletion on the rewarding
effects of cocaine, we used electrical intracranial self-stimulation (ICSS) to directly compare
the effects of cocaine on brain reward function between KO and WT rats. We found that
mGIuR2 deletion significantly reduced the ability of cocaine to enhance brain-stimulation
reward (Fig. 3F: F1 11=5.92, p<0.05, two-way ANOVA), as assessed by stimulation
threshold (8) for maintaining ICSS behavior (Fig. 3E). Paired comparisons revealed a
significant reduction in cocaine-enhanced brain-stimulation reward in mGIluR2-KO rats
compared to WT rats after 2 mg/kg, not 10 mg/kg, cocaine administration.

MGIluR2 deletion reduces relapse to drug-seeking behavior

We then examined the effects of mGIuR2 deletion on cocaine-induced relapse to drug-
seeking after cocaine extinction. Figure 4A shows extinction responding over 2 weeks,
during which active lever pressing did not produce cocaine infusions or the presentation of
the cocaine-associated cue-light and tone. mGIluR2-KO rats responded less (i.e., showed
faster extinction) on days 2 and 3 of extinction training. After extinction criteria were met,
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we assessed cocaine-induced reinstatement of drug-seeking on days 9 and 15 (Fig. 4A). We
found that mGIuR2 deletion significantly attenuated the reinstatement of responding induced
by cocaine (3, 10 mg/kg, i.p.) (Fig. 4A; F1 26=5.06, p<0.05).

We also compared cocaine-associated cue-induced drug-seeking in KO and WT rats after
different durations of withdrawal in the home cage (i.e., ‘incubation of craving’). Figure 4B
shows cue-induced drug-seeking (lever presses) after 2, 7, and 14 days of withdrawal,
illustrating a progressive reduction in responding over time in mGIluR2-KO rats, but not WT
rats (Fig. 4B, F1 10=5.05, p<0.05). Paired comparisons revealed a significant reduction in
active lever presses on day 14 in mGluR2-KO rats compared to WT rats.

We note that the above findings that mGIuR2 deletion reduces cocaine reward and relapse
appears to conflict with the finding that pharmacological activation of mGIuR2 with
LY-379268 also inhibits cocaine self-administration and cocaine- or cue-induced
reinstatement of drug-seeking behavior (Baptista et al., 2004; Justinova et al., 2016; Lu et
al., 2007; Moussawi and Kalivas, 2010; Peters and Kalivas, 2006). To address this question,
we observed the effects of LY-379268 on cocaine self-administration and relapse to cocaine
seeking in both WT and mGIluR2-KO rats. Figure 5A shows that systemic administration of
LY-379268 (3, 6 mg/kg, i.p.) did not significantly alter cocaine self-administration under a
fixed-ratio (FR2) schedule of reinforcement in either mGluR2-KO or WT rats. We also
observed the time courses of cocaine self-administration within daily 3-h session, illustrating
that pretreatment with LY 379268 slightly, but not statistically significantly, decreased
cocaine self-administration within the first hour of cocaine self-administration in WT rats,
not in mGIluR2-KO rats (Fig. S2).

However, under the progressive-ratio schedule, LY-379268 pretreatment significantly
decreased cocaine self-administration and lowered PR break-points in WT rats (Fig. 5B, left
panel, F; 23 = 4.78, p<0.05), but not in mGIluR2-KO rats (Fig. 5B, right panel, F; 21 = 0.69,
£>0.05). Replicating the finding obtained earlier (Fig. 3C/D), mGIluR2-KO rats also
displayed a significant reduction in PR breakpoint for cocaine (in the vehicle control group),
compared to WT rats (162.5 £ 20.6 versus71.8 £ 16.2, p<0.01). Figure 5C shows the effects
of LY-379268 on cocaine-induced reinstatement of drug-seeking behavior. Again, mGIluR2-
KO rats displayed significantly lower reinstatement to drug seeking behavior than WT rats.
However, systemic administration of LY-379268 (3 mg/kg, i.p.) significantly inhibited
cocaine-induced reinstatement in both WT (£ 14 = 4.02, p<0.01) and mGIluR2-KO (F1 6 =
3.61, p<0.05) rats.

MGIuR2 deletion attenuates DA/glutamate response to cocaine

It is well documented that cocaine-induced reinstatement of drug-seeking behavior is
associated with increased extracellular DA and glutamate in the NAc (Kalivas and Volkow,
2005; Wise and Koob, 2014; Xi et al., 2006a). Therefore, we further compared NAc DA/
glutamate responses to cocaine in rats during reinstatement testing. Figure 6 shows
microdialysis data, illustrating that basal levels of extracellular DA (before cocaine
administration) are significantly higher in mGIluR2 KO rats than in WT rats. Cocaine
priming produced a significant increase in extracellular DA in both KO and WT rats. Since
basal levels of extracellular DA were higher in KO rats, we calculated cocaine-induced net
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increases in extracellular DA (nM) by subtracting the basal level of DA from the DA levels
after cocaine administration (Fig. 6B). We found that mGIluR2 deletion did not significantly
alter the absolute amount by which cocaine increased DA (Fig. 6B, Fq 1,=1.82, p>0.05).
However, when cocaine-induced increases in DA were normalized by dividing the post-
cocaine level by the basal pre-cocaine level (% baseline), we found that mGIuR2 deletion
significantly reduced the relative amount of cocaine-induced change in DA level (Fig. 6C:
F1 12=4.43, p<0.05). To confirm these findings, we repeated the same experiments with a
lower dose of cocaine (3 mg/kg instead of 10 mg/kg (Fig. S3-A), in view of the fact that low
unit doses of cocaine were used in the above-mentioned cocaine self-administration
experiments. With this lower dose, we found again that mGIuR2 deletion failed to alter the
amplitude (or net increase) of cocaine-enhanced extracellular DA (Fig. S3-B), but
significantly decreased the % change in cocaine-enhanced extracellular DA in mGluR2-KO
rats (which again had higher basal levels of extracellular DA) (Fig. S3-C).

We also analyzed extracellular glutamate in the same dialysis samples. We found that KO
and WT rats did not differ in basal levels of glutamate (Fig. 6D, Fig. S4), but mGIuR2
deletion significantly attenuated cocaine-induced net changes in extracellular glutamate (Fig.
6E, F1 12=5.11, p<0.05; Fig. S3-E) and in cocaine-induced % changes in extracellular
glutamate over pre-cocaine baseline (Fig. 6F, F1 1,=4.55, p<0.05; Fig. S3-F).

MGIuR2 deletion elevates basal levels of extracellular DA and glutamate

Although the basal levels of extracellular DA or glutamate shown in Figure 5 (and Suppl.
Fig. S1) appear higher in mGIluR2-KO rats than in WT rats, this difference was not
statistically significant. This may be related to the fact that DA (or glutamate) levels in the
basal dialysate samples are very low and also quite variable across subjects. Therefore, we
used no-net-flux microdialysis, a more sensitive and reliable microdialysis method (Hershey
and Kennedy, 2013; Xi et al., 2003), to quantitatively measure and compare basal levels of
extracellular DA and glutamate in both groups of rats. For this, a series of different
concentrations of DA or glutamate (added to the dialysis buffer) were locally perfused into
the NAc. In theory, when DA or glutamate levels in the dialysis probe are equivalent to
extracellular DA or glutamate in the brain, no net DA or glutamate flux occurs (i.e., the
influx and efflux across the dialysis membrane are equivalent). Figure S4 shows basal levels
of extracellular DA or glutamate as measured using no-net-flux microdialysis [i.e., when Y-
axis value (DAinput - DAoutput) = 0], illustrating a significantly higher basal level of
extracellular DA in mGIluR2-KO rats (2.11 + 0.25 nM) than in WT rats (1.22 £ 0.19 nM)
(Fig. S4-A: p<0.05). Similarly, basal levels of glutamate were also significantly higher in
mMGIuR2-KO rats (0.63 + 0.08 uM) than in WT rats (0.36 + 0.072 pM) (Fig. S4-B: p<0.05).

Cocaine self-administration down-regulates NR2B expression in mGIuR2-KO rats

We next investigated whether a similar DA/glutamate deficiency also underlies the
reductions in cue-induced cocaine-seeking behavior observed in mGIuR2 KO rats (Fig. 4)
Unfortunately, the changes in extracellular DA and glutamate induced by cocaine-associated
cues were too small to be detected by /n vivo microdialysis in our pilot study. We therefore
used immunostaining methods to compare NMDA receptor (NR2A and NR2B subunits)
expression in the NAc between two groups of rats based on a recent finding that incubation
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of cocaine craving is associated with the generation of NR2B-rich silent synapse in the NAc
(Huang et al., 2015; Lee et al., 2013). Figure S5 shows that the majority of NR2B-
immunostaining cells are positive for DARPP-32, a neuronal marker of medium-spiny
neurons in the striatum (Borgkvist and Fisone, 2007), suggesting a postsynaptic distribution
of NR2B. mGIuR2 deletion did not significantly alter basal NR2A (Fig. S6) or NR2B (Fig.
7A-B) expression in the NAc, measured 14 days after withdrawal from the last session of
cocaine self-administration. However, cocaine self-administration significantly down-
regulated expression of NR2B (Fig. 7F), but not NR2A (Fig. S6), in mGIuR2-KO rats (Fig.
7F). In contrast, cocaine self-administration did not affect NR2B or NR2A expression in WT
rats (Fig. 7E; Fig. S6). This reduction in NR2B expression in mGIuR2 KO rats is cocaine-
specific since oral sucrose self-administration did not alter NR2B expression in either WT
rats (Fig. 7C) or KO rats (Fig. 7D). Quantitative assays of NR2B-immunostaining indicate a
significant reduction in the total number of NR2B-positive cells (Fig. 7G) and in the density
of NR2B-immunostaining (Fig. 7H) in mGIluR2-KO rats, compared to WT rats.

Discussion

The major findings of the present study are that mGIluR2 deletion increased rates of cocaine
self-administration when the response requirement was low, decreased cocaine self-
administration when the response requirement was progressively increased, and attenuated
relapse to cocaine-seeking behavior. All of these behavioral effects can be explained by a
reduction in the rewarding efficacy of cocaine. That is, high rates of cocaine intake might
compensate for reduced rewarding effects of low doses, and decreased intake at high
response requirements suggests that mGIluR2 KO rats will not pay as high a “price” as WT
rats to obtain cocaine (Hursh and Silberberg, 2008). The attenuated relapse to drug-seeking
behavior was accompanied by a reduction in DA/glutamate response to cocaine after cocaine
extinction and a reduction in NR2B expression in the NAc in the same rats after cocaine
withdrawal, suggesting a protective effect against relapse to drug-seeking behavior.

Vulnerability to drugs of abuse depends upon multiple factors — including the biological
state and trait of the individual, the environment, and age (Belin and Deroche-Gamonet,
2012; Everitt et al., 2008; Homberg et al., 2014). Currently prevailing theories on the
etiology of drug abuse conceptualize addiction as an executive function/inhibitory control
deficit (Volkow and Morales, 2015), increased incentive salience attributed to drug-related
stimuli (Singer et al., 2016), a compulsive habit (Everitt et al., 2008), and a hyperactive
stress system and removal of negative reinforcement (Koob, 2015). Since DA is critically
involved in multiple aspects of drug abuse and addiction, the majority of studies seeking to
identify biomarkers for vulnerability to drug abuse have focused on the mesocorticolimbic
DA system (Sagheddu and Melis, 2015; Volkow et al., 2009). For example, lower Dy3
receptor availability in the striatum has been considered a risk factor that may influence
susceptibility to continued drug abuse and addiction (Song et al., 2012; \olkow et al., 2002).
By the use of mGIluR2-KO rats in the present study, we found that genetic deletion of a
presynaptic glutamate autoreceptor — mGIuR2, significantly provokes naive rats to rapidly
acquire self-administration and to take more cocaine when the price is low, suggesting that
mGIuR2 loss may be an important risk factor for the initial development of cocaine abuse.
This finding is consistent with recent reports that alcohol-dependent patients display a
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significant reduction in mGIuR2 expression in the anterior cingulate cortex (Meinhardt et al.,
2013) and that rats selectively bred for having high intake of alcohol lack mGIuR2
expression (Zhou et al., 2013).

How does mGIuR2 deletion alter cocaine self-administration? The present findings support
the hypothesis that mGIuR2 deletion attenuates cocaine’s rewarding effects, which leads to
compensatory increases in drug intake when the price is low. First, under a fixed-ratio 2
schedule mGIuR2 deletion shifted the cocaine self-administration dose-response curve
upward. Since the majority of cocaine doses used in self-administration are located on the
descending limb of the inverted “U”-shaped dose-response curve, where the rate of self-
injection is inversely related to the duration of satiating effects, an upward shift in the
cocaine self-administration curve is reasonably interpreted as a reduction in cocaine reward
(Song et al., 2012). Second, mGIuR2 deletion decreased break-point for cocaine self-
administration when the “price” or work required was progressively increased, indicating a
reduced sensitivity to cocaine reward (Richardson and Roberts, 1996). Third, mGIluR2
deletion decreased cocaine-enhanced electrical brain-stimulation reward, consistent with
cocaine having a reduced effect on reward circuitry. Fourth, mGIuR2 deletion decreased
cocaine’s effects on DA in the NAc, a neurotransmitter and brain region critically involved
in drug reward (Wise, 2008).

Another important finding in the present study is that mGIuR2 deletion decreased the
likelihood of relapse to drug-seeking. This was indicated by reduced cocaine-seeking
responses during extinction, lower levels of reinstatement when rats were re-exposed to
cocaine, and progressively lower levels of cue-induced drug-seeking when rats were tested
after increasing amounts of time spent with no access to cocaine or the self-administration
context. This decreased relapse response is fully consistent with the finding that mGIluR2-
KO rats are less persistent in seeking cocaine under the PR schedule, further supporting the
hypothesis that cocaine is less rewarding and addictive after mGIluR2 deletion.

A possible mechanism for the blunted effects of cocaine in these animal models of reward
and relapse is that cocaine priming was less effective in elevating extracellular DA and
glutamate levels in the NAc in the mGIuR2-KO rats. Since cocaine-enhanced extracellular
DA and glutamate are positively correlated with reinstatement responding to cocaine
(Gipson and Kalivas, 2014), a reduction in cocaine-enhanced extracellular DA and glutamate
may directly lead to a reduction in relapse to drug-seeking behavior. Furthermore, mGIuR2-
KO rats displayed higher basal levels of extracellular DA and glutamate, which may also
contribute to attenuated relapse since drug craving and relapse have been shown to be
associated with a reduction in basal levels of extracellular DA and glutamate or in basal
glutamate transmission in the NAc after chronic cocaine administration (Kalivas, 2009;
Thomas and Malenka, 2003). Accordingly, elevation of extracellular DA and glutamate
observed in mGIluR2-KO rats may normalize reduced basal levels of extracellular DA and
glutamate, upon chronic exposure to cocaine, and might therefore relieve drug craving that
drives relapse to drug-seeking behavior. Lastly, cocaine self-administration significantly
decreased NR2B-containing NMDA receptor expression in the NAc of mGIluR2-KO rats,
suggesting that attenuated NMDA receptor-mediated synaptic transmission may also
contribute to the reduction in drug- or cue-induced drug-seeking behavior. We note the
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previous reports that cocaine self-administration up-regulates NR2B expression in the NAc
(Ben-Shahar et al., 2009; Hemby et al., 2005). However, we did not see significant changes
in NR2A or NR2B expression in WT rats. One possibility is that cocaine-induced changes in
NR2B expression recovered after 24 hours of withdrawal from the last cocaine self-
administration.

The mechanism(s) through which cocaine self-administration down-regulates NR2B
expression in mGIluR2-KO rats has not been elucidated. One hypothesis is that enhanced
basal extracellular glutamate, combined with cocaine-enhanced glutamate release, causes
NMDA receptor internalization and down-regulation in mGIluR2-KO rats.

mGIuR2 and mGIuR3 are highly expressed in presynaptic glutamate terminals (Testa et al.,
1998) and functionally act as glutamate autoreceptors regulating presynaptic glutamate
release (Baker et al., 2002; Xi et al., 2002a). This is further supported by the finding in the
present study that intra-NAc local perfusion of the mGIuR2 agonist LY-379268 significantly
lowered extracellular glutamate levels in WT rats, but not in mGluR2-KO rats. We note that
mGIuR2 deletion did not completely block the effects of LY-379267 on extracellular
glutamate. This may be related to the fact that LY-379268 is a dual mGIuR2 and mGIuR3
agonist. Hence, the effects of LY-379268 observed in mGluR2-KO mice are most likely
mediated by activation of mGIuR3 receptor. In contrast to glutamate, little is known about
how mGIuR2 deletion elevates basal levels of extracellular DA. mGIluR2/3s are not found in
midbrain DA neurons or striatal DA terminals (Golembiowska et al., 2002). This is also
supported by our finding that intra-NAc local perfusion of LY-379268 failed to alter
extracellular DA in the NAc. Therefore, it is unlikely that mGIuR2 directly modulates
presynaptic DA release. It was recently reported that a subpopulation (~30%) of midbrain
DA neurons co-release DA and glutamate in the striatum (Berube-Carriere et al., 2009;
Yamaguchi et al., 2015). Thus, one possibility is that mMGIuR2 is also expressed in such dual
phenotype (glutamate-DA) neurons, and therefore mGIuR2 deletion causes an increase in
both DA and glutamate via a disinhibition mechanism. Another possibility is that enhanced
extracellular glutamate in mGIluR2-KO rats may stimulate DA release directly by activation
of glutamate receptors on VTA DA neurons or their terminals or indirectly by other neural
circuits based upon the global nature of the mGIuR2 deletion.

We note that the present finding that cocaine is less rewarding and less addictive in mGluR2-
KO rats appears opposite to the finding mGIuR2 deletion in mice enhanced some behavioral
effects of cocaine (locomotion, conditioned place preference) (Morishima et al., 2005). The
precise reasons for such conflicting findings are unclear. It may be related to different
species (rats vs. mice), different drug use history (cocaine self-administration rats vs. drug
naive mice), and different basal levels of extracellular DA and glutamate that are well
characterized in mGIluR2-KO ratsin the present study, but not characterized in mGIluR2-KO
mice (Morishima et al., 2005).

We also note that the above finding that mGIuR2 deletion causes a reduction in cocaine
reward and relapse might appear to conflict with the pharmacological action produced by
LY-379268. As we have demonstrated above, the reductions in cocaine reward and relapse to
cocaine-seeking behavior in mGIluR2 KO rats is largely due to increases in basal levels of
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extracellular DA and glutamate that subsequently blunts cocaine-induced (%) changes in
extracellular DA or glutamate. In contrast, LY-379268-induced reductions in cocaine self-
administration and reinstatement are mediated by direct activation of presynaptic mGIuR?2
that blocks cocaine- or nicotine-induced increases in extracellular DA and glutamate (Bauzo
etal., 2009; D’Souza et al., 2011; Moussawi and Kalivas, 2010; Xi et al., 2010).

In conclusion, in the present study we systematically examined the role of mGIuR2 in
animal models of the acquisition, maintenance and extinction of cocaine self-administration,
and in the reinstatement of cocaine-seeking behavior. We found that mGIuR2 deletion
significantly increased cocaine intake when the price (i.e., response requirement) was low,
most likely as a compensatory response to reduced cocaine reward. Also consistent with
reduced sensitivity to cocaine reward, mGluR2-KO rats stopped seeking cocaine sooner than
WT rats when the price was increased or when cocaine was unavailable, and they also
showed attenuated relapse to drug-seeking behavior, attenuated DA/glutamate response to
cocaine after extinction, and attenuated postsynaptic NR2B expression after cocaine
withdrawal. Taken together, these findings suggest that reduced mGIuR2 availability
diminishes cocaine reward such that intake might be high (to compensate) when drug is
freely available, but addiction and relapse might actually be less likely to occur because drug
seeking ceases more easily when the price is high or the drug is unavailable.

Experimental Procedures

Animals

Intravenous

Male wild-type (WT) and mGIluR2-KO rats with Wistar strain genetic background (250-300
g) were bred at the National Institute on Drug Abuse (NIDA) from three mGIuR2*/~
breeding pairs purchased from Transposagen Biopharmaceutical Inc. They were individually
housed in a climate-controlled room on a reverse light—dark cycle with ad /ibitum access to
food and water. Genotyping was performed by Charles River Laboratories. All experimental
procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (US National Research Council) and were approved by the Animal
Care and Use Committee of the National Institute on Drug Abuse of the US National
Institutes of Health.

cocaine or nicotine self-administration

Intravenous catheterization surgery and cocaine self-administration have been described
previously (Xi et al., 2006a). In brief, after 5-7 d of recovery from i.v. surgery, each rat was
placed into a standard operant chamber and allowed to lever-press for i.v. cocaine (1 mg/kg/
infusion) self-administration under a fixed-ratio 1 (FR1) reinforcement schedule first and
then switched to a low dose of cocaine (0.5 mg/kg/infusion) under FR2 reinforcement
schedule until stable day-to-day self-administration was established. The self-administration
patterns, total lever-pressing numbers, and rates of cocaine infusion and lever responses
were compared in WT and mGIluR2-KO rats. The effects of systemic administration of
LY-379268 on cocaine self-administration under FR2 reinforcement were evaluated.
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After stable cocaine self-administration was achieved, additional groups of animals were
used to compare the break-point levels under progressive-ratio reinforcement, the dose-
response self-administration curves, extinction response, cocaine-induced reinstatement of
drug-seeking behavior, and cue-induced cocaine-seeking behavior after different periods of
time of withdrawal between WT and mGIuR2-KO rats. More details about the experimental
methods are provided in the Supplement.

Intracranial electrical brain-stimulation reward

The general procedures for electrical brain-stimulation reward (BSR) were as we have
reported previously (Xi et al., 2006b; Xi et al., 2008). Briefly, rats were anesthetized under
sodium pentobarbital (65 mg/kg i.p.), and unilateral monopolar stainless-steel stimulating
electrodes (Plastics One, Roanoke, VA, USA) were surgically placed into the lateral
hypothalamus (AP -2.56, ML +1.9, and DV -8.6). After 7 days of recovery from surgery,
rats were allowed to self-train (autoshape) to lever-press for rewarding BSR. Following
establishment of lever-pressing for BSR, animals were presented with a series of 16 different
pulse frequencies, ranging from 141 to 25 Hz in descending order. Throughout the
experiment, animals were run for 3 sessions per day. Since lever-pressing behavior was
variable during the first session (the “warm up” session), but was stable during the second
and third sessions, the data from the first session were discarded, and the data from the
second and third sessions were designated as the baseline session data and test session data,
respectively.

The BSR threshold (6y) was defined as the minimum frequency at which the animal
responded for rewarding stimulation. Ypax Was defined as the maximal rate of response. The
BSR threshold (&) and Ymax Were mathematically derived for each baseline run and each
test session run by analyzing each rate-frequency BSR function generated by a given animal
over a given descending series of pulse frequencies using best-fit mathematical algorithms as
reported previously (Xi et al., 2008). Once stable baseline 8y and Ypax Values were achieved
(<10% variation over 5 continuous days), the effects of cocaine (2, 10 mg/kg, i.p.) on BSR
were assessed. After each test, animals received an additional 5-7 days of BSR re-
stabilization until a new baseline &, was established. The order of testing for various doses
of cocaine was counterbalanced. The effect of cocaine on BSR was compared between WT
and mGIuR2-KO rats.

In vivo microdialysis

Intracranial guide cannula implantation surgery and /n vivo microdialysis procedures were
as described previously (Xi et al., 2002a). After 7 d of recovery from surgery, a
microdialysis probe (SciPro) was inserted into the nucleus accumbens (NAc) at least 12 h
before experiments began, to minimize damage-induced dopamine (DA) release during
experimentation. On the experimental day, dialysis buffer was perfused through the probe
(2.0 uL/min) via a syringe pump (Bioanalytical Systems) starting at least 2 h before sample
collection. To prevent DA degradation, dialysis samples were collected every 20 min into 10
pL of 0.5 M perchloric acid. After 1 h of baseline collection, animals received vehicle,
cocaine (3, 10 mg/kg i.p.). In the no-net flux microdialysis experiment, a series of different
concentrations of DA (0.1, 0.5, 2, 4 nM) or glutamate (2, 4, 8 uM) was locally perfused into
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the NAc (1 hour each concentration). Additional groups of rats were used to study the
effects of LY-379268 on basal levels of extracellular DA and glutamate in the NAc. After
collection, all samples were frozen at =80 °C until analysis. DA and glutamate in the dialysis
samples were measured with an electrochemical detection system and fluorescence
spectrophotometer, respectively.

Immunoblot and Immunohistochemistry Assays

We used a Western blot assay to compare mGIuR2 and mGIuR3 expression in the cortex,
striatum, hippocampus and cerebellum between WT and mGIluR2-KO rats. We then used
fluorescent immunochemistry to compare expression of NR2A and NR2B in the NAc.
Methods are described in detail in the Supplement.

Data Analysis

All data are presented as mean + SEM. One-way ANOVA for repeated measures was used to
analyze the difference between WT and mGIluR2-KO rats in terms of break-point, cocaine-
enhanced brain-stimulation reward, basal levels of extracellular DA and glutamate, and in
terms of density/cell count of NR2B-immunostaining. Two-way ANOVA for repeated
measures over time was used to analyze the difference between WT and mGIluR2-KO rats
with respect to drug-taking and drug-seeking and locomotor and extracellular DA responses
to cocaine. Paired comparisons between KO and WT groups were carried out using the
Student-Newman-Keuls method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
mGIuR2 deletion reduces sensitivity to cocaine reward
mGIuR2 deletion causes an increase in cocaine self-administration
mGIuR2 deletion causes a reduction in relapse to drug-seeking behavior

mGIuR2 deletion causes a reduction in dopamine and glutamate responses to
cocaine
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Figure 1.

mGIUR2 receptor expression in WT and mGIuR2-KO rats. (A) Rat mGIuR2 genomic
structure, illustrating the 6 exons and the mGluR2-encoding regions (blue color). (B)
mGIuR2 transcripts (MRNA) and the location of the premature stop codon that causes the
termination of mGIuR2 protein translation in mGIluR2-knockout (mMGIluR2-KO) rats. (C)
mGIuR2 receptor structure in WT rats and the predicted receptor deletion region in
mGIuR2-KO rats. (D) Representative immunoblot bands, showing mGIuR2 or mGIuR3
expression in cerebral cortex (Ctx), hippocampus (Hipp), striatum (ST) and cerebellum
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(cere) of WT and mGIuR2-KO rats. (E/F) In vivo microdialysis data, showing intra-NAc
local perfusion of LY379268 failed to alter extracellular DA efflux (£), but significantly
decreased extracellular glutamate levels in both WT and mGIluR2-KO rats (F). However, the
reduction in extracellular glutamate was significantly attenuated in mGIluR2-KO rats than in
WT rats. The data are represented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001,
compared to baseline before LY 379268 administration. #p<0.05, compared to mGIuR2-KO
rats. Also see Figure S1.
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Figure 2.
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Time (day)

Acquisition and maintenance of cocaine, nicotine or sucrose self-administration in WT and
mGIuR2-KO rats. (A) Total numbers of cocaine infusions within a daily 3 hr session over
the initial 14 days of daily cocaine self-administration. (B8) Cocaine infusion rates
(calculated as the total number of infusions over time spent). (C) Representative records of
cocaine self-administration, illustrating that mGIluR2-KO rats displayed more rapid cocaine-
taking behavior with shorter inter-infusion intervals compared with WT rats. (D) Total
numbers of nicotine infusions during the initial 10 days of nicotine self-administration,
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illustrating enhanced nicotine self-administration in mGluR2-KO rats compared to WT rats.
(£) Oral sucrose self-administration during the initial 10 self-administration days,
illustrating no difference between two groups of rats. The data are represented as mean +
SEM. *p< 0.05; **p<0.01; compared with WT rats. FR1, fixed-ratio 1; FR2, fixed-ratio 2.
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Effects of mGIuR2 deletion on cocaine self-administration and on cocaine-enhanced
electrical brain-stimulation reward. (A and B) Cocaine self-administration and cocaine
intake under different cocaine doses, illustrating that mGIluR2 deletion shifted the cocaine
dose-response curve upward. (Cand D) Cocaine self-administration under progressive-ratio
(PR) reinforcement conditions, illustrating a reduction in break-point for cocaine self-
administration in mGluR2-KO rats compared to WT rats. (£) Representative rate-frequency
curves for electrical brain-stimulation reward (BSR), indicating that cocaine (10 mg/kg i.p.)
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produced a leftward shift in the rate-frequency function and lowered the BSR &, value. (F)

Mean percent changes in BSR 6, indicating that mGIuR2 deletion significantly attenuated

the enhanced BSR produced by 2 mg/kg cocaine. The data are represented as mean + SEM.
*p<0.05; **p<0.01; ***p<0.001 compared with WT control group.
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Cocaine- or cocaine-associated cue-induced drug-seeking behavior in WT and mGIluR2-KO
rats. (A) Active and inactive lever responding during extinction, illustrating lower extinction
responding and lower cocaine-triggered reinstatement responding in mGIluR2-KO rats. (5)
Active and inactive lever responding during the last 3 sessions of cocaine self-administration
and when animals were re-exposed to the previous cocaine self-administration chambers
after 2, 7 or 14 days of withdrawal, illustrating a progressive reduction in cue-induced
cocaine-seeking over time of withdrawal in mGIluR2-KO rats. The data are represented as
mean + SEM. *p<0.05; **p<0.01 compared with WT control group.
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Effects of LY-379268 on cocaine self-administration and cocaine-induced reinstatement of
drug-seeking behavior. Systemic administration of LY-379268 (3, 6 mg/kg, i.p.) failed to
alter cocaine self-administration under FR2 reinforcement schedule in either WT or
mGIuR2-KO rats (A), but significantly inhibited cocaine self-administration under
progressive-ratio (PR) reinforcement schedule in WT rats, not in mGIluR2-KO rats (B).
mGIuR2-KO rats displayed lower reinstatement response to cocaine priming than WT rats
(C). Pretreatment with LY-379268 (3 mg/kg, i.p.) produced a significant reduction in
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cocaine-induced reinstatement of drug-seeking behavior in both WT and mGIluR2-KO rats
(C). The data are represented as mean + SEM. * p<0.05, *** p<0.001, compared to the
vehicle control group. Also see Figure S2.
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Figure 6.
Cocaine-induced changes in extracellular DA and glutamate in WT and mGIluR2-KO rats

measured during reinstatement testing. (A, B, and C) Cocaine-induced changes in
extracellular DA, expressed as DA concentrations (nM) (A), net changes (postcocaine DA —
precocaine DA, nM) (B), or percent of precocaine baseline (C). (D, £, and F) Cocaine-
induced changes in extracellular glutamate, expressed as glutamate concentrations (UM) (D),
net changes (postcocaine glutamate — precocaine glutamate, uM) (£), or percent of
precocaine baseline (F). The data are represented as mean + SEM. *p<0.05; **p<0.01;
***n<(0.001 compared with precocaine baseline. #p<0.05 compared with WT rats. Also see
Figures S3-54.
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Figure 7.
NR2B-immunostaining in the NAc. (A and B), NR2B-immunostaining in naive rats; (Cand

D), NR2B-immunostaining in rats 14 days after sucrose self-administration; (£and £),
NR2B-immunostaining in rats 14 days after cocaine self-administration. (G), Mean numbers
of NR2B-positive striatal neurons per field under 20 x magnification; (H) Mean densities of
NR2B-immunostaining per neuron in WT and mGIuR2-KO rats 14 days after cocaine self-
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administration. The data are represented as mean £ SEM. ***£< 0.001 compared with
saline control rats. AC: Anterior commissure. Also see Figures S5-S6.
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