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Abstract

Aim: Glutamate has been considered as neurotransmitter that is critical in triggering relapse to

drugs of abuse, including ethanol and cocaine. Extracellular glutamate concentrations are tightly

regulated by several mechanisms, including reuptake through glutamate transporters. Glutamate

transporter type 1 (GLT-1) is responsible for clearing the majority of extracellular glutamate. The

astrocytic cystine/glutamate antiporter (xCT) regulates also glutamate homeostasis. In this study,

we investigated the effects of cocaine exposure and ampicillin/sulbactam (AMP/SUL), a β-lactam

antibiotic known to upregulate GLT-1 and xCT, on relapse-like ethanol intake and the expression of

astrocytic glutamate transporters in mesocorticolimbic brain regions.

Methods: Male alcohol-preferring (P) rats had free access to ethanol for 5 weeks. On Week 6, rats

were exposed to either cocaine (20 mg/kg, i.p.) or saline for 12 consecutive days. Ethanol bottles

were then removed for 7 days; during the last 5 days, either AMP/SUL (100 or 200 mg/kg, i.p.) or

saline was administered to the P rats. Ethanol bottles were reintroduced, and ethanol intake was

measured for 4 days.

Results: Cocaine exposure induced an alcohol deprivation effect (ADE), which was associated in

part by a decrease in the expression of GLT-1 and xCT in the nucleus accumbens (NAc) core.

AMP/SUL (100 mg/kg, i.p.) attenuated the ADE, while AMP/SUL (200 mg/kg, i.p.) reduced ethanol

intake during 4 days of ethanol re-exposure and upregulated GLT-1 and xCT expression in the NAc

core, NAc shell and dorsomedial prefrontal cortex (dmPFC).

Conclusion: This study suggests that these astrocytic glutamate transporters might be considered

as potential targets for the treatment of polysubstance abuse.

INTRODUCTION

Relapse to ethanol is considered as a significant problem and can
occur even after long periods of abstinence (Moos and Moos,
2006). The increase in voluntary ethanol intake after a short
or a long abstinence period is a phenomenon called the alcohol

deprivation effect (ADE). ADE is used as an animal model for ethanol
craving (Heyser et al., 1998; Spanagel and Holter, 1999). Several
pharmacological agents were investigated for their efficacy in
preventing relapse-like consumption using ADE as an animal
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model (Spanagel and Zieglgansberger, 1997; Qrunfleh et al., 2013;
Marti-Prats et al., 2015).

Studies have shown that different drugs of abuse can induce
drug-seeking behavior and relapse to other drugs of abuse (Fox
et al., 2005). Importantly, treatment outcomes of addicts with
polysubstance abuse problems are often less successful than in addicts
with dependence to only one of the drugs (Schmitz et al., 1997;
Heil et al., 2001; Anderson et al., 2009). A preclinical study has
shown that cocaine given to alcohol-preferring (P) rats 4 hours prior
to reinstatement session significantly increased ethanol seeking as
compared to control animal group (Hauser et al., 2014).

Findings revealed that synaptic changes within glutamatergic
systems in the mesocorticolimbic circuit play a major role in the
relapse-like to drugs of abuse in rodents [for review see (Tzschentke
and Schmidt, 2003)]. The prefrontal cortex (PFC) and the nucleus
accumbens (NAc) are two brain regions within the mesocorticolimbic
circuit that have major roles in facilitating relapse to drugs of abuse
(Childress et al., 1999; Goldstein and Volkow, 2002; McFarland
et al., 2003). Importantly, glutamatergic projections from the PFC
to the NAc have been suggested to be fundamentally important in
drug dependence and relapse-like behaviors [for review see (Kalivas,
2009; Rao and Sari, 2012)]. Moreover, previous studies revealed
that dorsomedial PFC (dmPFC) acts as a critical structure that
engages, directs and activates drug-seeking behavior under a variety
of environmental conditions (McLaughlin and See, 2003; Berglind
et al., 2009). The NAc is a brain region that plays an important
role in processing the motivational properties of drugs of abuse
(Koob, 1996; Childress et al., 1999). The NAc is comprised of two
structural and anatomical subregions (Heimer et al., 1997; Meredith,
1999). The core is responsible for mediating relapse-like drug-seeking
behavior (Everitt and Robbins, 2005), while the NAc shell mediates
the behaviorally energizing effects of conditioned and novel stimuli
(Parkinson et al., 1999).

Extracellular glutamate is regulated by several glutamate
transporters (Danbolt, 2001). Glutamate transporter type 1 (GLT-
1) is the major glutamate transporter that regulates the majority of
extracellular glutamate and is essential in clearing glutamate from
the synaptic cleft (Danbolt, 2001). Nearly 80% of the total GLT-1
expression is mainly distributed in astrocytes, and around 5–10% of
the total GLT-1 expression is found in neuronal terminals. Mice that
lack GLT-1 experience spontaneous seizures linked to high mortality
(Tanaka et al., 1997). Furthermore, mice with a partial absence of
GLT-1 in the forebrain survive to adulthood and exhibit intermittent
focal seizure (Sugimoto et al., 2018). The glutamate aspartate
transporter (GLAST) is another astroglial glutamate transporter that
is partially involved in regulating glutamate homeostasis in certain
brain regions (Tzingounis and Wadiche, 2007). The cystine/glutamate
antiporter (xCT) also has a key role in regulating glutamate
homeostasis and was found to have functional role in glutamate
modulation (Baker et al., 2003).

Several studies from ours and Kalivas’s laboratory showed the
important role of upregulating GLT-1 and xCT for the attenuation
of reinstatement to cocaine using self-administration of cocaine
paradigm (Sari et al., 2009; Knackstedt et al., 2010). In addition,
our laboratory has reported that chronic ethanol and cocaine
exposure decreased the expression of GLT-1 in the NAc (Hammad
et al., 2017b) and that ampicillin/sulbactam (AMP/SUL), a β-
lactam antibiotic known to upregulate GLT-1 and xCT, attenuated
cocaine-induced reinstatement (Hammad et al., 2017a). In this
study, using an ADE model, we investigated for the first time
the effect of cocaine on ethanol relapse-like behavior in male

alcohol-preferring (P) rats during 4 days of ethanol re-exposure.
We further investigated the effects of AMP/SUL on ethanol intake
and preference during the 4 days of ethanol re-exposure as well as
GLT-1, GLAST and xCT expression in the NAc core, NAc shell and
dmPFC.

MATERIALS AND METHODS

Drugs

Cocaine hydrochloride was obtained from Sigma-Aldrich (St. Louis,
MO). AMP/SUL (Fresenius Kabi USA, LLC) was purchased from the
University of Toledo Medical Center Pharmacy. Saline solution (0.9%
NaCl) was used to dissolve both drugs. Ethanol 95% (190 proof,
Decan Labs) was diluted using deionized water for preparation of
two concentrations of ethanol (15 and 30%, v/v).

Subjects

Selectively bred male alcohol-preferring (P) rats were received from
Indiana University, School of Medicine (Indianapolis, IN, USA) at
the age of 21–30 days and placed in the Department of Laboratory
Animal Resources, University of Toledo, Health Science Campus.
At the age of 75 days, rats were single-housed in plastic cages lined
with corncob bedding, and rats were exposed to free access to food
and water throughout the experiments and assigned to five control
and experimental groups, as described below. The room temperature
was kept at 21◦C and 50% humidity with a 12-hour light/dark
cycle. All animal procedures were conducted in compliance with,
and approved by, the Institutional Animal Care and Use Committee
of the University of Toledo in accordance with the guidelines of the
National Institutes of Health and the Guide for the Care and Use of
Laboratory Animals.

Behavioral drinking paradigms

The experimental design and timeline are illustrated in Fig. 1. At the
age of 75 days, rats were assigned to five separate groups: (a) ethanol-
naïve (water control) group had free access to food and water ad
libitum and were treated with saline throughout the experiment; (b)
ethanol-saline group had free access to food and home-cage three-
bottle paradigm (water, 15% ethanol and 30% ethanol concurrently)
throughout the initial 5 weeks, conditioning phase and re-exposure
phase of the experiment, and rats were treated with saline throughout
the experiment; (c) ethanol-cocaine-saline group had free access to
food and home-cage three bottles (water, 15% ethanol and 30%
ethanol concurrently) throughout the initial 5 weeks, condition-
ing phase and re-exposure phase of the experiment, and rats were
exposed to 12 cocaine injections (20 mg/kg, i.p) during the condition-
ing phase and then treated with saline during the withdrawal period;
(d) ethanol-cocaine-AMP/SUL 100 group had free access to food and
home-cage three bottles (water and 15% ethanol and 30% ethanol
concurrently) throughout the initial 5 weeks, conditioning phase
and re-exposure phase of the experiment, and rats were exposed
to 12 cocaine injections (20 mg/kg, i.p) and then treated with 5
AMP/SUL injections (100 mg/kg, i.p) during the withdrawal period;
and (e) ethanol-cocaine-AMP/SUL 200 group had free access to
food home-cage three bottles (water, 15% ethanol and 30% ethanol
concurrently) throughout the initial 5 weeks, conditioning phase
and re-exposure phase of the experiment, and rats were exposed
to 12 cocaine injections (20 mg/kg, i.p) during the conditioning
phase and then treated with 5 AMP/SUL injections (200 mg/kg, i.p.)
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Fig. 1. Experimental timeline for relapse-like intake.

during the withdrawal phase. Groups 2–5 were exposed to ethanol
for 5 weeks prior to cocaine conditioning. After the third week of
the drinking procedure, ethanol and water intakes were measured
three times per week for 2 weeks and used as a baseline. Ethanol
and water intake measurements were expressed as g/kg/day. In this
study, we have excluded any animals that drank <4 g/kg/day of
ethanol, in accordance with previous studies from our laboratory
(Sari et al., 2009; Sari and Sreemantula, 2012). After 5 weeks of free-
choice ethanol drinking, groups 3–5 were given cocaine (20 mg/kg,
i.p) for 12 consecutive days, while groups 1–2 received saline injec-
tions. Ethanol bottles were then removed from the cage for 7 days
and during the last 5 days of this period, rats in groups 4 and 5 were
given AMP/SUL (100 and 200 mg/kg, i.p., respectively). Twenty-four
hours after the last AMP/SUL i.p. (or saline) injection, ethanol bottles
(15 and 30%) were reintroduced to home cage for 4 days. Ethanol
and water intakes were measured daily, and the amount of intake was
determined to the nearest 10th of gram by subtracting the obtained
bottle weight from their previous day’s value with consideration of
the density of ethanol. Weight results were presented as g/kg/day.
Ethanol and water bottles were changed twice weekly throughout
the experiment. Supplementary Table S1 summarizes animal groups
and injections given throughout the experiment.

Brain tissue harvesting

Rats were promptly euthanized using carbon dioxide after taking
the last ethanol and water measurements and decapitated using a
guillotine. Brains were extracted and immediately frozen on dry ice
and stored at −80◦C. Subsequently, brain regions (NAc core, NAc
shell and dmPFC) were dissected using a micro-punch procedure in a
cryostat apparatus as described previously (Rao et al., 2015a). The
Rat Brain Stereotaxic Atlas was used to identify all brain regions
(Paxinos and Watson, 2007).

Western blot protocol for detection of GLT-1, xCT

and GLAST

Brain samples were lysed using regular lysis buffer as described
in previous study from our laboratory (Sari et al., 2011). Equal

amounts of extracted proteins were mixed with 5× Laemmli loading
dye and then were separated in 10% polyacrylamide gels. Proteins
were then transferred onto a PVDF membrane (Bio-Rad, Hercules,
CA). Membranes were then blocked with 3% milk in TBST (50 mM
Tris-HCl; 150 mM NaCl, pH 7.4; 0.1% Tween 20) for 30 minutes at
room temperature. Membranes were then incubated overnight at 4◦C
with one of the following primary antibodies: guinea pig anti-GLT-1
(1:5000; Millipore, 60 kDa; ab1783), rabbit anti-xCT antibody
(1:1000; Abcam; 57 kDa; ab37185) or rabbit anti-EAAT1 (GLAST)
antibody (1:5000; Abcam, 64 kDa; ab416). Mouse anti-β-tubulin
antibody was used as a loading control (1:5000; Cell Signaling
Technology; 55 kDa; #2146). On the next day, membranes were
washed with TBST five times and then blocked with 3% milk in TBST
for 30 minutes. Membranes were further incubated with secondary
antibody for 90 minutes at room temperature. Secondary antibodies
were anti-mouse (1:5000; Cell Signaling Technology; #7076)
and anti-rabbit (1:5000; Thermo Fisher Scientific; #A-21206).
Membranes were then incubated with the SuperSignal West Pico
Chemiluminescent substrate and further exposed to Kodak BioMax
MR Film (Thermo Fisher Scientific Inc.), and films were developed
on a Konica SRX-101A machine. An MCID system was used to
quantify the bands, and the results were presented as a percentage
of the ratio of tested protein/β-tubulin, relative to the ethanol-
naïve (water) control group 1 (100% control value). Antibodies
were validated by determining that the bands were produced at
the expected molecular weight for the target protein. We fixed the
protein expression level for GLT-1, xCT and GLAST of the ethanol-
naïve (group 1) as 100% in each gel run as stated in previous studies
from our laboratory and others (Li et al., 2003; Miller et al., 2008;
Hakami et al., 2016).

Statistical analyses

Two-way mixed model ANOVA with repeated measures was used to
analyze behavioral data, followed by Bonferroni post hoc means
comparisons. Western blot data were analyzed using one-way
ANOVA, followed by Newman–Keuls multiple post hoc means
comparisons. All statistical analyses were based on a P < 0.05 level of
significance.

https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
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Fig. 2. Average daily ethanol consumption (A), ethanol preference (B), water intake (C) and body weight (D) in male P rats during the baseline period (Week 4

and 5) and ethanol re-exposure (Day 1–Day 4) (mean ± SEM). Two-way mixed model ANOVA with repeated measures showed a significant increase in ethanol

consumption and preference during the 4 days of ethanol re-exposure in the ethanol-cocaine-saline group as compared to the ethanol-saline group. Rats exposed

to cocaine and treated with AMP/SUL (100 mg/kg, i.p.) showed no significant increase in ethanol consumption and preference compared to the ethanol-saline

group, while rats exposed to cocaine and treated with AMP/SUL (200 mg/kg, i.p.) revealed a decrease in ethanol intake during the 4 days of ethanol re-exposure

compared to the ethanol-saline group. A significant decrease in water intake was observed during the 4 days of ethanol re-exposure in the ethanol-cocaine-

saline group as compared to the ethanol-saline group. Rats exposed to cocaine and treated with AMP/SUL (100 mg/kg, i.p.) showed no significant increase in

water intake compared to the ethanol-saline group, while rats exposed to cocaine and treated with AMP/SUL (200 mg/kg, i.p.) revealed an increase in water

intake during the 4 days of ethanol re-exposure compared to the ethanol-saline group. No significant effect of groups on body weight was revealed (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.00001), (n = 7–10 for each group). Abbreviations: WS, water-saline; ES, ethanol-saline; ECS, ethanol-cocaine-saline;

ECA/S-1, ethanol-cocaine-AMP/SUL 100; and ECA/S-2, ethanol-cocaine-AMP/SUL 200.

RESULTS

Effect of cocaine and AMP/SUL treatment on daily

ethanol intake, daily ethanol preference, daily water

intake and body weight during relapse-like

ethanol-drinking behavior

We measured daily ethanol consumption (g/kg/day), ethanol prefer-
ence (%), water intake (g/kg/day) and body weight (g) during the 4
days of re-exposure to ethanol, after 12 days of i.p. cocaine or saline
injections, and then 5 days of treatment (i.p.) with saline, AMP/SUL
100 mg/kg or AMP/SUL 200 mg/kg during the las 5 days of the 7 days
of withdrawal (see Supplementary Table S1).

Daily ethanol intake
Two-way mixed model ANOVA with repeated measures revealed a
significant main effect of Day [F (4, 100) = 7.218, P < 0.0001],
a significant effect of Treatment [F (3, 25) = 49.25, P < 0.0001]
and a significant Day × Treatment interaction [F (12, 100 = 19.84,
P < 0.0001]. Bonferroni post hoc comparisons showed a significant
increase in ethanol consumption during the 4 days of ethanol re-
exposure in the ethanol-cocaine-saline group as compared to the
ethanol-saline group (P < 0.05; Fig. 2A). Rats exposed to cocaine
and treated with AMP/SUL (100 mg/kg, i.p.) showed no significant
increase in ethanol consumption compared to the ethanol-saline
group, while rats exposed to cocaine and treated with AMP/SUL

(200 mg/kg, i.p.) revealed a decrease in ethanol intake during the 4
days of ethanol re-exposure compared to the ethanol-saline group
(P < 0.0001; Fig. 2A).

Daily ethanol preference
Two-way mixed model ANOVA with repeated measures revealed no
significant main effect of Days [F (4, 100) = 1.576, P = 0.1865],
a significant effect of Treatment [F (3, 25) = 66.19, P < 0.0001]
and a significant Day × Treatment interaction [F (12, 100 = 6.878,
P < 0.0001]. Bonferroni post hoc comparisons showed a significant
increase in ethanol preference during the 4 days of ethanol re-
exposure in the ethanol-cocaine-saline group as compared to the
ethanol-saline group (P < 0.0001; Fig. 2B). Rats exposed to cocaine
and treated with AMP/SUL (100 mg/kg, i.p.) showed no significant
increase in ethanol preference compared to the ethanol-saline group,
while rats exposed to cocaine and treated with AMP/SUL (200 mg/kg,
i.p.) revealed a decrease in preference during the 4 days of ethanol re-
exposure compared to the ethanol-saline group (P < 0.0001; Fig. 2B).

Daily water intake
Two-way mixed model ANOVA with repeated measures revealed no
significant main effect of Days [F (4, 100) = 2.339, P = 0.0603],
a significant effect of Treatment [F (3, 25) = 57.94, P < 0.0001]
and a significant Day × Treatment Interaction [F (12, 100 = 10.58,
P < 0.0001]. Bonferroni post hoc comparisons showed a significant

https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
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increase in water consumption during the 4 days of ethanol re-
exposure in the ethanol- cocaine-AMP/SUL 200 group (P < 0.0001;
Fig. 2B). Rats exposed to cocaine and treated with AMP/SUL
(100 mg/kg, i.p.) showed no significant increase in water intake
compared to the ethanol-saline group, while the ethanol-cocaine-
saline-treated group revealed a decrease in water intake compared
to the ethanol-saline group during the 4 days of ethanol re-exposure
(P < 0.0001; Fig. 2B).

Body weight
Two-way ANOVA revealed a significant main effect of Day [F (4,
100) = 139.0, P < 0.0001], a non-significant effect of Treatment [F
(3, 25) = 0.8266, P = 0.4917] and a non-significant Day × Treatment
interaction [F (12, 100 = 0.9967, P = 0.4577]. Bonferroni post hoc
comparisons showed no significant effect in body weight between all
groups (Fig. 2D).

Effects of cocaine and AMP/SUL treatment on GLT-1,

xCT and GLAST expression in the NAc core, NAc shell

and dmPFC during relapse-like ethanol-drinking

behavior

GLT-1 expression
One-way ANOVA revealed a significant main effect of treatment
among the ethanol-naïve (water control), ethanol-saline, ethanol-
cocaine-saline and ethanol-cocaine-AMP/SUL 100 and ethanol-
cocaine-AMP/SUL 200 groups in the NAc core [F (4, 30) = 24.04,
P < 0.0001; Fig. 3A; Supplementary Table S2A], NAc shell [F (4,
30) = 8.247, P = 0.0002; Fig. 4A; Supplementary Table S3A] and
dmPFC [F (4, 30) = 4.931, P = 0.0043; Fig. 5A; Supplementary
Table S4A]. Newman–Keuls multiple post hoc comparisons showed
a significant decrease in the expression of GLT-1 in the ethanol-
cocaine-saline-treated group compared to all other groups (P < 0.05;
Fig. 3A) and a significant increase in the ethanol-cocaine-AMP/SUL
200-treated group compared to all other groups in the NAc core
(P < 0.001; Fig. 3A). Newman–Keuls multiple post hoc comparisons
showed a significant increase in the expression of GLT-1 in the
ethanol-cocaine-AMP/SUL 200-treated group compared all other
groups in the NAc shell (P < 0.01; Fig. 4A). In addition, Newman–
Keuls multiple post hoc comparisons showed significant increase
in the expression of GLT-1 in the ethanol- cocaine-AMP/SUL 200-
treated group compared to all other groups in the dmPFC (P < 0.05;
Fig. 5A).

xCT expression
One-way ANOVA revealed a significant main effect among the
ethanol-naïve (water control), ethanol-saline, ethanol-cocaine,
ethanol-cocaine-AMP/SUL 100 and ethanol-cocaine-AMP/SUL 200
groups in the NAc core [F (4, 30) = 18.28, P < 0.0001; Fig. 3B;
Supplementary Table S2B], NAc shell [F (4, 30) = 9.323, P < 0.0001;
Fig. 4B; Supplementary Table S3B] and dmPFC [F (4, 30) = 5.812,
P = 0.0018; Fig. 5B; Supplementary Table S4B]. Newman–Keuls
multiple post hoc comparisons showed a significant decrease in the
expression of xCT in the ethanol-cocaine-treated group compared
to all other groups (P < 0.05; Fig. 3B) and a significant increase
in xCT expression in the ethanol-cocaine-AMP/SUL 200-treated
group compared to all other groups in the NAc core (P < 0.01;
Fig. 3B). Newman–Keuls multiple post hoc comparisons showed a
significant decrease in the expression of xCT in the ethanol-cocaine-
treated group compared to all other groups (P < 0.05; Fig. 5B) and
a significant increase in the ethanol-cocaine-AMP/SUL 200-treated

group compared to all other groups in the NAc shell (P < 0.05;
Fig. 4B). Newman–Keuls multiple post hoc comparisons showed
also a significant increase in the expression of xCT in the ethanol-
cocaine-AMP/SUL 200-treated group compared to all other groups
in the dmPFC (P < 0.05; Fig. 5B).

GLAST expression
One-way ANOVA revealed no significant main effect of treatment
among the ethanol-naïve (water control), ethanol-saline, ethanol-
cocaine, ethanol-cocaine-AMP/SUL 100 and ethanol-cocaine-
AMP/SUL 200 groups in the NAc core [F (4, 30) = 0.1764,
P = 0.9485; Fig. 3C; Supplementary Table S2C], NAc shell [F (4,
30) = 0.6846, P = 0.6090; Fig. 4C; Supplementary Table S3C] or
dmPFC [F (4, 30) = 0.3294, P = 0.8557; Fig. 5C; Supplementary
Table S4C].

DISCUSSION

We report in this study that rats exposed to cocaine (20 mg/kg,
i.p.) for 12 days showed an increase in relapse-like ethanol-drinking
behavior compared to the control saline-treated rats. Previous studies
have reported that P rats show a robust relapse-like drinking behavior
following a single prolonged (2 weeks or more) ethanol deprivation
when reaccess to ethanol (Rodd-Henricks et al., 2001; Sari et al.,
2006). Our current ethanol relapse-like drinking findings for the
ethanol-saline group did not show any ADE effect after 1 week of
deprivation. The discrepancy of these results might be due to the
length of ethanol deprivation (1 week versus 2 weeks). Importantly,
studies have shown that cocaine exposure can trigger drug seeking
and relapse for other drugs of abuse, indicating a common neuro-
biological pathway for seeking behavior between cocaine and other
drugs of abuse. Indeed, cocaine exposure for 4-hours prior to an
ethanol re-exposure session increased ethanol-seeking and relapse-
like drinking behavior (Hauser et al., 2014). Similarly, a single non-
contingent cocaine injection stimulated heroin self-administration
following a 3-week extinction period (De Vries et al., 1998). In this
study, a robust ADE was shown after 1 week of deprivation in the
cocaine-saline group even after a single short deprivation period.
These findings are in parallel to the human studies showing that
cocaine increased ethanol relapse behavior (Fox et al., 2005). Similar
ADE was demonstrated in both male and female rodents. A two-
bottle option model of 24-hour exposure every other day, female and
male mice exposed to 3-week sporadic access to ethanol drinking,
developed excessive ethanol intake and then shown pronounced ADE
after 1-week abstinence (Zhou et al., 2018). In this study, male P rats
were used to determine the effects of cocaine exposure on a short
deprivation period. Further studies are warranted to examine the
effect of cocaine exposure on female P rats.

Treatment with AMP/SUL (100 mg/kg, i.p.) attenuated this
increase, while treatment with AMP/SUL (200 mg/kg, i.p.) decreased
ethanol drinking below the baseline levels of control rats that had
not received cocaine. Water intake was reduced in rats exposed
to cocaine. However, AMP/SUL (200 mg/kg, i.p.) increased water
intake. The increase in water intake for AMP/SUL (200 mg/kg, i.p.)
treated group is parallel to the decrease in ethanol intake and is
speculated to be a compensatory mechanism to conserve the overall
fluid balance during relapse to ethanol intake and β-lactam treatment
(Bell et al., 2008; Qrunfleh et al., 2013).

Evidence has demonstrated the important role of the glutamater-
gic system in relapse to drugs of abuse, including ethanol and
cocaine, and that modulating astroglial and neuronal proteins that

https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
https://academic.oup.com/alcalc/article-lookup/doi/10.1093/alcalc/agaa010#supplementary-data
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Fig 3. The effects of cocaine (20 mg/kg) and AMP/SUL (100 and 200 mg/kg) on GLT-1/β-tubulin (A), xCT/β-tubulin (B) and GLAST/β-tubulin (C) in the NAc core

following 4-day ethanol re-exposure (mean ± SEM). One-way ANOVA revealed a significant reduction in GLT-1/β-tubulin and xCT/β-tubulin in the ethanol-

cocaine-saline-treated group and an increase in GLT-1/β-tubulin and xCT/β-tubulin in the ethanol-cocaine–AMP/SUL (200 mg/kg) treated group. No significant

difference was revealed in GLAST/β-tubulin between groups. (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001), (n = 5–7 for each group). Abbreviations: WS, water-saline;

ES, ethanol-saline; ECS, ethanol-cocaine-saline; ECA/S-1, ethanol-cocaine-AMP/SUL 100; and ECA/S-2, ethanol-cocaine-AMP/SUL 200.

control excitatory synaptic plasticity may have therapeutic effects
in the treatment of drug dependence [for review see (Vengeliene
et al., 2005b; Gass and Olive, 2008; Kalivas and Volkow, 2011)].
Acamprosate (N-methyl-d-aspartate, NMDA, receptor antagonist)
attenuated relapse-like ethanol-drinking behavior (Spanagel et al.,
1996; Holter et al., 1997; Heyser et al., 1998). In addition, other
glutamatergic target drugs attenuate relapse-like ethanol-drinking
behavior such as MPEP, a metabotropic glutamate receptor antag-
onist (Backstrom et al., 2004; Schroeder et al., 2005), and compet-
itive and non-competitive NMDA antagonists (Holter et al., 2000;
Vengeliene et al., 2005a). Importantly, restoring GLT-1 and xCT
expression may prevent cocaine reinstatement, chronic ethanol intake
and ADE (Kalivas, 2009; Sari et al., 2009, 2011; Knackstedt et
al., 2010; Qrunfleh et al., 2013; Das et al., 2015). Previous studies
from our laboratory showed that AMP/SUL treatment attenuated
cocaine-induced reinstatement, reduced ethanol intake and atten-
uated dependence to cannabinoids, in part, through upregulation
of GLT-1 and xCT expression (Hammad et al., 2017a; Hakami et
al., 2019). In this study, we used AMP/SUL in order to attenuate
ADE in P rats. It is important to note that cocaine exposure alone

reduced GLT-1 expression in the NAc (Knackstedt et al., 2010). We
suggest here that AMP/SUL may increase GLT-1 and xCT expression
and decrease ethanol drinking regardless of prior cocaine or ethanol
exposure. Importantly, there is possibility that the pharmacological
effects of AMP/SUL on decreasing ethanol drinking may involve
other mechanisms that are unrelated to glutamate transporters. Stud-
ies are warranted to determine other pharmacological effects of
AMP/SUL on decreasing ethanol intake as well as cocaine-seeking
behavior.

Astrocytic GLT-1 has been long suggested to play a key role in
glutamate homeostasis. Thus, deletion of astroglial GLT-1 caused a
reduction of 80% of GLT-1 protein as well as glutamate uptake;
however, deletion of neuronal GLT-1 did not affect the expression of
GLT-1 or glutamate uptake in mice (Petr et al., 2015). This latter study
demonstrated that the deletion of astrocytic GLT-1 increased the mor-
tality, decrease body weight and induced seizures. The importance
of neuronal GLT-1 is warranted investigation regarding glutamate
function in a disease model. Note that in our present study, west-
ern blot technique revealed the overall GLT-1 expression (neuronal
and astrocytic). Studies are warranted to determine the effects of
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Fig 4. The effects of cocaine (20 mg/kg) and AMP/SUL (100 and 200 mg/kg) on GLT-1/β-tubulin (A), xCT/β-tubulin (B) and GLAST/β-tubulin (C) in the NAc

shell following 4-day ethanol re-exposure (mean ± SEM). One-way ANOVA revealed an increase in GLT-1/β-tubulin and xCT/β-tubulin in the ethanol-cocaine-

AMP/SUL (200 mg/kg) treated group. No significant difference was revealed in GLAST/β-tubulin between groups. (∗∗P < 0.01 and ∗∗∗P < 0.001), (n = 5–7 for

each group). Abbreviations: WS, water-saline; ES, ethanol-saline; ECS, ethanol-cocaine-saline; ECA/S-1, ethanol-cocaine-AMP/SUL 100; and ECA/S-2, ethanol-

cocaine-AMP/SUL 200.

cocaine, ethanol and β-lactams on neuronal GLT-1 versus astrocytic
GLT-1. These studies may involve electrophysiological, confocal and
electron microscopic techniques. It is important to note that post-
translational regulation of GLT-1 has a role in several neurolog-
ical disorders (Peterson and Binder, 2019). Studies are warranted
to determine the potential role of post-translational regulation of
GLT-1 in neurological diseases and drug dependence animal models
with the uses of AMP/SUL as a potential therapeutic drug. In this
study, we further investigated GLAST as another astrocytic glutamate
transporter that is co-expressed with GLT-1 throughout the brain
(Berger and Hediger, 1998). We did not detect any significant changes
in the level of GLAST with AMP/SUL treatment, which suggests the
specific regulatory effect of AMP/SUL on GLT-1 and xCT expression.

Similarly, glutamate transmission between the NAc and the PFC is
implicated in cocaine- seeking behavior (Baker et al., 2003; Berglind
et al., 2009). Chronic cocaine exposure produced an increase in
extracellular glutamate concentrations in the mesocorticolimbic cir-
cuits, which result in the development and expression of behav-
ioral sensitization [for review see (Wolf, 1998; Vanderschuren and
Kalivas, 2000)]. Similarly, chronic cocaine exposure reduced basal
extracellular glutamate concentrations in the NAc (Hotsenpiller et

al., 2001). It is noteworthy that reinstatement to cocaine is attenuated
by a local injection of glutamate ionotropic receptor antagonists into
the NAc core (Cornish and Kalivas, 2000; McFarland and Kalivas,
2001). Similarly, cue to cocaine-seeking behavior was blocked by a
local injection of glutamate ionotropic receptor antagonists into the
NAc core, but not NAc shell (Di Ciano and Everitt, 2001). Several
studies showed a reduction in GLT-1 expression in the NAc core
and NAc shell, but not dmPFC, following cocaine self-administration
(Sondheimer and Knackstedt, 2011; Reissner et al., 2014, 2015).
Studies from our laboratory and Kalivas’s laboratory demonstrated
that deficits in GLT-1 expression is suggested to be associated with
an elevation in extracellular glutamate concentrations, in part due
to reduction in glutamate uptake in animal models of drugs of
abuse such as ethanol, cocaine and nicotine (Knackstedt et al., 2009,
2010; Das et al., 2015). These studies showed that ceftriaxone, β-
lactam antibiotic known to upregulate GLT-1 and xCT, reversed
these effects. Based in these published data, we suggest here that
deficits in the expression of GLT-1 and xCT are associated with
elevation in extracellular glutamate concentrations in key reward
brain regions, including NAc. Furthermore, previous study from our
laboratory showed that intra-accumbal injection of GLT-1 blocker,
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Fig 5. The effects of cocaine (20 mg/kg) and AMP/SUL (100 mg/kg and 200 mg/kg) on GLT-1/β-tubulin (A), xCT/β-tubulin (B) and GLAST/β-tubulin (C) in the dmPFC

following 4-day ethanol re-exposure (mean ± SEM). One-way ANOVA revealed increases in GLT-1/β-tubulin and xCT/β-tubulin in the ethanol-cocaine-AMP/SUL

(200 mg/kg) treated group. No significant difference was revealed in GLAST/β-tubulin between all groups. (∗P < 0.05), (n = 5–7 for each group). Abbreviations:

WS, water-saline; ES, ethanol-saline; EDS, ethanol-cocaine-saline; ECA/S-1, ethanol-cocaine-AMP/SUL 100; and ECA/S-2, ethanol-cocaine-AMP/SUL 200.

dihydrokainic acid, reversed the effects of ceftriaxone in extracel-
lular glutamate concentration in NAc in P rats exposed to ethanol
(Das et al., 2015). We suggest here that blocking accumbal GLT-1
function would increase extracellular glutamate concentration and
consequently lead to enhancement of ADE. Studies are warranted to
evaluate this hypothesis.

Importantly, cocaine withdrawal decreased GLT-1 expression,
and this reduction is strongly correlated with the length of access and
withdrawal of the drug (Fischer et al., 2013). Indeed, the decrease was
higher in the NAc core than in the NAc shell following longer periods
of cocaine access (Fischer-Smith et al., 2012). Findings revealed that
chronic cocaine administration decreased xCT expression (Knack-
stedt et al., 2010) and activity (Trantham-Davidson et al., 2012) in
the NAc. Repeated cocaine exposure produced hyper-excitability in
the mPFC (Nasif et al., 2005). Higher glutamate release, following
chronic cocaine exposure, was found in the mPFC after 1 and 7 days
of cocaine withdrawal (Williams and Steketee, 2004). However, less is
known about the effect of ethanol and cocaine co-exposure on other
mesocorticolimbic brain regions and the aspects of glutamatergic
function, particularly the expression of astrocytic glutamate trans-
porters. Studies are warranted to determine the link between GLT-1
and xCT expression and the relapse-like drinking behavior that might
clarify the potential mechanism. In this study, we showed for the first

time that GLT-1 and xCT expression were reduced in the NAc core
in animals that developed an ADE-like effect after combined non-
contingent cocaine and ethanol exposure. However, GLT-1 and xCT
expression were not altered in the NAc core, NAc shell or dmPFC
after ethanol exposure alone. These results are in agreement with a
previous study conducted in our laboratory (Alhaddad et al., 2014).
Importantly, the increase in ethanol intake was associated in part with
a reduction in GLT-1 and xCT expression in the NAc core. This study
also revealed that AMP/SUL (200 mg/kg, i.p.) treatment upregulated
GLT-1 and xCT expression in the NAc core, NAc shell and dmPFC,
which may be the mechanism underlying the decrease in relapse-like
ethanol-drinking behavior.

In addition, studies from our laboratory have reported that
β-lactam antibiotics increased GLT-1 and xCT expression, partly
by increasing the expression of the nuclear factor kappa-B
(NFκB) and phospho-AKT (Rao and Sari, 2012; Goodwani et
al., 2015; Rao et al., 2015a, 2015b). In accordance, it has been
clearly shown that ceftriaxone-induced upregulation of GLT-1 is
mediated through NFkB signaling pathway (Lee et al., 2008).
These data indicate that these signaling pathways could be a
conceivable mechanism for β-lactam antibiotics. Future studies are
warranted to demonstrate if these pathways are specific to the effect
of β-lactam.
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In conclusion, we found in this study that AMP/SUL (200 mg/kg,
i.p.) attenuated ethanol relapse-like drinking behavior, which was
accentuated by concurrent cocaine administration. Upregulations of
GLT-1 and xCT expression have also been observed with AMP/SUL
(200 mg/kg, i.p.) treatment in the major mesocorticolimbic brain
regions. These findings emphasized that GLT-1 and xCT may be
potential targets for the treatment of relapse-like drinking behavior in
polysubstance abusers. In addition, AMP/SUL might be considered as
a potential agent for the treatment of relapse-like drinking behavior.
Further studies are warranted to demonstrate the effects of AMP/SUL
alone on GLT-1 and xCT expression, as well as the effects of cocaine
on ethanol intake regardless of prior ethanol exposure.

SUPPLEMENTARY MATERIAL
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