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Abstract:

We examined neuroadaptive changes in GABAB receptor binding following reinstatement of cocaine-seeking behavior in rat brain

structures using a “yoked” procedure and quantitative autoradiographic analysis. To estimate the distribution of GABAB receptors in

several brain areas, we used [3H]CGP 54626, a GABAB receptor antagonist. The binding of [3H]CGP 54626 in the nucleus accum-

bens and the amygdaloid complex was decreased by about 20% in rats that actively administered cocaine. Similar decreases were

seen in the animals that were passively administered cocaine; these rats also demonstrated decreased GABAB receptor binding in the

prefrontal and frontal cortices, septum and dorsal striatum. The binding of [3H]CGP 54626 in several rat brain areas was decreased

during 10-day withdrawal from self-administered cocaine. The cocaine-priming dose (10 mg/kg, ip) induced a significant increase

of [3H]CGP 54626 binding in the core of the nucleus accumbens, substantia nigra (reticular part), prefrontal and frontal cortices and

septum in rats withdrawn from cocaine self-administration. The presentation of the conditioned stimulus (tone + light) associated

with previous cocaine self-administration induced a significant decrease of [3H]CGP 54626 binding in the mediodorsal thalamic

nucleus and amygdaloid complex in the rats withdrawn from cocaine self-administration. Increases in GABAB receptor binding in

limbic regions during cocaine-induced reinstatement likely reflect motivational states that were present during active drug self-

administration.
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Introduction

Cocaine is one of the most powerful addictive sub-

stances in humans; its abusers are at a high risk of re-

lapse. The factors responsible for cocaine relapse are

not completely understood; however, research on hu-

mans provides evidence that relapse to cocaine use or

cocaine craving can be initiated by multiple triggers

including self-administered drug or drug-associated en-

vironmental cues [4, 5, 17]. In preclinical studies, re-

lapse can be modeled by a reinstatement procedure in

which laboratory animals are trained to self-admi-

nister drugs and then subjected to extinction training
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during which (in an operant version of this procedure)

lever presses are not reinforced with drugs. Reinstate-

ment of the extinguished lever response (the opera-

tional measure of drug-seeking) is then determined

for various conditions: non-contingent priming injec-

tions of the drug [6, 17], exposure to cues associated

with drug intake [14] or exposure to stress [8]. The re-

instatement model has substantial face validity for

modeling the activation of craving and arousal by en-

vironmentally conditioned stimuli in drug-dependent

individuals.

Recent human and rat studies suggest that �-am-

inobutyric acid (GABA)B ligands may be a promising

pharmacotherapy for cocaine addiction. In clinical tri-

als, baclofen, a GABAB receptor agonist, reduced co-

caine use in heavy cocaine addicts [19] and decreased

limbic activation during cue-induced cocaine craving

[2]. In preclinical behavioral studies, acute stimula-

tion of GABAB receptors by agonists or positive allo-

steric modulators decreases reinstatement of cocaine-

reinforced responding [3, 7, 9]. More recently, we

also demonstrated that tonic activation of GABAB re-

ceptors in rats is required for cocaine-seeking behav-

ior since the selective GABAB receptor antagonist

SCH 50911 effectively reduced cue-induced relapse

and attenuated cocaine-induced relapse [9]. GABAB

receptors seem to also facilitate neuroadaptations fol-

lowing cocaine exposure. Thus, chronic cocaine ad-

ministration decreases the functional coupling of

GABAB receptors in the rat ventral tegmental area

[13] as well as GABAB receptor functional respon-

siveness in the medial prefrontal cortex [12] and in

the dorsolateral septal nucleus [18]. We found that

GABAB receptor-selective radioligand binding was

decreased in several rat brain areas after 10-day with-

drawal from self-administered cocaine, but not from

passive cocaine administration [11].

In the present study, we wished to determine if ac-

tively self-administered cocaine produces any asso-

ciated neuroadaptations in brain GABAB receptors

during cocaine-seeking behavior. To investigate this

question, we used a quantitative autoradiographic

analysis. We employed a “yoked” procedure in

which each experimental animal was paired with

a rat serving as a “yoked” control. This “yoked” con-

trol received an injection of saline (which was not

contingent on responding) each time the paired rat

self-administered a response-contingent injection of

cocaine.

Materials and Methods

Animals

Male Wistar rats (280–300 g) delivered by a licensed

breeder (T. Górzkowska, Warszawa, Poland) were

housed individually in standard plastic rodent cages in

a colony room maintained at 20 ± 1°C and at 40–50%

humidity under a 12-h light-dark cycle (lights on at

6.00 a.m.). Animals had free access to food (Labofeed

pellets) and water during the 7-day habituation period.

Rats were then maintained on limited water during the

initial training sessions (see below). All experiments

were conducted during the light phase of the light-

dark cycle (between 8.00 a.m. – 3.00 p.m.) and were

carried out in accordance with the National Institutes

of Health Guide for the Care and Use of Laboratory

Animals and with approval of the Bioethics Commis-

sion as compliant with the Polish Law (21 August

1997). The animals were experimentally naive.

Behavioral experiments

Drug

Cocaine hydrochloride (National Institute on Drug

Abuse, RTI International, USA) was dissolved in ster-

ile 0.9% NaCl. Cocaine was given either iv (0.05 ml/

infusion) or ip (1 ml/kg).

Surgery

After one week in quarantine, animals were water-de-

prived for 18 h and then trained for 2 h daily to press

a lever for water reinforcement on a fixed ratio (FR)

1 schedule of reinforcement. On the third day of train-

ing, the number of responses required to produce rein-

forcement was increased to a final value of five

(a 5-response FR schedule of reinforcement). During

this phase of training, the amount of water that each

animal received was restricted to that given during

daily training sessions and after sessions for 10 min.

Two days following lever-press training and free ac-

cess to water, the rats were anesthetized with keta-

mine HCl (75 mg/kg, Bioketan; Biowet, Pu³awy,

Poland) and xylazine (5 mg/kg, Sedazin; Biowet,

Pu³awy, Poland) and chronically implanted with a si-

lastic catheter in the external jugular vein, as described

previously [10]. For catheter implantation, a guide
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cannula (C313G; Plastics One Inc., Wallingford, USA)

was attached to microrenathane tubing (MRE-040;

Sandown Chemicals Ltd., Hampton, UK) and poly-

propylene mesh (Bard Mesh; Davol Inc., Cranston,

USA) by dental cement; then, it was inserted under

the skin between the shoulder blades and exited the

skin via a dermal biopsy hole (3 mm). The other end

of the tubing was threaded under the skin, inserted

3 cm into the right jugular vein, and then sutured se-

curely to the underlying muscles. Catheters were

flushed each day with 0.1-ml saline solution contain-

ing heparin (70 U/ml) and 0.1-ml cephazolin solution

(10 mg/ml; Biochemie GmbH, Kundl, Austria). Cathe-

ter patency was tested periodically, or whenever an

animal displayed behavior outside baseline parame-

ters, with the ultrashort-acting barbiturate anesthetic

methohexital (10 mg/kg, iv) for loss of consciousness

within 5 s.

Apparatus

Cocaine self-administration experiments were con-

ducted in sixteen standard operant chambers (Med-

Associates, St. Albans, USA). Each chamber was

equipped with a 24-V house light (located on the ceil-

ing), two retractable levers on one wall, a water-filled

dispenser mounted equidistant between levers, a white

circular stimulus light illuminated by a 24-V bulb

above each lever and a tone generator. Lever pressing

on one of the levers (defined as “active”) resulted in

drug delivery to the animal when scheduled (FR 5) re-

quirements were met, whereas presses on the other

lever (defined as “inactive”) were recorded but not re-

inforced. Completion of each FR 5 requirement pro-

duced iv infusions of cocaine through liquid swivel

(Instech, Plymouth Meeting, USA) via an infusion

pump (Model 3.33 RPM, Med-Associates, St. Albans,

USA). The position of the “active” and “inactive” lev-

ers remained unchanged throughout the study. A house

light was on during the experimental sessions. The

operant chambers were enclosed in ventilated, sound-

attenuating cubicles (Med-Associates, St. Albans, USA)

and controlled by an IBM-compatible computer using

the MED Associates MED-PC software package.

Experimental procedures

The experimental design is shown in Table 1. Sepa-

rate groups of rats were trained to self-administer co-

caine (“self administration” group) and to reinstate

cocaine-seeking behavior by either cocaine alone or

by cue-following cocaine self-administration associ-

ated with the conditioned stimulus. A “yoked” proce-

dure was used in which rats were tested simultane-

ously in groups of two, with one rat actively self-

administering cocaine and the second receiving yoked

injections of saline.

Maintenance

After a 10-day post-surgery recovery period, all ani-

mals were deprived of water for 18 h and trained to

press the lever according to a FR 5 schedule of water

reinforcement over a 2-h session. Then, the subjects

were given access to cocaine during 2-h daily sessions

performed 6 days/week (maintenance); from that

time, they were given water ad libitum. The house

light was on throughout each session. Each comple-

tion of five presses on the “active” lever complex (FR

5 schedule) resulted in a 5-s infusion of cocaine (0.5

mg/kg per 0.1 ml) and 5-s presentation of a stimulus

complex (activation of the white stimulus light di-

rectly above the “active” lever together with activa-

tion of the tone generator, 2000 Hz; 15 dB above am-

bient noise levels). Following each injection, there

was a 20-s time-out period during which responding

was recorded but had no programmed consequences.

Response on the “inactive” lever never resulted in co-

caine delivery. Acquisition of the operant response

lasted a minimum of 10 days until subjects met the

following criteria: minimum requirement of 25 rein-

forcements with an average of 6 days and active lever

presses with an average of 6 consecutive days and

a standard deviation within those 6 days of < 10%.

These criteria were selected based on our prior experi-
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Tab. 1. Experimental design

Experimental design Group
number

Maintenance Extinction Reinstatement

Cocaine self-administration
(0.5 mg/kg/infusion)

“Yoked” saline

Saline

Saline

Cocaine
Saline

Cocaine
Saline

1
1a

1b
1c

Cocaine self-administration
(0.5 mg/kg/infusion)

“Yoked” saline

Saline

Saline

Cue
–

Cue
–

2
2a

2b
2c



ments [10]. Once stable rates of responding were es-

tablished, rats were subjected to extinction/reinstate-

ment sessions. During maintenance, subjects adminis-

tered an average of 15–18 mg/kg cocaine (iv) across

the 2 h session.

Extinction and reinstatement

During extinction sessions, subjects had 2-h daily

training sessions with no delivery of cocaine and no

presentation of the conditioned stimulus. Once they

reached the extinction criteria (a minimum of 10 ex-

tinction days with responses on the active lever below

10% of the level observed during at least three con-

secutive maintenance days), the separate groups of

rats were tested for response reinstatement induced by

a non-contingent presentation of the self-administered

reinforcer (cocaine, 10 mg/kg, ip) or by a discrete

contextual cue (tone + light previously paired with co-

caine self-administration). During the reinstatement

tests (2-h sessions), active lever presses on the FR 5

schedule resulted only in an iv injection of saline.

Quantitative GABAB receptor autoradiography

Immediately following behavioral experiments, rats

were killed by decapitation. The brains were rapidly

dissected and frozen by immersion in an n-heptane

dry-ice bath and stored at –70° C until sectioned.

Consecutive coronal sections (12 �m) were cut on

a cryostat (Leica CM 1850, Germany) at –22 ± 2°C

and were thaw-mounted on gelatin-coated slides. Five

coronal sections were mounted on a single slide and

stored at –70°C. The slides were kept at –20°C for

30 min and at room temperature for 45 min and then

preincubated for 15 min in Krebs-Henseleit buffer

(containing 120 mM NaCl, 6 mM glucose, 20 mM

Tris, 4.7 mM KCl, 1.8 mM CaCl2 2H2O, 1.2 mM

KH2PO4, 1.2 mM MgSO4, pH 7.4) as described pre-

viously [1, 16]. Total binding was performed by incu-

bating [3H]CGP 54626 (American Radiolabeled Chemi-

cals, USA; specific activity: 50 Ci/mmol; 2.4 nM) for

2 h at room temperature in the same buffer with the

appropriate tissue sections. To determine the extent of

nonspecific binding, parallel sections were incubated

in the presence of 10–2 M GABA (Tocris Cookson,

Bristol, UK), which completely blocked nonspecific

binding. Following the incubation period, tissue sec-

tions were washed twice in ice-cold (4°C) Krebs-

Henseleit buffer for 30 s and twice in distilled water

for 30 s and then dried with cool air.

Radiolabeled dried tissue sections were exposed to

tritium-sensitive screens (3H-Fujifilm imaging plates;

Bas-TR2025, Fuji Photo Film, Tokyo, Japan) for

10 days at room temperature. Quantitative analysis was

performed using the MCID image-processing system

(Imaging Research, Brock University, Canada). Optical

densities of gray values on the film were converted

into bound radioactivity with a polynomial regression

curve derived from autoradiographic [3H]microscales

(RPA 510, Amersham, UK) used as calibration mark-

ers. Data (fmol/mg tissue) are expressed as a mean of

the percentage of the control level ± SEM shown in

Table 2, for 6–8 animals per group. Signal binding

was analyzed in several brain areas (Fig. 1, 2), which

were identified by comparing autoradiographic im-

ages with appropriate figures from the rat brain atlas

of Paxinos and Watson [15]. For each brain structure,

data were collected from at least four sections per ani-

mal, bilaterally.

Statistical analyses

In behavioral experiments, the number of responses

on the active and inactive lever were analyzed using

paired Student’s t-test or two-way analysis of variance

(ANOVA) for repeated measures. Post-hoc Newman-

Keuls’ test was performed to locate differences be-

tween group means. The criterion for statistically sig-

nificant differences was set at p < 0.05.

In autoradiagraphic analyses, optical densities (con-

verted into bound radioactivity) were analyzed using

a one- or two-way ANOVA. Post-hoc Dunnett’s or

Newman-Keuls’ tests were performed to locate differ-

ences between group means. The criterion for statisti-

cally significant differences was set at p < 0.05.

Results

Behavioral experiments

Animals that self-administered cocaine (see Tab. 1)

showed stable responses rates during the last six self-

administration sessions, with less than 10% variabil-

ity in daily cocaine intake. The mean cocaine infu-

sions (± SEM) per day during the last six self-
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administration sessions in groups 1 and 2 were 35 ±

4.1 and 30 ± 6.4, respectively. During 14 sessions of

cocaine self-administration, animals received approxi-

mately 171–187 mg/kg throughout the experiment.

Rats responded significantly more on the active lever

than on the inactive lever (p < 0.001) (Fig. 3).

The extinction phase lasted 10 days, during which

neither drug nor drug-paired stimuli were available.

Extinction resulted in gradually decreasing responses

on the active lever. During the last three sessions of

extinction, active lever presses did not differ by more

than 10% (Fig. 3).

After 10 days of extinction, the rats were tested for

response reinstatement induced by cocaine (10 mg/kg,

ip) (Fig. 3). For group 1, the ANOVA for repeated

measures of active and inactive lever presses during

the last self-administration session, the last extinction

session and the cocaine-induced reinstatement test in-

dicated a significant lever × session interaction [F(2, 36)

= 8.4, p < 0.001], as well as lever [F(1, 36) = 28.9,

p < 0.001] and session [F(2, 36) = 8.2, p < 0.001]

main effects.

After 10 days of extinction, the rats were tested for

response reinstatement induced by the presentation of

discrete contextual cues (tone + light previously

paired with cocaine self-administration) (Fig. 3). For

group 2, the ANOVA for repeated measures of active

and inactive lever presses during the last self-admi-
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Fig. 1. The brain regions used for quantitative analysis, chosen according to Paxinos and Watson [14]. The grey outlines show the brain areas
in which optical densities were quantified. Abbreviations: A – frontal cortex (layers I–III), B – frontal cortex (layers IV–VI), C – prelimbic cortex, D
– infralimbic cortex, E – cingular cortex, F – septum, G – dorsal striatum, H – nucleus accumbens (core), I – nucleus accumbens (shell), J – ha-
benula, K – thalamus (paraventricular nucleus), L – thalamus (laterodorsal nucleus), M – thalamus (mediodorsal nucleus), N – thalamus (ven-
troposterolateral and ventroposteromedial nuclei), O – amygdaloid complex (the basolateral, basomedial, central, lateral nuclei and intra
amygdaloid division), P – medial geniculate nucleus, Q – hippocampus (dentate gyrus), R – hippocampus (CA1 layer), S – hippocampus (CA2
layer), T – hippocampus (CA3 layer), U – superior colliculus, V – ventral tegmental area, W – substantia nigra (compact part), X – substantia ni-
gra (reticular part)

Fig. 2. Representative autoradiograms of [3H]CGP 54626-specific binding sites in the brain of rats following “yoked” injections of saline (A),
cocaine-associated cue-induced reinstatement of cocaine-seeking behavior (B) and cocaine-primed reinstatement of cocaine-seeking be-
havior (C)



nistration session, the last extinction session and the

cue-induced reinstatement test indicated a significant

lever × session interaction [F(2, 42) = 18.9, p < 0.001]

as well as lever [F(1, 42) = 41.5, p < 0.001] and ses-

sion [F(2, 42) = 17.9, p < 0.01] main effects.
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Tab. 2. Density of [3H]CGP 54626 binding to GABAB receptors
in various rat brain areas

Brain area “Yoked”
saline/saline (ip)

“Yoked”
saline/–

Frontal cortex

· layers I–III 362 ± 10 248 ± 14

· IV–VI layers 178 ± 4 180 ± 8

Prefrontal cortex

· cingular cortex 294 ± 10 272 ± 10

· infralimbic cortex 308 ± 16 306 ± 12

· prelimbic cortex 302 ± 16 292 ± 14

Septum 267 ± 14 244 ± 16

Dorsal striatum 174 ± 6 176 ± 6

Nucleus accumbens

· core 178 ± 10 186 ± 8

· shell 186 ± 12 180 ± 8

Habenula 422 ± 64 432 ± 39

Thalamus

· paraventricular nucleus 498 ± 76 428 ± 94

· laterodorsal nucleus 348 ± 14 364 ± 22

· mediodorsal nucleus 334 ± 20 338 ± 28

· ventroposterolateral and
ventroposteromedial nuclei

228 ± 10 254 ± 14

Amygdaloid complex 334 ± 8 330 ± 12

Medial geniculate nucleus 296 ± 6 310 ± 12

Hippocampus

· dentate gyrus 282 ± 16 258 ± 14

· CA1 layer 230 ± 6 214 ± 12

· CA2 layer 224 ± 8 228 ± 8

· CA3 layer 260 ± 10 214 ± 12

Ventral tegmental area 136 ± 6 130 ± 8

Substantia nigra

· compact part 144 ± 8 144 ± 8

· reticular part 114 ± 6 134 ± 8

Superior colliculus 324 ± 16 294 ± 6

The number of animals per group was as follows: “yoked” saline/sa-
line group (ip) (group 1c; n = 8), “yoked” saline/– group (group 2c;
n = 8). Data are presented as the mean specific binding (fmol/mg tis-
sue) (± SEM). For details on the experimental protocol see Table 1

Fig. 3. The figure shows the number of active (cross bars) and inac-
tive (white bars) lever presses during stabilized self-administration
(0.5 mg/kg/infusion) (last three sessions; A), extinction (last three
sessions; B), and reinstatement of cocaine-seeking behavior in-
duced by cocaine priming (10 mg/kg, ip) or cocaine-associated cue
(C) in rats. Each bar represents the mean (± SEM) of 6–8 animals.
* p < 0.001 vs. active lever presses during stabilized self-adminis-
tration or during reinstatement; # p < 0.001 vs. active lever presses
during stabilized self-administration; + p < 0.001 vs. extinction of
group 1; ^ p < 0.01 vs. extinction group 2



Autoradiography

The administration of cocaine (10 mg/kg, ip) induced

a significant increase of [3H]CGP 54626-specific

binding in the core of the nucleus accumbens (~32%),

the substantia nigra (reticular part) (~27%), the pre-

frontal cortex (the prelimbic, infralimbic and cingular

cortex) (21–27%), the frontal cortex (~20%) and the

septum (18%) in rats withdrawn from cocaine self-

administration (Tab. 3).

Challenge with ip saline in rats withdrawn from co-

caine self-administration evoked a significant decrease

(~25%) in [3H]CGP 54626-specific binding in the

laterodorsal and mediodorsal thalamic nuclei (Tab. 3).

The challenge dose of cocaine (10 mg/kg, ip) in rats

withdrawn from passive saline administration (“yoked”

saline control) evoked a significant decrease (~25%) in

[3H]CGP 54626-specific binding in the frontal cortex

(18–25%), the cingular and infralimbic cortices

(16–18%), the shell of the nucleus accumbens (19%),

thalamic nuclei (22–29%), the amygdaloid complex

(34%), the hippocampus (22–35%), the substantia ni-

gra (compact part) (25%), the medial geniculate nu-

cleus (22%) and the superior colliculus (34%) (Tab. 3).

Presentation of the conditioned stimulus (tone + light)

associated with previous cocaine self-administration in-

duced a significant decrease of [3H]CGP 54626-specific

binding in the mediodorsal thalamic nucleus (~37%)

and the amygdaloid complex (~27%) in rats withdrawn

from cocaine self-administration (Tab. 4).

No changes in [3H]CGP 54626-specific binding

were seen following the presentation of the stimulus

(tone + light) in rats withdrawn from passive saline

administration (“yoked” saline control) (Tab. 4).

Discussion

Many preclinical studies and some controlled clinical

trials indicate the involvement of GABAB receptors in

cocaine addictive behaviors (see Introduction). In the

present study, we evaluated the effects of the rein-

statement of cocaine seeking-behavior on ex vivo

GABAB receptor binding in several rat brain areas by

quantitative autoradiography of GABAB receptors us-

ing labeled [3H]CGP 54626.

Our results indicate that the cocaine-induced rein-

statement of seeking behavior (confirmed by the be-

havioral experiment) induced increases of GABAB re-

ceptor binding in numerous rat brain structures. The

highest increase (~30%) in [3H]CGP 54626 binding

was seen in the core of the nucleus accumbens, while

a smaller (~20%) increase was observed in the pre-

frontal and frontal cortices, the septum, the dorsal

striatum and the substantia nigra (reticular part).

These changes do not seem to be linked directly with

the pharmacological action of cocaine, since the same

dose of the drug given to animals withdrawn from

passive saline administration (“yoked” saline group)

induced either decreases or no change in binding to

GABAB receptors. Furthermore, the increased bind-

ing of GABAB receptors following cocaine ip chal-

lenge is not a stress-related response to ip injection

since the animals withdrawn from cocaine self-admi-

nistration and challenged with ip injection of saline

showed no alteration in [3H]CGP 54626 binding. The

increases in [3H]CGP 54626 binding may be compen-

satory to a decrease of GABA-ergic transmission. As

indicated recently by in vivo microdialysis, noncon-

tingent cocaine administration during reinstatement of

cocaine-seeking behavior decreased GABA release in

the ventral pallidum [20]. Increased GABAB receptor

binding during presentation of a cocaine-priming dose

may partly confirm our earlier behavioral results

showing that agonists of these receptors, administered

peripherally, reduced cocaine-induced reinstatement

of cocaine-seeking behavior [10]. Whether this in-

creased binding is a consequence of chronic cocaine

exposure or represents a vulnerability to develop co-

caine addiction remains to be established.

In direct contrast to the cocaine-induced reinstate-

ment, the present quantitative autoradiographic analy-

ses showed that presentation of the conditioned stimu-

lus (the cocaine-associated cue) induced a significant

decrease (16–36%) in GABAB receptor binding in the

mediodorsal thalamic nucleus and the amygdaloid

complex. The above changes do not seem to be related

to the presentation of the complex stimulus since the

same procedure did not evoke any change in [3H]CGP

54626 binding in the “yoked” saline group. However, it

should be emphasized that the decreases in radioligand

binding were observed during withdrawal from co-

caine self-administration [11]; therefore, it is difficult

to conclude whether they persist after 10 days of with-

drawal from chronic daily exposure to self-adminis-

tered cocaine or result from the conditioned cue.

Since we used only one concentration of the ligand

in this autoradiographic experiment (based on the pre-

vious report of Bischoff et al. [1]), it was therefore

840 Pharmacological Reports, 2008, 60, 834–843
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Tab. 3. Effects of cocaine (10 mg/kg, ip)-induced reinstatement of cocaine-seeking behavior on [3H]CGP 54626 binding to GABAB receptors
in various rat brain areas

Brain area “Yoked” saline/saline
(ip)

“Yoked” saline/cocaine
(10 mg/kg, ip)

Cocaine
self-administration/saline

(ip)

Cocaine
self-administration/cocaine

(10 mg/kg, ip)

Frontal cortex

· layers I–III 100 ± 3.8 74.5 ± 5.3*** 85.3 ± 8.7 122.1 ± 3.5*** ##+++

· layers IV–VI 100 ± 3.2 81.8 ± 5.9* 99.9 ± 5.3 119.2 ± 1.3*** ##+++

Prefrontal cortex

· cingular cortex 100 ± 3.7 84.1 ± 3.2** 87.3 ± 5.7 120.7 ± 3.2*** ##++

· infralimbic cortex 100 ± 4.5 81.7 ± 5.6* 100.3 ± 8.6 125.6 ± 3*** ##+++

· prelimbic cortex 100 ± 6.5 82.3 ± 6.3 103.1 ± 7.3 127.4 ± 3.7** ##+++

Septum 100 ± 5.9 98.5 ± 2.8 93.9 ± 2.3 118.2 ± 5.1** ##++

Dorsal striatum 100 ± 3.1 89.7 ± 5.8 98.9 ± 4.2 110 ± 3.5* # +

Nucleus accumbens

· core 100 ± 4.8 91.9 ± 4.3 108.9 ± 7.5 132.1 ± 4*** #+++

· shell 100 ± 5.9 81.3 ± 3.2* 98.5 ± 6.2 115 ± 2.7#+++

Habenula 100 ±17 125.5 ± 5.7 82.6 ± 3.5 98.7 ± 2.8++

Thalamus

· paraventricular nucleus 100 ±13.1 128.8 ± 7.1 72.6 ± 6.5 81.9 ± 7.8+++

· laterodorsal nucleus 100 ± 3.2 70.7 ± 3.5*** 77.5 ± 6.7** 94.2 ± 2.4+++

· mediodorsal nucleus 100 ± 6.3 73.8 ± 6.3** 71.6 ± 5.4** 84.3 ± 6.4

· ventroposterolateral and
ventroposteromedial nuclei

100 ± 3.8 78.1 ± 4.7** 94.3 ± 6.9 105.7 ± 2.2++

Amygdaloid complex 100 ± 1.9 65.5 ± 4.4*** 93.2 ± 9.5 94.5 ± 1.8+++

Medial geniculate nucleus 100 ± 3 77.5 ± 3.7*** 94.5 ± 9.9 105.7 ± 2.5+++

Hippocampus

· dentate gyrus 100 ± 5.2 65.2 ± 3.3*** 82.1 ± 9.3 100.4 ± 3+++

· CA1 layer 100 ± 2.7 71.3 ± 3.9*** 91.9 ± 9.1 108.3 ± 2.9+++

· CA2 layer 100 ± 5.1 78.4 ± 4.3** 95 ± 10.9 112.7 ± 5.6+++

· CA3 layer 100 ± 4.9 71 ± 4.4*** 92.3 ± 10.5 110.4 ± 3.4+++

Ventral tegmental area 100 ± 3.9 91.2 ± 5.8 95.6 ± 10.1 114.2 ± 5.8+++

Substantia nigra

· compact part 100 ± 6.5 75.2 ± 2.7*** 85.2 ± 13.1 106.5 ± 4.5+++

· reticular part 100 ± 4.9 112.6 ± 4.5 98.1 ± 14.6 127.4 ± 5.9**

Superior colliculus 100 ± 4.7 66.1 ± 4.7*** 87.5 ± 11 105.4 ± 3.2+++

The number of animals in each group was as follows: “yoked” saline/saline group (ip) (group 1c; n = 8), “yoked” saline/cocaine group
(10 mg/kg, ip) (group 1b; n = 6), cocaine self-administration/saline group (ip) (group 1a; n = 8) and cocaine self-administration/cocaine group
(10 mg/kg, ip) (group 1; n = 8). Data are presented as the mean percent specific binding (fmol/mg tissue) (± SEM) relative to control (“yoked”
saline/saline (ip) and analyzed using a two-way ANOVA and post-hoc Newman-Keuls’ test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. “yoked” sa-
line/saline (ip); # p < 0.05, ## p < 0.01 vs. cocaine self-administration/saline (ip); + p < 0.05, ++ p < 0.01; +++ p < 0.01 vs. “yoked” saline/cocaine
(10 mg/kg, ip). For details on the experimental protocol, see Table 1



842 Pharmacological Reports, 2008, 60, 834–843

Tab. 4. Effects of the cocaine-associated cue (tone + light)-induced reinstatement of cocaine-seeking behavior on [3H]CGP 54626 binding to
GABAB receptors in various rat brain areas

Brain area “Yoked” saline/– “Yoked” saline/cue Cocaine
self-administration/–

Cocaine
self-administration/cue

Frontal cortex

· layers I–III 100 ± 3.5 95 ± 5.5 82.3 ± 9.7 96 ± 5.6

· layers IV–VI 100 ± 2.7 100.5 ± 6.2 89.9 ± 7.3 98.6 ± 6.4

Prefrontal cortex

· cingular cortex 100 ± 5.5 108.5 ± 4.5 85.3 ± 9.7 97.3 ± 5

· infralimbic cortex 100 ± 5.5 99.8 ± 4.2 100.5 ± 8.9 103.5 ± 5.7

· prelimbic cortex 100 ± 5.5 97.2 ± 4.4 101.1 ± 9.3 103.5 ± 7

Septum 100 ± 7.1 100.5 ± 3.1 83.9 ± 2.5 83.9 ± 9.1

Dorsal striatum 100 ± 3 95.9 ± 4.9 88.7 ± 4.5 108 ± 4.2

Nucleus accumbens

· core 100 ± 5.6 104.7 ± 4.7 100.1 ± 8.5 115.8 ± 5.5

· shell 100 ± 6.3 97 ± 4.7 96.5 ± 5.3 104 ± 4.4

Habenula 100 ± 6.3 89.5 ± 8.7 85.2 ± 2.5 79.4 ± 13.6

Thalamus

· paraventricular nucleus 100 ± 15.4 86.8 ± 18.7 73.6 ± 8.2 78.1 ± 16.6

· laterodorsal nucleus 100 ± 3.3 92.1 ± 5.8 79.5 ± 7.5** 84.3 ± 4.2

· mediodorsal nucleus 100 ± 5.3 89.2 ± 6.9 61.1 ± 5.4** 63.4 ± 5.5***^^

· ventroposterolateral and
ventroposteromedial nuclei

100 ± 4.4 100.7 ± 5.4 94.5 ± 8.1 92.7 ± 4.8

Amygdaloid complex 100 ± 2.2 98.7 ± 3.3 84.2 ± 8.3 83.6 ± 3.3**^^

Medial geniculate nucleus 100 ± 2.4 105 ± 4.3 85.5 ± 10.9 96.4 ± 3.7

Hippocampus 100 ± 3.9 93.4 ± 4.4 95 ± 2.8

· dentate gyrus 100 ± 5.6 91.5 ± 5.2 72.1 ± 11.3 90.8 ± 3.5

· CA1 layer 100 ± 2.9 93.1 ± 5 81.9 ± 8.1 100.7 ± 2.7

· CA2 layer 100 ± 4.4 91.8 ± 5.7 85 ± 10.9 95.9 ± 4.2

· CA3 layer 100 ± 4.4 99.1 ± 5.3 82.5 ± 10.2 99.3 ± 3.4

Ventral tegmental area 100 ± 4.5 96.2 ± 7.8 85.6 ± 10.2 109.0 ± 9.2

Substantia nigra

· compact part 100 ± 5.5 99.6 ± 5.3 84.2 ± 13.1 94.5 ± 5.7

· reticular part 100 ± 4.4 115.6 ± 7.4 89.1 ± 14.8 118.0 ± 4.1

Superior colliculus 100 ± 4.9 91.1 ± 2.1 88.5 ± 11.1 91.5 ± 4.8

The number of animals in each group was as follows: “yoked” saline/– group (group 2c; n = 8), “yoked” saline/cue group (group 2b; n = 8), co-
caine self-administration (0.5 mg/kg/infusion)/– group (group 2a; n = 8) and cocaine self-administration (0.5 mg/kg/infusion)/cue group (group
2; n = 8). Data are presented as the mean percent specific binding (fmol/mg tissue) (± SEM) relative to control (“yoked” saline). Data were ana-
lyzed using a two-way ANOVA and post-hoc Newman-Keuls’ test. ** p < 0.01; *** p < 0.001 vs. “yoked” saline/–; ^^ p < 0.01 vs. “yoked”
saline/cue. For details on the experimental protocol, see Table 1



not possible to determine whether the changes in

[3H]CGP 54626 binding were related to changes in

the number of GABAB receptors, an altered affinity

for that ligand or changes in GABAB receptor down-

stream signaling. Recently, Xi et al. [21] reported that

cocaine self-administration did not alter total protein

levels of GABAB1 or GABAB2 subunits, but it did re-

duce the functional capacity of GABAB receptors. To

verify whether changes in radioligand binding in our

studies were linked with alterations in Bmax or KD of

GABAB receptor [3H]CGP 39653 binding, further

saturation experiments are required.

In summary, our results suggest that increases in

GABAB receptor binding in limbic regions during

cocaine-priming-induced reinstatement likely reflect

motivational states originating from cocaine injection

dependent on active drug self-administration.

Acknowledgments:

The authors would like to kindly acknowledge donation of cocaine

hydrochloride from the National Institute on Drug Abuse (RTI

International, NC, USA). This study was supported by grants no. 2

PO5A 007 26 and N401 119 32/2421 from the Ministry of Science

and Higher Education (Warszawa, Poland).

References:

1. Bischoff S, Leonhard S, Reymann N, Schuler V, Shige-

moto R, Kaupmann K, Bettler R: Spatial distribution of

GABABR1 receptor mRNA and binding sites in the rat

brain. J Comp Neurol, 1999, 412, 1–16.

2. Brebner K, Childress AR, Roberts DCS: A potential role

for GABAB agonists in the treatment of psychostimulant

addiction. Alcohol Alcohol, 2002, 37, 478–484.

3. Campbell UC, Lac ST, Carroll ME: Effects of baclofen

on maintenance and reinstatement of intravenous cocaine

self-administration in rats. Psychopharmacology (Berl),

1999, 143, 209–214.

4. Carter BL, Tiffany ST: Meta-analysis of cue-reactivity

in addiction research. Addiction, 1999, 94, 327–340.

5. Childress AR, Hole AV, Ehrman RN, Robbins SJ,

McLellan AT, O’Brien CP: Cue reactivity and cue

reactivity interventions in drug dependence. NIDA

Res Monogr, 1993, 137, 73–95.

6. de Wit H, Stewart J: Reinstatement of cocaine-reinforced

responding in the rat. Psychopharmacology (Berl), 1981,

75, 134–143.

7. Di Ciano P, Everitt BJ: The GABAB receptor agonist

baclofen attenuates cocaine- and heroin-seeking behavior

by rats. Neuropsychopharmacology, 2003, 28, 510–518.

8. Erb S, Shaham Y, Stewart J: Stress reinstates cocaine-

seeking behavior after prolonged extinction and a drug-

free period. Psychopharmacology (Berl), 1996, 128,

408–412.

9. Filip M, Frankowska M: Effects of GABAB receptor

agents on cocaine priming, discrete contextual cue and

food induced relapses. Eur J Pharmacol, 2007, 571,

166–173.

10. Filip M, Go³da A, Zaniewska M, McCreary AC,

Nowak E, Kolasiewicz W, Przegaliñski E: Involvement

of cannabinoid CB1 receptors in drug addiction: effects

of rimonabant on behavioral responses induced by

cocaine. Pharmacol Rep, 2006, 58, 806–819.

11. Frankowska M, Wydra K, Faron-Górecka A, Zaniewska

M, Kuœmider M, Dziedzicka-Wasylewska M, Filip M:

Neuroadaptative changes in the rat brain GABA(B)

receptors after withdrawal from cocaine self-

administration. Eur J Pharmacol, 2008, 599, 58–64.

12. Jayaram P, Steketee JD: Effects of repeated cocaine on

medial prefrontal cortical GABAB receptor modulation

of neurotransmission in the mesocorticolimbic dopamine

system. J Neurochem, 2004, 90, 839–847.

13. Kusher SA, Unterwald EM: Chronic cocaine administra-

tion decreases the functional coupling of GABAB recep-

tors in the rat ventral tegmental area as measured by

baclofen-stimulated 35S-GTP�S binding. Life Sci, 2001,

69, 1093–1102.

14. Meil WM, See RE: Conditioned cued recovery of

responding following prolonged withdrawal from self-

administered cocaine in rats: an animal model of relapse.

Behav Pharmacol, 1996, 7, 754–763.

15. Paxinos G, Watson C: The Rat Brain in Stereotaxic Coor-

dinates, 4th edn. Academic Press, San Diego, USA, 1998.

16. Samochocki M, Strosznajder J: Modulatory action of

arachidonic acid on GABAA/chloride channel receptor

function in adult and aged brain cortex membranes.

Neurochem Int, 1993, 23, 261–267.

17. Shaham Y, Shalev U, Lu L, De Wit H, Stewart J:

The reinstatement model of drug relapse: history,

methodology and major findings. Psychopharmacology

(Berl), 2003, 168, 3–20.

18. Shoji S, Simms D, McDaniel WC, Gallagher JP:

Chronic cocaine enhances �-aminobutyric acid and

glutamate release by altering presynaptic and not post-

synaptic �-aminobutyric acidB receptors within the rat

dorsolateral septal nucleus. J Pharmacol Exp Ther, 1997,

280, 129–137.

19. Shoptaw S, Yang X, Rotheram-Fuller EJ, Hsieh YC,

Kintaudi PC, Charuvastra VC, Ling W: Randomized

placebo-controlled trial of baclofen for cocaine depend-

ence: preliminary effects for individuals with chronic

patterns of cocaine use. J Clin Psychiatry, 2003, 64,

1440–1448.

20. Torregrossa MM, Kalivas PW: Neurotensin in the ventral

pallidum increases extracellular GABA and differentially

affects cue- and cocaine-primed reinstatement. J Pharma-

col Exp Ther, 2008, 325, 556–566.

21. Xi ZX, Ramamoorthy S, Shen H, Lake R, Samuvel DJ,

Kalivas PW: GABA transmission in the nucleus accum-

bens is altered after withdrawal from repeated cocaine.

J Neurosci, 2003, 23, 3498–3505.

Received:

June 6, 2008; in revised form: November 20, 2008.

Pharmacological Reports, 2008, 60, 834–843 843

GABAB receptors and cocaine-seeking behavior
Ma³gorzata Frankowska et al.


	755	Review Œ GABAB receptors in drug addiction.
	Ma³gorzata Filip, Ma³gorzata Frankowska
	771	Review Œ Antiapoptotic action of lithium and valproate.
	Anna M. Bielecka, Ewa Obuchowicz

	783	Review Œ Experimental asthma in rats.
	Iwona Kucharewicz, Anna Bodzenta-£ukaszyk, W³odzimierz Buczko

	789	Review Œ Caffeine as a marker substrate for testing cytochrome P450 activity in human and rat.
	Marta Kot, W³adys³awa A. Daniel
	798	Effects of serotonin (5-HT)1B receptor ligands on cocaine-seeking behavior in rats.
	Edmund Przegaliñski, Anna Go³da, Ma³gorzata Filip

	811	Inhibition of neophobia-stimulated c-Fos expression in the dorsomedial part of the prefrontal cortex in rats pretreated with midazolam.
	Aleksandra Wis³owska-Stanek, Ma³gorzata Lehner, Anna Skórzewska, Andrzej Bidziñski, Danuta Turzyñska, Alicja Sobolewska, Piotr Maciejak, Janusz Szyndler, Adam P³a�nik

	817	Repeated co-treatment with fluoxetine and amantadine induces brain-derived neurotrophic factor gene expression in rats.
	Zofia Rogó¿, Gra¿yna Skuza, Beata Legutko

	827	Repeated administration of the dopaminergic agonist apomorphine: development of apomorphine aggressiveness and changes in the interaction between dopamine D2 receptors and G-proteins.
	Ruth Rudissaar, Jaanus Harro, Katrin Pruus, Ago Rinken, Lembit Allikmets

	834	Alterations in g-aminobutyric acidB receptor binding in the rat brain after reinstatement of cocaine-seeking behavior.
	Ma³gorzata Frankowska, Karolina Wydra, Agata Faron-Górecka, Magdalena Zaniewska, Maciej Kuœmider, Marta Dziedzicka-Wasylewska, Ma³gorzata Filip

	844	Olfactory bulbectomy and amitriptyline treatment influences mGlu receptors expression in the mouse brain hippocampus.
	Joanna M. Wieroñska, Beata Legutko, Dorota Dudys, Andrzej Pilc

	856	Detrimental effect of postnatal blockade of N-methyl-D-aspartate receptors on sensorimotor gating is reversed by neuroleptic drugs.
	Krzysztof Wêdzony, Katarzyna Fija³, Marzena Maækowiak, Agnieszka Chocyk

	865	Antidepressant treatments-induced modifications of glutamatergic transmission in rat frontal cortex.
	Bartosz Bobula, Grzegorz Hess

	872	Chronic treatment with fluoxetine and sertraline prevents forced swimming test-induced hypercontractility of rat detrusor muscle.
	Sirri Bilge, Ayhan Bozkurt, Duygu B. Bas, Elif Aksoz, Evren Savli, Fatih Ilkaya, Yuksel Kesim

	880	Effects of co-administration of fluoxetine or tianeptine with metyrapone on immobility time and plasma corticosterone concentration in rats subjected to the forced swim test.
	Zofia Rogó¿, Gra¿yna Skuza, Monika Leœkiewicz, Bogus³awa Budziszewska

	889	Effects of selective s receptor ligands on glucocorticoid receptor-mediated gene transcription in LMCAT cells.
	Gra¿yna Skuza, Zofia Rogó¿, Magdalena Szymañska, Bogus³awa Budziszewska

	896	Central interaction between physostigmine and histamine during yawning in rats.
	Esmaeal Tamaddonfard, Hamid Soraya, Nasrin Hamzeh-Gooshchi

	904	Pharmacological preconditioning of the brain: a possible interplay between opioid and calcitonin gene related peptide transduction systems.
	Ashish K. Rehni, Thakur G. Singh, Amteshwar S. Jaggi, Nirmal Singh

	914	Increased synphilin-1 expression in human elderly brains with substantia nigra Marinesco bodies.
	Anna Krygowska-Wajs, Tomasz Lenda, Dariusz Adamek, Marek Moska³a, Katarzyna Kuter, Jerzy Kunz, Maria „mia³owska, Krystyna Ossowska

	925	Effects of new antiepileptic drugs and progabide on the mitogen-induced proliferative activity of mouse splenocytes.
	Agnieszka Basta-Kaim, Bogus³awa Budziszewska, Monika Leœkiewicz, Marta Kubera, Grzegorz Jag³a, Wojciech Nowak, Stanis³aw J. Czuczwar, W³adys³aw Lasoñ

	933	Heme oxygenase (HO-1) is involved in the negative regulation of contact sensitivity reaction.
	Monika Majewska, Katarzyna Zaj¹c, Józef Dulak, Marian Szczepanik

	941	Adaptive vasoactive response to modulatory effects of endothelin-1 in spontaneously hypertensive rats.
	Soòa Èaèányiová, Frantiıek Kristek

	950	Characteristics of adrenaline-driven receptor-mediated signals in human microvessel-derived endothelial cells.
	Anna Wiktorowska-Owczarek, Magdalena Namieciñska, Ma³gorzata Bereziñska, Jerzy Z. Nowak

	957	Effect of selected antidepressant drugs on cytochrome P450 2B (CYP2B) in rat liver. An in vitro and in vivo study.
	Anna Haduch, Jacek Wójcikowski, W³adys³awa A. Daniel

	966	Identification of factors mediating the effect of the brain dopaminergic system on the expression of cytochrome P450 in the liver.
	Jacek Wójcikowski, W³adys³awa A. Daniel

	972	Limited applicability of 7-methoxy-4-trifluoromethylcoumarin as a CYP2C9-selective substrate.
	Pálma Porrogi, László Kóbori, Krisztina Kõhalmy, Judit Gulyás, László Vereczkey, Katalin Monostory


	SHORT COMMUNICATIONS
	980	Effect of cocaine on responsiveness of a1-adrenergic receptors in rat cerebral cortex: modulation by GABA-mimetic drugs.
	Krzysztof Wieczerzak, Tadeusz Witarski, Marta Kowalska, Dominika Nawrat, Adam Roman, Adam Bielawski, Irena Nalepa


	985	Interaction between tobacco smoke and alcohol in animal models.
	Ewa Florek, Wojciech Piekoszewski, Maksymilian Kulza, Tamar Szind¿ikaszwili, Ewa Gomó³ka, Marek Chuchracki, Anna Sêdziak



