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Abstract: Metabotropic glutamate subtype 5 (mGlub) receptors are implicated in various forms of
synaptic plasticity, including drugs of abuse. In drug-addicted individuals, associative memories
can drive relapse to drug use. The present study investigated the potential of the mGlu5 receptor
positive allosteric modulator (PAM), VU-29 (30 mg/kg, i.p.), to inhibit the maintenance of a learned
association between ethanol and environmental context by using conditioned place preference
(CPP) in rats. The ethanol-CPP was established by the administration of ethanol (1.0 g/kg, i.p. x 10
days) using an unbiased procedure. Following ethanol conditioning, VU-29 was administered at
various post-conditioning times (ethanol free state at the home cage) to ascertain if there was a
temporal window during which VU-29 would be effective. Our experiments indicated that VU-29
did not affect the expression of ethanol-induced CPP when it was given over two post-conditioning
days. However, the expression of ethanol-CPP was inhibited by 10-day home cage administration
of VU-29, but not by first 2-day or last 2-day injection of VU-29 during the 10-day period. These
findings reveal that VU-29 can inhibit the maintenance of ethanol-induced CPP, and that treatment
duration contributes to this effect of VU-29. Furthermore, VU-29 effect was reversed by
pretreatment with either MTEP (the mGlu5 receptor antagonist), or MK-801 (the N-methyl-D-
aspartate-NMDA receptor antagonist). Thus, the inhibitory effect of VU-29 is dependent on the
functional interaction between mGlu5 and NMDA receptors. Because a reduction in ethanol-
associated cues can reduce relapse, mGlub receptor PAM would be useful for therapy of alcoholism.
Future research is required to confirm the current findings.

Keywords: VU-29; mGlu5 receptor; positive allosteric modulator; conditioned place preference;
ethanol; reward; memory

1. Introduction

Addiction to ethanol and other drugs of abuse results in part from exceptionally strong,
maladaptive associations formed between contextual cues and the rewarding properties of the drug
[1-3]. These drug-associated contextual memories are long lasting, highly resistant to extinction, and
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contribute to the high rate of relapse in ethanol-dependent individuals, as well as the reinstatement
of ethanol-seeking behavior [4-8].

Conditioned place preference (CPP) paradigm is an animal model used to study the rewarding
effects of addictive drugs that require the formation of learning associations between reward and
particular location [9,10]. Following pairings of a drug treatment with a specific environmental
context, the expression of a CPP is assessed on a treatment-free test day. Therefore, CPP behavior
ultimately involves acquisition, consolidation and retrieval (CPP expression) of stimulus-reward
memory for generating an association between environmental stimuli and the affective state
produced by a treatment [11,12].

The CPP paradigm also allows the studying of relapse to drug abuse after the extinction and
reinstatement of CPP. The extinction procedure typically involves exposing animals to the previously
drug-paired context in a drug-free state [13,14] until preference is no longer observed. Extinction is
usually performed either by administering injections of a vehicle in both the original drug-paired and
the original vehicle-paired chambers or by repeating CPP tests until preference is no longer observed.
Thus, such a procedure should facilitate the extinction of cue-drug memories to reduce relapse [15].

Behavioral evidence indicates that the mechanism of the underlying extinction of conditioned
memories involves establishing a new form of inhibitory learning in which the conditioned stimulus
progressively loses its ability to evoke the conditioned response [16-18]. Following extinction, relapse
can be modelled by the ability of a various precipitators (stress, drug-priming or drug-associated
cues) to reinstate conditioned drug-seeking behavior [13,19,20]. However, many ethanol/drug users
do not undergo the equivalent of extinction training via rehabilitation programs [21,22].

Alternatively, removing animals from drug-conditioning apparatus without providing
extinction training provides a model of abstinence (withdrawal). Following withdrawal, conditioned
drug-seeking behavior is elicited by environmental and contextual cues [23]. It should be noted that
periods of withdrawal have actually been associated with subsequent increases in cue-induced drug
seeking. This phenomenon was first observed in human drug users, and researchers [24-26] have
confirmed this effect in preclinical experiments [27-30]. Although drug-seeking behavior decreases
after more extended periods of abstinence, human drug users have been shown to exhibit increases
in cue-related cravings during the first few months of withdrawal (40-60%) or even by 1 year (70—
80%) [26,31,32]. Therefore, animal models that examine the effect of a period of abstinence on cue-
induced drug-seeking possess implicit translational value.

The cellular basis of learning and memory and associated synaptic plasticity such as long-term
potentiation (LTP) and long-term depression (LTD) of synaptic efficacy require glutamatergic
transmission to occur [33,34]. In particular, the metabotropic glutamate subtype 5 (mGlu5) receptors
are known to play an important role in learning and memory [1,35,36]. These receptors belong to
group I mGlu receptors and are linked via scaffold proteins, including Shank and Homer, to N-
methyl-D-aspartate (NMDA) receptors [37-39]. Through this mechanism, they are implicated in
regulating the induction and maintenance of synaptic plasticity —the putative neurochemical basis
of learning and memory [40].

In recent years, multiple mGlIu5 receptor positive allosteric modulators (PAMs) have been
identified and shown to have cognitive-enhancing effects in a number of animal models [41-44].
Previous studies have shown that mGlu5 PAMs enhance synaptic plasticity and cognitive function
by the potentiation of the mGlu5-dependent regulation of NMDA receptor signaling (nonbiased
mGlu5 PAMs). However, new mechanistic insights in the actions of mGlu5 PAMs suggest that the
modulation of NMDA receptor is not crucial for the in vivo efficacy of mGlu5 PAMs. For instance, a
recently discovered novel group of biased ligands of mGlu5 PAMs has been found that selectively
potentiates the coupling of mGlu5 to G«q GTP-binding proteins and subsequently mobilizes
intracellular calcium and activates protein kinase C and associated signaling pathways that lead
either (via complex kinase cascade and Arc protein) to the internalization of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors [45] or the activation of presynaptic type 1
cannabinoid (CB1) receptors. In turn, the activation of presynaptic CB1 receptors regulates y-
aminobutyric acid (GABA)/glutamate release [46,47]. Taking into account the above data, biased



Biomolecules 2020, 10, 793 3 of 19

ligands of mGlu5 PAMs might have, being cognitive enhancers, a better safety profile than nonbiased
mGlu5 PAMs that induce neurotoxicity associated with increased NMDA receptor currents [47,48].

Critically, mGlub receptors are distributed throughout the neural circuitry involved in reward-
driven behaviors [49,50]. The activation of these receptors is involved in facilitating the extinction of
drug-seeking behavior [3,51]. For these reasons, the mGlu5 receptors have received considerable
attention in recent years as a potential therapeutic target for the treatment of drug addiction
[37,39,40,52].

Our previous study indicated that the mGlu5 receptor PAMs, including VU-29, attenuated
cognitive deficits induced by acute ethanol administration and ethanol withdrawal [53,54]. Taking
into account that the brain regions and neuronal processes that underlie addiction overlap
extensively with those that support cognitive function [2], we sought to determine whether VU-29,
given during the abstinence/withdrawal period in home cages to ethanol-conditioned rats was able
to affect the short/long-term maintenance of ethanol-induced CPP. To determine the mechanism of
VU-29 effects, we used MTEP, an antagonist of mGlu5 receptors, and MK-801, a noncompetitive
antagonist of NMDA receptors. Additionally, we investigated whether VU-29 given alone is able to
induce rewarding effects in the CPP test. Moreover, the influence of VU-29 on the locomotor activity
and anxiety-like behavior of rats was investigated to rule out such effects on the obtained results.
Answering these questions is equivalent to deciding whether VU-29 might be useful to disrupt
associative memories that can drive relapse to drug use in drug-addicted individuals.

2. Materials and Methods

2.1. Animals

Male naive Wistar rats (HZL, Warsaw, Poland) weighing 200250 g at the initiation of the
experimental procedure (age of 8-9 weeks) were used in our experiments. The rats were housed four
per cage with a standard diet (Agropol, Motycz, Poland) and water ad libitum, and kept under 12-h
light/dark cycle and controlled temperature (22 + 2 °C). The rats were adapted to the laboratory
conditions and were handled for at least 1 week before the experiments. Each experimental group
consisted of 8-10 rats. All behavioral studies were performed between 9:00 a.m. and 5:00 p.m. The
experimental protocols and housing conditions were performed according to the National Institute
of Health Guidelines for the Care and Use of Laboratory Animals, the European Community Council
Directive of November 2010 for Care and Use of Laboratory Animals (Directive 2010/63/EU), and
were approved by the 1st Local Ethics Committee, Lublin, Poland (No. 67/2017).

2.2. Drugs

Ethanol (95%, w/v, Polmos, Poznan, Poland) was diluted in saline (0.9% NaCl) to a concentration
of 10% (w/v) and administered intraperitoneally (i.p.) at the dose of 1.0 g/kg. This ethanol dosage
regimen was established in our preliminary study, wherein the dose of 1.0 g/kg conditioned place
preference in rats. MK-801 (0.1 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) and MTEP (5 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) were dissolved in saline and given i.p. Ethanol, MK-801 and
MTEP were given in a volume of 2 mL/kg. The selective mGlu5 positive allosteric modulator N-(1,3-
diphenyl-1H-pyrazolo-5-yl)-4-nitrobenzamide (VU-29) (donated by the Department of Synthesis and
Chemical Technology of Pharmaceutical Substances with Computer Modelling Lab, Medical
University, Lublin, Poland) was dissolved in a vehicle consisting of 10% Tween-80 (Sigma) in saline
and given at the dose of 30 mg/kg, i.p., in a volume of 1 mL/kg. Injection timepoint and the dose for
VU-29 were chosen based on our previous study [53].

2.3. CPP Apparatus

In the present study, eight wooden conditioning chambers (60 x 35 x 30 cm) were used. Each of
these consisted of two large compartments (25 x 35 cm) separated by removable guillotine doors from
a small central gray area (10 x 10 cm). The walls of the two large compartments differed in color, with
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one having white walls, while the other one was black. To provide a tactile difference between the
compartments, one of the compartments (white) had a smooth floor, while the other one (black) had
a grid floor. The whole apparatus was cleaned thoroughly between each test procedure to neutralize
the odor trails, and then wiped with dry paper towels. The boxes were kept in a soundproof room
with a neutral masking noise and with a dim 40 Ix illumination. Data were collected by cameras
(Karnet, Lublin, Poland) located above each chamber and were automatically sent to a computer for
storage and analysis.

2.4. CPP Procedure

The CPP procedure was based on methods described previously [55,56] with minor
modifications. The CPP procedure (unbiased design) consisted of six different phases: habituation (1
day), pre-test (1 day), conditioning (10 days), followed by Test 1 and withdrawal (2 or 10 days),
followed by Test 2 (1 day). The amount of time spent in each compartment was measured during the
pre-test phase. These results were used to separate animals into groups with approximately equal
biases for each side. Moreover, an appropriate control group was used that underwent the same CPP
procedure as the drug-treated rats.

Habituation and pre-conditioning test: The first and second phases of the experiment (days 1-2)
were aimed at assessing primary place preference and consisted of measuring the time of residence
in the two areas of apparatus for 15 min. During these phases, the animals were placed separately in
the central, small gray area with the guillotine doors removed to allow access to the entire apparatus.
On the second day (i.e., the pre-conditioning test), the time spent by the rats in each of the two large
compartments was measured in order to determine an initial preference that was equal to our
unbiased experimental design. In the particular experimental setup that we used in our study, the
animals did not show a significant preference for either of the compartments during this phase. No
injections were given to rats during this phase.

Conditioning: The third phase of the experiment consisted of two per day 30-min morning and
afternoon sessions for 10 days. Here, the rats were randomly assigned to control and ethanol groups.
In the morning session, the animals were injected with saline and confined in one compartment. The
afternoon session was conducted with an interval of at least 4 h. In the afternoon session, control
groups were injected with saline, ethanol groups received ethanol (1.0 g/kg, 10% w/v, i.p.) and were
conditioned via the opposite compartment. Guillotine doors, separating the two areas, were closed.
Injections were administered immediately before confinement in one of the two large compartments.
A dose of 1.0 g/kg ethanol was chosen for conditioning because it produces reliable CPP in rats after
10 days of conditioning. The neutral zone was never used during conditioning and was blocked by
guillotine doors. The post-conditioning test (Test 1—expression of CPP) was conducted 24 h after the
last conditioning session. In this, the rats were given free access to the experimental compartments
for 15 min, during which the amount of time spent in each of the two large compartments was animals
entered a withdrawal phase in their home cages (see the Experimental Procedure).

2.5. Experimental Procedure

2.5.1. Experiment 1: The Effect of VU-29 on the Short-Term Maintenance of Ethanol-Induced CPP

The study (see Figure 1A) was designed to ascertain if early post-conditioning treatments of VU-
29 disrupted the short-term maintenance of ethanol-induced CPP. Thus, one day after the pre-
conditioning test, the rats were conditioned with ethanol over 10 days, with two 30 min conditioning
sessions each day. In the morning, the rats were given vehicle and immediately placed in one CPP
chamber and 4 h later, in the afternoon session, the other chamber was paired with ethanol (1.0 g/kg,
10% w/v, i.p.). One day after the final conditioning session, rats were given the 15 min, drug-free Test
1. Then, 24 h later, ethanol-conditioned rats were injected with VU-29 (30 mg/kg, i.p.) or vehicle in
the home cage (withdrawal), once-daily for two days. One day after the VU-29/vehicle injection,
drug-free Test 2 was performed.
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2.5.2. Experiment 2: The Effect of VU-29 on the Long-Term Maintenance of Ethanol-Induced CPP

The study (see Figure 2A) was designed to determine the effect of VU-29 on the long-term
maintenance of ethanol-induced CPP. One day after the pre-conditioning test, the rats were
conditioned over 10 days, similar to the method described above. One day after the final conditioning
session, the rats were given the 15 min, drug-free Test 1. One day later, the rats received either: (1) 10
days of vehicle, (2) 10 days of VU-29 (30 mg/kg, i.p.), (3) two days of VU-29 (30 mg/kg, i.p.) followed
by eight days of vehicle, or (4) eight injections of vehicle followed by two days of VU-29 (30 mg/kg,
i.p.) in their home cages (withdrawal). One day after the last VU-29/vehicle injection, drug-free Test
2 was performed.

2.5.3. Experiment 3: The Influence of MK-801 and MTEP on the Effect of VU-29 on the Long-Term
Maintenance of Ethanol-Induced CPP

Experiment 3 (see Figure 3A) was designed to assess the influence of MK-801 (0.1 mg/kg, i.p.),
or MTEP (5 mg/kg, i.p.), on the effect of VU-29 (30 mg/kg, i.p.) on the long-term maintenance of
ethanol-induced CPP. In this set of experiments, rats received MK-801 or MTEP, respectively, 30 and
15 min before each of 10-day injection of VU-29. The procedure was similar to the method described
above. Injection time and doses of MK-801 and MTEP were based on our previous study [57]. To
investigate the influence of MK-801 and MTEP on CPP score in vehicle-treated rats, a separate group
of animals received MK-801 or MTEP for 10 days as described above.

2.5.4. Experiment 4: The Effect of VU-29 on Rat Behavior in the CPP Procedure

The experiment (see Figure 4A) was designed to determine if VU-29 was rewarding or aversive.
One day after the pre-conditioning test, rats were conditioned over 10 days, with two 30 min-long
conditioning sessions each day. In the morning, the rats were given saline and immediately placed
in one CPP chamber and 4 h later, in the afternoon session, the other chamber was paired with VU-
29 (30 mg/kg, i.p.), given 20 min before session. One day after the final conditioning session, rats were
given a 15 min, drug-free CPP test. In Experiment 4, the locomotor activity of individual rats was
measured on the first and last day of conditioning with VU-29, to rule out the possibility that the
observed changes may be due to motor disturbances.

2.6. Elevated Plus-Maze Experiment

2.6.1. Elevated Plus-Maze Apparatus

The plus-shaped maze was made of wood and positioned on a height of 50 cm above the floor,
in a quiet laboratory surrounding. Two opposite arms were open (50 x 10 cm) and the other two were
enclosed with walls (50 x 10 x 40 cm). The experiments were carried out in a quiet, darkened room
with a constant light of 100 1x, located 80 cm above the maze, and directed towards the apparatus.
The experiment was initiated by placing the rat in the center of the plus-maze, facing an open arm,
after which the number of entries, the time spent in each of the two arms, the distance traveled in
open arms, as well as the total distance traveled were recorded for a period of 5 min. Each “arm
entry” was recorded when the rat entered the arm with all four paws. The maze was carefully cleaned
with tap water after each test session [58,59]. The experiments were videotaped and all recordings
were made manually by a highly trained experimenter, blind to treatment groups.

2.6.2. Elevated Plus-Maze Procedure

Separate groups of animals were used to investigate the influence of VU-29 on rat behavior in
the elevated plus-maze test. Here, VU-29 was given once daily for 10 days in their home cages. The
potential anxiety-like effects of VU-29 (30 mg/kg, i.p.) for each rat was measured 20 min after the last
VU-29 administration as: a) the number of entries into the open arms—as a percent of the total
number of entries into both open and closed arms (% open arm entries); b) the time spent in the open
arms-as a percent of total time spent on exploring open and closed arms (% time in open arms).
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Furthermore, the locomotor activity of animals was evaluated as the total number of entries into the
both open and closed arms of the apparatus.

2.7. Locomotor Activity

The horizontal activity boxes (Porfex, Bialystok, Poland) for rats are Plexiglas square chambers
(60 cm each side) located in a sound-attenuated experimental room, under moderate illumination (5
Ix). Horizontal activity (distance traveled in meters) was measured by two infrared light-sensitive
photocells located 45 and 100 mm above the floor. The locomotor activity test was conducted on the
first and last day of VU-29 administration. Locomotor activity was measured in the group of animals
that received MK-801 and MTEP before VU-29 to assess the influence on these compounds on the rat
locomotor activity. In addition, the number of crossings, from one compartment to another through
the central grey area was recorded. This is presented in the tables as a readout of animal locomotor
activity for each experiment. The animals were moved to the locomotor activity boxes and locomotor
activity was assessed for a total period of 15 min. To avoid stress reactions, the animals were
habituated to the apparatus 2 days before the experiment (15 min).

2.8. Statistical Analysis

CPP data are expressed as individual measurements (i.e., dots), the means + standard error of
the mean (SEM). The preference scores were calculated as follows: the post-conditioning minus the
pre-conditioning time intervals, spent at the drug-associated compartment. The statistical
significance of drug effects in the tests was assessed by one-way analysis of variance (ANOVA), and
the significance of difference between individual groups was determined by Tukey’s post hoc test.
Specific paired comparison was performed with Student’s t-test when necessary. Statistical
significance was set at p < 0.05. All data were performed using GraphPad Prism 6.0 Software, San
Diego, California, USA.

3. Results

3.1. Experiment 1: The Effect of VU-29 on the Short-Term Maintenance of Ethanol-Induced CPP

Figure 1A shows the experimental design in which the rats first acquired CPP as measured in
the drug-free Test 1, subsequently given two daily trials (VU-29 was given in home cages for 2 days)
and, afterwards, tested in the drug-free Test 2. One-way ANOVA revealed significant differences
among the assessed groups on CPP Test 1 [F(2,27)=12.35, p <0.001, Figure S1] and CPP Test 2 [F(2,27)
=8.14, p <0.001, Figure 1B]. Tukey’s post-hoc analysis showed that the animals spent more time in the
drug-paired compartment in Test 1 (p <0.001, Figure S1) and in Test 2 (p < 0.001, Figure 1B) following
ethanol conditioning, as compared to the vehicle group. VU-29 given once daily in the home cages
for two days did not significantly reduce the preference for the ethanol-paired chamber. Thus, two
days of VU-29 administration during the early post-conditioning phase (withdrawal) did not disrupt
the short-term maintenance of ethanol-induced CPP. In addition, as shown in Table 1, the used drugs
had no effect on the locomotor activity of rats in Test 2.



Biomolecules 2020, 10, 793 7 of 19

Habituation CPP Test1  CPP Test 2

4 g 1

1 23 4 567 8910 11 1213 14 15 16

iy .

Pre-test Conditioning VU-29
EtOH
e Vehicle
EOO-B 4 EtOH
m VU-29
500+ EE 1]
400+ A ™
o A a
o 307 = g
e = ==
o .
& 200 . . a l
& o0 A
S 100+ .
0 []
*e
-100+ d
-200-

Figure 1. Experimental design for the effect of VU-29 on short-time maintenance of ethanol-induced
CPP (A). Data are shown as post-conditioning minus pre-conditioning time (s) spent in the drug-
associated compartment in the CPP Test 2 (B). Dots represent individual measurements, the central
horizontal mark is the mean, and error bars represent SEM. *** p <0.001 vs. vehicle.

Table 1. The effect of 2 days VU-29 administration to ethanol-conditioned rats on locomotor activity
measured as the number of crossings from one compartment to another during 15 min of Test 2.
Results are expressed as mean + SEM.

Group Number of Crossings (15 min) P Value Number of Animals

Vehicle 51.20 £2.79 p>0.05 10
EtOH 47.30+2.95 p>0.05 9
VU-29 48.50+3.17 p>0.05 9

3.2. Experiment 2: The Effect of VU-29 on the Long-Term Maintenance of Ethanol-Induced CPP

To ascertain if increasing the number of VU-29 (30 mg/kg, i.p.) treatments could disrupt the long-
term maintenance of ethanol-induced CPP, 10 home-cage treatments were administered. Figure 2A
shows the experimental design. One-way ANOVA test revealed significant differences among the
group results of CPP Test 1 (F(4,64) = 12.69, p < 0.0001, Figure 52) and CPP Test 2 (F(4,64) =7.51, p <
0.0001, Figure 2B). Tukey’s post-hoc analysis showed that the animals spent more time in the drug-
paired compartment in Test 1 (p < 0.001, Figure S2) and in Test 2 (p < 0.001, Figure 2B), following
ethanol conditioning, as compared to the vehicle group. VU-29 given for 10 days in home cages
disrupted ethanol-induced CPP. In Test 2, the animals spent significantly less time in the drug-paired
compartment as compared to the ethanol-treated group (p < 0.001).
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Figure 2. Experimental design for the effect of VU-29 administered in three different combinations on
long-time maintenance of ethanol-induced CPP (A). Data are shown as post-conditioning minus pre-
conditioning time (s) spent in the drug-associated compartment in the CPP Test 2 (B). Dots represent
individual measurements, the central horizontal mark is the mean, and error bars represent SEM. ***
p <0.001 vs. vehicle; " p <0.001 vs. ethanol-treated group.

To determine if the ability of VU-29 to antagonize the maintenance of ethanol-induced place
preference reflected processes that occurred only at the beginning or at the end of the 10 days VU-29
treatment period, VU-29 injections were given on the first 2 days or last 2 days of the 10 days VU-29
treatment protocol. Neither early nor late VU-29 treatments disrupted CPP. While the first 2 days and
last 2 days VU-29 treatment slightly reduced preference for the ethanol-paired chamber, CPP was
retained with sufficient magnitude to preserve significance (p <0.001). Thus, treatment duration, and
not the post-conditioning phase in which the VU-29 was administered, was critical for inhibiting the
maintenance of ethanol-induced CPP. In addition, as shown in Table 2, the used drugs had no effect
on the locomotor activity of rats in Test 2.

Table 2. The effect of VU-29 administration to ethanol-conditioned rats on locomotor activity
measured as the number of crossings from one compartment to another during 15 min of Test 2.

Results are expressed as mean + SEM.
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Group Number of Crossings (15 min) P Value Number of Animals
Vehicle 53.00 +2.73 p>0.05 10
EtOH 50.50 + 2.44 p>0.05 10
VU-29 first 2 days 46.70 +2.87 p>0.05 9
VU-29 last 2 days 48.80 +3.49 p>0.05 9
VU-29 10 days 49.10 +2.64 p>0.05 9

3.3. Experiment 3: The Influence of MK-801 and MTEP on the Effect of VU-29 on the Long-Term
Maintenance of Ethanol-Induced CPP

To assess the influence of MK-801 (0.1 mg/kg, i.p.), a noncompetitive antagonist of NMDA
receptors or MTEP (5 mg/kg, i.p.), an antagonist of mGlu5 receptors, on the 10 once-daily treatment
of VU-29 (30 mg/kg, i.p.) over the post-conditioning period, the rats received MK-801 or MTEP,
respectively, 30 and 15 min before each of 10 day injections of VU-29 in their home cages. Figure 3A
shows the experimental design. One-way ANOVA test on CPP Test 1 (F(4,42) = 14.04, p < 0.0001,
Figure S3A) and CPP Test 2 (F(4,42) = 8.42, p < 0.0001, Figure 3B) revealed significant differences
among the groups. A post-hoc analysis (Tukey—Kramer test) showed that the animals spent more time
in the drug-paired compartment in CPP Test 1 (p < 0.001, Figure S3A) and in CPP Test 2 (p < 0.001,
Figure 3B). Furthermore, once daily treatment of VU-29 for 10 withdrawal days in the home cage
disrupted ethanol-induced CPP (p < 0.001). This effect was reversed by MTEP (p < 0.01) and MK-801
(p <0.001), respectively.
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Figure 3. Experimental design for the influence of MK-801 and MTEP on the effect of VU-29 on the
maintenance of ethanol-induced CPP (A). Data are shown as post-conditioning minus pre-
conditioning time (s) spent in the drug-associated compartment in the CPP Test 2 (B). The influence
of MK-801 and MTEP on CPP score in vehicle-treated rats in the CPP Test 2 (C). Dots represent
individual measurements, the central horizontal mark is the mean, and error bars represent SEM. ***
p <0.001 vs. vehicle; ##p < 0.001 vs. ethanol-treated group; & p < 0.01, &%p < 0.001 vs. 10 Day VU-29-

treatment.

To assess the influence of MK-801 and MTEP on CPP score in vehicle-treated rats, a separate
group of animals received MK-801 or MTEP for 10 days as described above. One-way ANOVA of the
results of Test 1 (F(2,25) =0.97, p > 0.05, Figure S3B) and Test 2 (F(2,25) = 0.59, p > 0.05, Figure 3C) did
not reveal significant differences among the groups. In addition, as shown in Table 3, the used drugs
had no effect on the locomotor activity of rats in Test 2.
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Table 3. The influence of MK-801 and MTEP on the effect of VU-29 administration to ethanol-
conditioned rats on locomotor activity measured as the number of crossings from one compartment
to another during 15 min of Test 2. Results are expressed as mean + SEM.

Group Number of Crossings (15 min) P Value Number of Animals
Vehicle 54.10 +2.27 p>0.05 9
EtOH 51.80 £2.54 p>0.05 9
VU-29 10 days 48.90 +2.45 p>0.05 8
VU-29 + MTEP 53.10£3.35 p>0.05 8
VU-29 + MK-801 49.50 +2.47 p>0.05 9
MTEP 51.70 £ 3.27 p>0.05 10
MK-801 48.50 +2.41 p>0.05 10

3.4. Experiment 4: The Effect of VU-29 on Rat Behavior in the CPP Procedure

Figure 4A shows the experimental design of the effect of VU-29 on rat behavior in the CPP
procedure. Ten days of VU-29 (30 mg/kg, i.p.) administration did not induce a chamber bias (t=0.570,
p > 0.05; Figure 4B), suggesting that VU-29 is neither rewarding nor aversive. In addition, as shown
in Table 4, the used drugs had no effect on the locomotor activity of the rats in CPP Test. Furthermore,
locomotor activity measured on the first and last day of conditioning with VU-29 revealed that
behavioral response to VU-29 remained unchanged throughout the 10 days’ protocol. This indicates
that neither sensitization nor tolerance occurred as a result of the 10 once-daily treatment (see Table
5).

A Habituation CPP Test

1 23 4 567 8910 11 12 13
\ |
T |
Pre-test Conditioning
Vvu-29
B
2007 @® Vehicle
g m VU290
100+ -
L -1
hd | I I

CPP Score [s]
Q[ .
4:

-1004 .o

-200-

Figure 4. Experimental design for the effect of VU-29 on rat behavior in the CPP procedure (A). Data
are shown as post-conditioning minus pre-conditioning time (s) spent in the drug-associated
compartment in the CPP Test (B). Dots represent individual measurements, the central horizontal

mark is the mean, and error bars represent SEM.
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Table 4. The effect of VU-29 administration on locomotor activity as measured as the number of
crossings from one compartment to another during 15 min of Test 2. Results are expressed as mean +
SEM.

Group Number of Crossings (15 min) P Value Number of Animals
Vehicle 49.10 £ 2.55 p>0.05 10
VU-29 52.10 £2.83 p>0.05 8

Table 5. The effect of VU-29 on the locomotor activity of rats as measured on the first and last day of
conditioning, and recorded as distance (m) traveled in 15 min. Results are expressed as mean + SEM.

Mean Distance Traveled (m) P Value Number of Animals
Group 1stday of conditioning 10t day of conditionig
Vehicle 56.63 + 3.58 49.79 +4.73 p>0.05 10
VU-29 53.26 + 4.68 54.14+4.21 p>0.05 8

3.5. Experiment 5: Effect of VU-29 on Plus-Maze Performance

VU-29 (30 mg/kg, i.p.) did not change the number of entries into the open arms (t = 1.370, p >
0.05), the time spent by rats in the open arms (t = 0.852, p > 0.05), the number of total entries into the
both open and closed arms (t = 0.236, p > 0.05), the distance traveled in open arms (t = 0.534, p > 0.05)
and the total distance traveled (t = 0.805, p > 0.05) in the plus-maze apparatus during the 5 min
observation sessions (see Table 6). Thus, treatment with VU-29 had no effect on anxiety-like behavior
as compared to the control group.

Table 6. The effect of VU-29 on rat behavior in the plus-maze apparatus. The number of entries into
the open arms (A), the time spent by rats in the open arms (B), the number of total entries into the
both open and closed arms (C), the distance traveled in open arms (D), the total distance traveled (E).
Results are expressed as mean + SEM.

Group/Number of Animals P Value
Vehicle/11 VU-29/9

Parameter Measured

(A) Open arms entries (%) 36.76 +4.62 4428 +297 p>0.05

(B) Time in open arms (%) 30.57+3.47 3563+482 p>0.05

(C) Number of total entries 9.13+0.79 9.37+0.71 p>0.05

(D) Distance traveled in open arms (m)  4.69 +2.74 4.65+247 p>0.05
(E)Total distance traveled (m) 11.72+234  1034+252 p>0.05

3.6. Experiment 6: The Locomotor Activity Test

The locomotor activity test indicated that MK-801 and MTEP given before every VU-29
administration during the 10-day withdrawal period did not have any impact on locomotion in Test
2 (F(4,42)=0.71, p > 0.05; see Table 7).
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Table 7. The influence of MK-801 and MTEP on the effect of VU-29 on the locomotor activity of rats
recorded as distance (m) traveled in 15 min. Results are expressed as mean + SEM.

Group Mean Distance Traveled (m) P Value Number of Animals
Vehicle 23.40 +3.50 p>0.05 9
EtOH 24.50 +£2.93 p>0.05 9
VU-29 10 days 21.20 +£2.82 p>0.05 8
VU-29 + MTEP 25.88 +2.39 p>0.05 8
VU-29 + MK-801 20.38 +2.58 p>0.05 9

4. Discussion

Our study revealed that the mGlu5 receptor PAM, VU-29 administered to rats in the neutral
environment of the home cage, was sufficient to diminish the previously expressed preference for the
ethanol-paired chamber. However, there was a time-dependent relationship between VU-29
administrations and the maintenance of ethanol-induced CPP. In our study, the maintenance of
previously acquired ethanol CPP was disturbed only after 10 days of VU-29 administrations.
Furthermore, VU-29 alone had neither an aversive nor rewarding properties in the CPP test. Thus, a
particularly important observation is that mGlu5 PAM modulation with VU-29 attenuated
maladaptive memories involved in ethanol relapse following withdrawal, and that this VU-29 effect
is dependent on the time of its administration.

Relapse to drug use can occur after prolonged abstinence and is often precipitated by exposure
to craving-provoking drug-associated cues [28]. Based on the clinical observation, this phenomenon
increases during early abstinence and remains elevated for an extended time period [24,60]. Such a
phenomenon, termed “incubation of drug craving” [27], has been observed in self-administration
procedure in rats with a history of ethanol exposure [61]. In our study, ethanol (1.0 g/kg, i.p., once
daily for 10 days) conditioning induced a preference for the ethanol-paired chamber in the CPP
procedure on the test day in rats. This ethanol effect was not affected by home cage injections of saline
because the repeated exposure of rats to the conditioning environment following the 2- and 10-day
abstinence interval produced the conditioned reward. Thus, ethanol-induced conditioned memory
lasted at least 10 days after the last conditioning session. We did not measure the influence of ethanol
withdrawal on incubation craving, however, published data indicate that CPP paradigm is applicable
to the model of such phenomenon [30,62].

Our experiments revealed that the long-term maintenance of mnemonic association between the
rewarding effects of ethanol and the ethanol-paired context could be disrupted by 10 once-daily
injections of 30 mg/kg VU-29. Herein, we have indicated that long-term (10 days) but not short-term
(2 days) stimulation of mGlu5 receptors by VU-29 (injections in animals home cages) was sufficient
to inhibit the maintenance of previously established ethanol-induced CPP. Furthermore, this effect
was not dependent on the duration of withdrawal period, but rather on the number of VU-29
injections because VU-29 injection during the first or last 2-days of the 10-day withdrawal period did
not change the responding behavior for environments associated with ethanol reward. Therefore, our
findings indicate that relatively sustained and long-lasting VU-29-induced changes in neuronal
signaling were necessary to disrupt CPP memory maintenance (a time-dependent effect).

The mechanisms underlying the action of mGlu5 receptor PAM on the maintenance of
associative memories are unknown. Still, Besheer and colleagues indicated [63,64] that mGlu5
receptors activity in the nucleus accumbens (a central component of reward circuitry of the brain) is
necessary and sufficient for the full expression of the interoceptive effects of alcohol. In our study,
VU-29 given alone did not show any effect on emotion and motivation (10 days administration of
VU-29 did not induce either rewarding or aversive effects) in CPP procedure. However, it can be
hypothesized that treatment with the mGlu5 receptor PAM during the ethanol withdrawal altered
the rats’ interoceptive state so that it is different from the state that is typically experienced during
ethanol-CPP sessions. Thus, targeting mGlu5 may be useful, for example, for ameliorating anhedonia
and dysphoria following the cessation of drug/ethanol intake [46].
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Despite this inference, another interpretation of the present result is possible. The CPP paradigm
is a task that requires behavioral flexibility [65]. Chronic ethanol exposure alters cortex and
hippocampus function and results in cognitive deficits during withdrawal. These deficits may
contribute to impaired behavioral flexibility and to the inability to reverse ethanol-context
associations, contributing to relapse [53,54,66]. Our previous results show that ADX-47273, the
mGlub receptor PAM, attenuated the ethanol withdrawal-induced deficits in cognitive flexibility [54].
Herein, behavioral flexibility involves new learning about changes in response/reward contingencies,
and this allows rats to adapt to situations in which reward and goals were changed. Thus, the
behavioral consequences of repeated VU-29 administration measured in the current study may be
due to long-term adaptations that occur as a consequence of repeated VU-29 treatment. It is also
possible that the 10-day VU-29 administration is a critical window of vulnerability (when stored
memory can be weakened) [67] for disrupting the maintenance of ethanol-induced CPP (i.e., time-
dependent effect). This process required permanent changes in the expression of signaling molecules
associated with the activation of mGlu5 receptors [68] and probably the indirect stimulation of the
NMDA receptors [69] that have been shown to be involved in various aspects of learning. In our
previous experiments, ethanol withdrawal rats show an up-regulation of mGlu5 receptors and NR2B
subunit of NMDA receptor. Here, mGlu5 PAMs, including VU-29, decreased these effects in brain
structures such as the prefrontal cortex and hippocampus that are involved in memory processes
[53,54].

Indeed, recent evidence has shown that the allosteric modulation of mGlu5 receptors affects
NMDA receptor activity and this effect was inhibited by MK-801, a noncompetitive antagonist of
NMDA receptors [70]. In our study, VU-29-induced inhibition of the maintenance of ethanol-induced
CPP was reversed by MK-801 and MTEP (an antagonist of mGlu5 receptors). Although these data
may not sound convincing enough, because MTEP can per se reduce ethanol-induced CPP [57,71,72]
and MK-801 has been found to potentiate the reinstatement of ethanol-conditioned cues [73],
nevertheless, published data support the notion that both of these receptors are involved in the VU-
29 effects [53,54] and in VU-29-induced LTP in the hippocampal CAl region in vitro [41].
Furthermore, MTEP or CDPPB (mGlu5 receptor PAM) decreased drug-seeking in response to
cocaine-associated cues after prolonged abstinence. However, repeated treatment with MTEP
impairs working memory, while CDPPB has no effect on performance [74]. It is rather difficult to
determine how two mechanistically different pharmacological compounds can exert the same
behavioral effects to reduce drug-seeking, but it seems that the mGlu5 receptor is important for the
maintenance of cue and for contextual information associated with drug seeking.

Current data have revealed that VU-29, a mGlu5 PAM, is able to enhance hippocampal LTP by
a mechanism that is not dependent on the potentiation of mGlu5 modulation of the NMDA receptor.
Thus, VU-29 potentiates mGlu5 receptors in CA1 hippocampal pyramidal cells to stimulate the
production and release of endocannabinoids (eCBs), which, in turn, act on CB1 receptors on
neighboring interneuron terminals and decrease GABA release. This disinhibition could reduce
inhibitory control of hippocampal CA1 pyramidal cells and subsequently facilitate LTP induction at
SC-CA1 synapses. In contrast, CB1 inhibitors are able to block LTP and disrupt memory [47].
Therefore, CB1 antagonists [75] and mGlu5 PAMs could affect the ethanol-induced context-
dependent memory by the modulation (blockade or facilitation) of LTP processes. However, further
research is needed to support the role of CB1 receptor in the effects of VU-29.

On the other hand, VU-29, a mGlu5 receptor PAM, might change the response to drug-
associated cues by alleviating negative withdrawal symptoms that can induce relapse. Indeed,
published data indicate that systemic treatment with CDPPB exacerbates the effect of ethanol
withdrawal on behavioral despair (anxiety- and depressive-like behavior), but only in adult mice
[76]. Adolescent animals showed minimal response to CDPPB. Furthermore, this compound was
modestly anxiogenic in both alcohol- and water-drinking mice. Our current study showed that VU-
29, an analog of CDPPB, did not possess an anxiolytic/anxiogenic-like behavior per se and did not
have an impact on locomotion. In actuality, these two compounds differ in their behavioral effects,
although CDPPB also improves learning after alcohol administration [77].
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In conclusion, our study, indicates for the first time that the maintenance of ethanol CPP is
mitigated by repeated mGlu5 receptor PAM, VU-29 administration in the home cage. This effect
requires long-term VU-29 administration. Thus, our outcome may suggest that permanent changes
in glutamate neurotransmission during ethanol withdrawal are needed to disrupt the memory
associated with the environment and drug administration. Such a VU-29 effect probably results from
the engagement of mGlu5 and NMDA receptors. However, the usefulness of the mGlu5 receptor
PAM as a treatment for ethanol abuse and cue-elicited relapse prevention needs further investigation.

Supplementary Materials: The following are available online at www.mdpi.com/2218-273X/10/5/793/s1, Figure
S1: The effect of VU-29 on short-time maintenance of ethanol-induced CPP in the CPP Test 1, Figure S2: The
effect of VU-29 administered in three different combinations on long-time maintenance of ethanol-induced CPP
in the CPP Test 1, Figure S3A: The influence of MK-801 and MTEP on the effect of VU-29 on the maintenance of
ethanol-induced CPP in the CPP Test 1, Figure S3B: The influence of MK-801 and MTEP on CPP score in vehicle-
treated rats in the CPP Test 1.

Author Contributions: Conceptualization: M.M.-G., D.M., J.H. K. Performing behavioral tests: M.M.-G., K.G.,
E.G.-T., ].L. Statistical analysis: M.M.-G. Preparation of figures: M.M.-G. Writing of original manuscript: M.M.-
G., JHK. Revision of final manuscript: M.M.-G., K.G., ].H.K. All authors read and approved the final
manuscript.

Funding: This research was supported by the Statutory Funds of the Medical University of Lublin (DS 22/2017).
Conflicts of Interest: The authors declare no conflict of interest.

ORCID:
Marta Marszalek-Grabska: 0000-0002-2487-9131
Kinga Gawel: 0000-0001-8857-847X
Dariusz Matosiuk: 0000-0002-2373-9479
Ewa Gibula-Tarlowska: 0000-0001-7791-0633
Joanna Listos: 0000-0002-5103-1830
Jolanta H. Kotlinska: 0000-0002-4178-1515

References

1. Kelley, A.E. Memory and addiction: Shared neural circuitry and molecular mechanisms. Neuron 2004, 44,
161-179.

2. Gould, T.J. Addiction and Cognition. Addict. Sci. Clin. Pract. 2010, 5, 4-14.

3. Perry, D,; Sturm, V.E.; Seeley, W.W_; Miller, B.L.; Kramer, J.H.; Rosen, H.]. Anatomical correlates of reward-
seeking behaviours in behavioural variant frontotemporal dementia. Brain 2014, 137, 1621-1626,
d0i:10.1093/brain/awu075.

4. Niaura, R.S.; Rohsenow, D.].; Binkoff, J.A.; Monti, P.M.; Pedraza, M.; Abrams, D.B. Relevance of cue
reactivity to understanding alcohol and smoking relapse. ]. Abnorm. Psychol. 1988, 97, 133-152.

5. Cooney, N.L; Litt, M.D.; Morse, P.A.; Bauer, L.O.; Gaupp, L. Alcohol cue reactivity, negative-mood
reactivity, and relapse in treated alcoholic men. J. Abnorm. Psychol. 1997, 106, 243-250.

6.  Adinoff, B. Neurobiologic processes in drug reward and addiction. Harv. Rev. Psychiatry 2005, 12, 305-320,
doi:10.1080/10673220490910844.

7. Wrase, J.; Vollstadt-Klein, S.; Hermann, D.; Smolka, M.N.; Ruf, M.; Weber-Fahr, W.; Flor, H.; Mann, K.;
Braus, D.F.; Heinz, A. Cue-induced activation of the striatum and medial prefrontal cortex is associated
with subsequent relapse in abstinent alcoholics. Psychopharmacology 2004, 175, 296-302, doi:10.1007/s00213-
004-1828-4.

8.  Sinha, R.; Li, C.S.R. Imaging stress- and cue-induced drug and alcohol craving: Association with relapse
and clinical implications. Drug Alcohol Rev. 2007, 26, 25-31, doi:10.1080/09595230601036960.

9.  Tzschentke, T.M. Measuring reward with the conditioned place preference paradigm: A comprehensive
review of drug effects, recent progress and new issues. Prog. Neurobiol. 1998, 56, 613-672, doi:10.1016/s0301-
0082(98)00060-4.

10. Ferbinteanu, J.; McDonald, R. Dorsal/ventral hippocampus, fornix, and conditioned place preference.
Hippocampus 2001, 11, 187-200, doi:10.1002/hipo.1036.



Biomolecules 2020, 10, 793 16 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

White, N.; Carr, G.D. The conditioned place preference is affected by two independent reinforcement
processes. Pharmacol. Biochem. Behav. 1985, 23, 37-42, doi:10.1016/0091-3057(85)90127-3.

Hsu, E.H.; Schroeder, ]J.P.; Packard, M.G. The amygdala mediates memory consolidation for an
amphetamine conditioned place preference. Behav. Brain Res. 2002, 129, 93-100, doi:10.1016/s0166-
4328(01)00376-x.

Shalev, U.; Grimm, J.W.; Shaham, Y. Neurobiology of Relapse to Heroin and Cocaine Seeking: A Review.
Pharmacol. Rev. 2002, 54, 1-42, d0i:10.1124/pr.54.1.1.

Epstein, D.; Preston, K.L.; Stewart, J.; Shaham, Y. Toward a model of drug relapse: An assessment of the
validity of the reinstatement procedure. Psychopharmacology 2006, 189, 1-16, doi:10.1007/s00213-006-0529-6.
Taylor, J.R.; Olausson, P.; Quinn, ].J.; Torregrossa, M.M. Targeting extinction and reconsolidation
mechanisms to combat the impact of drug cues on addiction. Neuropharmacology 2008, 56, 186-195,
doi:10.1016/j.neuropharm.2008.07.027.

Pavlov, I.P. Conditioned Reflexes: An Investigation of the Physiological Activity of the Cerebral Cortex; Oxford
University Press: Oxford, UK, 1927.

Bouton, M.E. Context, time, and memory retrieval in the interference paradigms of Pavlovian learning.
Psychol. Bull. 1993, 114, 80-99.

Rescorla, R.A. Are associative changes in acquisition and extinction negatively accelerated? Journal of
Experimental Psychology. Anim. Behav. Process. 2001, 27, 307-315.

Napier, T.C.; Herrold, A.A.; De Wit, H. Using conditioned place preference to identify relapse prevention
medications. Neurosci. Biobehav. Rev. 2013, 37, 2081-2086, doi:10.1016/j.neubiorev.2013.05.002.
Blanco-Gandia, M.D.C.; Rodriguez-Arias, M. Pharmacological treatments for opiate and alcohol addiction:
A historical perspective of the last 50 years. Eur. ]. Pharmacol. 2018, 836, 89-101,
doi:10.1016/j.ejphar.2018.08.007.

Shaham, Y.; Shalev, U.; Lu, L.; De Wit, H.; Stewart, J. The reinstatement model of drug relapse: History,
methodology and major findings. Psychopharmacol. 2002, 168, 3-20, doi:10.1007/s00213-002-1224-x.

Adams, C.; Short, J.; Lawrence, A.]. Cue-conditioned alcohol seeking in rats following abstinence:
Involvement of metabotropic glutamate 5 receptors. Br. ]. Pharmacol. 2010, 159, 534-542, doi:10.1111/1.1476-
5381.2009.00562.x.

Fuchs, R.; Lasseter, H.; Ramirez, D.; Xie, X. Relapse to drug seeking following prolonged abstinence: The
role of environmental stimuli. Drug Discov. Today Dis. Model. 2008, 5, 251-258,
doi:10.1016/j.ddmod.2009.03.001.

Gawin, F.H.; Kleber, H.D. Abstinence Symptomatology and Psychiatric Diagnosis in Cocaine Abusers.
Clinical observations. Arch. Gen. Psychiatry 1986, 43, 107, doi:10.1001/archpsyc.1986.01800020013003.

Bedi, G.; Preston, K.L.; Epstein, D.H.; Heishman, S.J.; Marrone, G.F.; Shaham, Y.; De Wit, H. Incubation of
Cue-Induced Cigarette Craving During Abstinence in Human Smokers. Boil. Psychiatry 2011, 69, 708-711,
doi:10.1016/j.biopsych.2010.07.014.

Wang, G.; Shi, J.; Chen, N.; Xu, L,; Li, J.; Li, P.; Sun, Y.; Lu, L. Effects of Length of Abstinence on Decision-
Making and Craving in Methamphetamine Abusers. PLoS ONE 2013, 8§, 68791,
doi:10.1371/journal.pone.0068791.

Grimm, ] W.; Hope, B.T.; Wise, R.A.; Shaham, Y. Neuroadaptation. Incubation of cocaine craving after
withdrawal. Nat. 2001, 412, 141-142, doi:10.1038/35084134.

Pickens, C.L.; Airavaara, M.; Theberge, F.; Fanous, S.; Hope, B.T.; Shaham, Y. Neurobiology of the
incubation of drug craving. Trends Neurosci. 2011, 34, 411-420, doi:10.1016/j.tins.2011.06.001.

Dikshtein, Y.; Barnea, R.; Kronfeld, N.; Lax, E.; Roth-Deri, I; Friedman, A.; Gispan, I; Elharrar, E.; Levy, S.;
Ben-Tzion, M.; et al. -Endorphin via the Delta Opioid Receptor is a Major Factor in the Incubation of
Cocaine Craving. Neuropsychopharmacology 2013, 38, 2508-2514, doi:10.1038/npp.2013.155.

Sun, Y.; Chen, G.; Zhou, K.; Zhu, Y. A Conditioned Place Preference Protocol for Measuring Incubation of
Craving in Rats. J. Vis. Exp. 2018, 58384, d0i:10.3791/58384.

Lu, L.; Grimm, J.W.; Hope, B.T.; Shaham, Y. Incubation of cocaine craving after withdrawal: A review of
preclinical data. Neuropharmacology 2004, 47, 214-226, d0i:10.1016/j.neuropharm.2004.06.027.

Dawson, D.A.; Goldstein, R.B.; Grant, B.F. Rates and Correlates of Relapse among Individuals in Remission
From DSM-IV Alcohol Dependence: A 3-Year Follow-Up. Alcohol. Clin. Exp. Res. 2007, 31, 2036-2045,
doi:10.1111/j.1530-0277.2007.00536.x.



Biomolecules 2020, 10, 793 17 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Miyamoto, E. Molecular Mechanism of Neuronal Plasticity: Induction and Maintenance of Long-Term
Potentiation in the Hippocampus. J. Pharmacol. Sci. 2006, 100, 433-442, doi:10.1254/jphs.cpj06007x.

Reis, J.; Schambra, H.M.; Cohen, L.G.; Buch, E.R.; Fritsch, B.; Zarahn, E.; Celnik, P.A.; Krakauer, J.W.
Noninvasive cortical stimulation enhances motor skill acquisition over multiple days through an effect on
consolidation. Proc. Natl. Acad. Sci. USA 2009, 106, 1590-1595, doi:10.1073/pnas.0805413106.

Malenka, R.C.; Bear, M.F. LTP and LTD: An embarrassment of riches. Neuron 2004, 44, 5-21.

Hyman, S.E.; Malenka, R.C.; Nestler, E.J. Neural Mechanisms of Addiction: The Role of Reward-Related
Learning and Memory. Annu. Rev. Neurosci. 2006, 29, 565-598, d0i:10.1146/annurev.neuro.29.051605.113009.
Bird, M.K,; Lawrence, A.J. The promiscuous mGlu5 receptor—A range of partners for therapeutic
possibilities? Trends Pharmacol. Sci. 2009, 30, 617-623, doi:10.1016/j.tips.2009.09.008.

Niswender, C.M.; Conn, P.]. Metabotropic glutamate receptors: Physiology, pharmacology, and disease.
Annu. Rev. Pharmacol. Toxicol. 2010, 50, 295-322, d0i:10.1146/annurev.pharmtox.011008.145533.

Duncan, J.R.;; Lawrence, A.]. The role of metabotropic glutamate receptors in addiction: Evidence from
preclinical models. Pharmacol. Biochem. Behav. 2012, 100, 811-824, doi:10.1016/j.pbb.2011.03.015.

Olive, M.F. Cognitive effects of Group I metabotropic glutamate receptor ligands in the context of drug
addiction. Eur. J. Pharmacol. 2010, 639, 47-58, doi:10.1016/j.ejphar.2010.01.029.

Ayala, ].E.; Chen, Y.; Banko, J.L.; Sheffler, D.J.; Williams, R.; Telk, A.N.; Watson, N.L.; Xiang, Z.; Zhang, Y.;
Jones, P.J.; et al. mGluR5 Positive Allosteric Modulators Facilitate both Hippocampal LTP and LTD and
Enhance Spatial Learning. Neuropsychopharmacology 2009, 34, 2057-2071, doi:10.1038/npp.2009.30.

Uslaner, ].M.; Parmentier-Batteur, S.; Flick, R.B.; Surles, N.O.; Lam, J.; McNaughton, C.H.; Jacobson, M.A.;
Hutson, P.H. Dose-dependent effect of CDPPB, the mGIuR5 positive allosteric modulator, on recognition
memory is associated with GluR1 and CREB phosphorylation in the prefrontal cortex and hippocampus.
Neuropharmacology 2009, 57, 531-538, doi:10.1016/j.neuropharm.2009.07.022.

Darrah, ].M.; Stefani, M.R.; Moghaddam, B. Interaction of N-methyl-D-aspartate and group 5 metabotropic
glutamate receptors on behavioral flexibility using a novel operant set-shift paradigm. Behav. Pharmacol.
2008, 19, 225-234, doi:10.1097/fbp.0b013e3282feblac.

Stefani, M.R.; Moghaddam, B. Activation of type 5 metabotropic glutamate receptors attenuates deficits in
cognitive flexibility induced by NMDA receptor blockade. Eur. ]. Pharmacol. 2010, 639, 26-32,
doi:10.1016/j.ejphar.2010.01.028.

Kumar, J.; Mayer, M.L. Functional insights from glutamate receptor ion channel structures. Annu. Rev.
Physiol. 2012, 75, 313-337, d0i:10.1146/annurev-physiol-030212-183711.

Kasten, C.R.; Holmgren, E.B.; Wills, T.A. Metabotropic Glutamate Receptor Subtype 5 in Alcohol-Induced
Negative Affect. Brain Sci. 2019, 9, 183, doi:10.3390/brainsci9080183.

Xiang, Z.; Lv, X.; Maksymetz, ].; Stansley, B.J.; Ghoshal, A.; Gogliotti, R.G.; Niswender, C.M.; Lindsley,
C.W.; Conn, P.J. mGlub Positive Allosteric Modulators Facilitate Long-Term Potentiation via Disinhibition
Mediated by mGlu5-Endocannabinoid Signaling. ACS Pharmacol. Transl. Sci. 2019, 2, 198-209,
doi:10.1021/acsptsci.9b00017.

Parmentier-Batteur, S.; Hutson, P.H.; Menzel, K.; Uslaner, ].M.; Mattson, B.A.; O’'Brien, J.A.; Magliaro, B.C.;
Forest, T.; Stump, C.A.; Tynebor, R.M.; et al. Mechanism based neurotoxicity of mGlu5 positive allosteric
modulators—Development challenges for a promising novel antipsychotic target. Neuropharmacology 2014,
82,161-173, doi:10.1016/j.neuropharm.2012.12.003.

Shigemoto, R.; Nomura, S.; Ohishi, H.; Sugihara, H.; Nakanishi, S.; Mizuno, N. Immunohistochemical
localization of a metabotropic glutamate receptor, mGIuRS5, in the rat brain. Neurosci. Lett. 1993, 163, 53-57,
doi:10.1016/0304-3940(93)90227-c.

Romano, C.; Sesma, M.A.; McDonald, C.T.; O'Malley, K.; Pol, AN.V.D.; Olney, J.W. Distribution of
metabotropic glutamate receptor mGIluR5 immunoreactivity in rat brain. . Comp. Neurol. 1995, 355, 455—
469, d0i:10.1002/cne.903550310.

Cleva, RM.; Gass, J.T.; Widholm, J.J.; Olive, M.F. Glutamatergic Targets for Enhancing Extinction Learning
in Drug Addiction. Curr. Neuropharmacol. 2010, 8, 394-408, d0i:10.2174/157015910793358169.

Myers, K.M.; Carlezon, W.A.; Davis, M. Glutamate Receptors in Extinction and Extinction-Based Therapies
for Psychiatric Illness. Neuropsychopharmacol. 2010, 36, 274-293, doi:10.1038/npp.2010.88.
Marszalek-Grabska, M.; Gibuta-Tarlowska, E.; Bodzori-Kutakowska, A.; Suder, P.; Gawel, K.; Filarowska,
J.; Listos, J.; Danysz, W.; Kotlinska, ]. Effects of the Positive Allosteric Modulator of Metabotropic



Biomolecules 2020, 10, 793 18 of 19

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Glutamate Receptor 5, VU-29, on Impairment of Novel Object Recognition Induced by Acute Ethanol and
Ethanol Withdrawal in Rats. Neurotox. Res. 2018, 33, 607—620, d0i:10.1007/s12640-017-9857-z.
Marszalek-Grabska, M.; Gibuta-Tartowska, E.; Bodzon-Kutakowska, A.; Suder, P.; Gawel, K.; Talarek, S.;
Listos, J.; Kedzierska, E.; Danysz, W.; Kotlinska, J.H. ADX-47273, a mGlu5 receptor positive allosteric
modulator, attenuates deficits in cognitive flexibility induced by withdrawal from ‘binge-like” ethanol
exposure in rats. Behav. Brain Res. 2018, 338, 9-16, doi:10.1016/j.bbr.2017.10.007.

Bahi, A.; Dreyer, ].-L. Involvement of nucleus accumbens dopamine D1 receptors in ethanol drinking,
ethanol-induced conditioned place preference, and ethanol-induced psychomotor sensitization in mice.
Psychopharmacology 2012, 222, 141-153, doi:10.1007/s00213-011-2630-8.

Gibula-Tarlowska, E.; Grochecki, P.; Silberring, ].; Kotlinska, J.H. The kisspeptin derivative kissorphin
reduces the acquisition, expression, and reinstatement of ethanol-induced conditioned place preference in
rats. Alcohol 2019, 81, 11-19, doi:10.1016/j.alcohol.2019.04.001.

Kotlinska, ].H.; Bochenski, M.; Danysz, W. The role of group I mGlu receptors in the expression of ethanol-
induced conditioned place preference and ethanol withdrawal seizures in rats. Eur. J. Pharmacol. 2011, 670,
154-161, d0i:10.1016/j.ejphar.2011.09.025.

Kotlinska, J.; Liljequist, S. A characterization of anxiolytic-like actions induced by the novel NMDA/glycine
site antagonist, L-701,324. Psychopharmacology 1998, 135, 175-181, doi:10.1007/s002130050499.
Kottunowska, D.; Gibuta-Tartowska, E.; Kotlinska, J. The influence of ionotropic and metabotropic
glutamate receptor ligands on anxiety-like effect of amphetamine withdrawal in rats. Prog. Neuro-
Psychopharmacol. Boil. Psychiatry 2013, 45, 242-249, doi:10.1016/j.pnpbp.2013.04.013.

Li, P.; Wu, P,; Xin, X,; Fan, Y.-L.; Wang, G.; Wang, F.; Ma, M.-Y.; Xue, M.-M.; Luo, Y.-X; Yang, F.-D.; et al.
Incubation of alcohol craving during abstinence in patients with alcohol dependence. Addict. Boil. 2014, 20,
513-522, doi:10.1111/adb.12140.

Bienkowski, P.; Rogowski, A.; Korkosz, A.; Mierzejewski, P.; Radwanska, K.; Kaczmarek, L.; Bogucka-
Bonikowska, A.; Kostowski, W. Time-dependent changes in alcohol-seeking behaviour during abstinence.
Eur. Neuropsychopharmacol. 2004, 14, 355-360, doi:10.1016/j.euroneuro.2003.10.005.

Li, W.; Gao, Y.-H.; Chang, M.; Peng, Y.-L.; Yao, J.; Han, R.-W.; Wang, R. Neuropeptide S inhibits the
acquisition and the expression of conditioned place preference to morphine in mice. Peptides 2009, 30, 234—
240, d0i:10.1016/j.peptides.2008.10.004.

Besheer, J.; Grondin, J.J.M.; Salling, M.C.; Spanos, M.; Stevenson, R.A.; Hodge, C.W. Interoceptive effects
of alcohol require mGlu5 receptor activity in the nucleus accumbens. |. Neurosci. 2009, 29, 9582-9591,
doi:10.1523/JNEUROSCI.2366-09.2009.

Besheer, J.; Hodge, C.W. Pharmacological and anatomical evidence for an interaction between mGIuR5-
and GABA(A) alphal-containing receptors in the discriminative stimulus effects of ethanol.
Neuropsychopharmacology 2005, 30, 747-757, d0i:10.1038/sj.npp.1300616.

Otis, ].M.,; Fitzgerald, M.K.; Mueller, D. Infralimbic BDNF/TrkB enhancement of GIuN2B currents facilitates
extincion of a cocaine-conditioned place preference. ] Neurosci. 2014, 34, 6057-6064,
doi:10.1523/JNEUROSCI.4980-13.2014.

Kuzmin, A.; Liljequist, S.; Meis, J.; Chefer, V.; Shippenberg, T.; Bakalkin, G. Repeated moderate-dose
ethanol bouts impair cognitive function in Wistar rats. Addict. Boil. 2011, 17, 132-140, doi:10.1111/j.1369-
1600.2010.00224.x.

Misanin, ].R.; Miller, R.R.; Lewis, D.]. Retrograde Amnesia Produced by Electroconvulsive Shock after
Reactivation of a Consolidated Memory Trace. Science 1968, 160, 554-555, d0i:10.1126/science.160.3827.554.
Jong, Y.-J.I; Sergin, I; Purgert, C.A.,; O'Malley, K.L. Location-dependent signaling of the group 1
metabotropic glutamate receptor mGlu5. Mol. Pharmacol. 2014, 86, 774-785, d0i:10.1124/mol.114.094763.
Marino, M.; Conn, P. Modulation of the Basal Ganglia by Metabotropic Glutamate Receptors: Potential for
Novel Therapeutics. Curr. Drug Target-CNS Neurol. Disord. 2002, 1, 239-250, doi:10.2174/1568007023339319.
Gass, J.T.; Olive, M.F. Positive Allosteric Modulation of mGluR5 Receptors Facilitates Extinction of a
Cocaine Contextual Memory. Boil. Psychiatry 2008, 65, 717-720, doi:10.1016/j.biopsych.2008.11.001.
Lominac, K.; Kapasova, Z.; Hannun, R.A.; Patterson, C.; Middaugh, L.D.; Szumlinski, K.K. Behavioral and
neurochemical interactions between Group 1 mGluR antagonists and ethanol: Potential insight into their
anti-addictive properties. Drug Alcohol Depend. 2006, 85, 142-156, d0i:10.1016/j.drugalcdep.2006.04.003.



Biomolecules 2020, 10, 793 19 of 19

72.

73.

74.

75.

76.

77.

Lee, KM.; Coelho, M.A.; McGregor, H.A.; Solton, N.R.; Cohen, M.; Szumlinski, K.K. Adolescent Mice Are
Resilient to Alcohol Withdrawal-Induced Anxiety and Changes in Indices of Glutamate Function within
the Nucleus Accumbens. Front. Cell. Neurosci. 2016, 10, 185, do0i:10.3389/fncel.2016.00265.

Vosler, P.S.; Bombace, J.C.; Kosten, T.A. A discriminative two-lever test of dizocilpine’s ability to reinstate
ethanol-seeking behavior. Life Sci. 2001, 69, 591-598, d0i:10.1016/s0024-3205(01)01150-x.

Gobin, C.; Schwendt, M. The cognitive cost of reducing relapse to cocaine-seeking with mGlu5 allosteric
modulators. Psychopharmacology 2019, 237, 115-125, doi:10.1007/s00213-019-05351-8.

Silva, A.A.; Barbosa-Souza, E.; Confessor-Carvalho, C.; Silva, R.R.; De Brito, A.C.L.; Cata-Preta, E.G.;
Oliveira, T.S.; Berro, L.F.; Oliveira-Lima, A.].; Marinho, E. Context-dependent effects of rimonabant on
ethanol-induced conditioned place preference in female mice. Drug Alcohol Depend. 2017, 179, 317-324,
doi:10.1016/j.drugalcdep.2017.07.019.

Lee, K.M.; Coelho, M.A.; Class, M.A.; Szumlinski, K.K. mGlu5-dependent modulation of anxiety during
early withdrawal from binge-drinking in adult and adolescent male mice. Drug Alcohol Depend. 2018, 184,
1-11, doi:10.1016/j.drugalcdep.2017.10.031.

Gass, J.T.; McGonigal, J.; Chandler, L. Deficits in the extinction of ethanol-seeking behavior following
chronic intermittent ethanol exposure are attenuated with positive allosteric modulation of mGlu5.
Neuropharmacology 2017, 113, 198-205, d0i:10.1016/j.neuropharm.2016.10.005.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



