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Background: Several studies strongly support the role of the dopamine D,-like and glutamate mGlus
receptors in psychostimulant reward and relapse.
Methods: The present study employed cocaine or MDMA self-administration with yoked-triad procedure
in rats to explore whether extinction training affects the drug-seeking behavior and the D,-like and
mGlus receptor By,.x and Ky values in several regions of the animal brain.
Results: Both cocaine and MDMA rats developed maintenance of self-administration, but MDMA evoked
lower response rates and speed of self-administration acquisition. During reinstatement tests, cocaine or
MDMA seeking behavior was produced by either exposure to the drug-associated cues or drug-priming
injections. The extinction training after cocaine self-administration did not alter significantly D,-like
receptor expression the in the limbic and subcortical brain areas, while MDMA yoked rats showed a
decrease of the D,_like binding density in the nucleus accumbens and increase in the hippocampus and a
rise of affinity in the striatum and hippocampus. Interestingly, in the prefrontal cortex a reduction in the
mGlus receptor density in cocaine- or MDMA-abstinent rats was demonstrated, with significant effects
being observed after previous MDMA exposure. Moreover, rats self-administered cocaine showed a rise
in the density of mGlus receptor for the nucleus accumbens.
Conclusion: This study first time shows that abstinence followed extinction training after cocaine or
MDMA self- or passive-injections changes the D,-like and mGlus density and affinity. The observed
changes in the expression of both receptors are brain-region specific and related to either
pharmacological and/or motivational features of cocaine or MDMA.
© 2019 Maj Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
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Introduction

Substance use disorder (SUD) is a chronic disease characterized
by compulsive, uncontrollable drug seeking and drug taking which
produces persistent neuroadaptions in the brain that promote
vulnerability to relapse to drug use following abstinence. Despite
many years of research, effective medications and behavioral
interventions to prevent relapse and facilitate longer periods of
abstinence are still looked for. Results from European studies
estimated the prevalence rates between 40 and 75% for illicit drugs
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in the first year of hospitalization [1,2]. Chronic drug use
prominently disrupts homeostasis in the brain reward circuitry
enhancing motivated seeking behavior for natural or drug rewards.
The reward circuitry includes the ventral tegmental area, nucleus
accumbens, prefrontal cortex, dorsal striatum, amygdala and
hippocampus [3-5]. It is well-documented that dopamine is a
key neurotransmitter that mediates reward property and drug-
seeking behavior [3-6]. Nevertheless, extensive studies carried out
in the last three decades demonstrated the role of the excitatory
neurotransmitter glutamate in several aspects of drug addiction,
including drug reward and drug seeking [7-9].

The primary mode of action of the most widespread
recreational drugs of abuse, such as cocaine and 3,4-methylene-
dioxymethamphetamine (MDMA) depends on an increase
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extracellular level of dopamine by blocking the transporter
involved in its reuptake (cocaine) as well as an enhancement of
its release (MDMA); both drugs also increase the extracellular level
of serotonin (5-HT) and noradrenaline [10,11]. MDMA increases the
release of monoamine neurotransmitters also by direct action on
presynaptic vesicles [12-14]. Interestingly, as compared to cocaine,
MDMA in primate brain predominantly affects 5-HT neurons and
induces damage of 5-HT axons and nerve fibers and intra-
cytoplasmic inclusions [15-17]. Both psychostimulants also
increase extracellular levels of glutamate which plays an important
role in the long-term molecular and behavioral changes underlying
drug addiction [7].

In the present paper, we investigated how brain dopamine D,-
like and glutamatergic mGlus receptor density and affinity in rats
change during cocaine and MDMA self-administration and drug-
free period with extinction training. These receptor sites were
chosen since: (i) imaging human studies have demonstrated
reduced levels of brain postsynaptic dopamine D3 receptor
among drug abusers [18], (ii) in preclinical research drugs of abuse
reduced availability of dopamine D, receptors in the rodent basal
ganglia while animals with lower dopamine D, receptor density
were especially responsive to cocaine's reinforcing effects [19],
(iii) extensive preclinical pharmacological studies have shown that
glutamate mGlus receptors are a target for the rewarding
properties of drugs of abuse [see ref. 20], (iv) mice lacking
glutamate mGlus failed to intravenously self-administer cocaine
and to show any hyperactivity after acute administration of the
drug [21], and (v) in the striatum, the brain area necessary for
habit-formation during drug addiction, the occurrence of oligom-
ers of mGlus and D, with adenosine A, receptors has been
detected [22]. Receptor density (a total concentration of receptors
in a sample of tissue; Bax) and sometimes affinity (expressed as
constants for association and dissociation of the ligand to and from
the receptors; Kg) for agonists and antagonists present a dynamic
processes and play important role in receptor-drug interactions.
Baseline receptor density and affinity vary from tissue to tissue;
they can be influenced by extracellular (e.g., drugs of abuse) as well
as by intracellular (e.g., neurotransmitters) factors leading to their
changes (up- or downregulation).

Material and methods
Animals

Experimentally naive male Wistar rats (225-250g; N=94)
delivered by a licensed breeder (Charles River, Munich, Germany)
were housed individually in standard plastic rodent cages in a
room maintained at 22 + 2 °C and 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 a 7-day habituation
period. Following habituation, the rats were maintained on limited
access to water during the initial training sessions, as described
previously [23]. All experiments were conducted during the light
phase of the light-dark cycle (between 8.00 a.m. and 3.00 p.m.),
and experiments were carried out in accordance with the
European Directive 2010/63/EU and were approved by the Ethical
Committee at the Maj Institute of Pharmacology, Polish Academy
of Sciences, Krakow.

Behavioral experiments

Drugs

Cocaine HCI (National Institute on Drug Abuse, RTI Internation-
al, USA) and 3,4-methylenedioxymethamphetamine HCI (MDMA,
THC Pharm GmbH, Frankfurt/Main, Germany) were dissolved in
sterile 0.9% NaCl and given iv (0.1 ml/infusion) or ip (1 ml/kg).

Lever-press training and surgery

After a week of habituation to the animal facility, all animals
were water-deprived for 18 h and subsequently trained to press the
lever for 2 h daily for water reinforcement on a fixed ratio (FR) 1
schedule of reinforcement. For cocaine self-administration on the
fourth day of lever press training, the number of responses
required to produce reinforcement increased from 1 to 3, and after
other 2 days from 3 to 5. During this phase of training, the amount
of water each animal received was restricted to that given during
daily training sessions, and animals were allowed a 10-min free
access to water in home cages after training sessions. Two days
after the lever-press training and after giving the animals free
access to water, the rats were anesthetized with ketamine HCI
(75 mg/kg; Bioketan; Biowet, Pulawy, Poland) and xylazine (5
mg/kg; Sedazin; Biowet, Pulawy, Poland), and chronically
implanted with a silastic catheter in the external jugular vein,
as described previously [23]. After catheter implantation and
recovery rats were kept individually in standard rat home cages
with free access to water and food. Catheters were flushed every
day with 0.1 ml of saline solution containing heparin (70 U/ml)
and/or 0.1 ml of cephazolin solution (10 mg/ml; Biochemie GmbH,
Kundl, Austria). Animals in which problems with the catheters
were observed during the recovery period were removed from
experiments (N =2).

Apparatus

Cocaine or MDMA self-administration experiments were
conducted in standard operant chambers (Med-Associates, St.
Albans, USA), as descried previously [23].

Experimental procedures

Self-administration. Rats were allowed 8-10 days to recover from
surgical procedures before the start of the experiments. Later, all
animals deprived of water for 18 h were trained in one 2-h session
to press the lever for water reinforcement on an FR5 for cocaine or
FR1 for MDMA schedules. Then, animals began lever pressing for
cocaine or MDMA reinforcement and from that time on they were
given water ad libitum throughout the remainder of the
experiment. Rats were given access to cocaine or MDMA during
2-h daily sessions performed 6 days/week (maintenance) (Figs. 1A
and B). Concurrent with infusion for cocaine or MDMA presented
for 5s, the conditioned stimulus, a tone (2000Hz; 15dB) and
illumination of the stimulus light directly above the active lever,
were presented. Following each drug injection there was a 20s
time-out period during which responding was recorded but had no
programmed consequences. Response on the inactive lever never
resulted in cocaine or MDMA delivery.

For cocaine self-administration experiments (N=22) each
completion of FR5schedule of reinforcement resulted in an
infusion of cocaine a dose 0.5 mg/kg. Each training trial lasted
for 2 h and the animal during maintenance had self-administered
at least 25 infusions of cocaine. An arbitrary acquisition criterion
required that active lever presses vary by 10% or less over 3
consecutive days during maintenance. The experiment was
performed as described previously [23].

Initial training for MDMA self-administration (N = 30) consisted
of daily sessions during which each active lever press was
reinforced with an MDMA infusion at a dose 1 mg/kg according
to FR1 schedule of reinforcement [24]. Responses maintained by
MDMA (1 mg/kg) are generally low [24,25] and following
acquisition (at least 2 consecutive days of at least 10 active lever
responses and a preference for the active lever), the dose of MDMA
was reduced to 0.5 mg/kg/infusion [24]. After 10 days of MDMA
self-administration, the response requirements were increased to
FR3 till the end of the experiment. An arbitrary acquisition
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Fig. 1. Experimental design for behavioral (A) and molecular (B) analyses and scheme for yoked procedure (C).

criterion required that active lever presses varied by 15% or less
over 3 consecutive days during maintenance, and not less than 10
infusions of MDMA self-administered during session. Between
training sessions animals were keep individually in standard home
cages, and were handled daily

Extinction training and reinstatement of seeking-behavior. After
cocaine or MDMA self-administration (once the rats met the
maintenance criterion), animals underwent a 14-day extinction
trial in experimental cage. During extinction, the animals
experienced 2-h daily training sessions; however, active lever
presses resulted neither in the delivery of cocaine or MDMA
(saline was substituted for drug) nor the presentation of the
conditioned stimulus. Following 14-daily extinction training,
the number of active lever presses was below 15% for cocaine or
25% for MDMA compared to the number of active lever presses
reached during maintenance. Between training sessions animals

were kept individually in standard home cages and were
handled minimum once per day. On the 14th day of
extinction, a part of the above cohort (N =10 rats for cocaine
and N=9 rats for MDMA) was tested for the response
reinstatement induced by either a conditioned cue (the
tone +light) previously paired with cocaine or MDMA self-
administration or a non-contingent presentation of cocaine
(10 mg/kg, ip) or MDMA (2.5-10mg/kg, ip). During the
reinstatement tests (2-h sessions), active lever presses resulted
in an intravenous injection of saline only. A maximum of four test
sessions was performed on each rat, separated by at least two
baseline days of extinction training session. Another part of cohort
was sacrificed immediately following the last (14th) extinction
session (2 groups of rats with N =10).

Yoked self-administration procedure. For biochemical experiments
yoked self-administration procedure was used. Rats were tested
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simultaneously in groups of three with two rats serving as yoked
controls that received an injection of cocaine or MDMA or saline
which was not contingent on responding, each time a response-
contingent injection of cocaine or MDMA was self-administered by
the paired rat (see Figs. 1B and C). Unlike self-administering rats,
lever pressing by the yoked rats was recorded but had no
programmed consequence. Yoked saline and yoked cocaine or
yoked MDMA animals were sacrificed after 14 days of extinction
training, at the same time as corresponding groups of rats self-
administering cocaine or MDMA (2 yoked saline groups N =10;
yoked cocaine group N = 10; yoked MDMA group N = 10).

Biochemical experiments
Saturation binding assay

Dissection. Animals, underwent self-administration (at least 14
days for cocaine and 25 days for MDMA) and 14-day extinction
trials, were sacrificed immediately following the last session of
extinction. Each animal was decapitated and its brain was quickly
removed and chilled in ice-cold saline. The prefrontal cortex,
including the infralimbic, prelimbic, cingular cortices (Bregma:
5.2—2.7 mm), the nucleus accumbens, with the shell and core parts
(Bregma: 2.2-1.0mm), the striatum - dorsal part (Bregma:
2.2-1.0mm) and the hippocampus (Bregma:-1.4-6.7 mm) were
dissected according to the Paxinos and Watson’s Rat Brain Atlas
[26]. Samples were immediately frozen on dry ice and stored at
-80°C.

Radioligand binding experiments for D, receptors. Membrane
preparation and the D,-like receptor antagonist [>H]-raclopride
([2H]3,5-dichloro-N-[[(2S)-1-ethyl-2-pyrrolidinyl Jmethyl]-2-
hydroxy-6-methoxybenzamide; 82.8 Ci/mmol, Perkin Elmer Life
Sciences, USA) binding assay were performed as described
previously [23].

Radioligand binding experiments for mGlus receptors. Membrane
preparation and the mGlus receptor antagonist [*’H]MPEP ([>H]-2-
methyl-6-(phenylethynyl)pyridine; 60 Ci/mmol, American
Radiolabeled Chemicals, Inc., St. Louis, MO, USA) binding assay
were performed as described previously [23,27], with some
modifications.

Statistical analysis

Data from the behavioral experiment of acquisition/mainte-
nance of self-administration and extinction training were
analyzed using a two-way analysis of variance (ANOVA) with
repeated measures to analyze active and inactive lever responses
across the transition from one phase to the next conducted for
subsequent sessions as factors. Data from reinstatement of
seeking behavior tests were analyzed using a two-way analysis
of variance (ANOVA) with active and inactive lever responses as
factor. Animals which did not complete the self-administration
acquisition (N=2 rats for cocaine and N=8 rats for MDMA),
extinction (N=3 rats for MDMA) criteria or did not maintain
extinction criteria between tests were excluded from tests and
the data analysis. Data from the biochemical experiments were
analyzed using GraphPad PRISM 5.0 (GraphPad software, San
Diego, USA) using a nonlinear regression one-site binding
hyperbola. Two parameter values, B.x and Kg, were calculated.
For statistical evaluation of the biochemical data an one-way
ANOVA for each individual group was used. Group differences
after significant ANOVAs were analyzed by the post hoc Newman-
Keuls test. The criterion for a statistically significant difference was
set at p < 0.05.

Results
Behavioral analysis

Cocaine self-administration, extinction training and reinstatement of
drug-seeking

After 14 daily cocaine self-administration sessions, animals
showed stable lever-pressing rates during the last 3 self-
administration days with less than a 10% difference in their daily
intake of cocaine. The mean number of cocaine infusions per day
during the last 3 self-administration days varied from 30 to 35,
while during 14 experimental sessions, animals received from 159
to 162 mg/kg of cocaine.

Fig. 2 shows the behavioral responses of rats that underwent
cocaine self-administration and extinction training. A two-way
ANOVA for repeated measures showed a significant effect of the
lever (F(118)=113.60, p<0.001), session (F(23,414)=8.08,
p<0.001) and lever x session interaction (F(23,414)=12.08,
p <0.001). The post hoc analyses revealed a greater frequency of
presses on the active lever than on the inactive lever from the 1%
cocaine self-administration session until the 15 extinction day
(p <0.01). During extinction training when saline was substituted
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Fig. 2. Representative graph of behavioral responses during acquisition, mainte-
nance of cocaine self-administration, extinction training (top panel) and during
reinstatement of cocaine-seeking behavior in rats (bottom panel). SA - last session of
cocaine self-administration; EXT - last session of extinction training; CUE - cue-
induced reinstatement; COC - drug-induced reinstatement triggered by adminis-
tration of cocaine 10 mg/kg (ip). All data depict the mean (+SEM) numbers of active
and inactive lever presses. N = 8-10 rats/group. **p < 0.01; ***p<0.001 versus active
lever during SA; “*p < 0.001 versus active lever presses during EXT.
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for cocaine, a progressive drop in active lever responses was
observed. The total number of active lever presses during the last
day of extinction was reduced by 85% (p < 0.001) compared with
the last cocaine self-administration session (Fig. 2 bottom panel).

A two-way ANOVA showed a change in lever presses during the
reinstatement of drug seeking in rats that previously self-
administering cocaine; a significant effect of the cue (F
(242)=36.44, p<0.001), lever (F(142)=161.79, p<0.001) and
lever x cue interaction (F(242)=44.30, p < 0.001) was found. The
post hoc analyses revealed that the presentation of the cocaine-
associated conditioned cue resulted in an increase (p <0.001) in
the number of active lever presses compared to the last day of
extinction training, but it did not reach the level of responses
observed in the last cocaine self-administration session (Fig. 2
bottom panel).

Similar increases were observed for cocaine-induced reinstate-
ment as a two-way ANOVA for active and inactive lever presses
revealed a significant effect for treatment x lever interaction (F
(242)=27.03, p <0.001), as well as for treatment (F(242)=22.86,
p<0.001) and lever (F(142)=131.87, p<0.001). The post hoc
analyses revealed that cocaine (10 mg/kg, ip) priming led to
significant enhancement (p <0.001) of active lever responses
compared with the last extinction training session (Fig. 2 bottom
panel).

MDMA self-administration and extinction training procedures

After 25 daily MDMA self-administration sessions, animals
showed stable lever-pressing rates during the last 3 self-
administration days with less than a 15% difference in their daily
intake of MDMA (Fig. 3). The mean number of MDMA infusions per
day during the last self-administration days varied from 13 to 14,
while during 25 experimental sessions, animals received from 168
to 185 mg/kg of MDMA.

A two-way ANOVA for repeated measures showed a signifi-
cant effect of the lever (F(112)=33.02, p<0.001), session
(F(38,456)=6.81, p<0.001) and lever x session interaction
(F(38,456)=2.44, p < 0.001), while post hoc analyses revealed more
frequent presses on the active lever than on the inactive lever from
the 11th till the last day of MDMA self-administration (p < 0.05).
After 25 days of MDMA self-administration, extinction training
was introduced to the animals. When saline was substituted for
MDMA, a progressive drop in lever responses was seen over 14
extinction sessions (Fig. 3 top panel). The total number of active
lever presses emitted during the last day of extinction was reduced
by 75% (p < 0.001).

For the cue-induced reinstatement, a two-way ANOVA analysis
revealed a significant effect for the drug-associated conditional
stimulus (F(242)=8.95, p < 0.001), lever (F(142) = 55.26, p < 0.001)
and lever x cue interaction (F(242)=13.38, p < 0.001). The post hoc
analyses revealed that presentation of the MDMA-associated
conditioned cue resulted in an increase (p < 0.001) in the number
of active lever presses compared to the last day of extinction
training, but such increase was lower as compared to the last
MDMA self-administration session (Fig. 3 bottom panel).

Pretreatment with MDMA (2.5-10 mg/kg ip) resulted in an
increase in responses to the active lever during reinstatement tests.
The two-way ANOVA for active and inactive lever presses revealed
a significant effect for lever in rats with a history of MDMA self-
administration (F(164)=44.81, p<0.001) as well as effect for
treatment (F(464)=5.17, p < 0.001) and lever x treatment interac-
tion (F(464)=5.58, p <0.001). The post hoc analyses revealed that
injection of MDMA at doses 7.5 and 10, but not at 2.5 mg/kg,
resulted in an increase (p < 0.001) in responses to the active lever
compared to the last extinction training session (Fig. 3 bottom
panel), and the value reached the level of responses observed
during the last MDMA self-administration session.
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Fig. 3. Representative graph of behavioral responses during acquisition, mainte-
nance of MDMA self-administration, extinction training (top panel) and during
reinstatement of MDMA-seeking behavior in rats (bottom panel). SA - last session of
MDMA self-administration; EXT - last session of extinction training; CUE - cue-
induced reinstatement; MDMA - drug-induced reinstatement triggered by
administration of MDMA 2.5-10 mg/kg (ip). All data depict the mean (+SEM)
numbers of active and inactive lever presses. N=7-9 rats/group. *p<0.05;
**p <0.01; ***p<0.001 versus active lever during SA; **p<0.01; *"p<0.001
versus active lever presses during EXT.

Yoked procedure

In the yoked cocaine and yoked saline groups, the difference
between pressing the active versus the inactive lever failed to reach
significance (data not shown). The yoked cocaine animals passively
received exactly the same amount of cocaine (from 159 to 162
mg/kg) at the same time as the rats that had learned to actively
inject cocaine.

Similar, in the yoked MDMA and yoked saline groups, the
difference between pressing the active versus the inactive lever
failed to reach significance (data not shown). The yoked MDMA
animals received exactly the same amount of MDMA (168-185
mg/kg) at the same time as the rats that had learned to actively
inject MDMA.

Biochemical analysis

The dopamine D,-like and glutamate mGlus receptor radio-
ligand antagonist binding experiments with D,/D3 receptor
antagonist ([>H]raclopride) and the radiolabeled mGlus receptor
antagonist ([>H]MPEP), respectively, in rat brain structures are
summarized in Figs. 4 and 5.

D-like receptor saturation binding - cocaine extinction training
For animals trained to self-administer cocaine which under-
went extinction training and those given yoked cocaine/saline, an
one-way ANOVA did not reveal a significant change in [3H]
raclopride binding characteristics: Bpax (prefrontal cortex:
F(212)=0.54, p=0.60; dorsal striatum F(212)=1.54, p=0.25;
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Fig. 4. The effects of cocaine (0.5 mg/kg/infusion; top panels) or MDMA (0.5 mg/kg/infusion; bottom panels) self-administration and the extinction training on the dopamine
D,-like receptor Bp,x and Kq values in the prefrontal cortex (PFc), nucleus accumbens (NAC), dorsal striatum (STR) and hippocampus (HIP). Control cocaine, MDMA and saline
groups were generated by using ‘yoked’ procedure. Saturation biochemical binding analysis was performed with [*H]raclopride. Values are the means (+SEM). N =5 rats/
group. *p < 0.05; **p < 0.01 versus corresponding yoked saline; ~p < 0.05; ~p < 0.01 versus MDMA self-administration (SA MDMA).
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Fig. 5. The effects of cocaine (0.5 mg/kg/infusion; top panels) or MDMA (0.5 mg/kg/infusion; bottom panels) and the extinction training on the glutamate mGlus receptor By,ax
and Kq4 values in the prefrontal cortex (PFc), nucleus accumbens (NAC), dorsal striatum (STR) and hippocampus (HIP). Control cocaine, MDMA and saline groups were
generated by using ‘yoked’ procedure. Saturation biochemical binding analysis was performed with [>H]MPEP. Values are the means (+SEM). N = 5 rats/group. *p < 0.05 versus

corresponding yoked saline; ~p < 0.05; versus cocaine self-administration (SA cocaine).

hippocampus: F(212)=0.82, p=0.46) and K4 (an one-way ANOVA:
prefrontal cortex: F(212)=2.08, p=0.17; dorsal striatum F(212)
=1.79, p=0.21; hippocampus: F(212)=3.05, p = 0.08) in the rat brain
structures. A non-significant trend to attenuate the D,-like
receptor B.x values was observed in the nucleus accumbens in
both cocaine groups compared with yoked saline (F(212)=3.40,
p=0.06), without changes in Ky (F(212)=2.49, p=0.12) (Fig. 4 top
panels).

D»-like saturation binding - MDMA extinction training

Extinction training in rats resulted in significant changes in [>H]
raclopride binding in the nucleus accumbens as shown by a
significant alteration in the B,,.x values (an one-way ANOVA:

F(212)=7.22, p<0.01), but not in the Ky values (F(212)=0.03,
p=0.97) (Fig. 4 bottom panels). The Newman-Keuls’ post hoc
demonstrated a significant reduction in the D,-like receptor B,ax
in rats treated passively with the drug versus self-administered
cocaine (p <0.05) and yoked saline (p < 0.01) groups. In the same
animals, a significantly change in the B,,x and K4 values was found
also in the hippocampus (an one-way ANOVA B,,.x: F(212)=14.10,
p<0.001, K4: F(212)=8.11, p<0.001). The post hoc analysis
revealed a significant rise in the D,-like receptor B .x in rats
treated passively with the drug (p < 0.01) versus self-administered
cocaine and yoked saline groups. During extinction in experimen-
tal cage, the animals previously trained to self-administer MDMA
and those given yoked MDMA did not show changes in the density
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of D,-like receptors in the dorsal striatum (F(212)=0.28, p=0.76),
however, an one-way ANOVA indicated a significant increase of the
receptor affinity in the yoked MDMA group (F(212)=5.92, p < 0.05).
A non-significant change in the By,.x (F(212) = 0.37, p = 0.70) as well
as Ky values (F(212) = 0.46, p = 0.64) was observed in the prefrontal
cortex (Fig. 4 bottom panels).

mGlus receptor saturation binding - cocaine extinction training

In animals that were withdrawn from cocaine intake under
extinction training protocol, an one-way ANOVA showed a
significant effect on the mGlus receptor density (F(212)=4.25,
p <0.05), but not on the affinity (F(212)=0.52; p =0.61) (Fig. 5 top
panels) in the nucleus accumbens. The post hoc test revealed that
the mGlus receptor Bnax was significantly elevated in self-
administered cocaine group compared with the yoked saline
and cocaine groups in this brain area (p < 0.05). A non-significant
trend toward a decrease in mGlus receptor density was also
observed in the prefrontal cortex (F(212)=2.65, p=0.11) in both
groups with a history of cocaine administration, while no changes
were found for mGlus receptor affinity (F(212)=1.01; p=0.34). In
the dorsal striatum or hippocampus extinction training changed
neither the Bnax values (F(212)=1.36, p=0.29 and F(212)=0.02,
p=0.98, respectively) nor the K4 values (F(212)=0.04; p=0.96 and
F(212)=0.25; p = 0.78; respectively) of [?H]MPEP binding in animals
with a history of cocaine self-administration and with yoked
cocaine delivery compared with the yoked saline controls (Fig. 5
top panels).

mGlus receptor saturation binding - MDMA extinction training

In animals undergoing extinction training during extinction
from MDMA an one-way ANOVA showed a significant effect for the
mGlus receptor density (F(212) =3.37, p < 0.05), but not for affinity
F(212)=1.40, p=0.28) (Fig. 5 bottom panels) in the prefrontal
cortex. The post hoc analyses revealed a significant (p <0.05)
decrease (ca. 30%) in rats previously self-administering cocaine
and those treated passively with the drug in comparison to yoked
saline group in the prefrontal cortex (p < 0.05). As shown in Fig. 5
(bottom panels), in the other brain structures extinction training
altered neither the By« values (an one-way ANOVA: the nucleus
accumbens F(212) = 1.72, p = 0.22; the dorsal striatum: F(212)=0.76,
p =0.49; the hippocampus: F(212)=0.19, p=0.83) nor the K4 values
(the nucleus accumbens F(212) = 1.57, p = 0.25; the dorsal striatum:
F(212)=1.10, p = 0.36; the hippocampus: F(212)=0.35, p=0.71).

Discussion

In line with previous observations [24,25,28-32], a high rate of
active lever pressing to receive cocaine or MDMA versus the
inactive lever was observed in the maintenance phase. The main
difference between cocaine and MDMA was that the latter drug
evoked lower response rates and self-administration acquisition
was slower. These observations on MDMA self-administration
follow previous results of others authors [24,25]. It should also be
mentioned that although all animals had been self-administering
cocaine and MDMA, the number of injection during MDMA self-
administration session were lower than during cocaine self-
administration session. Significant different between cocaine and
MDMA came from: (1) alternative mechanism of action to increase
the level monoamines from their respective axon terminals (see
Introduction [10-17]); (2) both drugs cause long-lasting suppres-
sion of dopamine and 5-HT neurons, although MDMA alters twice
more on 5-HT neurons than on dopamine [5,13], (3) MDMA
requires much longer time (few minutes), as compared to cocaine
(few seconds) to initiate suppression of 5-HT and dopamine
neuron activity, but the effect of suppression can be prolonged till
6 h, while in cocaine till 2 h [33]. Weaker responses MDMA on

dopamine neurons, associated with drug-induced reinforcing
property, produces much weaker drug dependence than cocaine
(long time of acquisition, a larger percentage of non-dependent
animals [present data, 5,24,25]), while stronger responses on 5-HT
neurons, associated with drug-induced euphoria property, pro-
duces strong but extended effect correlated with amount of drug
necessary to induces the effect (the number of injection during
self-administration session, [present data, 5,24,25]). Replacement
of cocaine or MDMA with vehicle and removal of drug-associated
stimulus during extinction training caused reduction of frequency
of active lever presses to 25% of that seen in the drug maintenance
phase, and these findings have also been previously shown by us
and other authors [24,25,28-31]. During reinstatement tests,
cocaine or MDMA seeking behavior was produced by either
exposure to the drug-associated cues or drug-priming injections.
In our study, re-exposure to the stimulus previously associated
with self-administered drugs enhanced only active lever presses.
Moreover, the increase in responding following cocaine at a dose of
10 mg/kg and MDMA at a dose of 7.5 mg/kg was restricted to the
active lever responding, so the presented data show specific effect,
and drugs at those doses did not produce changes in inactive lever
presses.

The extinction training does not protect from drug relapse
however, it should be pointed that the reinstatement after
extinction training and exposure to several contexts is significantly
reduced as compared to reinstatement following withdrawal in
home cage environments with social isolation (one of the most
stressful conditions responses for cease abstinent and favoring
relapse) for an equivalent amount of time [23,34,35]. It is also
known that different types of priming stimuli engage separate
neural substrates following extinction training, e.g., the nucleus
accumbens and ventral hippocampus are involved in cocaine-
induced drug seeking, but not in cue-induced reinstatement
[35,36], while the basolateral region of the amygdala, the
dorsomedial prefrontal cortex or the dorsal hippocampus are
key regions for cue (but not drug) reinforcement [35]. Based on the
above-mentioned findings, it was proposed that the effects of
extinction training on these various forms of reinstatement could
also be linked to different mechanisms during the extinction
learning process. In this paper, we found that extinction training
after cocaine self-administration and MDMA self-administration
regulates the dopamine D,-like and glutamate mGlus receptor
binding and affinity in the drug-dependent and brain area-
dependent way. We observed that, cocaine extinction training did
not alter significantly dopamine D,-like receptor density or affinity
the in the limbic and subcortical brain areas, however a non-
significant attenuation was seen in the nucleus accumbens of rats
with a history of drug self-administration. The same lack of
changes in dopamine D,-like receptor density and affinity were
observed previously by our group [37] and other authors [38-40]
in rats underwent cocaine self-administration and extinguished in
experimental cage. These neurochemical data on the membrane
receptors that display functional receptor population seem to be in
line with our previous observation with the use of the same
cocaine self-administration and extinction procedure. Thus,
cocaine-experienced and saline control rats showed parallel
similar basal concentrations of accumbal shell dopamine levels
[41].

Only yoked MDMA administration and 10-day abstinence with
extinction training generated significant changes in the dopamine
D,-like receptor binding and affinity in rats with a decrease in the
nucleus accumbens (ca. 40%) and increase (by 28%) in the
hippocampus for the dopamine D,-like receptor By.x value and
a rise (ca. 30%) in the striatum and hippocampus for the Ky value.
The yoked procedure is traditionally intended to serve as a control
to separate the biological effects of the drug from the effects that
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may arise from self-administration behavior or from the impact of
the drug on self-administration behavior. However, the yoked
delivery of drug may even be aversive [42], and the observed
changes in the binding parameters might be linked to some
unpleasant stimulus. To support different neuromolecular mecha-
nisms underlying various types of drug abstinence, recently we
reported that housing conditions in rats withdrawn from cocaine
self-administration evoke changes in the brain D,-like receptor
density. Thus, the home cage isolation significantly enhances the
dopamine D,-like receptor density in the hippocampus, while
enriched environment or isolation reduces the receptor density in
the dorsal striatum and enhances in the prefrontal cortex [23].
Altogether, the above discussed changes seem to be specific to the
cocaine abstinence phase with the altered By,,x and Kq values for
dopamine D,-like receptors in cocaine-experienced group of rats
underwent isolation or enriched environment but not in rats
exposed for extinction training.

Following extinction training in cocaine- or MDMA-treated
rats, we found drug-dependent changes in the rat brain glutamate
mGlus receptor binding density but not affinity. In fact, both
drugs change glutamate mGlus receptor Bn.x Vvalue with
significant effect observed for MDMA, however, such effects
should be linked with pharmacological effects of any drug as they
also generated parallel changes for yoked drug controls. Only for
cocaine self-administration, we observed a 40% rise in the B,.x
value in the nucleus accumbens which is in agreement with the
previous findings from our laboratory that cocaine self-adminis-
tration and a 10-day drug-free period with extinction training
reduced basal extracellular glutamate levels in the nucleus
accumbens shell [41]. Such a reduction may contribute to the
increase in glutamate mGlus receptor density; however, the
imbalance in glutamate transmission was not observed immedi-
ately after cocaine self-administration, as evidenced by both
receptor binding and immunohistochemical staining procedures
[27,43]. The present findings also support previous observations
showing that 21-day extinction training after cocaine self-
administration evokes a rise in glutamate mGlus receptor protein
expression in the accumbal core postsynaptic membrane fraction,
while its surface expression is significantly reduced [44]. In
should be underscored here that the above lack of close
correspondence between changes in glutamate mGlus receptors
is due to the measurement of different receptor pools (the pool of
cell surface membrane glutamate mGlus receptors capable of
binding the ligand and determination of the ligand affinity for the
receptor using the radioactive ligand binding saturation method
vs. the whole receptor protein pool, which involves also the
inactive form due to internalization measured by Western
blotting). The mechanism linked to the observed rise in mGlus
receptor density is likely associated with a new learning condition
that occurs during extinction training. In fact, in this type of
cocaine abstinence, animals learn that cocaine-seeking behavior in
an environment previously associated with drug delivery (experi-
mental cages) is no longer reinforced due to the absence of a drug
reward. Glutamate mGlus receptors are required for the consoli-
dation of drug-related memories [45] and for increased mGlus
receptor signaling [46], whereas their inactivation hinders
extinction learning and formation of new memory pathways
[47], which could explain the mGlus receptor up-regulation.
Interestingly, in the prefrontal cortex a 25-30% reduction in the
glutamate mGlus receptor density in cocaine- or MDMA-abstinent
rats was demonstrated, with significant effects being observed
after previous MDMA exposure. Several lines of evidence indicate
that the prefrontal cortex is critical for drug-seeking behavior [48],
and several conditions herein even had beneficial effects by
reducing drug relapse. Reductions of the glutamate mGlus
receptor protein and the postsynaptic density of these receptors

were observed in the dorsomedial prefrontal cortex in rats
following cocaine self-administration and extinction conditions
[49] and in cocaine abstinent animals exposed to the experimental
cage with lever retraction, while no changes in glutamate mGlus
receptor protein and mRNA were detected in rats that were placed
in the home cage (social isolation) during abstinence [49,50]. In
contrast to the latter authors, we recently found that the glutamate
mGlus receptor density decreased in the prefrontal cortex after
different types of cocaine abstinence (isolation cage and enriched
environment) [23] what together with the present data means
that any type of housing conditions causes similar neuromolecular
mechanisms in psychostimulant-related abstinence in rats. These
changes may contribute to the reinstatement processes.

It should be underlined that the present study had some
limitations as we did not separate the prefrontal cortex sub-areas
that either drive expression (the prelimbic cortex) or suppression
(the infralimbic cortex) of drug seeking behaviors [48,51,52].

In conclusions, this study for the first time shows how extinction
training from cocaine or MDMA self-administration or passive-
injections changes the dopamine D,-like and glutamate mGlus
receptor By,.x and/or Kq values in different regions of the rat brain.
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