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Abstract
Little is known about the role of GABAB receptors (GABABRs) in the maintenance of memories
associated with using abused substances. We have embarked on a series of studies designed to
determine if enhancing the efficacy of GABA-occupied GABABRs with positive allosteric
modulators (PAMs) can negate previously established conditioned place preference (CPP) induced
by methamphetamine. In the current study, we evaluated the effects of acute administration of
GABABR PAMs, GS39783 and CGP7930. We determined that post-conditioning treatments with
these PAMs, administered in the home cage, blocked the subsequent expression of
methamphetamine-induced CPP. These data indicate that selectively augmenting GABA-occupied
GABABR signaling is sufficient to reduce memory maintenance and/or the salience of contextual
cues previously associated with methamphetamine.
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1. Introduction
Cues associated with the use of abused substances can activate limbic brain regions [1,2]
and elicit drug-craving and drug-seeking [3,4]. This powerful, long lasting associative
learning process, and the resulting salience attributed to drug-associated cues, can be studied
in laboratory rats using conditioned place preference (CPP) [5–7]. Methamphetamine is a
potent psychostimulant that is highly abused throughout the world [8]; thus, the current
study evaluated CPP induced by the psychostimulant, methamphetamine (Meth).

There is no FDA-approved pharmacotherapy for psychostimulant addiction. However,
literature suggests that the GABAB receptor (GABABR) system is a viable target [9,10]. The
GABABR system is down-regulated by repeated psychostimulant administration [11,12].
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Accordingly, administration of the GABABR agonist baclofen inhibits the development and
expression of CPP induced by Meth [13] as well as the development and expression of
amphetamine-induced motor sensitization [14,15]. Baclofen also decreases several aspects
of Meth [16], amphetamine [17] and cocaine self-administration [18] in rodents and cocaine-
primed reinstatement of cocaine-seeking in baboons [19]. These data demonstrate that
baclofen prevents the development of psychostimulant-induced behaviors and subsequent
stimulant-seeking. Imaging studies in stimulant-abusing humans indicate that baclofen
blunts the limbic activation associated with visual drug cues [9]. Clinical studies also
demonstrate the efficacy of baclofen to reduce cocaine craving [20], and decrease cocaine
[21] and Meth use [22]. These studies indicate that augmenting GABABR signaling may
have beneficial effects on the effects of stimulants. While the use of GABABR agonists as a
therapy for addiction has considerable support [10,23], the side effects associated with
agonist administration (e.g., sedation and motor impairment) present significant drawbacks
[20–22,24,25]. These undesirable effects reflect the fact that direct acting GABABR agonists
bind to and activate all GABABRs in the brain regardless of endogenous GABAergic tone.
Positive allosteric modulators (PAMs) of the GABABR provide an alternative means to
augment GABAergic signaling. GABABR PAMs do not directly activate receptors; instead
they increase the efficacy of endogenous GABA [26–29]. Moreover, while GABABRs are
located throughout the brain, expression levels differ greatly among brain regions with high
expression levels found in regions important for reward and motivated behavior (e.g.,
ventral tegmental area and thalamus) [30]. These characteristics contribute to the ability of
PAMs to maintain temporal and regional specificity compared to GABABR agonists.

Recent reports reveal the ability of GABABR PAMs to reduce the development and
expression of reward-mediated behaviors. The PAM CGP7930 reduces cocaine self-
administration [18,31] and cocaine- and cue-induced reinstatement of cocaine-seeking [32].
The PAM GS39783 blunts locomotion induced by acute cocaine, blocks the development of
cocaine-induced motor sensitization, and normalizes molecular adaptations resulting from
repeated cocaine administration [33]. These studies demonstrate the capacity of GABABR
PAMs to modulate cocaine-mediated effects; yet, the capacity of PAMs to modify the
maintenance of Meth-induced behaviors is unknown.

Administration of GABAergic ligands during the development and expression phases of
reward-mediated behaviors provides insight into the role of the GABABR system in these
behaviors; however, there are limited clinical applications for these treatment protocols. A
more relevant approach is to administer a potential therapy after the brain and behavioral
adaptations have taken place (i.e., to target the maintenance of drug-associated memories).
Using this treatment strategy, baclofen disrupts the maintenance of previously established
amphetamine-induced motor sensitization [14]. We have revealed that a similar strategy
with the atypical antidepressant mirtazapine can disrupt the maintenance of Meth-induced
CPP [34] as well as Meth-induced motor and cellular sensitization [35]. These studies
illustrate the feasibility of post-conditioning treatments to nullify previously established
Meth-induced behavioral effects. The current study used this approach to determine if
GABABR PAMs would inhibit the expression of Meth-induced CPP when administered
after the development of the behavior.

The GABA system undergoes many time- and region-specific adaptations following
psychostimulant administration, including changes in GABA turnover and receptor-
mediated function. These adaptations are influenced by neuronal phenotype, number of drug
exposures, and withdrawal duration, all of which will likely influence the effectiveness of
any particular therapeutic intervention. We are interested in determining the influence of
withdrawal time (early vs. protracted withdrawal phase) and the treatment duration
requirements for GABABR ligands to alter the maintenance of Meth-induced CPP [36].
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During early withdrawal (<10 days) the GABABR system is down-regulated; including
decreases in receptor expression [11,37], uncoupling of the GABABR from the G-protein
[12], and increases in extracellular GABA concentrations [38,39]. Accordingly, in the
current study, the GABABR PAMs GS39783, and CGP7930 were administered for 2 days
during the early withdrawal phase after Meth conditioning and we hypothesized that
augmenting GABABR signaling during this phase of maintenance would reduce the salience
of Meth-associated cues, thereby inhibiting the maintenance and subsequent expression of
Meth-induced CPP.

2. Experimental procedures
2.1. Animals

Male Sprague–Dawley rats (n = 59, Harlan, Indianapolis, IN) weighing 250–300 g at the
start of the study were acclimated to the vivarium for at least 1 week prior to the onset of the
experiments. Rats were housed in pairs in a climate-controlled environment on a 12 h light/
dark cycle and allowed ad libitum access to food and water. Cage mates were given identical
pharmacological treatments. Housing facilities at Rush University are accredited through the
Association for Assessment and Accreditation of Laboratory Animal Care, and all
experiments were carried out in accordance with the conditions set forth by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research
Council, 1996) and with the approval of the local Institutional Animal Care and Use
Committee.

2.2. Drugs
Conditioning. (+)Methamphetamine HCl (Sigma–Aldrich, St. Louis, MO) was dissolved in
0.9% sterile saline and administrated as 0.1, 0.3, or 1 mg/ml/kg. The saline vehicle for Meth
was administered as 1 ml/kg. Home cage injections. To demonstrate that effects of PAM
administration could not be attributed to a single chemical entity, two different PAM ligands
were tested, GS39783 and CGP7930 (gifts from Novartis Pharma AG, Basel, Switzerland).
The PAM dose was selected based on published observations that when tested as 3, 10, and
30 mg/kg i.p., the 30 mg dose of GS39783 or CGP7930 successfully reduces the break point
of cocaine self-administration when administered 10 min prior to the session [31]. Thus, we
tested the 30 mg/kg dose in the current study. The PAMs were dissolved in 10% propylene
glycol sterile water solution as 30 mg/2 ml. All injections were given intraperitoneally (i.p.).

2.3. Apparatus
The apparatus used to monitor motor activity and place preference consisted of three
chambers divided by opaque Plexiglas sliding doors (AccuScan Instruments, Inc.,
Columbus, OH); two large conditioning chambers (25 cm × 30 cm × 30 cm) separated by a
small center chamber (13 cm × 30 cm × 30 cm). Each chamber had distinct visual and tactile
cues. One conditioning chamber had vertical stripes on the walls and the other had
horizontal wall stripes. Each chamber contained either a textured floor with a smooth plastic
rectangle glued to the center of the floor or an alternately textured floor with a six-well
overturned paint dish glued to the center of the floor. The two types of floors were randomly
assigned to each conditioning chamber. The center chamber contained solid white walls and
a smooth slightly raised platform floor. Motor activity and time spent in each chamber was
monitored via two sets of photobeams (24 in the horizontal orientation and 12 vertical).

2.4. Conditioned place preference
The behavioral testing room was dimly lit (54–108 lx) with white (white noise generator,
San Diego Instruments, San Diego, CA) noise continuously present. The rats were
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transported from the vivarium to the test room (located across the hall, in the same animal
facility suite) at least 30 min prior to the start of the experiment. The protocol consisted of
the following phases (Fig. 1A): Pre-Test, conditioning, CPP Test 1 to verify the
development of CPP, home cage intervening treatments, and CPP Test 2.

A 30 min Pre-Test was conducted wherein rats were placed into the center chamber and
doors were immediately removed allowing free access to the entire CPP box. While the
visual and tactile cues were randomized in each conditioning chamber, individual rats spent
an average of 64% of total Pre-Test time in one conditioning chamber and 29% in the other
chamber with the remaining 7% being spent in the center chamber. For conditioning, rats
were administered Meth in the chamber in which they spent the least amount of time during
the Pre-Test.

Meth conditioning occurred every other day interposed by saline conditioning days for a
total of 6 days. To do so, immediately after each injection the rats were placed into the
appropriate chamber for 45 min. 3 days following the last conditioning session (i.e., day 9)
rats were given a 30 min drug-free CPP Test. To establish the Meth dose to be used for
PAM evaluations, a pilot Meth dose–response was conducted with 0.1, 0.3, and 1 mg/kg (n
= 6 in each group). The most robust CPP was obtained with 1 mg/kg. Comparing time spent
(s) in the saline-paired vs. time spent in the Meth-paired chamber for each dose resulted in
the following: 0.1 mg/kg, 717 ± 189 vs. 949 ± 184; 0.3 mg/kg, 610 ± 107 vs. 1047 ± 120;
and for 1 mg/kg, 326 ± 50 vs. 1327 ± 55. A two-way mixed factor ANOVA revealed an
effect of chamber (F(1,35) = 27.701, p < 0.0001) and chamber × dose interaction (F(2,35) =
4.723, p = 0.017) but no effect of dose (F(1,35) = 0.001, p = 0.999). A post hoc Newman–
Keuls test demonstrated significant CPP (i.e., a significantly greater amount of time spent in
Meth-paired compared to the saline-paired chamber) for those rats conditioned with 1 mg/kg
Meth. Thus, we selected the 1 mg/kg dose to induce Meth CPP and subsequently evaluated
the ability of post-conditioning administration of GABABR ligands to disrupt maintenance
of place preference memory. For the current study, the order of Meth- vs. saline-pairings
was randomized to ensure that the order of conditioning did not influence behavioral
outcomes; Meth conditioning occurred on days 1, 3, and 5 or 2, 4, and 6 and saline
conditioning occurred on days 2, 4, and 6 or 1, 3, and 5. As the order or Meth or saline-
pairings did not influence CPP outcomes (time spent in the Meth-paired chamber was not
different between those that received Meth on days 1, 3, and 5 (time spent = 887 ± 98 s, n =
8) vs. those that received Meth on days 2, 4, and 6 (time spent = 929 ± 95 s, n = 8))
(Student’s t-test, p > 0.05) these data were pooled for analysis. A 30 min drug-free CPP Test
was performed on day 9, (termed CPP Test 1) to confirm that the preference developed as
described previously. Rats that did not increase time spent in the Meth-paired chamber on
CPP Test 1 compared to the same chamber during the Pre-Test by at least 10% (180 s) were
excluded from subsequent evaluations of PAM effects (2 rats were excluded based on this
criterion). This culling procedure, as previously shown by others [40] helps assure that only
those rats that clearly acquired the task were used to determine the potential for GABABR
ligands to subsequently reduce the acquired preference. Based on the results generated
during CPP Test 1, rats were assigned to one of the following once-daily home cage
treatments (days 10 and 11) such that the expression of the preference was approximately
equal across vehicle, GS39783, and CGP7930 treatment groups. Selection of the early
withdrawal time for PAM treatments was based on prior demonstrations that the GABABR
system is down-regulated within the first few days of withdrawal from repeated stimulant
exposure [11,12]. We considered that if this adaptation contributed to memory maintenance,
then augmenting GABABR signaling during this withdrawal time may disrupt these
memories. 3 days after the second, and last, home cage treatment (i.e., day 14) rats were
tested for the expression of CPP in a drug-free state (termed CPP Test 2). The presence of
PAMs during the CPP Test may influence the expression of CPP, thus to allow the
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GABABR PAMs to be cleared from the rat prior to CPP testing, a 3-day drug-free period
was imposed between the last PAM injection and testing for preference. This approach
allowed us to interpret the effects of GABABR ligands in terms of memory maintenance
rather than an effect on expression.

2.5. Statistical analysis
CPP was defined as spending significantly more time in the Meth-paired vs. saline-paired
chamber. This was accomplished by two-way repeated measures ANOVA (factors were
chamber and CPP Test) followed by post hoc Newman–Keuls for between chamber
differences for each test. All data are shown as mean ± standard error of the mean (SEM).
Statistical outliers were determined as those rats that spent greater than two standard
deviations above or below the mean time spent in any chamber.

3. Results
The 6-day conditioning protocol resulted in a significant preference for the Meth-paired
chamber. As a group, the 41 rats tested expressed CPP during Test 1 (day 9) (time spent
Meth-paired chamber, 1024 ± 41 s; time spent saline-paired chamber, 620 ± 40 s; paired t-
test: p < 0.0001). 2 rats did not demonstrate a 10% (180 s) increase in time spent from the
Pre-Test to CPP Test 1 thus they were not tested further. This culling procedure helped
assure that only those rats that clearly acquired the task were used to determine the potential
for GABABR ligands to subsequently reduce the acquired preference (see Section 2). Post-
conditioning administration of the vehicle did not impact the ability of drug-free rats to
express a preference for the Meth-paired chamber (Fig. 1B; PAM Vehicle (n = 16):
chamber, F(1,30) = 22.935, p < 0.0001; Test, F(1,30) = 0.077, p = 0.784; interaction, F(1,30) =
0.980, p = 0.330). This demonstrated that the acquired preference was not diminished by
repeated CPP testing or with the intervening home cage injections. In contrast, rats
administered GABABR PAMS GS39783 and CGP7930 nullified previously established
preference; i.e., the preference for the Meth-paired chamber observed on CPP Test 1 was no
longer evident on CPP Test 2 (Fig. 1C and D; GS39783 (n = 11): chamber, F(1,20) = 11.141,
p = 0.003; Test, F(1,20) = 0.0002, p = 0.989; interaction, F(1,20) = 6.947, p = 0.016. CGP7930
(n = 9): chamber, F(1,16) = 3.506, p = 0.080; Test, F(1,16) = 0.002, p = 0.965; interaction,
F(1,16) = 9.108, p = 0.008). Although the effect of chamber with the rmANOVA was
significant only for the GS39783, and not for CGP7930, both groups demonstrated a
significant interaction as well as post hoc significance for CPP Test 1 comparing time spent
in the saline vs. Meth-paired chamber, which is not apparent during CPP Test 2. Throughout
each Test (Pre-Test, CPP Test 1, CPP Test 2) time spent in the middle chamber did not
significantly change in any treatment group (Fig. 1B–D). Thus, a dose of GS39783 and
CGP7930 which effectively reduces cocaine-induced behaviors including self-
administration [16,31], reinstatement of self-administration [32], acute increases in
locomotion, development of motor sensitization, and molecular adaptations resulting from
repeated administration [33] also inhibits the maintenance of Meth-induced CPP when
administered in the home cage.

In addition, we have determined that the inhibitory effect of the PAMs on the maintenance
of Meth-induced CPP is not the consequence of altering motor activity on the Test day.
During CPP Test 2 (i.e., 3 days after the last home cage PAM injection), total distance
travelled is not different between treatment groups (Vehicle, 1581 ± 93; GS39783, 1401 ±
71; CGP7930, 1650 ± 196; one-way ANOVA, p = 0.349).
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4. Discussion
This study revealed that two chemically distinct GABABR PAMs, GS39783 and CGP7930,
administered to rats in the neutral environment of the home cage, were sufficient to nullify
the previously expressed preference for the Meth-paired chamber. At the dose selected,
GS39783 and CGP7930 are thought to act only at GABABRs that are occupied by
endogenous GABA [27,28]. Therefore, these findings indicate that augmenting the efficacy
of occupied GABABRs during early phases of withdrawal is sufficient to disrupt the
maintenance of the acquired salience for the Meth-associated context. The ability of a
GABABR PAM to nullify robust Meth-induced CPP the 1 mg/kg Meth dose would provide
a more compelling argument for the further consideration of the PAMs as potential Meth
abuse therapy, thus we evaluated CPP induced by 1 mg/kg Meth and subsequently evaluated
the ability of post-conditioning administration of GABABR ligands to disrupt maintenance
of place preference memory.

The current study focused on the short-term maintenance of Meth-associated memories, a
phase of mnemonic processing that is not widely studied with regard to GABABR
influences. In contrast, there is ample literature demonstrating that administration of the
GABABR agonist baclofen alters other mnemonic processes including acquisition [41,42],
consolidation [43–46], and expression [13,47,48]. Likewise, there are numerous studies
demonstrating the efficacy of pharmacological augmentation of GABABR signaling via
administration of GS39783, CGP7930, as well as baclofen to modulate the development and
expression of behaviors induced by psychostimulants when administered during
conditioning, or within 30 min prior to testing [13,15,17–19,31–33,49]. However, to date
only Bartoletti et al. [14] have demonstrated efficacy of a GABABR ligand to modify the
maintenance of a previously established psychostimulant-induced behavior. These authors
report that the maintenance of amphetamine-induced motor sensitization is blunted when 10
administrations of 2 mg/kg baclofen were initiated 36 days after the behavior developed and
terminated 20 days prior to the amphetamine challenge. Ongoing studies with a non-
selective PAM, fendiline, have indicated that 10 once-daily home cage treatments initiated 4
days after conditioning disrupt the maintenance of Meth-induced CPP that is normally
expressed 16 days after the last conditioning session [36]. In sum, our research efforts
expanded the literature on direct GABABR agonists, by evaluating GABABR PAM
influences on the maintenance of place preference memory induced by Meth.

PAMs act by positively modulating GABA-occupied receptors. The fact that GS39783 and
CGP7930 inhibited the maintenance of previously established CPP suggests that during the
early withdrawal period, regions that are necessary for the maintenance of Meth-induced
CPP are sensitive to disruption by augmenting GABABR signaling which suggests that the
sensitive region(s) express GABABRs and have endogenously released GABA. Ongoing
studies with Meth-treated rats in our laboratory have not revealed changes in GABABR
protein levels or surface expression in several limbic brain regions (unpublished data).
Augmenting GABA receptor signaling in areas where GABA is endogenously released in
the current study modifying the maintenance of Meth-induced CPP is consistent with the
recent demonstration that increasing GABA levels via reducing its metabolism (i.e., with
gamma vinyl GABA, an irreversible inhibitor of GABA transaminase), inhibits the
expression of Meth-primed reinstatement of CPP (administered 2.5 h prior to the Meth
challenge) [50]. Thus, it may be that augmenting GABABR signaling in brain regions where
GABA is tonically released is particularly important for disrupting memory maintenance.

Several laboratories report region-specific changes GABABR expression, receptor-mediated
function, and GABA turnover during the early days following repeated psychostimulant
exposure which suggest a net down-regulation of the GABABR system. GABABRs are
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reduced throughout the brain of rats after cocaine self-administration [11] and in the ventral
tegmental area a decrease in the functional coupling of GABABRs is observed [12]. Changes
such as these may contribute to the hyper-excitable state of the brain observed during
psychostimulant withdrawal [51]. Additionally increased tone occurs within the first 7 days
of withdrawal from repeated psychostimulant withdrawal including increased extracellular
GABA levels in the medial prefrontal cortex after repeated cocaine administration [38] and
enhanced substantia nigra and striatum K+-evoked GABA release after repeated Meth
administration [39] which may be a compensatory response for the down-regulated
GABABR expression and/or function. Behavioral observations made in the current study
suggest that GABA-occupied GABABRs located in regions critical for the maintenance of
Meth-induced CPP are selectively enhanced by PAMs.

In summary, we have identified two GABABR PAMs, GS39783 and CGP7930, which
inhibit mnemonic processes necessary to maintain and subsequently express Meth-induced
CPP when administered during the early withdrawal phase. This information allows us to
infer that GABABR expressing neurons in regions that have endogenous GABAergic tone
are critical for the maintenance of the associative memory that forms during Meth-induced
CPP. Thus, GABABR PAMs may be a viable therapeutic alternative to direct acting
GABABR agonists for the treatment of psychostimulant addiction.
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Fig. 1.
Meth-induced CPP is inhibited by post-conditioning administration of the PAMs GS39783
and CGP7930. (A) Illustration of treatment protocol. A drug-free Pre-Test was conducted
and rats were assigned to receive Meth (1 mg/kg, i.p.) in the initially non-preferred chamber.
Conditioning occurred on days 1–6. A drug-free CPP Test was conducted on day 9 to verify
the development of CPP (CPP Test 1). Vehicle, baclofen, or a PAM was administered in the
home cage on days 10 and 11. A final drug-free CPP Test (CPP Test 2) was conducted on
day 14 to determine the capacity of GABAergic ligands to influence the expression of Meth-
induced CPP. (B) Rats assigned to the PAM vehicle (10% propylene glycol) group (n = 14)
expressed CPP on both Test days (CPP Tests 1 and 2). Rats administered (C) GS39783 (n =
11) or (D) CGP7930 (n = 9) as an intervening treatment did not express a preference for the
Meth-paired chamber on CPP Test 2. Post hoc Newman–Keuls test was used to determine
between chamber differences (center chamber not included for statistical analysis), **p <
0.01. Solid line, time spent in the Meth-paired chamber; dashed line, time spent in the
saline-paired chamber; grey line, time spent in the center chamber. M, methamphetamine (1
mg/kg); S, saline (1 mg/kg); Veh, vehicle (1 ml/kg); Bac, baclofen (2 mg/kg); PAM,
positive allosteric modulator: GS39783 (30 mg/kg), CGP7930 (30 mg/kg).
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