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Abstract: Substance-use disorder is globally prevalent and responsible for numerous social and
medical problems. Pregabalin (Lyrica), typically used to treat diabetic neuropathy, has recently
emerged as a drug of abuse. Drug abuse is associated with several neuronal changes, including the
downregulation of glutamate transporters such as glutamate transporter 1 and cystine/glutamate
antiporter. We investigated the effects of N-acetylcysteine, a glutamate transporter 1 and xCT
upregulator, on pregabalin addiction using a conditioned place preference paradigm. Pregabalin
(60 mg/kg) was found to induce conditioned place preference when compared to a vehicle. A
100 mg/kg dose of N-acetylcysteine was found to block pregabalin-seeking behaviors. These results
support previous findings showing that glutamate transporters play an important role in pregabalin-
induced seeking behaviors. N-acetylcysteine may represent a beneficial agent in preventing the abuse
potential of pregabalin.

Keywords: NAC; pregabalin; addiction; GLT-1; xCT; CPP

1. Introduction

Pregabalin, a gamma-aminobutyric acid derivative, reduces the release of glutamate
by binding to a voltage-gated calcium channel subunit [1]. Pregabalin is predominantly
used to treat neuropathy in diabetic patients, anxiety disorder, and partial epilepsy [2,3].
Recently, pregabalin emerged as an illicit drug widely abused throughout the world [4–6],
especially among Saudi Arabian youth [7,8]. This may be due to the lack of regulations
and knowledge about pregabalin’s addictive properties. High doses and extended use of
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pregabalin were reported to be associated with euphoria and withdrawal symptoms [9–12].
Althobaiti et al. showed that pregabalin induced conditioned place preference (CPP)
and might affect the glutamatergic mechanism when used at doses of 60–90 mg/kg [13].
It is essential that the mechanisms by which pregabalin induces rewarding effects are
further understood.

Glutamate transporters are significantly affected by drug abuse and addiction [14],
and glutamate transporter 1 (GLT-1) is accountable for 90% of glutamate uptake [15]. GLT-1
expression is downregulated in individuals with a history of drug abuse and addiction, and
this can provoke alcohol, cocaine, and methamphetamine addiction [16–18]. Conversely,
GLT-1 upregulation attenuates drug-seeking behavior [17]. Drug abuse also downregulates
the cystine/glutamate antiporter (xCT), which is responsible for glutamate and cysteine
exchange in glial cells. Furthermore, GLT-1 and xCT downregulation increases glutamate
concentration, which then causes the overactivation of postsynaptic receptors such as
mGlu-1 [19] and mGlu-5 [20,21]. In contrast, blocking these receptors in the nucleus
accumbens (NAcc), the reward center of the brain [22], is associated with a reduction in
both drug-seeking behavior and addiction relapse [23–26].

N-acetylcysteine (NAC), an acetylated form of cysteine and a glutathione (GSH)
precursor, is a source of scientific enthusiasm due to its efficacy in drug-addiction treat-
ment [27,28]. In humans, NAC is known for its role in mitigating cocaine and nicotine
dependence [29–31]. This drug was shown to normalize glutamatergic functions and
reduce drug-seeking behavior [32,33]. Likewise, NAC was revealed to diminish heroin
drug-seeking effects in rats [34]. NAC, therefore, emerged as a potential candidate for the
treatment of nicotine, heroin, and cocaine drug-seeking effects [34–36]. NAC can upregu-
late GLT-1 and xCT expression, which in turn regulate glutamate homeostasis by increasing
the exchanging amount of glutamate by glial cells [27,37,38]. Therefore, in this study, we
assessed the role of NAC on pregabalin induced-seeking behavior using the conditioned
place preference (CPP) paradigm.

The CPP paradigm is a model that was extensively used for studying the preference
behavior of animals [39–42]. This model was used to study the effects of several enforcers
such as drugs and food. The CPP strategy is characterized by two periods of investigation
and two compartments, whereby a reinforcing stimulus during the first period is eval-
uated during a second (test) period where animals are allowed to choose between the
enforcer-paired and nonpaired compartments [41–43]. Even though the CPP experiment
is a widely used strategy, there are many variables that may affect the results, such as
flooring, apparatus design, experimental design, and cues [39,43]. Therefore, in this study,
an unbiased CPP where animals showing strong initial preference were excluded from the
study to examine the role of NAC on pregabalin induced-seeking like behavior.

2. Materials and Methods
2.1. Animals

Thirty-six male mice (BALB/c) were purchased from King Fahd Medical Research
Center (Jeddah, Saudi Arabia) (weight, 25–30 g) at the beginning of the study. The mice
were housed in groups at optimal temperature (21 ◦C) and humidity (30%) levels, with
ad libitum access to water and food; they were allowed to acclimate for 1 week before the
experiments. All experiments were conducted during the light cycle of 8:00–10:00 a.m.

2.2. Drugs

Both pregabalin (kindly provided by the research and development department at
Jamjoom Pharma, Jeddah, Saudi Arabia) and NAC (Sigma-Aldrich, St. Louis, MO, USA)
were reformulated in normal saline solution (0.9% NaCl) before use.

2.3. Experimental Design

The experimental scheme is shown in Figure 1. Mice were randomly assigned to 1
of 4 groups treated with different treatment regimens for 8 consecutive days throughout
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the conditioning period. Mice in Group 1 (V-V group, n = 10) were given a vehicle (saline,
10 mL/kg), followed by another injection of the vehicle after 30 min. Group 2 (NAC-V
group, n = 9) received intraperitoneal (i.p.) injections of NAC (pretreatment, 100 mg/kg,
i.p. × 4) followed by vehicle injections 30 min after. Group 3 (V-Preg group, n = 9) received
vehicle pretreatment 30 min before pregabalin injection (60 mg/kg, i.p. × 4). This dose
of pregabalin was selected because it induced place preference in a previous study [13].
Moreover, pregabalin at low doses (30 mg/kg) or less is less effective than high doses
are, which were reported in numerous case studies in inducing rewarding effects [44–48].
Lastly, Group 4 (NAC-Preg group, n = 8) received NAC pretreatment (100 mg/kg, i.p. × 4)
30 min before pregabalin injection (60 mg/kg, i.p. × 4). Following conditioning, mice were
assessed for drug-seeking like behavior.
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Figure 1. Experimental design to evaluate effect of N-acetylcysteine (NAC) on pregabalin-induced conditioned place
preference (CPP). (A) Each mouse was permitted to explore both conditioning compartments for 30 min and was tested at
Day 3. (B) During the conditioning period, each mouse received two injections/day of either saline or NAC (100 mg/kg) in
the home cage as a 30 min pretreatment, followed by pregabalin (60 mg/kg) or vehicle. The next day, each mouse received
two injections/day of only the vehicle as pre- and post- treatment, and that was repeated for 8 days. (C) At Day 12, post-test
was conducted.

2.3.1. CPP Model Apparatus

The CPP apparatus was produced from acrylic material. The apparatus contained two
conditioning compartments that were identical in size (35 × 35 × 50 cm), and one external
start box (10 × 15 × 10 cm) as previously explained [13]. Compartments were marked
with distinctive visual and tactile cues. The first compartment had round holes in its
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flooring and rough white walls lined with horizontal black stripes. The other compartment
had flooring with rectangular holes and smooth black walls that were lined with white
vertical stripes.

2.3.2. Habituation Period

The habituation period consisted of 3 days. Each mouse was placed in the start
box with a closed gate for 3 min. Thereafter, each mouse was permitted to explore both
conditioning compartments for 30 min. On Day 3, mice were allowed to freely explore
both conditioning compartments. The experiment was recorded with a digital camera, and
time spent was calculated using ANY-maze software (Stoelting Co; Wood Dale, IL, USA).
The unbiased method for assigning groups was implemented. If a mouse stayed in one
compartment for >67% of total test time, that mouse was excluded from the study [49–51].
According to this criterion, 4 mice were excluded due to increased initial preference. This
step was performed to determine the unbiased preference baseline [52,53]. The mice were
then randomly assigned to 1 of the 4 groups.

2.3.3. Conditioning Period

Following the habituation period, each mouse was administered its treatment (i.p. × 4)
according to the group assigned throughout the conditioning period (Days 4–11). The mice
were administered an injection of either saline or 100 mg/kg NAC 30 min beforehand as
pretreatment, and then given either pregabalin or vehicle as posttreatment, placed in one
of the closed compartments (pregabalin-paired), and allowed to explore for 30 min. The
next day, the mice received vehicle injections as pretreatment and post-treatment and were
placed in the other closed conditioning compartment (vehicle-paired) for 30 min. This
procedure was repeated for 8 days.

The postconditioning test was conducted on Day 12, when each mouse was allowed
to travel freely in both the compartments for 30 min. This experiment was also recorded
with a digital camera, and the time each mouse spent in both compartments was measured
using ANY-maze software (Stoelting, Wood Dale, IL, USA)

2.4. Statistical Analysis

Two-way ANOVA with repeated measures (time × compartment) was used for the
evaluation of the time spent in the pregabalin- or saline-paired chamber during the ha-
bituation and conditioning periods. This statistical analysis was chosen on the basis of
previous studies [39,50,51,54–56]. When significant effects were discovered, Tukey’s mul-
tiple comparison post hoc test was applied. Data were analyzed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA), with the level of significance set at p < 0.05.

3. Results

In Group 1, which was the control group where animals received saline, there were
no significant differences with regard to time (F1,9 = 0.002922, p = 0.9581), compartment
(F1,9 = 0.02993, p = 0.8665), or interaction between time and compartment (F1,9 = 0.0006267,
p = 0.9806) during the conditioning phase, as shown in Figure 2a. In Group 2, where the
animals received NAC (100 mg/kg), the effect of NAC on CPP was studied. Pretreatment
with NAC did not affect CPP. Statistical analyses revealed no significant effects of NAC
on time (F1,8 = 3.053, p = 0.1187), compartment (F1,8 = 0.1971, p = 0.6688), or interaction
between time and compartment (F1,8 = 0.008029, p = 0.9308) during the conditioning period,
as shown in Figure 2b. In Group 3, where the animals received pregabalin (60 mg/kg), the
effect of pregabalin on CPP was studied, and pregabalin had induced CPP at a dose of 60 mg.
Statistical analysis displayed a significant effect on compartment (F1,8 = 6.344, p = 0.0359)
and significant interaction between time and compartment (F1,8 = 51.75, p < 0.0001), but
there were no significant differences with regard to phases (F1,8 = 1.146, p = 0.3157). Tukey’s
test revealed no significant difference in time spent when comparing the pregabalin- and
vehicle-paired compartments in the pretest (p = 0.8958; Figure 3a). However, time spent in
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the pregabalin-paired compartment was significantly higher than that spent in the vehicle-
paired compartment in the post-test (p < 0.01; Figure 3a). In addition, time spent in the
pregabalin-paired compartment was higher in the post-test as compared to in the pretest
(p = 0.0042; Figure 3a). Lastly, in Group 4, where mice were given NAC pretreatment
and were then subjected to pregabalin, no significant changes were revealed in time
(F1,7 = 1.000, p = 0.3506), compartment (F1,7 = 0.01108, p = 0.9191), or interaction between
time and compartment (F1,7 = 0.04368, p = 0.8404; Figure 3b) in the pre- and post-test.

Healthcare 2021, 9, x FOR PEER REVIEW 5 of 11 
 

 

effect of pregabalin on CPP was studied, and pregabalin had induced CPP at a dose of 60 
mg. Statistical analysis displayed a significant effect on compartment (F1,8 = 6.344, p = 
0.0359) and significant interaction between time and compartment (F1,8 = 51.75, p < 0.0001), 
but there were no significant differences with regard to phases (F1,8 = 1.146, p = 0.3157). 
Tukey’s test revealed no significant difference in time spent when comparing the pregab-
alin- and vehicle-paired compartments in the pretest (p = 0.8958; Figure 3a). However, 
time spent in the pregabalin-paired compartment was significantly higher than that spent 
in the vehicle-paired compartment in the post-test (p < 0.01; Figure 3a). In addition, time 
spent in the pregabalin-paired compartment was higher in the post-test as compared to in 
the pretest (p = 0.0042; Figure 3a). Lastly, in Group 4, where mice were given NAC pre-
treatment and were then subjected to pregabalin, no significant changes were revealed in 
time (F1,7 = 1.000, p = 0.3506), compartment (F1,7 = 0.01108, p = 0.9191), or interaction between 
time and compartment (F1,7 = 0.04368, p = 0.8404; Figure 3b) in the pre- and post-test. 

 
Figure 2. (a) Effect of vehicle on CPP. Time spent (mean ± SEM) of vehicle-treated groups was 
examined. There was no significant difference in time spent in pre- and post-test in control group. 
(b) Effect of NAC on CPP. Time spent (mean ± SEM) did not significantly change in the vehicle- 
and NAC-treated groups in the pre- and post-test.  

 

Figure 3. (a) Effect of pregabalin (60 mg/kg) on CPP. Time spent in pregabalin-paired compartment 
was significantly higher than that spent in the vehicle-paired compartment in the post-test. Time 
spent was significantly increased in the pregabalin-paired compartment post-test when compared 
to the saline and pregabalin-paired compartment pretest. (b) Effect of NAC-pretreatment on pregab-
alin-induced CPP. Time spent (mean ± SEM) was not significantly changed in pregabalin-paired 
compartment as compared to the vehicle-paired compartment pre- and post-test. ****: p < 0.0001; 
(&&: p < 0.01). 

  

a)
b)

   

a) b)

Pre-
Tes

t

Post-
Tes

t

Ti
m

e 
sp

en
t i

n 
ch

am
be

r (
se

c)

Figure 2. (a) Effect of vehicle on CPP. Time spent (mean ± SEM) of vehicle-treated groups was examined. There was
no significant difference in time spent in pre- and post-test in control group. (b) Effect of NAC on CPP. Time spent
(mean ± SEM) did not significantly change in the vehicle- and NAC-treated groups in the pre- and post-test.
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Figure 3. (a) Effect of pregabalin (60 mg/kg) on CPP. Time spent in pregabalin-paired compartment was significantly
higher than that spent in the vehicle-paired compartment in the post-test. Time spent was significantly increased in
the pregabalin-paired compartment post-test when compared to the saline and pregabalin-paired compartment pretest.
(b) Effect of NAC-pretreatment on pregabalin-induced CPP. Time spent (mean ± SEM) was not significantly changed
in pregabalin-paired compartment as compared to the vehicle-paired compartment pre- and post-test. ****: p < 0.0001;
(&&: p < 0.01).

4. Discussion

Pregabalin at low doses (30 mg/kg) or less is less effective than high doses are, which
were reported in numerous case studies in inducing rewarding effects [44–48]. Previous
reports on animal models revealed that a low dose of pregabalin (up to 30 mg/kg) did
not induce the CPP model. In humans, standard doses of pregabalin range from 75 to
600 mg/day [57], and patients who experience euphoria and withdrawal symptoms were
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reported to abuse pregabalin by taking larger quantities or using it for a longer time than
that prescribed [9–12]. Consistent with this, one study found that the CPP in a mouse model
was induced using higher doses of pregabalin (60 and 90 mg/kg) [13]. The consistency
of the results supported the validity of using these doses in animal experiments to test
the reward-seeking properties of pregabalin. In this study, as expected, a 60 mg/kg dose
of pregabalin induced drug-seeking behavior in a CPP mouse model of drug addiction
(Figure 3a).

Pregabalin decreases the release of glutamate and reduces the activation of the AMPA
receptor [58–60]. In a tooth-pain model, the release of glutamate, which was induced by
mustard oil, was blocked by the systemic administration of pregabalin [61]. Furthermore,
another study demonstrated that the release of glutamate was decreased in the medullary
dorsal horn by the administration of pregabalin in a rodent model [62]. Other evidence
from rodent model studies showed that pregabalin reduces neuropathic pain by inhibiting
the release of glutamate in the spinal cord [63]. A 2013 study showed that the reduction in
glutamate and glutamine release was attributed to pain reduction, and a reduction in brain
connectivity was observed using neuroimaging [64]. Another mechanism that involves the
augmentation of glutamate transporter activity [65] and a reduction in neuronal plasticity
was suggested for pregabalin analgesic properties [66]. In contrast to our study, these
experiments used a low dose of pregabalin (10–30 mg/kg) or a neuropathic pain model.
In our study, a high dose of pregabalin was found to induce CPP, and it was speculated
that the concentration of glutamate had probably increased. Therefore, another study is
warranted to specifically determine the effects of high doses of pregabalin on the release of
the GLT-1 receptor and glutamate.

The mechanism by which pregabalin induces drug-seeking like behavior is poorly
understood. However, the glutamatergic system was implicated in drug-seeking behav-
ior [17,19]. Glial excitatory amino acid transporter GLT-1 is the primary regulator of
glutamatergic homeostasis in the brain [15], and many studies linked glutamatergic im-
balance in the NAcc along with GLT-1 downregulation to drug-seeking behavior [67–69].
For instance, the downregulation of GLT-1 expression is associated with cocaine-seeking
behavior [70]. Moreover, this glutamatergic-system disturbance is associated with gluta-
mate spillover as glutamate uptake from the synapse decreases [71]. Furthermore, elevated
glutamate concentration at the synapses leads to the potentiation and enhancement of
many receptors (e.g., mGlu 5 and NMDA) that increase drug-seeking behavior in mice [71].
Pregabalin (60 mg/kg)-induced CPP might occur in part due to the downregulation of xCT
and GLT-1 expression, which increases glutamate concentration at the synapses. One limi-
tation of this study is that GLT-1 and xCT expression levels were not measured; therefore,
additional studies are warranted to investigate molecular changes in GLT-1 and xCT in
pregabalin-induced drug-seeking-like effects.

Another possible mechanism of pregabalin-induced seeking behavior might be due to
its effects on mGlu2/3 receptors, which are presynaptically expressed. These presynaptic
receptors are involved in reward- and drug-seeking behavior by controlling the release
of glutamate in the NAcc and prefrontal cortex [72]. The activation of the mGlu2/3
receptor reverses drug-seeking behavior by blocking the release of glutamate [71], whereas
antagonists of these receptors increase the release of glutamate in the NAcc [73]. Pregabalin
may work by causing an initial decrease in the release of glutamate, which may then lead to
the desensitization or downregulation of these presynaptic mGlu2/3 receptors [73]. These
neuroadaptations and impaired mGlu2/3 functions were reported following repeated
exposure to several drugs of abuse [74]. Moreover, in our current study, NAC blocked the
pregabalin-induced CPP, which may have been due to its improvement of glutamatergic
tone on the presynaptic mGlu2/3 receptors [33,75]. Additional studies are warranted to
study the molecular changes of mGlu2/3 in response to the pregabalin-induced CPP.

NAC is an effective treatment, especially in cocaine-free patients [29,30]. Further-
more, prolonged treatment with NAC restores the expression levels of GLT-1 and xCT,
and reduces drug-seeking behavior [32,33]. Along with its potentially therapeutic effects
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regarding drug abuse, NAC may be used to treat different neurological diseases, such
as Alzheimer’s disease and bipolar disorder, which may involve the glutamatergic sys-
tem [76]. For instance, pretreatment with NAC in rats with ischemic stroke can restore
GLT-1 expression; hence, NAC treatment may prevent the glutamate-induced neurotoxicity
observed in these neurological diseases [77]. Taken together, these studies suggest that
NAC can reverse the neurophysiological changes induced by drug abuse [28,78]. Addi-
tionally, drug-abuse treatment with NAC is more promising than other treatments are due
to its unique therapeutic potential and relative safety. Moreover, pretreatment with NAC
(100 mg/kg) is effective in preventing pregabalin-induced seeking.

Alternate mechanisms associated with the therapeutic potential of NAC in neu-
rological disorders need to be elucidated [77] and may involve its antioxidant proper-
ties [40,79,80]. GSH engages in the enzymatic and nonenzymatic detoxification of reactive
oxygen species (ROS) [81]. Additionally, NAC, which is a GSH precursor, scavenges
ROS in neurons [82] and stabilizes the oxidative status by countering oxidative-stress
markers (e.g., nitric oxide and superoxide radicals) [83,84]. Many studies also connected
glutamate neurotoxicity in drug abuse with increased oxidative stress [85], and NAC
could improve the oxidative-stress profile of rats exposed to alcohol [49,86,87]. Additional
studies are warranted to further study the role of NAC on oxidative-stress markers in
pregabalin-induced CPP.

Another limitation of this study is that the treatment group (NAC-Preg) was not
directly compared with the pregabalin group. However, the group was treated with NAC
did not show a preference for the drug-paired compartment, which can be attributed to the
blocking effect of NAC on pregabalin. On the other hand, a strength of this study was the
use of the unbiased CPP paradigm, which required that each animal spend less than 67%
of total time in one compartment during the pretest period. Therefore, mice were excluded
if they spent more than 67% of the total time in one compartment. The unbiased paradigm
was used to avoid any impact of the CPP flooring or walls and improve the accurate
assessment of conditioning cues. Another strength of our study is that two-way ANOVA
with repeated measures was utilized for CPP data. Different within-group variables can
affect CPP [41,42,88]. Cunningham et al. explored this issue and found a significant
interaction between groups and other variables that could alter the interpretation of CPP
data [41,42,88]. Therefore, a comparison between dependent variables was used to ensure
the credibility of the results.

5. Conclusions

In conclusion, this study revealed for the first time that the administration of NAC
reduced pregabalin-seeking behavior. The glutamatergic system was also proposed to be
involved in this process. Further studies are warranted to confirm whether NAC-induced
changes in GLT-1 or xCT expression levels represent contributing factors to the observed
effects of NAC.
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4. Bağımlılığı, P.; Oğuz, G.; Güven, F.M.; Batmaz, S. Pregabalin dependence: A case report. J. Depend. 2015, 16, 160–163.
5. Gahr, M.; Freudenmann, R.W.; Hiemke, C.; Kölle, M.A.; Schönfeldt-Lecuona, C. Pregabalin abuse and dependence in Germany:

Results from a database query. Eur. J. Clin. Pharmacol. 2013, 69, 1335–1342. [CrossRef]
6. Halaby, A.; Kassm, S.A.; Naja, W.J. Pregabalin dependence: A case report. Curr. Drug Saf. 2015, 10, 184–186. [CrossRef]
7. Saudigazette. Saudi Youth and the Abuse of Prescription Drugs. Available online: http://saudigazette.com.sa/article/155386

/Saudi-youth-and-the-abuse-of-prescription-drugs (accessed on 13 February 2020).
8. Bassiony, M. Substance use disorders in Saudi Arabia. J. Subst. Use 2013, 18, 450–466. [CrossRef]
9. Carrus, D.; Schifano, F. Pregabalin misuse–related issues; intake of large dosages, drug-smoking allegations, and possible

association with myositis: Two case reports. J. Clin. Psychopharmacol. 2012, 32, 839–840. [CrossRef]
10. Schifano, F. Misuse and abuse of pregabalin and gabapentin: Cause for concern? CNS Drugs 2014, 28, 491–496. [CrossRef]

[PubMed]
11. Martinotti, G.; Lupi, M.; Sarchione, F.; Santacroce, R.; Salone, A.; De Berardis, D.; Serroni, N.; Cavuto, M.; Signorelli, M.; Aguglia, E.

The potential of pregabalin in neurology, psychiatry and addiction: A qualitative overview. Curr. Pharm. Des. 2013, 19, 6367–6374.
[CrossRef]

12. Gahr, M.; Freudenmann, R.W.; Kölle, M.A.; Schönfeldt-Lecuona, C. Pregabalin and addiction: Lessons from published cases. J.
Subst. Use 2014, 19, 448–449. [CrossRef]

13. Althobaiti, Y.S.; Almalki, A.; Alsaab, H.; Alsanie, W.; Gaber, A.; Alhadidi, Q.; Hardy, A.M.G.; Nasr, A.; Alzahrani, O.; Stary, C.M.
Pregabalin: Potential for addiction and a possible glutamatergic mechanism. Sci. Rep. 2019, 9, 1–8. [CrossRef]

14. Reissner, K.J.; Gipson, C.D.; Tran, P.K.; Knackstedt, L.A.; Scofield, M.D.; Kalivas, P.W. Glutamate transporter GLT-1 mediates
N-acetylcysteine inhibition of cocaine reinstatement. Addict. Biol. 2015, 20, 316–323. [CrossRef] [PubMed]

15. Danbolt, N.C. Glutamate uptake. Prog. Neurobiol. 2001, 65, 1–105. [CrossRef]
16. Althobaiti, Y.S.; Alshehri, F.S.; Almalki, A.H.; Sari, Y. Effects of ceftriaxone on glial glutamate transporters in Wistar rats

administered sequential ethanol and methamphetamine. Front. Neurosci. 2016, 10, 427. [CrossRef]
17. Das, S.C.; Yamamoto, B.K.; Hristov, A.M.; Sari, Y. Ceftriaxone attenuates ethanol drinking and restores extracellular glutamate

concentration through normalization of GLT-1 in nucleus accumbens of male alcohol-preferring rats. Neuropharmacology 2015, 97,
67–74. [CrossRef]

18. Knackstedt, L.A.; Melendez, R.I.; Kalivas, P.W. Ceftriaxone restores glutamate homeostasis and prevents relapse to cocaine
seeking. Biol. Psychiatry 2010, 67, 81–84. [CrossRef]

19. Dravolina, O.A.; Zakharova, E.S.; Shekunova, E.V.; Zvartau, E.E.; Danysz, W.; Bespalov, A.Y. mGlu1 receptor blockade attenuates
cue-and nicotine-induced reinstatement of extinguished nicotine self-administration behavior in rats. Neuropharmacology 2007, 52,
263–269. [CrossRef]

20. Tessari, M.; Pilla, M.; Andreoli, M.; Hutcheson, D.M.; Heidbreder, C.A. Antagonism at metabotropic glutamate 5 receptors
inhibits nicotine-and cocaine-taking behaviours and prevents nicotine-triggered relapse to nicotine-seeking. Eur. J. Pharmacol.
2004, 499, 121–133. [CrossRef]

21. Lee, B.; Platt, D.M.; Rowlett, J.K.; Adewale, A.S.; Spealman, R.D. Attenuation of behavioral effects of cocaine by the metabotropic
glutamate receptor 5 antagonist 2-methyl-6-(phenylethynyl)-pyridine in squirrel monkeys: Comparison with dizocilpine. J.
Pharmacol. Exp. Ther. 2005, 312, 1232–1240. [CrossRef]

22. Koob, G.F.; Volkow, N.D. Neurocircuitry of addiction. Neuropsychopharmacology 2009, 35, 217–238. [CrossRef] [PubMed]
23. Cornish, J.L.; Kalivas, P.W. Glutamate transmission in the nucleus accumbens mediates relapse in cocaine addiction. J. Neurosci.

2000, 20, RC89. [CrossRef] [PubMed]
24. Park, W.K.; Bari, A.; Jey, A.; Anderson, S.; Spealman, R.; Rowlett, J.; Pierce, R. Cocaine administered into the medial prefrontal

cortex reinstates cocaine-seeking behavior by increasing AMPA receptor-mediated glutamate transmission in the nucleus
accumbens. J. Neurosci. 2002, 22, 2916–2925. [CrossRef] [PubMed]

25. McFarland, K.; Davidge, S.B.; Lapish, C.C.; Kalivas, P.W. Limbic and motor circuitry underlying footshock-induced reinstatement
of cocaine-seeking behavior. J. Neurosci. 2004, 24, 1551–1560. [CrossRef]

26. Bäckström, P.; Hyytiä, P. Involvement of AMPA/kainate, NMDA, and mGlu5 receptors in the nucleus accumbens core in
cue-induced reinstatement of cocaine seeking in rats. Psychopharmacology 2007, 192, 571–580. [CrossRef]

27. McClure, E.A.; Gipson, C.D.; Malcolm, R.J.; Kalivas, P.W.; Gray, K.M. Potential role of N-acetylcysteine in the management of
substance use disorders. CNS Drugs 2014, 28, 95–106. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejphar.2011.05.054
http://www.ncbi.nlm.nih.gov/pubmed/21651903
http://doi.org/10.1517/13543784.2011.600686
http://www.ncbi.nlm.nih.gov/pubmed/21740292
http://doi.org/10.1177/070674371105600907
http://www.ncbi.nlm.nih.gov/pubmed/21959031
http://doi.org/10.1007/s00228-012-1464-6
http://doi.org/10.2174/1574886309666141022101956
http://saudigazette.com.sa/article/155386/Saudi-youth-and-the-abuse-of-prescription-drugs
http://saudigazette.com.sa/article/155386/Saudi-youth-and-the-abuse-of-prescription-drugs
http://doi.org/10.3109/14659891.2011.606349
http://doi.org/10.1097/JCP.0b013e318272864d
http://doi.org/10.1007/s40263-014-0164-4
http://www.ncbi.nlm.nih.gov/pubmed/24760436
http://doi.org/10.2174/13816128113199990425
http://doi.org/10.3109/14659891.2013.843725
http://doi.org/10.1038/s41598-019-51556-4
http://doi.org/10.1111/adb.12127
http://www.ncbi.nlm.nih.gov/pubmed/24612076
http://doi.org/10.1016/S0301-0082(00)00067-8
http://doi.org/10.3389/fnins.2016.00427
http://doi.org/10.1016/j.neuropharm.2015.05.009
http://doi.org/10.1016/j.biopsych.2009.07.018
http://doi.org/10.1016/j.neuropharm.2006.07.023
http://doi.org/10.1016/j.ejphar.2004.07.056
http://doi.org/10.1124/jpet.104.078733
http://doi.org/10.1038/npp.2009.110
http://www.ncbi.nlm.nih.gov/pubmed/19710631
http://doi.org/10.1523/JNEUROSCI.20-15-j0006.2000
http://www.ncbi.nlm.nih.gov/pubmed/10899176
http://doi.org/10.1523/JNEUROSCI.22-07-02916.2002
http://www.ncbi.nlm.nih.gov/pubmed/11923456
http://doi.org/10.1523/JNEUROSCI.4177-03.2004
http://doi.org/10.1007/s00213-007-0753-8
http://doi.org/10.1007/s40263-014-0142-x
http://www.ncbi.nlm.nih.gov/pubmed/24442756


Healthcare 2021, 9, 376 9 of 11

28. Moussawi, K.; Pacchioni, A.; Moran, M.; Olive, M.F.; Gass, J.T.; Lavin, A.; Kalivas, P.W. N-Acetylcysteine reverses cocaine-induced
metaplasticity. Nat. Neurosci. 2009, 12, 182–189. [CrossRef]

29. LaRowe, S.D.; Mardikian, P.; Malcolm, R.; Myrick, H.; Kalivas, P.; McFarland, K.; Saladin, M.; McRae, A.; Brady, K. Safety and
tolerability of N-acetylcysteine in cocaine-dependent individuals. Am. J. Addict. 2006, 15, 105–110. [CrossRef]

30. Knackstedt, L.A.; LaRowe, S.; Mardikian, P.; Malcolm, R.; Upadhyaya, H.; Hedden, S.; Markou, A.; Kalivas, P.W. The role of
cystine-glutamate exchange in nicotine dependence in rats and humans. Biol. Psychiatry 2009, 65, 841–845. [CrossRef]

31. LaRowe, S.D.; Kalivas, P.W.; Nicholas, J.S.; Randall, P.K.; Mardikian, P.N.; Malcolm, R.J. A double-blind placebo-controlled trial of
N-acetylcysteine in the treatment of cocaine dependence. Am. J. Addict. 2013, 22, 443–452. [CrossRef]

32. Ducret, E.; Puaud, M.; Lacoste, J.; Belin-Rauscent, A.; Fouyssac, M.; Dugast, E.; Murray, J.E.; Everitt, B.J.; Houeto, J.L.; Belin, D.
N-acetylcysteine Facilitates Self-Imposed Abstinence After Escalation of Cocaine Intake. Biol. Psychiatry 2016, 80, 226–234.
[CrossRef]

33. Baker, D.A.; McFarland, K.; Lake, R.W.; Shen, H.; Tang, X.C.; Toda, S.; Kalivas, P.W. Neuroadaptations in cystine-glutamate
exchange underlie cocaine relapse. Nat. Neurosci. 2003, 6, 743–749. [CrossRef]

34. Zhou, W.; Kalivas, P.W. N-acetylcysteine reduces extinction responding and induces enduring reductions in cue-and heroin-
induced drug-seeking. Biol. Psychiatry 2008, 63, 338–340. [CrossRef] [PubMed]

35. Amen, S.L.; Piacentine, L.B.; Ahmad, M.E.; Li, S.J.; Mantsch, J.R.; Risinger, R.C.; Baker, D.A. Repeated N-acetyl cysteine reduces
cocaine seeking in rodents and craving in cocaine-dependent humans. Neuropsychopharmacology 2011, 36, 871. [CrossRef]

36. Xi, Z.X.; Kiyatkin, M.; Li, X.; Peng, X.Q.; Wiggins, A.; Spiller, K.; Li, J.; Gardner, E.L. N-acetylaspartylglutamate (NAAG) inhibits
intravenous cocaine self-administration and cocaine-enhanced brain-stimulation reward in rats. Neuropharmacology 2010, 58,
304–313. [CrossRef] [PubMed]

37. Berk, M.; Malhi, G.S.; Gray, L.J.; Dean, O.M. The promise of N-acetylcysteine in neuropsychiatry. Trends Pharmacol. Sci. 2013, 34,
167–177. [CrossRef]

38. Brown, R.M.; Kupchik, Y.M.; Kalivas, P.W. The story of glutamate in drug addiction and of N-acetylcysteine as a potential
pharmacotherapy. Jama Psychiatry 2013, 70, 895–897. [CrossRef] [PubMed]

39. Tzschentke, T.M.; Schmidt, W.J. N-methyl-D-aspartic acid-receptor antagonists block morphine-induced conditioned place
preference in rats. Neurosci. Lett. 1995, 193, 37–40. [CrossRef]

40. He, Z.; Chen, Y.; Dong, H.; Su, R.; Gong, Z.; Yan, L. Inhibition of vesicular glutamate transporters contributes to attenuate
methamphetamine-induced conditioned place preference in rats. Behav. Brain Res. 2014, 267, 1–5. [CrossRef] [PubMed]

41. Cunningham, C.L.; Gremel, C.M.; Groblewski, P.A. Drug-induced conditioned place preference and aversion in mice. Nat. Protoc.
2006, 1, 1662. [CrossRef]

42. Cunningham, C.L.; Ferree, N.K.; Howard, M.A. Apparatus bias and place conditioning with ethanol in mice. Psychopharmacology
2003, 170, 409–422. [CrossRef]

43. 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. [CrossRef]

44. Aldemir, E.; Altintoprak, A.E.; Coskunol, H. Pregabalin dependence: A case report. Turk. Psikiyatri Derg. 2015, 26, 217–220.
[CrossRef] [PubMed]

45. Grosshans, M.; Mutschler, J.; Hermann, D.; Klein, O.; Dressing, H.; Kiefer, F.; Mann, K. Pregabalin abuse, dependence, and
withdrawal: A case report. Am. J. Psychiatry 2010, 167, 869. [CrossRef]

46. Filipetto, F.A.; Zipp, C.P.; Coren, J.S. Potential for pregabalin abuse or diversion after past drug-seeking behavior. J. Am. Osteopath.
Assoc. 2010, 110, 605–607.

47. Andrews, N.; Loomis, S.; Blake, R.; Ferrigan, L.; Singh, L.; McKnight, A.T. Effect of gabapentin-like compounds on development
and maintenance of morphine-induced conditioned place preference. Psychopharmacology 2001, 157, 381–387. [CrossRef] [PubMed]

48. Ruttenl, K.; Vry, J.; Robens, A.; Tzschentke, T.M.; Kam, E.L. Dissociation of rewarding, anti-aversive and anti-nociceptive effects
of different classes of anti-nociceptives in the rat. Eur. J. Pain 2011, 15, 299–305. [CrossRef] [PubMed]

49. Seiva, F.R.; Amauchi, J.F.; Rocha, K.K.; Ebaid, G.X.; Souza, G.; Fernandes, A.A.; Cataneo, A.C.; Novelli, E.L. Alcoholism and
alcohol abstinence: N-acetylcysteine to improve energy expenditure, myocardial oxidative stress, and energy metabolism in
alcoholic heart disease. Alcohol 2009, 43, 649–656. [CrossRef] [PubMed]

50. Althobaiti, Y.S.; Almalki, A.H. Effects of environmental enrichment on reinstatement of methamphetamine-induced conditioned
place preference. Behav. Brain Res. 2020, 379, 112372. [CrossRef] [PubMed]

51. Althobaiti, Y.S.; Alghorabi, A.; Alshehri, F.S.; Baothman, B.; Almalki, A.H.; Alsaab, H.O.; Alsanie, W.; Gaber, A.; Almalki, H.;
Alghamdi, A.S. Gabapentin-induced drug-seeking-like behavior: A potential role for the dopaminergic system. Sci. Rep. 2020, 10,
1–8. [CrossRef]

52. Nakagawa, T.; Fujio, M.; Ozawa, T.; Minami, M.; Satoh, M. Effect of MS-153, a glutamate transporter activator, on the conditioned
rewarding effects of morphine, methamphetamine and cocaine in mice. Behav. Brain Res. 2005, 156, 233–239. [CrossRef] [PubMed]

53. Fujio, M.; Nakagawa, T.; Sekiya, Y.; Ozawa, T.; Suzuki, Y.; Minami, M.; Satoh, M.; Kaneko, S. Gene transfer of GLT-1, a glutamate
transporter, into the nucleus accumbens shell attenuates methamphetamine-and morphine-induced conditioned place preference
in rats. Eur. J. Neurosci. 2005, 22, 2744–2754. [CrossRef] [PubMed]

http://doi.org/10.1038/nn.2250
http://doi.org/10.1080/10550490500419169
http://doi.org/10.1016/j.biopsych.2008.10.040
http://doi.org/10.1111/j.1521-0391.2013.12034.x
http://doi.org/10.1016/j.biopsych.2015.09.019
http://doi.org/10.1038/nn1069
http://doi.org/10.1016/j.biopsych.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/17719565
http://doi.org/10.1038/npp.2010.226
http://doi.org/10.1016/j.neuropharm.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19559037
http://doi.org/10.1016/j.tips.2013.01.001
http://doi.org/10.1001/jamapsychiatry.2013.2207
http://www.ncbi.nlm.nih.gov/pubmed/23903770
http://doi.org/10.1016/0304-3940(95)11662-G
http://doi.org/10.1016/j.bbr.2014.02.047
http://www.ncbi.nlm.nih.gov/pubmed/24613241
http://doi.org/10.1038/nprot.2006.279
http://doi.org/10.1007/s00213-003-1559-y
http://doi.org/10.1016/S0301-0082(98)00060-4
http://doi.org/10.5080/u7746
http://www.ncbi.nlm.nih.gov/pubmed/26364177
http://doi.org/10.1176/appi.ajp.2010.09091269
http://doi.org/10.1007/s002130100839
http://www.ncbi.nlm.nih.gov/pubmed/11605097
http://doi.org/10.1016/j.ejpain.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20801699
http://doi.org/10.1016/j.alcohol.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/20004343
http://doi.org/10.1016/j.bbr.2019.112372
http://www.ncbi.nlm.nih.gov/pubmed/31759048
http://doi.org/10.1038/s41598-020-67318-6
http://doi.org/10.1016/j.bbr.2004.05.029
http://www.ncbi.nlm.nih.gov/pubmed/15582109
http://doi.org/10.1111/j.1460-9568.2005.04467.x
http://www.ncbi.nlm.nih.gov/pubmed/16324108


Healthcare 2021, 9, 376 10 of 11

54. Althobaiti, Y.S.; Alshehri, F.S.; Hakami, A.Y.; Hammad, A.M.; Sari, Y. Effects of Clavulanic Acid Treatment on Reinstatement to
Methamphetamine, Glial Glutamate Transporters, and mGluR 2/3 Expression in P Rats Exposed to Ethanol. J. Mol. Neurosci.
2019, 67, 1–15. [CrossRef] [PubMed]

55. Acquas, E.; Carboni, E.; Leone, P.; Di Chiara, G. SCH 23390 blocks drug-conditioned place-preference and place-aversion:
Anhedonia (lack of reward) or apathy (lack of motivation) after dopamine-receptor blockade? Psychopharmacology 1989, 99,
151–155. [CrossRef] [PubMed]

56. Smith, B.; Amit, Z.; Splawinsky, J. Conditioned place preference induced by intraventricular infusions of acetaldehyde. Alcohol
1984, 1, 193–195. [CrossRef]

57. Freynhagen, R.; Strojek, K.; Griesing, T.; Whalen, E.; Balkenohl, M. Efficacy of pregabalin in neuropathic pain evaluated in a
12-week, randomised, double-blind, multicentre, placebo-controlled trial of flexible-and fixed-dose regimens. Pain 2005, 115,
254–263. [CrossRef]

58. Fink, K.; Dooley, D.J.; Meder, W.P.; Suman-Chauhan, N.; Duffy, S.; Clusmann, H.; Göthert, M.J.N. Inhibition of neuronal Ca2+
influx by gabapentin and pregabalin in the human neocortex. Neuropharmacology 2002, 42, 229–236. [CrossRef]

59. Errante, L.D.; Petroff, O.A. Acute effects of gabapentin and pregabalin on rat forebrain cellular GABA, glutamate, and glutamine
concentrations. Seizure 2003, 12, 300–306. [CrossRef]

60. Sills, G.J. The mechanisms of action of gabapentin and pregabalin. Curr. Opin. Pharmacol. 2006, 6, 108–113. [CrossRef]
61. Narita, N.; Kumar, N.; Cherkas, P.S.; Chiang, C.Y.; Dostrovsky, J.O.; Coderre, T.J.; Sessle, B.J.J.N. Systemic pregabalin attenuates

sensorimotor responses and medullary glutamate release in inflammatory tooth pain model. Neuroscience 2012, 218, 359–366.
[CrossRef]

62. Kumar, N.; Cherkas, P.S.; Varathan, V.; Miyamoto, M.; Chiang, C.Y.; Dostrovsky, J.O.; Sessle, B.J.; Coderre, T.J. Systemic pregabalin
attenuates facial hypersensitivity and noxious stimulus-evoked release of glutamate in medullary dorsal horn in a rodent model
of trigeminal neuropathic pain. Neurochem. Int. 2013, 62, 831–835. [CrossRef]

63. Kumar, N.; Laferriere, A.; Yu, J.S.; Leavitt, A.; Coderre, T.J. Evidence that pregabalin reduces neuropathic pain by inhibiting the
spinal release of glutamate. J. Neurochem. 2010, 113, 552–561. [CrossRef] [PubMed]

64. Harris, R.E.; Napadow, V.; Huggins, J.P.; Pauer, L.; Kim, J.; Hampson, J.; Sundgren, P.C.; Foerster, B.; Petrou, M.; Schmidt-Wilcke, T.; et al.
Pregabalin rectifies aberrant brain chemistry, connectivity, and functional response in chronic pain patients. Anesthesiology 2013,
119, 1453–1464. [CrossRef] [PubMed]

65. Ryu, J.H.; Lee, P.B.; Kim, J.H.; Do, S.H.; Kim, C.S. Effects of pregabalin on the activity of glutamate transporter type 3. Br. J.
Anaesth. 2012, 109, 234–239. [CrossRef] [PubMed]

66. Anderson, C.M.; Swanson, R.A.J.G. Astrocyte glutamate transport: Review of properties, regulation, and physiological functions.
Gila 2000, 32, 1–14. [CrossRef]

67. Gipson, C.D.; Reissner, K.J.; Kupchik, Y.M.; Smith, A.C.; Stankeviciute, N.; Hensley-Simon, M.E.; Kalivas, P.W. Reinstatement of
nicotine seeking is mediated by glutamatergic plasticity. Proc. Natl. Acad. Sci. USA 2013, 110, 9124–9129. [CrossRef] [PubMed]

68. Kalivas, P.W.; McFarland, K.; Bowers, S.; Szumlinski, K.; Xi, Z.X.; Baker, D. Glutamate transmission and addiction to cocaine. Ann.
N. Y. Acad. Sci. 2003, 1003, 169–175. [CrossRef]

69. Sari, Y.; Sreemantula, S.N.; Lee, M.R.; Choi, D.S. Ceftriaxone treatment affects the levels of GLT1 and ENT1 as well as ethanol
intake in alcohol-preferring rats. J. Mol. Neurosci. 2013, 51, 779–787. [CrossRef]

70. Fischer-Smith, K.D.; Houston, A.C.; Rebec, G.V. Differential effects of cocaine access and withdrawal on glutamate type 1
transporter expression in rat nucleus accumbens core and shell. Neuroscience 2012, 210, 333–339. [CrossRef]

71. Kalivas, P.W. The glutamate homeostasis hypothesis of addiction. Nat. Rev. Neurosci. 2009, 10, 561–572. [CrossRef]
72. Moussawi, K.; Kalivas, P.W. Group II metabotropic glutamate receptors (mGlu2/3) in drug addiction. Eur. J. Pharmacol. 2010, 639,

115–122. [CrossRef]
73. Melendez, R.I.; Vuthiganon, J.; Kalivas, P.W. Regulation of extracellular glutamate in the prefrontal cortex: Focus on the cystine

glutamate exchanger and group I metabotropic glutamate receptors. J. Pharmacol. Exp. Ther. 2005, 314, 139–147. [CrossRef]
[PubMed]

74. Robbe, D.; Bockaert, J.; Manzoni, O.J. Metabotropic glutamate receptor 2/3-dependent long-term depression in the nucleus
accumbens is blocked in morphine withdrawn mice. Eur. J. Neurosci. 2002, 16, 2231–2235. [CrossRef]

75. Madayag, A.; Lobner, D.; Kau, K.S.; Mantsch, J.R.; Abdulhameed, O.; Hearing, M.; Grier, M.D.; Baker, D.A. Repeated N-
acetylcysteine administration alters plasticity-dependent effects of cocaine. J. Neurosci. 2007, 27, 13968–13976. [CrossRef]
[PubMed]

76. Slattery, J.; Kumar, N.; Delhey, L.; Berk, M.; Dean, O.; Spielholz, C.; Frye, R. Clinical trials of N-acetylcysteine in psychiatry and
neurology: A systematic review. Neurosci. Biobehav. Rev. 2015, 55, 294–321.
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