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Activation of Group II Metabotropic Glutamate Receptors
Attenuates Both Stress and Cue-Induced Ethanol-Seeking
and Modulates c-fos Expression in the Hippocampus
and Amygdala
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Major precipitating factors for relapse to drug use are stress and exposure to drug-related environmental stimuli. Group II (mGlu2/3 )
metabotropic glutamate receptors (mGluRs) are densely expressed within circuitries mediating the motivating effects of stress and drug
cues and, therefore, may participate in regulating drug-seeking linked to both of these risk factors. Thus, we tested the hypothesis that
pharmacological activation of group II mGluRs modifies both stress- and cue-induced ethanol-seeking, using reinstatement models of
relapse. In parallel, brain c-fos expression was examined to identify neural substrates for the behavioral effects of group II mGluR
activation. The selective mGlu2/3 agonist LY379268 (1R,4R,5S,6R-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate) (0.3, 1.0, and
3.0 mg/kg, s.c.) dose dependently blocked the recovery of extinguished ethanol-seeking induced by either footshock stress or ethanol-
associated discriminative stimuli. These effects were accompanied by modulation of c-fos expression in the hippocampus, central nucleus
of the amygdala, bed nucleus of the stria terminalis, and medial parvocellular paraventricular nucleus of the hypothalamus. The results
implicate group II mGluRs as a shared neuropharmacological substrate for ethanol-seeking elicited by both drug cues and stress and
identify group II mGluRs as promising treatment targets for relapse prevention.
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Introduction
The development of selective ligands for metabotropic glutamate
receptors (mGluRs) has provided novel opportunities for inves-
tigating the role of glutamate neurotransmission in psychiatric
conditions linked to glutamatergic hyperexcitability, including
drug addiction and anxiety disorders. Of particular interest in
this respect are group II mGluRs (mGlu2/3) because of their
abundance in brain regions mediating drug reward and incentive
motivation (Ohishi et al., 1993a,b), as well as circuitries regulat-
ing anxiety and behavioral responses to stress (Kenny and
Markou, 2004; Swanson et al., 2005). Group II mGluRs nega-
tively modulate excitatory glutamate transmission at the presyn-
aptic, perisynaptic, and postsynaptic levels (Schoepp, 2001). Such
actions in brain reward and stress systems, including the nucleus

accumbens, amygdala, dorsal hippocampus (HIPPO), and ven-
tral tegmental area (VTA) (Kenny and Markou, 2004; Swanson et
al., 2005), are likely to be important for the addictive actions of
drugs of abuse as well as addiction-relevant actions of stress. In-
deed, mGlu2/3 agonists attenuate some forms of drug-seeking
behavior (Baptista et al., 2004; Bossert et al., 2004) and modify
several neurobehavioral consequences of acute and chronic psy-
chostimulant or opiate administration (Kenny and Markou,
2004). Additionally, these agents exert anxiolytic-like effects in
animals and appear effective in the treatment of anxiety disorders
(Swanson et al., 2005).

A significant obstacle for the successful treatment of drug ad-
diction is persistent vulnerability to relapse. Major precipitating
factors for the resumption of drug use are stress and exposure to
drug-related environmental stimuli (O’Brien et al., 1998; Sinha et
al., 2000; See, 2002; Weiss, 2005). Considering the “strategic”
distribution of group II mGluRs within brain circuitries that con-
trol the motivating effects of stress and drug-related stimuli, these
receptors may have a pivotal role in drug-seeking behavior linked
to these risk factors and offer a potential treatment target for
relapse prevention. This hypothesis is tentatively supported by
findings that an mGlu2/3 agonist prevents cocaine- and heroin-
seeking behavior induced by drug-related contextual stimuli in
reinstatement models of relapse (Baptista et al., 2004; Bossert et
al., 2004). The purpose of this study was (1) to determine whether
group II mGluR activation by a selective mGlu2/3 agonist
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[LY379268 (1R,4R,5S,6R-2-oxa-4-aminobicyclo[3.1.0]hexane-
4,6-dicarboxylate)] attenuates not only cue- but also stress-
induced reinstatement of drug-seeking, using ethanol as a repre-
sentative substance of abuse, and (2) to identify potential neural
substrates through which group II mGluR activation modifies the
reinstatement of ethanol-seeking by using c-fos neural mapping.

Materials and Methods
Animals. Male Wistar rats (Charles River, Raleigh, NC) weighing 180 –
200 g were housed three per cage on a reversed 12 h light/dark cycle with
food and water available ad libitum. All procedures were conducted in
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of The Scripps Research Institute.

Drugs. The mGlu2/3 receptor agonist LY379268 (Lilly Research Labo-
ratories, Indianapolis, IN) was dissolved in sterile water at volumes of 0.3,
1.0, and 3.0 mg/ml. LY379268 [or vehicle (VEH)] was administered sub-
cutaneously 30 min before behavioral tests.

Ethanol self-administration training. Rats were trained to orally self-
administer ethanol in 30 min daily sessions inside sound-attenuated op-
erant conditioning chambers (Med Associates, St. Albans, VT), using a
sweet solution fading procedure. Briefly, responses at an active lever were
initially reinforced by 0.1 ml of saccharin (0.2% w/v) on a fixed ratio 1
(FR 1) schedule. After acquisition, ethanol (5% w/v) was added to the
saccharin solution. Ethanol concentrations then were gradually in-
creased to 10% (w/v) while saccharin was slowly eliminated. A second
inactive lever was then introduced at which responses were recorded but
had no programmed consequences.

Footshock reinstatement procedure. Once stable ethanol self-
administration was obtained, daily 30 min sessions continued for 4
weeks. Ethanol-reinforced responding was then extinguished in daily 30
min sessions that continued until a criterion (average of less than or equal
to six lever presses over 3 d) was reached by a given animal, which re-
quired, on average, 14 d. Reinstatement tests began 1 d after the last
extinction session. Thirty minutes after LY379268 (0.3, 1.0, and 3.0 mg/
kg, s.c.) administration, rats were exposed to 10 min of variable intermit-
tent footshock (0.5 mA; 0.5 s duration; mean intershock interval, 40 s;
range, 10 –70 s). After footshock, levers were extended and 60 min rein-
statement tests began. Because behavioral responses (including drug-
seeking behavior) to footshock are often highly variable, a large sample
size (n � 19 –20 per group) was selected to ensure sufficient statistical
power.

Conditioned reinstatement procedure. After acquisition of ethanol self-
administration in the training phase, rats were trained to associate com-
pound discriminative stimuli with the availability of ethanol versus non-
reward. Ethanol was available in the presence of an “S �” consisting of an
olfactory cue (banana extract; McCormick & Co, Hunt Valley, MD)
paired with a constant white noise (70 dB). Nonreward was signaled by
an “S �” consisting of anise extract paired with a constant beeping tone (7
kHz, 70 dB). Olfactory stimuli were generated by depositing six drops
(100 �l/drop) of distinct food flavor extracts into the bedding of the
operant conditioning chamber 1 min before extension of the lever.
The respective stimuli remained present throughout the 30 min sessions.
The bedding was changed and trays were cleaned between sessions. Con-
ditioning with the S � and S � was conducted in random sequence across
days until rats completed 20 ethanol and 20 nonreward sessions. Rats
then were subjected to daily 30 min extinction sessions, as above, during
which both ethanol and discriminative stimuli were withheld until the
criterion was reached. Responses at the previously active lever activated
the syringe pump motor but had no other scheduled consequences.

One day after the final extinction session, 30 min reinstatement tests
began under extinction conditions, except that the discriminative stimuli
were reintroduced and remained present throughout the sessions. Rats
were tested first in the presence of the S � (after vehicle administration).
After an intervening day, rats were tested in the presence of the S � after
LY379268 (0.3, 1.0, and 3.0 mg/kg, s.c.), administered 30 min before the
beginning of the session. Drug tests were conducted in separate groups of
rats for each dose.

Food-reinforced responding. To control for possible nonspecific actions
of LY379268, the effects of the mGlu2/3 agonist on food-reinforced re-
sponding were tested in a group of rats maintained on a food-restricted
diet (15 g rat chow per day). These animals were trained to respond for 45
mg food pellet reinforcers (Research Diets, New Brunswick, NJ) on an FR
1 schedule in daily 30 min sessions. After acquisition, daily sessions con-
tinued until rats displayed stable food responding (�10% over three
consecutive sessions). On the test day, rats were treated with LY379268
(0.3, 1.0, and 3.0 mg/kg, s.c.) using separate groups for each dose (n � 6
per group).

c-fos neural mapping. To identify potential neural substrates through
which LY379268 exerts its inhibitory effects on conditioned and stress-
induced reinstatement, c-fos neural mapping was used with the following
experimental strategy. Initially, the pharmacological effects of LY379268
on c-fos expression in the absence of behavioral manipulations were
determined in two groups of ethanol-naive rats (n � 6 per group) in-
jected with either vehicle or LY379268 (3 mg/kg, s.c.). Next, the effects of
ethanol S � exposure (n � 9) and footshock (n � 8) on c-fos expression in
VEH-treated animals were compared with expression levels in rats with
the same experimental history and degree of ethanol exposure as the
experimental animals but without being subjected to reinstatement tests.
For this purpose, brain tissue from a group of rats (n � 5) that had
reached the extinction criterion and treated with VEH 30 min before the
final extinction session was used. Last, the degree to which the mGlu2/3

agonist alters specific c-fos expression changes induced by the ethanol S �

(n � 8) and footshock (n � 8) was established in rats after completion of
reinstatement tests in the 3.0 mg/kg LY379268 groups compared with
c-fos expression in the VEH reinstatement conditions. In the case of
footshock, animals for c-fos expression analysis were randomly selected
from all rats assigned to stress-reinstatement tests.

Fos-protein immunohistochemistry. At 120 min after LY379268 or ve-
hicle administration (i.e., 90 min after reinstatement or extinction ses-
sions), rats were deeply anesthetized and perfused with 0.9% saline, fol-
lowed by 4% paraformaldehyde, pH 9.5, 4°C. After cryoprotection, serial
40 �m coronal forebrain sections were cut on a freezing microtome. c-fos
expression was gauged by processing sections for Fos-protein immuno-
histochemistry as described by Dayas et al. (1999). Briefly, sections were
incubated in Fos primary antisera (1:5000, rabbit polyclonal, Santa Cruz
Biotechnology, Santa Cruz, CA). After Fos-immunolabeling, sections
encompassing the VTA were also processed for immunohistochemical
detection of the catecholaminergic marker tyrosine hydroxylase (TH)
(anti-TH, 1:15,000, mouse-monoclonal; DiaSorin, Stillwater, MN) for
identification of A10 dopaminergic neurons. Sections were incubated in
appropriate secondary antisera (2 h; Jackson ImmunoResearch, West
Grove, PA), followed by avidin– biotin– horseradish peroxidase complex
solution (2 h; Vector Elite kit; Vector Laboratories, Burlingame, CA).
Nickel diaminobenzidine (DAB) was used to visualize horseradish per-
oxidase activity in the case of Fos, DAB alone, for TH.

Counts of Fos-positive cells were made within the following: the me-
dial prefrontal cortex (mPFC), incorporating the prelimbic cortex and
the Cg1 and Cg2 divisions of the anterior cingulate cortex (2.2–2.86 mm
rostral to bregma); nucleus accumbens core (NACc) and shell (NACsh)
(1.76 and 1.6 mm rostral to bregma); dorsolateral bed nucleus of the stria
terminalis (BST-LD) (0.08 to �0.4 mm relative to bregma); lateral
(CeA-L) and medial (CeA-M) divisions of the central amygdala and
basolateral amygdala (BLA) (�2.12 to �2.92 mm relative to bregma);
HIPPO, including the CA1, CA3, and dentate gyrus (DG) divisions
(�2.80 to �3.12 mm relative to bregma); and the medial parvocellular
division of the paraventricular nucleus of the hypothalamus (mpPVN)
(�1.48 to �2.12 mm relative to bregma). For the VTA, Fos-positive
TH-labeled cells were counted over three sections (�5.20 to �5.60 mm
relative to bregma).

Statistical analysis. Effects of LY379268 on stress- and cue-induced
reinstatement were analyzed by 4 � 2 mixed-factorial ANOVA with drug
dose as a between-subjects factor and experimental phase (extinction vs
reinstatement) as a within-subjects factor. Significant interactions were
followed by Fisher’s PLSD post hoc tests to evaluate differences between
extinction and reinstatement responses as well as among drug doses.
Effects of LY379268 on food-maintained responding were analyzed by
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one-way ANOVA, followed by Fisher’s PLSD post hoc tests to verify dif-
ferences between vehicle and drug effects. Fos-immunoreactivity data
were analyzed by Mann–Whitney U nonparametric tests. (This nonpara-
metric statistic was used because of violations of normality in raw Fos-
positive cell counts.) Separate tests were conducted for each brain region
to evaluate the effect of LY379268 versus vehicle treatment and to deter-
mine differences in counts between the extinction and reinstatement
conditions in each brain region. Fos data are expressed as mean � SEM of
the total number of Fos-positive cells.

Results
Effects of LY379268 on stress-induced reinstatement
The mean � SEM number of ethanol-reinforced responses
across the final three self-administration sessions was 40.8 � 3.0
(Fig. 1A). Rats reached the extinction criterion within 2 weeks.
Footshock elicited significant ( p � 0.05) recovery of responding
in vehicle-treated rats (mean � SEM, 11 � 3.7) (Fig. 1A).
LY379268 dose dependently attenuated footshock-induced rein-
statement with significant effects at the 1.0 ( p � 0.05) and 3.0
( p � 0.01) mg/kg doses (Fisher’s PLSD tests after dose � exper-
imental phase interaction, F(3,75) � 2.729; p � 0.05) (Fig. 1A). Sev-
eral rats showed lever generalization after footshock and responded
at both the active and inactive levers. Inactive lever responses, how-
ever, did not differ statistically from extinction responses in any
group.

Effects of LY379268 on conditioned reinstatement
The mean � SEM number of ethanol-reinforced responses
across the final three sessions of the conditioning phase was
36.0 � 2.0. Rats reached the extinction criterion within 2 weeks.
Presentation of the ethanol S� elicited significant ( p � 0.01)
recovery of responding in vehicle-treated rats (mean � SEM re-
sponses, 19.0 � 3.5) (Fig. 1B). LY379268 dose dependently de-
creased the response-reinstating actions of the S� with signifi-
cant effects at the 1.0 ( p � 0.01) and 3.0 ( p � 0.01) mg/kg doses
(Fisher’s PLSD tests after dose � experimental phase interaction,
F(3,27) � 8.122; p � 0.01) (Fig. 1B). Responses in the presence of
the S� remained at extinction levels. Inactive lever responses
were negligible throughout all experimental phases.

Effects of LY379268 on food-reinforced responding
All rats acquired stable food-reinforced responding after 10 d
(mean � SEM responses across the final three sessions, 167.0 �

4.1). LY379268 did not alter food-
reinforced behavior at any dose (Fig. 1C).

Effects of stress and ethanol cue
exposure on Fos immunoreactivity
Compared with extinction controls, foot-
shock significantly increased Fos-positive
cell counts within the NACc (U � 0; p �
0.01), NACsh (U � 0; p � 0.01), BLA (U �
0; p � 0.01), VTA A10 cells (U � 0; p �
0.01), CeA-L (U � 1.5; p � 0.01), CeA-M
(U � 0; p � 0.01), BST-LD (U � 3; p �
0.01), and mpPVN (U � 0; p � 0.01) (see
Fig. 3B–D,F). However, within the mPFC
and HIPPO, Fos-immunoreactive cell
counts in footshock-exposed rats were not
significantly different from those in the ex-
tinction group (see Fig. 3A–E). To con-
firm that the rats randomly selected for
Fos-protein immunohistochemistry (Fos
subgroup) were representative of the en-
tire stress reinstatement group, the behav-

ioral data of these animals (n � 8) were compared with those of
the remaining 11 animals (non-Fos subgroup) by mixed-factorial
ANOVA. The two subgroups were statistically indistinguishable
in terms of both stress-induced responding at the 0 mg/kg dose
(i.e., vehicle) of LY379268 (group � experimental phase interac-
tion, F(1,17) � 1.747; NS) and the attenuation of reinstatement at
the 3 mg/kg LY379268 dose (group � experimental phase inter-
action, F(1,18) � 0.699; NS). Rats in the Fos subgroup showed
significant reinstatement versus extinction, as well as significantly
reduced reinstatement after 3 mg/kg LY379268 ( p � 0.05; Fish-
er’s PLSD tests after dose � experimental phase interaction,
F(1,14) � 6.104; p � 0.05) (Fig. 2A).

Rats exposed to the ethanol S� showed significantly increased
numbers of Fos-positive cells within the mPFC (U � 3.0; p �
0.05), NACc (U � 0; p � 0.01), NACsh (U � 0; p � 0.01), BLA
(U � 4; p � 0.05), VTA A10 cells (U � 4; p � 0.05), CA1 (U � 1;
p � 0.01), CA3 (U � 3; p � 0.01), DG (U � 0; p � 0.01), and
within the CeA-L (U � 4.0; p � 0.05), CeA-M (U � 0; p � 0.01),
and BST-LD (U � 0; p � 0.01) compared with counts in the
extinction control group (Fig. 3A–F).

Modification of stress- and cue-induced Fos
immunoreactivity by LY379268
Footshock stress
No differences in Fos-positive cell counts were observed between
LY379268 and vehicle-treated rats exposed to footshock within
the mPFC, the NACc and NACsh, BLA, and VTA A10 cells (Fig.
3A–D). LY379268 reduced Fos-positive cell counts in the hip-
pocampal CA1 (U � 11; p � 0.05) and CA3 (U � 10; p � 0.05)
but not the DG division compared with the stress-exposed vehi-
cle group (U � 13.5; p � 0.05) (Figs. 3E). Compared with vehicle,
LY379268 increased Fos-positive neurons in rats subjected to
footshock within the CeA-L (U � 11; p � 0.05) and CeA-M (U �
13; p � 0.05), the BST-LD (U � 7.5; p � 0.01), and mpPVN (U �
4; p � 0.01) (Fig. 3F).

Ethanol cue exposure
Within the mPFC, and NACc and NACsh, VTA A10 cells, and the
BLA, rats exposed to the ethanol S� showed identical levels of Fos
immunoreactivity regardless of treatment condition (LY379268
or vehicle) (Fig. 3A–D). LY379268 significantly reduced Fos-

Figure 1. Effects of LY379268 on mean � SEM lever responses in the following: A, stress-induced reinstatement tests (0
mg/kg, n � 19; 0.3–3 mg/kg, n � 20); B, conditioned reinstatement tests (S �) (0 mg/kg, n � 9; 0.3–1 mg/kg, n � 7; 3 mg/kg,
n � 8); and C, tests of food-reinforced responding (n � 6). †p � 0.05, ††p � 0.01, different from extinction. *p � 0.05, **p �
0.01, different from 0 mg/kg LY379268. SA, Self-administration; EXT, Extinction.
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positive cells within the CA1 (U � 11; p � 0.05), CA3 (U � 7; p �
0.01), and DG (U � 12; p � 0.05) of S�-exposed rats compared
with S� effects in the vehicle group, similar to the effects of the
drug on stress-induced Fos-immunoreactivity (Figs. 3E, 4C–H).
Within the CeA-L (U � 3; p � 0.01) and CeA-M (U � 11; p �
0.05), BST-LD (U � 9; p � 0.05), and mpPVN (U � 5; p � 0.01),
Fos-positive cell counts were significantly elevated in rats ex-
posed to the ethanol S� and treated with LY379268 compared
with vehicle-treated animals (Figs. 3F, 4A,B).

Effects of LY379268 in naive animals
The effects of LY379268 on Fos immunoreactivity within exper-
imentally and ethanol-naive rats were similar to those in animals
exposed to stress or the ethanol S� and treated with the mGlu2/3

agonist. Specifically, no differences in Fos immunoreactivity were
observed within the mPFC, NAC, VTA, and BLA of LY379268-
treated versus VEH-treated rats (3 mg/kg) (Fig. 3A–D). Within
the CA1 (U � 4; p � 0.05) and DG (U � 2; p � 0.01), LY379268
significantly reduced Fos-positive cells compared with vehicle
(Fig. 3E). LY did not alter Fos-positive cell counts in the CA3.
Within the CeA-L (U � 0; p � 0.01), CeA-M (U � 5.5; p � 0.05),
BST-LD (U � 4; p � 0.05), and mpPVN (U � 1.5; p � 0.01),
Fos-positive cell counts were significantly elevated in LY379268-
over vehicle-treated rats (Fig. 3F).

Discussion
Activation of group II mGluRs by a selective mGlu2/3 agonist
(LY379268) dose dependently blocked the effects of both stress-
and drug-related environmental stimuli on the recovery of extin-
guished ethanol-seeking behavior. The mGlu2/3 agonist did not
interfere with food-maintained responding, consistent with pre-
vious work in which LY379268 did not alter behavior reinforced
by palatable natural rewards (Baptista et al., 2004; Bossert et al.,
2004). Furthermore, at the dose range used here, LY379268 is
devoid of motoric side effects (Cartmell et al., 1999, 2000), indi-
cating that the “anti-reinstatement” actions of the drug cannot be
attributed to motor impairment or sedation. The behavioral ef-
fects of LY379268 therefore confirm that interference with the
response-reinstating effects of cocaine- and heroin-related envi-
ronmental stimuli by LY379268 (Baptista et al., 2004; Bossert et
al., 2004) extends to the effects of contextual stimuli conditioned
to ethanol, thereby implicating group II mGluR-regulated neural
mechanisms in the control of behavior by drug cues regardless of
drug class. At the same time, the results provide evidence that the

anxiolytic profile of mGlu2/3 agonists emerging in animal and
human studies (for review, see Swanson et al., 2005) extends to
attenuation of stress-induced ethanol-seeking behavior.

Ethanol S� exposure increased c-fos expression (compared
with extinction controls) in cortical and limbic brain regions with
an established role in conditioned reinstatement (i.e., the mPFC,
NACc, HIPPO, BLA, and VTA), confirming previous reports of
increased c-fos expression within these sites by environments or
contextual cues associated with drugs of abuse, including ethanol
(Topple et al., 1998; Ciccocioppo et al., 1999; Franklin and Dru-
han, 2000; Neisewander et al., 2000; Schroeder et al., 2003). Ad-
ditionally, the ethanol S� increased Fos immunoreactivity within
the CeA and BST-LD, brain regions that regulate behavioral re-
sponses to stress, including stress-induced reinstatement of drug-
seeking (Shaham et al., 2003). Rats subjected to footshock stress
showed strong increases in Fos-positive neurons within the brain
stress circuit, including the CeA, mpPVN, and BST-LD, as well as
in mesocorticolimbic circuitry components, including the NAC,
BLA, and VTA. The lack of significant effects of footshock on
hippocampal and mPFC c-fos expression differs from previous
reports that acute stress activates both mPFC and HIPPO neu-
rons (Cullinan et al., 1995; Funk et al., 2006). A possible explana-
tion for this discrepancy is that mPFC and HIPPO neurons de-
veloped some hyporesponsiveness to stress as a result of the
modest but prolonged daily ethanol exposure, as suggested by a
previous report showing decreased stress-induced hippocampal
and prefrontal cortical c-fos expression after acute ethanol treat-
ment (Ryabinin et al., 1995).

Overall, there was marked overlap in the pattern of neural
activation produced by footshock and ethanol cue exposure.
However, ethanol cue-exposed rats showed stronger activation of
brain regions linked to motivation and reward (i.e., mPFC and
HIPPO) than rats subjected to footshock, whereas footshock pro-
duced stronger neural activation within brain stress sites, in par-
ticular the mpPVN. Both footshock and the ethanol S� activated
the CeA and BST-LD, a finding that may reflect possible stress or
anxiety-like effects of the ethanol cue. Such effects would be con-
sistent with the suggestion that frustration associated with the
absence of ethanol reward in an ethanol-predictive stimulus en-
vironment may trigger an aversive motivational state resulting in
stress-like neural activation patterns (Topple et al., 1998). Alter-
natively, these effects may be related to the possibility that stress
and drug cue exposure induce a similar pattern of neural activa-
tion, as suggested by recent clinical findings showing that craving
states associated with drug cue exposure are accompanied by
anxiety and hypothalamic–pituitary–adrenal (HPA) axis activa-
tion (Sinha et al., 2003; Fox et al., 2005).

In ethanol-naive rats, LY379268 produced a distinct pattern of
neural effects, characterized by increased c-fos expression within
the CeA, BST-LD, and mpPVN and decreased c-fos expression in
the hippocampus. These effects resemble those produced by
LY354740 [(�)-2-aminobicyclo[3.1.0]-hexane-2,6-dicarboxy-
late monohydrate] (a selective mGlu2/3 agonist structurally re-
lated to LY379268) in drug-naive rats (Linden et al., 2004), sug-
gesting that the pattern of regionally specific changes in c-fos
expression observed here represents a neural effect shared by
different mGlu2/3 agonists. In rats subjected to reinstatement
tests, LY379268 distinctly modified brain c-fos expression in-
duced by footshock and the ethanol cue. These effects, however,
remained confined to the same brain regions as in ethanol-naive
rats. Furthermore, the direction of changes in neural activation
remained consistent with that in ethanol-naive rats. Thus, nei-
ther repeated ethanol exposure during the training phase nor

Figure 2. Effects of LY379268 (3 mg/kg) or vehicle on mean � SEM lever responses in the
subgroup of animals used for analysis of c-fos expression. A, Stress-induced reinstatement (0
mg/kg, n � 8; 3 mg/kg, n � 8). B, Conditioned reinstatement (S �) (0 mg/kg, n � 9; 3 mg/kg,
n � 8). †p � 0.05, ††p � 0.01, different from extinction (EXT). *p � 0.05, **p � 0.01,
different from 0 mg/kg LY379268.
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acute footshock appeared to alter mGluR
function in brain regions that were unre-
sponsive to LY379268 in the ethanol-naive
control group.

The predominant neural effect of
LY379268 in rats of the ethanol cue rein-
statement condition was to decrease c-fos
expression in the hippocampus and to in-
crease expression in sites mediating behav-
ioral and physiological responses to stress:
the CeA, BST-LD, and mpPVN. Although
the c-fos expression data do not establish
the mechanism(s) by which LY379268
blocked cue-induced reinstatement, they
provide important leads in conjunction
with existing knowledge of both the func-
tion of the brain regions in which neural
activity was altered by LY379268 and the
functional role of mGlu2/3 receptor activa-
tion in these regions. Group II mGluRs are
densely expressed in the amygdala and
hippocampus (Kenny and Markou, 2004).
Activation of these receptors inhibits glu-
tamate release presynaptically and damp-
ens neural excitability postsynaptically
(Schoepp, 2001). In the case of the hip-
pocampal effects of LY379268, the signifi-
cant reduction in c-fos expression is con-
sistent with electrophysiological evidence
that this mGlu2/3 agonist reduces hip-
pocampal neural excitability (Kilbride et
al., 1998; Kew et al., 2002). The dorsal
hippocampus has an established role in
contextual memory retrieval and the occa-
sion-setting action of contextual stimuli
(Holland and Bouton, 1999). Moreover,
transient lesion studies directly implicate
the dorsal hippocampus in the control of
drug-seeking by contextual stimuli (Fuchs
et al., 2005). One explanation for the at-
tenuation of cue-induced reinstatement
by LY379268, therefore, is that decreased
excitation of hippocampal glutamatergic
efferents by the mGlu2/3 agonist (cf. Swan-
son et al., 2005) interferes with the pro-
cessing of drug-related contextual infor-
mation, reducing its motivational impact.
It is also possible that the reversal of con-
ditioned reinstatement by LY379268 is re-
lated to the role of the hippocampus in fear
and anxiety (Gray, 1982). Microinjection
of LY354740 into the dorsal hippocampus
produces anxiolytic-like effects in animals
(Tatarczynska et al., 2001). Because crav-
ing states associated with drug cue expo-
sure in humans are accompanied by anxi-
ety (Sinha et al., 2003; Fox et al., 2005),
another mechanism by which LY379268
may have attenuated conditioned rein-
statement is by reversing anxiogenic con-
sequences of drug cue exposure at the hip-
pocampal level (as well as via CeA-
mediated anti-anxiety actions discussed
below).

Figure 3. Effects of VEH or LY379268 (3 mg/kg) on Fos immunoreactivity in the mPFC (A), NAC (B), BLA (C), VTA A10 cells
(D), HIPPO (E), and stress circuitry (F ) in ethanol-naive rats and in rats after extinction (EXT) or reinstatement (Footshock,
EtOH S �) sessions. *p � 0.05, **p � 0.01, different from 0 mg/kg LY379268; #p � 0.05, ##p � 0.01, different from
extinction. For ease of comparison, extinction control data (EXT) are represented with both the Footshock and EtOH S �

reinstatement data.

Zhao et al. • Reversal of Ethanol Reinstatement by LY379268 J. Neurosci., September 27, 2006 • 26(39):9967–9974 • 9971



Consistent with the pattern of neural
effects in ethanol-naive rats, LY379268 did
not modify c-fos expression induced by the
EtOH S� in the mPFC, VTA, NAC, and
BLA. Although group II mGluRs are
widely expressed throughout these regions
(Kenny and Markou, 2004), this finding
suggests that LY379268 does not attenuate
conditioned reinstatement through an ac-
tion in these sites. It cannot be ruled out
fully, however, that LY379268 effects in
one or more of these brain regions con-
tributed to the reversal of conditioned re-
instatement because c-fos is not a universal
marker of neural activity. Indeed,
LY379268 did not alter S�-induced c-fos
expression in the VTA, although intra-
VTA administration of LY379268 blocked,
albeit not dose dependently, context-
induced heroin reinstatement (Bossert et
al., 2004). Moreover, it cannot be ruled out
that effects in brain regions expressing
mGlu2/3 receptors such as the ventral pal-
lidum, thalamus, or rhinal cortical areas
(Ohishi et al., 1993a,b) with connections
to the hippocampus (brain regions that
were not examined) may have played some
role in the reduction of conditioned rein-
statement by LY379268.

In rats subjected to footshock stress, LY379268 produced ef-
fects similar to those in ethanol cue-exposed rats, with increased
c-fos expression in stress-regulatory sites, including the CeA,
BST-LD, and mpPVN, and decreased expression in the CA1 and
CA3 regions of the hippocampus. Discrete intra-CeA administra-
tion of LY354740 into the CeA attenuates anxiety-like behavior in
the fear potentiated startle model (Walker et al., 2002). Anxiolytic
actions of mGlu2/3 receptor activation in the CeA, therefore, are
likely to be directly relevant for the attenuation of stress-induced
reinstatement. Based on findings that mGlu2/3 receptor activa-
tion increases c-fos expression within glutamic acid decarboxy-
lase-positive cells in the CeA-L, it has been suggested that mGlu2/3

receptor activation “disinhibits” GABAergic neurons that inner-
vate the CeA by reducing excitatory glutamatergic input onto
intervening GABAergic interneurons (Swanson et al., 2005).
Whether a similar “disinhibition” of GABAergic interneurons
accounts for the increased c-fos expression in the BST-LD is pres-
ently unclear. Moreover, it remains to be determined by what
mechanism mGlu2/3 agonist-induced c-fos expression in the CeA
(and BST-LD) is linked to anxiolytic action, because both anxio-
genic and anxiolytic agents increase immediate early gene expres-
sion within these nuclei (Thompson and Rosen, 2006).

In light of the reduction in hippocampal neural activity by
LY379268, hippocampal-mediated anti-anxiety actions may also
have contributed to the attenuation of stress-induced reinstate-
ment. Because footshock, by itself, did not produce significant
elevations in hippocampal Fos immunoreactivity over that in
extinction controls, a role of the hippocampus in stress-induced
reinstatement could not be confirmed. Nonetheless, it remains
possible that mGlu2/3 activation indirectly dampened the effects
of footshock at “downstream” neural targets by reducing tonic
excitatory glutamatergic output from the hippocampus. Addi-
tionally, it cannot be ruled out that direct or indirect effects of
LY379268 on neural substrates implicated in stress-induced re-

instatement, but not examined in the present study, such as the
lateral tegmental nuclei (Shaham et al., 2003), ventral pallidum
(McFarland et al., 2004), and lateral hypothalamus (Boutrel et al.,
2005) contributed in some manner to the “anti-reinstatement”
actions of the mGlu2/3 agonist.

Last, in both the footshock and the ethanol S� condition,
LY379268 increased c-fos expression within the mpPVN, an ef-
fect known to be positively correlated with activation of the HPA
axis (Buller et al., 1998). Despite this stress-like effect, both cue-
and stress-exposed animals showed decreased reinstatement. The
activation of mpPVN neurons is perhaps most parsimoniously
explained in terms of nonspecific disinhibition of local hypotha-
lamic circuits by LY379268, similar to the effects of other anxio-
lytic agents that acutely increase c-fos expression in the mpPVN
(Salminen et al., 1996).

It is of interest to note that, in a recent report, only a high,
locomotor suppressant 5 mg/kg dose of LY379268 was effective
in reversing reinstatement induced by ethanol cue exposure
paired with noncontingent administration of an ethanol “prim-
ing” dose to enhance ethanol-seeking behavior (Backstrom and
Hyytia, 2005). The failure to observe suppression of locomotor
activity in this study at doses smaller than 5 mg/kg strengthens the
conclusion that the effects of LY379268 observed here are not
related to nonspecific impairments of motor behavior. With re-
spect to the high LY379268 dose necessary to reverse reinstate-
ment (a finding that contrasts with the present results), it is nec-
essary to keep in mind that ethanol-seeking in this report must be
presumed to have been driven primarily by the ethanol priming
dose rather than representing conditioned reinstatement. The
weak interference by LY379268 with ethanol-directed behavior
under these conditions is consistent with evidence that, com-
pared with its effects on cue-induced reinstatement, this mGlu2/3

agonist is considerably less effective in attenuating the acute re-
inforcing effects of ethanol (Zhao et al., 2005), cocaine (Baptista
et al., 2005), and heroin (Bossert et al., 2004, 2005).

Figure 4. Photomicrographs and schematic drawings depicting the area of analysis and illustrating typical changes in Fos
immunoreactivity within the CeA and hippocampus of an animal treated with either VEH or LY379268 (3 mg/kg). Because
LY379268 produced similar changes in Fos immunoreactivity in both the conditioned and stress-induced reinstatement tests (see
Fig. 3), photomicrographs from only one test condition (conditioned reinstatement) are shown. A, B, CeA; C, D, CA1; E, F, CA3; G,
H, DG. Scale bar, 100 �m. amc, Amygdala capsule; ec, external capsule; ST, stria terminalis.
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In summary, the results implicate group II mGluRs as a com-
mon neuropharmacological substrate for ethanol-seeking elic-
ited by both drug cues and stress and point toward the hippocam-
pus and stress-regulatory sites within the extended amygdala
as neurocircuitry components through which group II mGluR
activation exerts these effects. In view of previous findings that
LY379268 attenuates the response-reinstating effects of co-
caine and heroin-related environmental stimuli (Baptista et
al., 2004; Bossert et al., 2004), the data suggest that mGlu2/3

receptors participate in mediating the effects of contextual
stimuli conditioned to drugs of abuse with widely different
mechanisms of action. Moreover, based on the current under-
standing of the neurocircuitry mediating addiction-relevant
effects of stress (Shaham et al., 2003), a role of group II
mGluRs in stress-induced reinstatement is likely to also hold
across different drugs of abuse. Because stress and craving
evoked by drug-related environmental stimuli are major risk
factors for relapse to drug use, these results identify group II
mGluRs as promising targets for relapse prevention.
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