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Combined antagonism of glutamate mGlu5
and adenosine A2A receptors interact to
regulate alcohol-seeking in rats
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Abstract

Adenosine and glutamate have been implicated as mediators involved in the self-administration of

alcohol. In the present study we sought to determine whether adenosine receptors could interact with

metabotropic glutamate receptors to regulate operant responding for alcohol and also the integration of

the salience of alcohol-paired cues. Alcohol-preferring (iP) rats were trained to self-administer alcohol

under operant conditions. The availability of alcohol was paired with an olfactory cue plus a stimulus

light. Rats were examined under fixed ratio responding and also following extinction under a cue-induced

reinstatement paradigm. Administration of the selective adenosine A2A receptor antagonist, SCH 58261,

reduced fixed ratio responding for alcohol in iP rats in a dose-related manner. Furthermore, the combi-

nation of a subthreshold dose of SCH 58261 with a subthreshold dose of the mGlu5 receptor antagonist

MTEP also reduced alcohol self-administration and increased the latency to the first reinforced response,

suggesting a pre-ingestive effect. Moreover, this combination of SCH 58261 and MTEP also prevented the

conditioned reinstatement of alcohol-seeking elicited by the re-presentation of cues previously paired with

alcohol availability. In contrast, combinations of the selective adenosine A1 receptor antagonist, DPCPX,

with either SCH 58261 or MTEP had no effect on alcohol responding. Collectively, these data suggest a

functional interaction between adenosine A2A and mGlu5 receptors in relation to alcohol-seeking and the

integration of the drug-related cues.
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Introduction

Alcohol is one of the most widely abused substances

in the world, and alcohol abuse causes as much, if

not more death and disability as measles, malaria,

tobacco and illegal drugs combined (WHO, 2001). In

economic terms, alcohol abuse has been estimated to

cost US$167 billion per year ; however, ‘ in human

terms, the costs cannot be calculated’ (National

Institute on Alcohol Abuse and Alcoholism, 2004). For

these reasons there has been extensive research into

the pathophysiology underlying alcoholism; however,

current therapeutic approaches are far from adequate.

Relapse rates remain high under treatment (Anton,

2001 ; Garbutt et al., 1999 ; Kranzler and Van Kirk,

2001 ; Swift, 1999) largely due to the polymodal nature

of the disease. For this reason further research is re-

quired to identify new therapeutic targets for the im-

proved treatment of alcoholism.

The metabotropic glutamate 5 (mGlu5) receptor is

one of a family of eight G-protein coupled glutamate

receptors found within the central nervous system

(Conn and Pin, 1997 ; Hermans and Challiss, 2001).

Biochemically, mGlu5 receptors have been associated

with phosphoinositide hydrolysis and activation of

phospholipase C, stimulation of adenylate cyclase and

inhibition of voltage-operated calcium channels (Conn
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and Pin, 1997 ; Hermans and Challiss, 2001). At a be-

havioural level, mGlu5 receptors appear to have a role

in a number of behaviours including anxiety-like and

stress responses (Brodkin et al., 2002 ; Busse et al.,

2004 ; Klodzinska et al., 2004 ; Spooren et al., 2000),

depressive-like behaviour (Li et al., 2006; Pilc et al.,

2002 ; Tatarczynska et al., 2001) and spatial memory

formation (Lu et al., 1997; Balschun and Wetzel, 2002).

The mGlu5 receptor also appears to have some in-

volvement in the reinforcing properties of a number

of drugs of abuse. The mGlu5 receptor antagonist

MPEP [2-methyl-6-(phenylethynyl)-pyridine] has

been shown to decrease cocaine and nicotine self-

administration (Kenny et al., 2005 ; Paterson et al.,

2003 ; Tessari et al., 2004) as well as alter morphine-

and cocaine-induced place preference (Aoki et al.,

2004 ; Mcgeehan and Olive, 2003).

MPEP has also been shown to decrease self-

administration of ethanol in rats and mice (Hodge

et al., 2006; Olive et al., 2005 ; Schroeder et al., 2005)

and prevented reinstatement of ethanol-seeking be-

haviour induced by olfactory cues in rats (Backstrom

et al., 2004). We have recently demonstrated that

MTEP (3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]-pyridine),

an mGlu5 receptor antagonist with greater selectivity

and bioavailability than MPEP (Anderson et al., 2002;

Cosford et al., 2003), caused a decrease in ethanol self-

administration in two strains of alcohol-preferring

rats : the inbred alcohol-preferring (iP) and the

Fawn-Hooded rat (FH/Wjd’) (Cowen et al., 2005b).

Moreover, MTEP also reduces both consummatory

and appetitive responding for ethanol in C57/BL6J

mice (Cowen et al., 2007).

Emerging evidence suggests that adenosinergic

systems may also be pertinent in alcohol consumption

and the behavioural effects of alcohol. Mice lacking the

equilibrative nitrobenzylthioinosine-nucleoside trans-

porter (ENT1), largely responsible for adenosine up-

take, show elevated levels of alcohol consumption

compared to wild-type littermates (Choi et al., 2004).

The adenosine A2A receptor belongs to a family of four

G-protein coupled adenosine receptors that are widely

distributed throughout the body with strong ex-

pression in the immune system and basal ganglia

(Fredholm et al., 2000 ; Yaar et al., 2005). Activation of

the A2A receptor via GS or GOLF stimulates adenylate

cyclase, subsequently raising cAMP and intracellular

calcium levels (Fredholm et al., 2000 ; Kull et al., 1999;

Ongini and Fredholm, 1996; Yaar et al., 2005).

Behaviourally, antagonism of the A2A receptor seems

to be associated with relieving anxiety and depressive-

like behaviour, and promoting wakefulness (El

Yacoubi et al., 2001a, 2003 ; Ledent et al., 1997). The

A2A receptor is a target for the most widely used psy-

choactive drug and non-selective adenosine receptor

antagonist, caffeine. This receptor also appears to be

involved in the reinforcing properties of at least some

drugs of abuse. The A2A receptor antagonist DMPX

reversed reward impairments caused by cocaine

withdrawal (Baldo et al., 1999) and, when injected

directly into the nucleus accumbens (NAc), blocked

heroin priming-induced reinstatement of lever-

pressing for heroin (Yao et al., 2006). Adenosine A2A

receptor knockout mice appear less sensitive to the

acute intoxicating effects of ethanol (Naassila et al.,

2002), and exhibit blunted ethanol withdrawal effects,

as do wild-type mice following treatment with ade-

nosine A2A receptor antagonists (El Yacoubi et al.,

2001b). Compared to wild types, mice lacking the A2A

receptor self-administer less drug and make fewer

nose-pokes in a cocaine self-administration paradigm,

and appear resistant to locomotor sensitization caused

by chronic cocaine administration (Soria et al., 2006).

Furthermore, acute A2A receptor antagonism attenu-

ates operant self-administration of ethanol in rats

(Arolfo et al., 2004).

The striatal complex, an integral component in the

mesocorticolimbic pathway which is intimately in-

volved in natural and drug-induced reward, is rich in

both mGlu5 and A2A receptors. This localization of

receptors has been shown via immunohistochemical

methods (A2A receptor – see Rosin et al., 1998 ; mGlu5

receptor – see Shigemoto et al., 1993), and autoradio-

graphic methods (mGlu5 receptor – see Patel et al.,

2003 ; A2A receptor – see Sihver et al., 2004). Co-

immunoprecipitation of receptor complexes from

both transfected cell cultures and rat striatal extracts

suggests the existence of mGlu5–A2A receptor hetero-

dimers (Ferre et al., 2002). Further potential for cross-

talk exists between the receptors’ signal transduction

pathways (Agnati et al., 2003), and there is some

functional evidence of a relationship between mGlu5

and A2A receptors. Submaximal concentrations of

mGlu5 and A2A receptor agonists enhanced glutamate

release in the rat striatum in vitro, displaying a great-

er-than-additive effect (Rodrigues et al., 2005). Nishi

et al. (2003) found co-activation of mGlu5 and A2A

receptors in mouse striatal slices synergistically in-

creased DARPP-32 phosphorylation. Functional inter-

dependence of mGlu5 and A2A receptors has also been

demonstrated in vivo, suggesting a clear rationale for

combinatorial approaches to therapeutics for basal

ganglia-related disorders (Kachroo et al., 2005).

The adenosine A1 receptor has also been suggested

to play a role in the effects of drugs of abuse.

Functional studies indicate the existence of striatal
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A1 receptors which modulate dopamine release (Jin

et al., 1993). A reduction in ethanol withdrawal signs

following treatment with an A1 agonist has been noted

in mice (Kaplan et al., 1999). A1 receptor agonists have

also been found to potentiate, and antagonists attenu-

ate, ethanol-induced motor uncoordination in mice

(Meng et al., 1997). More recently, heterodimeric

complexes comprising adenosine A1 and A2A re-

ceptors have been identified that can regulate gluta-

mate release from corticostriatal terminals (Ciruela

et al., 2006a,b). Moreover, these complexes are sensi-

tive to regulation by chronic caffeine (Ciruela et al.,

2006a), suggesting a possible relevance in drug-

induced plasticity.

Therefore, given the ability of both mGlu5 and

adenosine A2A receptor antagonists to independently

regulate alcohol self-administration, and the well-

established interactions between these receptors

within pertinent brain nuclei, the present study was

designed to examine whether interactions between

mGlu5 and A2A receptors are biologically relevant to

alcohol-seeking and self-administration behaviour in

alcohol-preferring iP rats. To determine whether such

an interaction was specific, we also examined the

possibility of mGlu5 and A1 receptor interactions in

this process.

In-bred alcohol-preferring (iP) rats (developed in

Indiana) exhibit many traits desirable in a rodent

model of alcohol use. Thus, P rats develop tolerance to

alcohol (Waller et al., 1983) ; are vulnerable to the al-

cohol deprivation effect (McKinzie et al., 1998), which

is prolonged following multiple deprivation cycles

(Rodd-Henricks et al., 2000) and are less sensitive to

the hypnotic effects of ethanol than non-preferring

(NP) rats (reviewed in McBride and Li, 1998). In op-

erant paradigms iP rats self-administer more ethanol

at any concentration tested than water, whilst NP rats

self-administer more water than ethanol at concen-

trations over 10% (Murphy et al., 2002). Consequently,

this rat line represents a suitable animal model for the

described studies.

Methods

All experiments were performed in accordance with

the Prevention of Cruelty to Animals Act, 1986 under

the guidelines of the National Health and Medical

Research Council Code of Practice for the Care and

Use of Animals for Experimental Purposes in

Australia. Inbred alcohol-preferring (iP) rats were ob-

tained from the breeding colony at the Howard Florey

Institute (University of Melbourne). Parental stock had

previously been obtained from Professor T. K. Li

(while at Indiana University, Indianapolis, IN, USA).

Animals were pair-housed with ad libitum access to

standard rat chow and water, and a 12 h light/dark

cycle, lights on 07:00 hours. A sucrose-fade training

procedure was employed as previously described

(Cowen et al., 2005a; Samson et al., 1988) to initiate

ethanol self-administration.

Operant alcohol self-administration

Alcohol-preferring iP rats (n=30) were trained to self-

administer ethanol (10% v/v) under operant condi-

tions using a fixed ratio of 3 (FR3) during 20-min

sessions as previously described (Cowen et al.,

2005a,b ; Liang et al., 2006). Operant chambers sup-

plied by Med Associates (St Albans, VT, USA) were

employed. Each chamber was housed individually in

sound-attenuation cubicles, featuring a fan to provide

airflow and mask external noise. The chambers were

connected to a computer running Med-PC IV software

(Med Associates) to record activity. Within the cham-

bers, a house light provided soft illumination during

operant sessions. On either side of the operant cham-

bers a retractable lever (protruding during operant

sessions) was centrally placed below a stimulus light

and adjacent to a fluid receptacle. Each receptacle was

fed by a solenoid-controlled liquid dispenser with a

20-ml reservoir. Availability of ethanol was con-

ditioned by the presence of an olfactory cue (CS+ ; 2

drops of vanilla essence, placed on the bedding of

the operant chamber directly under the active lever),

plus a 1-s light stimulus (CS+) occurred when FR3

was obtained. Ultimately, rats were responding for

10% ethanol solution under a fixed ratio requirement

of 3 (FR3) with the sides the alcohol and water were

presented on randomized to minimize any side pre-

ference. For each session, total ethanol and water re-

sponses were recorded, and the difference of fluid in

the ethanol reservoir between the beginning and end

of the session was also recorded to ensure correct

calibration of the delivery system.

Following acquisition of lever-pressing behaviour

and stable sessional alcohol self-administration (10%

ethanol v/v), rats were administered the A2A receptor

antagonist SCH 58261 (Sigma, St Louis, MO, USA;

1 mg/kg, 2 mg/kg and co-administered as detailed)

or the A1 receptor antagonist DPCPX (RBI Sigma,

0.5 mg/kg, 0.25 mg/kg i.p. and co-administered as

detailed) suspended in methyl cellulose 30 min prior

to the beginning of operant sessions. The mGlu5

antagonist MTEP (Ascent Scientific, N. Somerset, UK;

0.25 mg/kg i.p.) was dissolved in 1% dimethyl

sulphoxide (DMSO) and administered 20 min prior

mGlu5 and A2A receptor interaction and alcohol-seeking 231



to the operant session. Administration of MTEP as a

combination with either SCH 58261 or DPCPX in-

volved two injections both at 0.5 ml/kg at the time-

points mentioned above; vehicle controls were deliv-

ered in the same way. SCH 58261 and DPCPX as a

combination was suspended in methyl cellulose and

administered at 1 ml/kg 30 min prior to the operant

session. Drug administration weeks were structured

so that Mondays and Fridays were no-injection days,

vehicle was injected either Tuesday or Wednesday

(i.p.) followed by drug the following day (i.p.).

Cue-induced reinstatement of alcohol-seeking

Following normal operant training as detailed above, a

cohort of iP rats were then subjected to extinction

training, during which time there were no cues placed

in the operant chamber and there was no programmed

response subsequent to task completion (Lawrence

et al., 2006). Extinction sessions continued until re-

sponding on the ‘active’ lever was similar to that

on the water lever, and stable between trials.

Reinstatement was then triggered by replacing CS+
(i.e. the olfactory cue) under the ‘active’ lever and also

reprogramming the software such that the stimulus

light was activated (for 1 s) after every FR3 response,

although there was no delivery of ethanol into the re-

ceptacle. Prior to the reinstatement session, rats were

treated with either vehicle or a combination of SCH

58261 (0.5 mg/kg i.p. 30 min prior) and MTEP

(0.25 mg/kg i.p. 20 min prior).

Locomotor activity

The effect of SCH 58261 (0.5 mg/kg i.p. 30 min

prior) combined with MTEP (0.25 mg/kg i.p. 20 min

prior) on locomotor activity was examined in the

previously mentioned cohort of iP rats (n=10).

Habituation of the rats to the locomotor cells (TruScan

photobeam activity monitors, Colbourn Instruments,

Allentown, PA, USA, 26r26r40 cm) was performed

for 30 min/d for 3 d. Subsequently, rats were treated

over 2 d with drug or vehicle via a Latin squares de-

sign and 20 min later placed in the test cells for 30 min.

Locomotor activity, in terms of total distance travelled

in the horizontal plane and entries into the vertical

plane (rearing), was determined automatically using

the TruScan software, as previously described (Liang

et al., 2006 ; McPherson and Lawrence, 2006).

Statistics

Statistical analysis using one and two-way ANOVAs

was performed with SigmaStat (version 3; SPSS Inc.,

Chicago, IL, USA). The data are presented as

mean¡S.E.M. A significance level of p=0.05 was used.

In general, session totals and time-courses were ana-

lysed using a repeated-measures two-way ANOVA

with Student–Newman–Keuls post-hoc tests. For

every dose of drug, there is a corresponding vehicle

injection, thus the factors for the session totals were

treatment vs. drug/vehicle ; for the time-course

analysis the factors were drug/vehicle vs. time-point.

The effect of 0.5 mg/kg i.p. SCH 58261 was also ex-

amined using a paired t test. Vehicle injections prior to

extinction sessions were not significantly different in

ethanol or water lever presses (as examined via a

paired t test), and were therefore pooled. The resultant

data were analysed using a one-way ANOVA with a

Student–Newman–Keuls post-hoc test.

Results

Effect of SCH 58261 on operant responding for

ethanol

We have previously published a dose–response curve

for MTEP to reduce alcohol self-administration in iP

rats (Cowen et al., 2005b), and accordingly our first

experiment defined a dose–response for the selective

A2A receptor antagonist SCH 58261. A cohort of 10 iP

rats responding stably and preferentially for 10% v/v

ethanol (36¡3 responses representing 0.54¡0.04 g/kg

per 20 min session) compared with water (3¡1 re-

sponses) were treated with either vehicle or SCH

58261 (Figure 1). A significant main effect of treatment

occurred [treatment : F(3, 27)=3.217, p=0.038 ; drug

vs. vehicle : F(1, 27)=8.764, p=0.016] indicating

that SCH 58261 at 2 mg/kg (x47%, p<0.001) caused

a significant reduction in ethanol responding

(Figure 1a). Note that at 0.5 mg/kg, SCH 58261 had no

significant effect on ethanol-reinforced responding in

a separate cohort of rats [vehicle treated: 49¡17 re-

inforced responses vs. SCH 58261: 51¡17 (t9=0.32,

p=0.757)]. When considering the time-course of

effects, SCH 58261 at 2 mg/kg caused a significant

reduction in responding compared with vehicle

[F(1, 45)=16.456, p=0.003] ; post-hoc analysis in-

dicated a significant effect at 5 min (p<0.009) and

20 min (p<0.013, Figure 1b). Water responding re-

mained unchanged (Figure 1a).

Effect of subthreshold doses of SCH 58261 and

MTEP on operant responding for ethanol

Next we verified that low doses of both SCH 58261

and MTEP were independently subthreshold and
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ineffective at reducing operant responding for alcohol

(Figure 1a). Notably, the combination of SCH 58261

(0.5 mg/kg) and MTEP (0.25 mg/kg) reduced operant

responding for alcohol by x53% (p=0.001). More-

over, post-hoc analysis indicated that the effect medi-

ated by a combination of SCH 58261 (0.5 mg/kg) and

MTEP (0.25 mg/kg) was significantly greater than

subthreshold doses of either MTEP (q=6.017,

p<0.001) or SCH 58261 (q=3.866, p=0.021) alone. In

addition, the combination of SCH 58261 (0.5 mg/kg)

and MTEP (0.25 mg/kg) also altered the pattern of

responding compared with vehicle [F(1, 45)=15.710,

p=0.003] ; post-hoc analysis indicated responding was

significantly reduced compared to vehicle at 5 and

10 min (p<0.001, Figure 1b). Water responding re-

mained unchanged by either drug or in combination

(Figure 1a). Finally, analysis of the latency from the

session start until the first reinforced response

indicated an interaction between factors [drug vs.

vehicle x treatment : F(3, 27)=4.076, p=0.016] with the

SCH 58261–MTEP combination increasing latency by

almost 5 min (p<0.001, Figure 1c).

Effect of MTEP/DPCPX on operant responding for

ethanol

To investigate if this functional interaction between

mGlu5 and A2A receptor antagonists was specific, the

experiment was repeated with a second cohort of iP

rats to examine the effects of the selective A1 receptor

antagonist DPCPX (0.25 mg/kg and 0.5 mg/kg i.p.)

administered alone or in combination with subthres-

hold doses of MTEP (0.25 mg/kg i.p.) or SCH 58261

(0.5 mg/kg i.p.). A significant drug effect occurred for

ethanol responses [F(1, 24)=6.833, p=0.031] with

DPCPX at 0.5 mg/kg lowering responding signifi-

cantly compared with vehicle (x43%, p=0.018;

Figure 2). Responding for water and latency to the first

reinforced response remained unchanged. A combi-

nation of a subthreshold dose of DPCPX (0.25 mg/kg)

with either MTEP (0.25 mg/kg) or SCH 58261

(0.5 mg/kg) had no effects on operant responding for

alcohol (Figure 2).
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Figure 1. The effects of SCH 58261 and MTEP on operant

ethanol self-administration in iP rats (n=10). Black bars

represent ethanol responses ; white bars represent water

responses ; * denotes significantly different to vehicle. (a)

Ethanol self-administration was not significantly altered by

SCH 58261 at 1.0 mg/kg i.p., nor MTEP at 0.25 mg/kg i.p.

SCH 58261 at 2.0 mg/kg i.p. significantly reduced responding

for ethanol (p<0.001) without altering responding for water.

When co-administered, SCH 58261 and MTEP significantly

reduced responding for ethanol without affecting responding

for water. Veh, Vehicle ; M0.25, MTEP (0.25 mg/kg i.p.) ; S1

and S2, SCH 58261 at 1.0 and 2.0 mg/kg; S0.5M0.25, SCH

58261 (0.5 mg/kg i.p.) and MTEP (0.25 mg/kg). (b) The

ethanol-lever time-course shows SCH 58261 at 2.0 mg/kg i.p.

significantly reduced responding in the 5-min (p=0.009) and

20-min (p=0.013) bins. SCH 58261 (0.5 mg/kg) and MTEP

(0.25 mg/kg i.p.) significantly attenuated responding for the

first 10 min (p<0.001).&, Vehicle ;,, SCH 58261 (2 mg/kg) ;

1, SCH 58261 (0.5 mg/kg i.p.) and MTEP (0.25 mg/kg). (c)

SCH 58261 at 0.5 mg/kg and MTEP at 0.25 mg/kg i.p.

significantly increased the latency from the session start until

the first reinforced ethanol reward (p<0.001).
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Effect of SCH 58261 and MTEP on cue-induced

reinstatement of alcohol-seeking

As the reduction in alcohol self-administration was

specific to the combination of SCH 58261 and MTEP,

we next examined drug-seeking behaviour using

a cue-induced reinstatement paradigm to further de-

fine the nature of this A2A–mGlu5 receptor inter-

action. Prior to extinction, alcohol-preferring iP rats

responded stably and preferentially for 10% ethanol

(v/v; 52.7¡7.3 responses per session) compared with

water-responding rats (2.6¡0.4 responses per ses-

sion), corresponding to an average ethanol intake of

0.86¡0.12 g/kg per session. Over 10 sessions, ethanol

responding was extinguished (no availability of ethan-

ol or water and no presentation of ethanol-associated

cues ; average ethanol lever presses : 10.4¡1.6 ; average

water lever presses : 4.5¡0.8 ; Figure 3a). At this point,

re-presentation of the cues previously associated
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Figure 3. The effect of co-administered SCH 58261 and MTEP

on conditioned reinstatement in iP rats (n=10). Black bars

represent ethanol-paired or actual ethanol responses ; white

bars represent water-paired or actual water responses ;

* denotes significant compared to vehicle ; 2, significant

compared to extinction and SCH 58261 (0.5 mg/kg) and

MTEP (0.25 mg/kg). (a) The combination of SCH 58261

(0.5 mg/kg i.p.) and MTEP (0.25 mg/kg i.p.) effectively

blocked conditioned reinstatement of alcohol-seeking

(p=0.762) and significantly decreased ethanol-paired lever

pressing compared to vehicle (p<0.001). SCH 58261 and

MTEP co-administration also significantly reduced water

responding compared to vehicle (p=0.002), suggesting that

drug-seeking may generalize to the inactive lever during this

paradigm. Veh, Vehicle ; S0.5M0.25, SCH 58261 (0.5 mg/kg)

and MTEP (0.25 mg/kg i.p.). (b) SCH 58261 and MTEP

co-administration significantly increased the latency to

the first ethanol-paired lever press (p=0.004).
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Figure 2. The effects of DPCPX on operant ethanol self-

administration in iP rats (n=10). Black bars represent ethanol

responses ; white bars represent water responses ; * denotes

significantly different to vehicle. (a) DPCPX at 0.5 mg/kg i.p.

significantly reduced responding for ethanol in iP rats

(p<0.018) without affecting their responding for water.

No interaction was observed between DPCPX and MTEP

nor DPCPX and SCH 58261 when co-administered at

subthreshold doses. Veh, Vehicle ; D0.5, DPCPX (0.5 mg/kg) ;

D0.25, DPCPX (0.25 mg/kg) ; D0.25M0.25, DPCPX (0.25 mg/

kg) andMTEP (0.25 mg/kg) ; D0.25S0.5, DPCPX (0.25 mg/kg)

and SCH 58261 (0.5 mg/kg). (b) The session time-course was

significantly altered by DPCPX (0.5 mg/kg) with fewer

responses made within the first 10 min (p<0.001).%, Vehicle ;

#, DPCPX (0.5 mg/kg) ; &, DPCPX (0.25 mg/kg) and MTEP

(0.25 mg/kg) ; r, DPCPX (0.25 mg/kg) and SCH 58261

(0.5 mg/kg).
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with ethanol availability caused a robust and signifi-

cant increase in responding on the ‘active’ (olfactory

cued) lever in vehicle-treated rats that was com-

pletely prevented when a combination of SCH 58261

(0.5 mg/kg i.p.) and MTEP (0.25 mg/kg i.p.) were

co-administered [F(3, 33)=13.555, p<0.001; treat-

ment effect, x83% compared to vehicle, p<0.001;

Figure 3a]. In addition, the latency to the first lever

press was significantly increased by treatment

[Figure 3b: F(3, 33)=6.616, p<0.001] and a significant

increase in active-lever latency occurred after drug

treatment compared to vehicle (a three-fold increase,

p=0.020).

Locomotor response to SCH 58261 and MTEP

Previously we have found that high doses of MTEP

can cause sedation in iP rats which may have ex-

plained the observed reductions in responding

(Cowen et al., 2005b). We therefore next examined the

locomotor effects of co-administration of SCH 58261

and MTEP in iP rats (n=10). Locomotor activity

was measured over five consecutive days. Rats were

habituated to the test chambers then divided into

two groups according to a Latin-squares design for

vehicle and drug administration. To ensure a valid

comparison, pre-treatment times were the same as

those employed for the operant studies. Rats treated

with either vehicle or a combination of SCH 58261

(0.5 mg/kg i.p.) and MTEP (0.25 mg/kg i.p.) exhibited

no difference in movement distance [F(1, 45)=0.448,

p=0.52 ; Figure 4a,b] or rearing as measured by elev-

ated vertical plane entries [F(1, 45)=0.025, p=0.878;

Figure 4c,d], nor in any other parameter examined

(not shown).

Discussion

Here we report that an interaction between glutamate

mGlu5 and adenosine A2A receptors regulates operant

self-administration of alcohol and conditioned re-

instatement of alcohol-seeking in iP rats. A combi-

nation of individually subthreshold doses of MTEP

and SCH 58261 produced a marked reduction in

alcohol self-administration compared to vehicle or

either drug in isolation. This combination treatment

also completely blocked conditioned reinstatement of

(a) 10000

7500

5000

2500

0

D
is

ta
n

ce
 (

cm
)

Hab1 Hab2 Hab3
Treatment

Veh S0.5M0.25

2500

2000

1500

1000

500

0

(b)

D
is

ta
n

ce
 (

cm
)

5 10 15 20 25 30

Time bin (min)

(c)
125

100

75

50

25

0
Hab1 Hab2 Hab3

Treatment
Veh S0.5M0.25

E
n

tr
ie

s

(d) 35

30

25

20

15

10

5

0

E
n

tr
ie

s

5 10 15 20 25 30

Time bin (min)

Figure 4. Locomotor effects of SCH 58261 co-administered with MTEP in iP rats (n=10). The co-administration of SCH 58261

(0.5 mg/kg i.p. 30 min prior) andMTEP (0.25 mg/kg i.p. 20 min prior) produced no significant locomotor effects on iP rats. Hab,

Habituation session. (a) Total distance moved; (b) distance moved time-course ; (c) total vertical plane entries (rearing) ;

(d) vertical plane time course. Veh/%, Vehicle ; S0.5M0.25/$, SCH 58261 (0.5 mg/kg i.p.) and MTEP (0.25 mg/kg).
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alcohol-seeking driven by the presentation of cues

previously associated with the availability of alcohol.

In contrast, at least in the paradigms employed, we

found no support for interactions between adenosine

A1 and A2A receptors, or A1 and mGlu5 receptors,

suggesting this reduction in alcohol self-

administration and alcohol-seeking behaviour was

specific to an interaction between A2A and mGlu5 re-

ceptors. These data therefore provide a clear rationale

for the development of therapeutic approaches simul-

taneously targeting these receptor proteins.

The increase in the latency to the first lever-press

following combined treatment with SCH 58261 and

MTEP under FR3 conditions (almost a 5-min increase,

one sixth of the total session length) indicates the re-

sultant reductions in ethanol-seeking are not mediated

by a post-ingestive mechanism, but rather suggests a

reduced motivation to seek out and engage in ethanol-

seeking behaviour. This was also evident in the

conditioned reinstatement paradigm where cues pre-

viously paired with availability of ethanol were re-

presented after a period of extinction. Given that the

rats were not sedated and therefore capable of com-

pleting the instrumental task, these data provide

strong evidence that co-administration of SCH 58261

and MTEP can dampen the salience of alcohol-related

cues and thereby reduce alcohol-seeking.

Immunohistochemical localization of receptors in-

dicates dense staining of A2A receptors throughout

the striatum (Ongini and Fredholm, 1996; Rosin et al.,

1998) and similarly strong staining of the mGlu5 re-

ceptor in the same area (Shigemoto et al., 1993). A2A

receptors have been localized to striatopallidal GABA-

containing neurons expressing enkephalin and dopa-

mine D2 receptors (Ongini and Fredholm, 1996) whilst

mGlu5 receptors are expressed more widely, occur-

ring on striatonigral, striatopallidal and striatal inter-

neurons (Tallaksen-Greene et al., 1998). Metabotropic

glutamate receptors including the mGlu5 receptor

are commonly found in a homodimeric, disulphide-

bridged complex. This complex appears to exhibit a

biphasic response in that binding of an agonist to one

receptor in the homodimeric complex causes some

activation, but binding to both receptors is required to

fully activate the receptor (Kniazeff et al., 2004). It is

possible that a similar situation exists when consider-

ing an mGlu5–A2A heterodimeric receptor complex.

Tonic activation of the A2A receptor by endogenous

adenosine may cause an mGlu5 receptor agonist (i.e.

glutamate), at relatively low concentrations, to fully

activate the complex.

Cue-controlled drug-seeking involves the basal

ganglia (Vanderschuren et al., 2005), and reinstatement

of drug-seeking appears to be mediated via activation

of corticostriatal glutamatergic inputs to the basal

ganglia (Kalivas and McFarland, 2003). In concert

with this, alcohol-seeking can be regulated by

glutamate receptor antagonists (Backstrom et al., 2004;

Backstrom and Hyytia, 2004 ; Sanchis-Segura et al.,

2006 ; Vengeliene et al., 2005) and transgenic mice with

excessive glutamate levels within the striatum con-

sume large amounts of alcohol (Spanagel et al., 2005).

It would therefore appear that under the conditions of

a cue-induced reinstatement, prior co-administration

of SCH 58261 and MTEP may prevent the cue-elicited

release of glutamate, attenuate the ability of glutamate

to bind to receptors on medium spiny neurons and/or

pharmacologically interfere with the downstream sig-

nalling caused by glutamate release. The interaction

produced by combined antagonism of adenosine A2A

and glutamate mGlu5 receptors in this regard is con-

sistent with the existence of heterodimeric complexes

within the basal ganglia (Ferre et al., 2002).

While future studies will undoubtedly examine

these issues, a possible mechanism could involve a

synergistic interaction between mGlu5 and A2A re-

ceptors to reduce the signalling efficacy of corticos-

triatal afferent synapses within the basal ganglia.

Thus, in the context of reinstatement, ERK signalling

within the basal ganglia has been defined as a mol-

ecular substrate for drug-paired contextual cue mem-

ories (Miller and Marshall, 2005). In rats, stimulation

of corticostriatal afferents activate glutamatergic

synapses within the basal ganglia resulting in phos-

phorylation of ERK and the Glu1 receptor subunit ;

this can be prevented by pharmacological blockade of

adenosine A2A receptors (Quiroz et al., 2006). Whether

heterodimeric A2A–mGlu5 receptor complexes can

synergize to regulate plasticity of the corticostriatal

glutamate synapse awaits confirmation. Nevertheless,

our data provide clear functional evidence of a bio-

logically relevant interaction between these two recep-

tor proteins to regulate cue-induced alcohol-seeking.

Our findings are in general agreement with other

behavioural reports of a ‘synergistic ’ interaction be-

tween mGlu5 and A2A receptors, although to date the

majority of studies have been focused on Parkinson-

ian syndromes. Akinetic symptoms of bilaterally

6-hydroxy-dopamine lesioned rats were improved

with combinations of ‘ ineffective’, or subthreshold,

doses of mGlu5 and A2A receptor antagonists (Coc-

curello et al., 2004). Kachroo et al. (2005) found loco-

motor stimulation evoked in reserpinized mice via co-

administration of A2A and mGlu5 receptor antagonists

was ‘synergistic ’ in nature. This effect could not be

replicated in mice devoid of the A2A receptor. Notably,

236 C. L. Adams et al.



we did not observe any significant change in loco-

motor activity between antagonist and vehicle-treated

groups, probably due to the low doses of individual

drugs.

While MTEP has been shown to acutely reduce op-

erant responding for food in rats (Varty et al., 2005),

this effect was noted with a dose of MTEP four times

higher than used in the present study. Moreover, do-

ses of >3 mg/kg (compared to 0.25 mg/kg in the

present study) were required to reduce night-time

feeding in rats (Bradbury et al., 2005). Similarly, high

doses of A2A receptor antagonists are required to re-

duce feeding in rats (Nagel et al., 2003), while con-

sumption of sucrose (Naassila et al., 2002) and

saccharin (Short et al., 2006) are normal in mice lacking

adenosine A2A receptors. Under FR3 conditions, there

was no effect of co-administration of SCH 58261 and

MTEP on water responding; however, during cue-

induced reinstatement a small reduction of water

lever-pressing was evident. This probably reflects a

generalized reduction in non-specific drug-seeking

behaviour rather than an anti-dipsogenic effect.

However, this could be confirmed in future experi-

ments by associating the second lever with the de-

livery of negative reinforcer such a quinine solution

(cf. Backstrom and Hyytia, 2004), rather than the more

neutral water used in the present study.

Adenosine A1 receptors have been shown to be in-

volved in some of the effects of ethanol within the

brain. Rapid tolerance to ethanol measured via rota-

rod performance in Swiss mice has been prevented

by acute A1 receptor antagonist administration

(Batista et al., 2005), which also attenuated handling-

stimulated withdrawal hyperlocomotion in CD1 mice

(Kaplan et al., 1999). To examine the possibility that

A1 receptors may potentially interact with either A2A

or mGlu5 receptors, experiments were conducted

with DPCPX, a selective A1 antagonist. Ethanol self-

administration in iP rats was attenuated by DPCPX

(0.5 mg/kg i.p.), although no effect on latency to the

first reinforced reward was observed in contrast to

the effect of SCH 58261. On the surface, it may

appear difficult to explain why receptors of the same

family with opposing effects on intracellular cAMP

(Fredholm et al., 2000) produce similar effects in

an ethanol self-administration, operant paradigm.

Interestingly however, adenosine A1 receptors are

capable of exerting modulatory influence over both

adenosine and dopamine receptor signalling within

the striatum. Recent studies have suggested that acti-

vation of adenosine A1 receptors decreases dopamine

D2 receptor activity and thereby disinhibits adenosine

A2A receptor signalling (Yabuuchi et al., 2006). If this is

the case, then antagonism of adenosine A1 receptors

could ultimately cause the opposite, which would be

consistent with our observations. Alternatively, the

anatomic loci where adenosine A1 receptor antagon-

ism results in reduced operant self-administration of

alcohol could be extra-striatal (given the widespread

distribution of A1 receptors). Adenosine A1 and A2A

receptor antagonists have similar effects in relation to

the discriminative-stimulus properties of psychosti-

mulants in rats (Justinova et al., 2003). Whilst in

Long–Evans rats antagonism of adenosine A1 re-

ceptors has no effect on operant responding for alcohol

(Arolfo et al., 2004), iP rats are an inbred strain of al-

cohol-preferring rats that may differ from out-bred

rats in many ways. A subthreshold dose of DPCPX

(0.25 mg/kg i.p.) coupled with a subthreshold dose of

the mGlu5 receptor antagonist MTEP (0.25 mg/kg

i.p.), or the A2A receptor antagonist SCH 58261

(0.5 mg/kg i.p.) produced no significant effects on

ethanol self-administration, nor was the session time-

course or latency to the first reward altered. These data

are indicative of specificity, at least in this paradigm,

between mGlu5 and A2A receptors in relation to

ethanol self-administration and/or ethanol seeking.

Further study is required to examine this receptor in-

teraction in more detail. Of particular interest is the

specificity of our observation with low doses of SCH

58261 and MTEP in combination. For example, would

this drug combination alter self-administration of a

highly palatable food reinforcer (e.g. sucrose), or an-

other drug reinforcer (e.g. cocaine)? In addition, it

remains to be established whether this combination

of drugs would also be effective in reducing drug-

priming or stress-induced reinstatement.

In summary, we have demonstrated for the first

time a significant interaction between a mGlu5 and

A2A receptor antagonist (at individually subthreshold

doses) which produces a marked reduction in

ethanol self-administration, and effectively blocks cue-

induced reinstatement of ethanol seeking. These ef-

fects are specific and do not involve sedation. Due to

the low doses of individual drugs used, off-target ef-

fects are minimized. This may prove an excellent locus

for novel pharmacotherapeutic strategies to address

the problem of alcoholism, and possibly other forms of

drug abuse.

Acknowledgements

Founder iP rats were supplied by Professor T. K. Li

(while at Indiana University, Indianapolis). Funded

by a programme grant (236805) from the NHMRC

Australia of which A.J.L. is a Senior Research Fellow.

mGlu5 and A2A receptor interaction and alcohol-seeking 237



Statement of Interest

None.

References

Agnati LF, Ferre S, Lluis C, Franco R, Fuxe K (2003).

Molecular mechanisms and therapeutical implications of

intramembrane receptor/receptor interactions among

heptahelical receptors with examples from the

striatopallidal GABA neurons. Pharmacological Reviews

55, 509–550.

Anderson JJ, Rao SP, Rowe B, Giracello DR, Holtz G,

Chapman DF, Tehrani L, Bradbury MJ, Cosford ND,

Varney MA (2002). [3H]Methoxymethyl-3-[(2-methyl-1,3-

thiazol-4-yl)ethynyl]pyridine binding to metabotropic

glutamate receptor subtype 5 in rodent brain : in vitro and

in vivo characterization. Journal of Pharmacology and

Experimental Therapeutics 303, 1044–1051.

Anton RF (2001). Pharmacologic approaches to the

management of alcoholism. Journal of Clinical Psychiatry

62 (Suppl. 20), 11–17.

Aoki T, Narita M, Shibasaki M, Suzuki T (2004).

Metabotropic glutamate receptor 5 localized in the

limbic forebrain is critical for the development of

morphine-induced rewarding effect in mice. European

Journal of Neuroscience 20, 1633–1638.

Arolfo MP, Yao L, Gordon AS, Diamond I, Janak PH (2004).

Ethanol operant self-administration in rats is regulated by

adenosine A2 receptors. Alcoholism: Clinical and

Experimental Research 28, 1308–1316.

Backstrom P, Bachteler D, Koch S, Hyytia P, Spanagel R

(2004). mGluR5 antagonist MPEP reduces ethanol-seeking

and relapse behavior. Neuropsychopharmacology 29,

921–928.

Backstrom P, Hyytia P (2004). Ionotropic glutamate receptor

antagonists modulate cue-induced reinstatement of

ethanol-seeking behavior. Alcoholism: Clinical and

Experimental Research 28, 558–565.

Baldo BA, Koob GF, Markou A (1999). Role of adenosine A2

receptors in brain stimulation reward under baseline

conditions and during cocaine withdrawal in rats. Journal

of Neuroscience 19, 11017–11026.

Balschun D, Wetzel W (2002). Inhibition of mGluR5 blocks

hippocampal LTP in vivo and spatial learning in rats.

Pharmacology Biochemistry and Behavior 73, 375–380.

Batista LC, Prediger RD, Morato GS, Takahashi RN (2005).

Blockade of adenosine and dopamine receptors inhibits the

development of rapid tolerance to ethanol in mice.

Psychopharmacology (Berlin) 181, 714–721.

Bradbury MJ, Campbell U, Giracello D, Chapman D, King

C, Tehrani L, Cosford ND, Anderson J, Varney MA,

Strack AM (2005). Metabotropic glutamate receptor

mGlu5 is a mediator of appetite and energy balance in rats

and mice. Journal of Pharmacology and Experimental

Therapeutics 313, 395–402.

Brodkin J, Busse C, Sukoff SJ, Varney MA (2002).

Anxiolytic-like activity of the mGluR5 antagonist

MPEP: A comparison with diazepam and buspirone.

Pharmacology Biochemistry and Behavior 73, 359–366.

Busse CS, Brodkin J, Tattersall D, Anderson JJ, Warren N,

Tehrani L, Bristow LJ, Varney MA, Cosford ND (2004).

The behavioral profile of the potent and selective mGlu5

receptor antagonist 3-[(2-methyl-1,3-thiazol-4-yl)

ethynyl]pyridine (MTEP) in rodent models of anxiety.

Neuropsychopharmacology 29, 1971–1979.

Choi D-S, Cascini M-G, Mailliard W, Young H, Paredes P,

McMahon T, Diamond I, Bonci A, Messing RO (2004).

The type 1 equilibrative nucleoside transporter regulates

ethanol intoxication and preference. Nature Neuroscience 7,

855–861.

Ciruela F, Casado V, Rodrigues RJ, Lujan R, Burgueno J,

Canals M, Borycz J, Rebola N, Goldberg SR, Mallol J,

et al. (2006a). Presynaptic control of striatal glutamatergic

neurotransmission by adenosine A1-A2A receptor

heteromers. Journal of Neuroscience 26, 2080–2087.

Ciruela F, Ferre S, Casado V, Cortes A, Cunha RA, Lluis C,

Franco R (2006b). Heterodimeric adenosine receptors : a

device to regulate neurotransmitter release. Cellular and

Molecular Life Sciences 63, 2427–2431.

Coccurello R, Breysse N, Amalric M (2004). Simultaneous

blockade of adenosine A2A and metabotropic glutamate

mGlu5 receptors increase their efficacy in reversing

Parkinsonian deficits in rats. Neuropsychopharmacology 29,

1451–1461.

Conn PJ, Pin JP (1997). Pharmacology and functions of

metabotropic glutamate receptors. Annual Review of

Pharmacology and Toxicology 37, 205–237.

Cosford ND, Tehrani L, Roppe J, Schweiger E, Smith ND,

Anderson J, Bristow L, Brodkin J, Jiang X, McDonald I,

et al. (2003). 3-[(2-Methyl-1,3-thiazol-4-yl)ethynyl]-

pyridine : a potent and highly selective metabotropic

glutamate subtype 5 receptor antagonist with anxiolytic

activity. Journal of Medicinal Chemistry 46, 204–206.

Cowen MS, Adams C, Kraehenbuehl T, Vengeliene V,

Lawrence AJ (2005a). The acute anti-craving effect of

acamprosate in alcohol-preferring rats is associated with

modulation of the mesolimbic dopamine system. Addiction

Biology 10, 233–242.

Cowen MS, Djouma E, Lawrence AJ (2005b). The mGlu5

antagonist MTEP reduces ethanol self-administration

in multiple strains of alcohol-preferring rats and regulates

olfactory glutamatergic systems. Journal of Pharmacology

and Experimental Therapeutics 315, 590–600.

Cowen MS, Krstew E, Lawrence AJ (2007). Assessing

appetitive and consummatory phases of ethanol self-

administration in C57BL/6J mice under operant

conditions : regulation by mGlu5 receptor antagonism.

Psychopharmacology 190, 21–29.

El Yacoubi M, Costentin J, Vaugeois JM (2003). Adenosine

A2A receptors and depression. Neurology 61 (Suppl. 6),

S82–87.

El Yacoubi M, Ledent C, Parmentier M, Bertorelli R, Ongini

E, Costentin J, Vaugeois JM (2001a). Adenosine A2A

receptor antagonists are potential antidepressants :

evidence based on pharmacology and A2A

238 C. L. Adams et al.



receptor knockout mice. British Journal of Pharmacology

134, 68–77.

El Yacoubi M, Ledent C, Parmentier M, Daoust M,

Costentin J, Vaugeois J (2001b). Absence of the adenosine

A(2A) receptor or its chronic blockade decrease ethanol

withdrawal-induced seizures in mice. Neuropharmacology

40, 424–432.

Ferre S, Karcz-Kubicha M, Hope BT, Popoli P, Burgueno J,

Gutierrez MA, Casado V, Fuxe K, Goldberg SR, Lluis C,

et al. (2002). Synergistic interaction between adenosine

A2A and glutamate mGlu5 receptors : implications for

striatal neuronal function. Proceedings of the National

Academy of Sciences USA 99, 11940–11945.

Fredholm BB, Arslan G, Halldner L, Kull B, Schulte G,

Wasserman W (2000). Structure and function of adenosine

receptors and their genes. Naunyn-Schmiedeberg’s Archives

of Pharmacology 362, 364–374.

Garbutt JC, West SL, Carey TS, Lohr KN, Crews FT (1999).

Pharmacological treatment of alcohol dependence : a

review of the evidence. Journal of the American Medical

Association 281, 1318–1325.

Hermans E, Challiss RA (2001). Structural, signalling

and regulatory properties of the group I

metabotropic glutamate receptors : prototypic family C

G-protein-coupled receptors. Biochemistry Journal 359,

465–484.

Hodge CW, Miles MF, Sharko AC, Stevenson RA,

Hillmann JR, Lepoutre V, Besheer J, Schroeder JP (2006).

The mGluR5 antagonist MPEP selectively inhibits the

onset and maintenance of ethanol self-administration in

C57BL/6J mice. Psychopharmacology 183, 429–438.

Jin S, Johansson B, Fredholm BB (1993). Effects of adenosine

A1 and A2 receptor activation on electrically evoked

dopamine and acetylcholine release from rat striatal slices.

Journal of Pharmacology and Experimental Therapeutics 267,

801–808.

Justinova Z, Ferre S, Segal PN, Antoniou K, Solinas M,

Pappas LA, Highkin JL, Hockemeyer J, Munzar P,

Goldberg SR (2003). Involvement of adenosine A1 and

A2A receptors in the adenosinergic modulation of the

discriminative-stimulus effects of cocaine and

methamphetamine in rats. Journal of Pharmacology and

Experimental Therapeutics 307, 977–986.

Kachroo A, Orlando LR, Grandy DK, Chen J-F, Young AB,

Schwarzschild MA (2005). Interactions between

metabotropic glutamate 5 and adenosine A2A receptors in

normal and parkinsonian mice. Journal of Neuroscience 25,

10414–10419.

Kalivas PW, McFarland K (2003). Brain circuitry and the

reinstatement of cocaine-seeking behavior.

Psychopharmacology (Berlin) 168, 44–56.

Kaplan GB, Bharmal NH, Leite-Morris KA, Adams WR

(1999). Role of adenosine A1 and A2A receptors in the

alcohol withdrawal syndrome. Alcohol 19, 157–162.

Kenny PJ, Boutrel B, Gasparini F, Koob GF, Markou A

(2005). Metabotropic glutamate 5 receptor blockade may

attenuate cocaine self-administration by decreasing brain

reward function in rats. Psychopharmacology 179, 247–254.

Klodzinska A, Tatarczynska E, Chojnacka-Wojcik E,

Nowak G, Cosford ND, Pilc A (2004). Anxiolytic-like

effects of MTEP, a potent and selective mGlu5 receptor

agonist does not involve GABA(A) signaling.

Neuropharmacology 47, 342–350.

Kniazeff J, Bessis AS, Maurel D, Ansanay H, Prezeau L, Pin

JP (2004). Closed state of both binding domains of

homodimeric mGlu receptors is required for full activity.

Nature Structural and Molecular Biology 11, 706–713.

Kranzler HR, Van Kirk J (2001). Efficacy of naltrexone and

acamprosate for alcoholism treatment : a meta-analysis.

Alcoholism: Clinical and Experimental Research 25, 1335–1341.

Kull B, Ferre S, Arslan G, Svenningsson P, Fuxe K, Owman

C, Fredholm BB (1999). Reciprocal interactions between

adenosine A2A and dopamine D2 receptors in Chinese

hamster ovary cells co-transfected with the two receptors.

Biochemical Pharmacology 58, 1035–1045.

Lawrence AJ, Cowen MS, Yang HJ, Chen F, Oldfield B

(2006). The orexin system regulates alcohol-seeking in rats.

British Journal of Pharmacology 148, 752–759.

Ledent C, Vaugeois JM, Schiffmann SN, Pedrazzini T,

El Yacoubi M, Vanderhaeghen JJ, Costentin J, Heath JK,

Vassart G, Parmentier M (1997). Aggressiveness,

hypoalgesia and high blood pressure in mice lacking the

adenosine A2A receptor. Nature 388, 674–678.

Li X, Need AB, Baez M, Witkin JM (2006). Metabotropic

glutamate 5 receptor antagonism is associated with

antidepressant-like effects in mice. Journal of Pharmacology

and Experimental Therapeutics 319, 254–259.

Liang JH, Chen F, Krstew E, Cowen MS, Carroll FY,

Crawford D, Beart PM, Lawrence AJ (2006). The GABA(B)

receptor allosteric modulator CGP7930, like baclofen,

reduces operant self-administration of ethanol in alcohol-

preferring rats. Neuropharmacology 50, 632–639.

Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, Wojtowicz

JM, Roder JC (1997). Mice lacking metabotropic glutamate

receptor 5 show impaired learning and reduced CA1 long-

term potentiation (LTP) but normal CA3 LTP. Journal of

Neuroscience 17, 5196–5205.

McBride WJ, Li TK (1998). Animal models of alcoholism:

neurobiology of high alcohol-drinking behavior in rodents.

Critical Reviews in Neurobiology 12, 339–369.

Mcgeehan AJ, Olive MF (2003). The anti-relapse compound

acamprosate inhibits the development of a conditioned

place preference to ethanol and cocaine but not morphine.

British Journal of Pharmacology 138, 9–12.

McKinzie DL, Nowak KL, Yorger L, McBride WJ, Murphy

JM, Lumeng L, Li TK (1998). The alcohol deprivation effect

in the alcohol-preferring P rat under free-drinking and

operant access conditions. Alcoholism: Clinical and

Experimental Research 22, 1170–1176.

McPherson CS, Lawrence AJ (2006). Exposure to

amphetamine in rats during periadolescence establishes

behavioural and extrastriatal neural sensitization in

adulthood. International Journal of Neuropsychopharmacology

9, 377–392.

Meng ZH, Anwer J, Dar MS (1997). The striatal

adenosinergic modulation of ethanol-induced motor

mGlu5 and A2A receptor interaction and alcohol-seeking 239



incoordination in rats : possible role of chloride flux. Brain

Research 776, 235–245.

Miller CA, Marshall JF (2005). Molecular substrates for

retrieval and reconsolidation of cocaine-associated

contextual memory. Neuron 47, 873–884.

Murphy JM, Stewart RB, Bell RL, Badia-Elder NE, Carr LG,

McBride WJ, Lumeng L, Li T-K (2002). Phenotypic and

genotypic characterization of the Indiana University rat

lines selectively bred for high and low alcohol preference.

Behavior Genetics 32, 363–388.

Naassila M, Ledent C, Daoust M (2002). Low ethanol

sensitivity and increased ethanol consumption in mice

lacking adenosine A2A receptors. Journal of Neuroscience 22,

10487–10493.

Nagel J, Schladebach H, Koch M, Schwienbacher I, Muller

CE, HauberW (2003). Effects of an adenosine A2A receptor

blockade in the nucleus accumbens on locomotion,

feeding, and prepulse inhibition in rats. Synapse 49,

279–286.

National Institute on Alcohol Abuse and Alcoholism (2004).

Alcholism, Getting the Facts. Bethesda, MD: National

Institute of Health.

Nishi A, Liu F, Matsuyama S, Hamada M, Higashi H, Nairn

AC, Greengard P (2003). Metabotropic mGlu5 receptors

regulate adenosine A2A receptor signaling. Proceedings of

the National Academy of Sciences USA 100, 1322–1327.

Olive MF, McGeehan AJ, Kinder JR, McMahon T, Hodge

CW, Janak PH, Messing RO (2005). The mGluR5

antagonist 6-methyl-2-(phenylethynyl)pyridine decreases

ethanol consumption via a protein kinase C

epsilon-dependent mechanism. Molecular Pharmacology

67, 349–355.

Ongini E, Fredholm BB (1996). Pharmacology of adenosine

A2A receptors. Trends in Pharmacological Sciences 17,

364–372.

Patel S, Krause SM, Hamill T, Chaudhary A, Burns DH,

Gibson RA (2003). In vitro characterization of

[3H]MethoxyPyEP, an mGluR5 selective radioligand. Life

Sciences 73, 371–379.

Paterson NE, Semenova S, Gasparini F, Markou A (2003).

The mGluR5 antagonist MPEP decreased nicotine

self-administration in rats and mice. Psychopharmacology

(Berlin) 167, 257–264.

Pilc A, Klodzinska A, Branski P, Nowak G, Palucha A,

Szewczyk B, Tatarczynska E, Chojnacka-Wojcik E,

Wieronska JM (2002). Multiple MPEP administrations

evoke anxiolytic- and antidepressant-like effects in rats.

Neuropharmacology 43, 181–187.

Quiroz C, Gomes C, Pak AC, Ribeiro JA, Goldberg SR,

Hope BT, Ferre S (2006). Blockade of adenosine A2A

receptors prevents protein phosphorylation in the striatum

induced by cortical stimulation. Journal of Neuroscience 26,

10808–10812.

Rodd-Henricks ZA, McKinzie DL, Murphy JM, McBride

WJ, Lumeng L, Li TK (2000). The expression of an alcohol

deprivation effect in the high-alcohol-drinking replicate rat

lines is dependent on repeated deprivations. Alcoholism:

Clinical and Experimental Research 24, 747–753.

Rodrigues RJ, Alfaro TM, Rebola N, Oliveira CR, Cunha

RA (2005). Co-localization and functional interaction

between adenosine A and metabotropic group 5 receptors

in glutamatergic nerve terminals of the rat striatum. Journal

of Neurochemistry 92, 433–441.

Rosin DL, Robeva A, Woodard RL, Guyenet PG, Linden J

(1998). Immunohistochemical localization of adenosine

A2A receptors in the rat central nervous system. Journal of

Comparative Neurology 401, 163–186.

Samson HH, Files FJ, Denning C, Marvin S (1998).

Comparison of alcohol-preferring and nonpreferring

selectively bred rat lines. Alcoholism : Clinical and

Experimental Research 22, 2133–2146.

Samson HH, Pfeffer AO, Tolliver GA (1988). Oral ethanol

self-administration in rats : models of alcohol-seeking

behavior. Alcoholism: Clinical and Experimental Research

12, 591–598.

Sanchis-Segura C, Borchardt T, Vengeliene V, Zghoul T,

Bachteler D, Gass P, Sprengel R, Spanagel R (2006).

Involvement of the AMPA receptor GluR-C subunit in

alcohol-seeking behavior and relapse. Journal of

Neuroscience 26, 1231–1238.

Schroeder JP, Overstreet DH, Hodge CW (2005). The

mGluR5 antagonist MPEP decreases operant ethanol

self-administration during maintenance and after repeated

alcohol deprivations in alcohol-preferring (P) rats.

Psychopharmacology (Berlin) 179, 262–270.

Shigemoto R, Nomura S, Ohishi H, Sugihara H,

Nakanishi S, Mizuno N (1993). Immunohistochemical

localization of a metabotropic glutamate receptor,

mGluR5, in the rat brain. Neuroscience Letters 163,

53–57.

Short JL, Drago J, Lawrence AJ (2006). Comparison of

ethanol preference and neurochemical measures of

mesolimbic dopamine and adenosine systems across

different strains of mice. Alcoholism: Clinical and

Experimental Research 30, 606–620.

Sihver W, Bier D, Holschbach MH, Schulze A, Wutz W,

Olsson RA, Coenen HH (2004). Binding of tritiated and

radioiodinated ZM241,385 to brain A2A adenosine

receptors. Nuclear Medicine & Biology 31, 173–177.

Soria G, Castane A, Ledent C, Parmentier M, Maldonado R,

Valverde O (2006). The lack of A2A adenosine receptors

diminishes the reinforcing efficacy of cocaine.

Neuropsychopharmacology 31, 978–987.

Spanagel R, Pendyala G, Abarca C, Zghoul T,

Sanchis-Segura C, Magnone MC, Lascorz J, Depner M,

Holzberg D, Soyka M, et al. (2005). The clock gene Per2

influences the glutamatergic system and modulates

alcohol consumption. Nature Medicine 11, 35–42.

Spooren WP, Vassout A, Neijt HC, Kuhn R, Gasparini F,

Roux S, Porsolt RD, Gentsch C (2000). Anxiolytic-like

effects of the prototypical metabotropic glutamate receptor

5 antagonist 2-methyl-6-(phenylethynyl)pyridine in

rodents. Journal of Pharmacology and Experimental

Therapeutics 295, 1267–1275.

Swift RM (1999). Drug therapy for alcohol dependence.

New England Journal of Medicine 340, 1482–1490.

240 C. L. Adams et al.



Tallaksen-Greene SJ, Kaatz KW, Romano C, Albin RL

(1998). Localization of mGluR1a-like immunoreactivity

and mGluR5-like immunoreactivity in identified

populations of striatal neurons. Brain Research 780,

210–217.

Tatarczynska E, Klodzinska A, Chojnacka-Wojcik E,

Palucha A, Gasparini F, Kuhn R, Pilc A (2001). Potential

anxiolytic- and antidepressant-like effects of MPEP, a

potent, selective and systemically active mGlu5

receptor antagonist. British Journal of Pharmacology 132,

1423–1430.

Tessari M, Pilla M, Andreoli M, Hutcheson DM,

Heidbreder CA (2004). Antagonism at metabotropic

glutamate 5 receptors inhibits nicotine- and cocaine-taking

behaviours and prevents nicotine-triggered relapse to

nicotine-seeking. European Journal of Pharmacology 499,

121–133.

Vanderschuren LJ, Di Ciano P, Everitt BJ (2005).

Involvement of the dorsal striatum in cue-controlled

cocaine seeking. Journal of Neuroscience 25, 8665–8670.

Varty GB, Grilli M, Forlani A, Fredduzzi S, Grzelak ME,

Guthrie DH, Hodgson RA, Lu SX, Nicolussi E, Pond AJ,

et al. (2005). The antinociceptive and anxiolytic-like effects

of the metabotropic glutamate receptor 5 (mGluR5)

antagonists, MPEP and MTEP, and the mGluR1

antagonist, LY456236, in rodents : a comparison of efficacy

and side-effect profiles. Psychopharmacology (Berlin) 179,

207–217.

Vengeliene V, Bachteler D, Danysz W, Spanagel R (2005).

The role of the NMDA receptor in alcohol relapse : a

pharmacological mapping study using the alcohol

deprivation effect. Neuropharmacology 48, 822–829.

Waller MB, McBride WJ, Lumeng L, Li TK (1983). Initial

sensitivity and acute tolerance to ethanol in the P and NP

lines of rats.. Pharmacology Biochemistry and Behavior 19,

683–686.

WHO (2001). A Summary of Global Status Report on Alcohol.

Geneva : World Health Organization.

Yaar R, Jones MR, Chen JF, Ravid K (2005). Animal models

for the study of adenosine receptor function. Journal of

Cellular Physiology 202, 9–20.

Yabuuchi K, Kuroiwa M, Shuto T, Sotogaku N, Snyder GL,

Higashi H, Tanaka M, Greengard P, Nishi A (2006). Role

of adenosine A1 receptors in the modulation of dopamine

D1 and adenosine A2A receptor signaling in the

neostriatum. Neuroscience 141, 19–25.

Yao L, McFarland K, Fan P, Jiang Z, Ueda T, Diamond I

(2006). Adenosine A2a blockade prevents synergy

between mu-opiate and cannabinoid CB1 receptors and

eliminates heroin-seeking behavior in addicted rats.

Proceedings of the National Academy of Sciences USA 103,

7877–7882.

mGlu5 and A2A receptor interaction and alcohol-seeking 241


