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Abstract

The development of new treatments for substance use disorders requires identification of
targetable molecular mechanisms. Pathology in glutamatergic neurotransmission system in brain
reward circuitry has been implicated in relapse to multiple classes of drugs. Glutamate transporter
1 (GLT-1) crucially regulates glutamatergic signaling by removing excess glutamate from the
extrasynaptic space. The purpose of this review is to highlight the effects of addictive drug use on
GLT-1 and glutamate uptake, and using GLT-1 as a target in addiction pharmacotherapy. Cocaine,
opioids, ethanol, nicotine, amphetamines, and cannabinoids each affect GLT-1 expression and
glutamate uptake, and restoring GLT-1 expression with N-acetylcysteine or ceftriaxone shows
promise in correcting pre-clinical and clinical manifestations of drug addiction.
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Introduction

Use of addictive substances represents one of the largest public health burdens to our society
(1). Although some replacement medications have been developed treating substance use
disorders (2), the long-term prognosis for abstinence in drug-dependent individuals remains
poor (3). An understanding of the fundamental neurobiology underlying substance use
disorders promises to unveil new treatments for addiction that target the underlying disease
neuropathology.

One of the most heavily studied neurobiological mechanisms underlying substance use
disorders is glutamate neurotransmission and the brain circuits utilizing glutamate, in
particular glutamatergic synapses in the corticostriatal system (4). The neurotransmitter
glutamate interacts with metabotropic receptors (5, 6), N-methyl-D-aspartate (NMDA)
receptors (7), and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors (8), each of which has been implicated in animal models of substance use
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disorders. Yet human clinical trials aimed at modulation of these various molecular partners
of glutamate for treatment of substance use disorders have shown mixed results at best (9-
11). One alternative strategy to targeting glutamate receptors is to pharmacologically
modulate the proteins responsible for maintaining homeostatic glutamate concentrations at
the synapse (12). Multiple classes of addictive drugs disrupt glutamate homeostasis,
resulting in excessive release of glutamate, which is thought to trigger relapse to drug
seeking (13, 14). Glutamate transporter 1 (GLT-1; also referred to as excitatory amino acid
transporter, EAAT?2) is responsible for the majority of glutamate uptake in brain areas
implicated in addiction (15), and is thus critically involved in addiction related glutamate
homeostasis.

The purpose of this review is to highlight literature demonstrating the effects of drugs of
abuse to reduce GLT-1, and to describe the largely ameliorating effects of restoring GLT-1
on substance use disorders in pre-clinical and clinical research. We discuss the literature
relevant to each general class of addictive drug and studies that have been conducted with
compounds that restore the function of GLT-1. In particular, two compounds have been
studied extensively in this regard, N-acetylcysteine (NAC) and ceftriaxone.

N-acetylcysteine was developed as mucolytic agent for treating cystic fibrosis, and is also
used to treat acetaminophen poisoning (16), where it acts as a procystine drug to increase
glutathione synthesis and help offset the potentially lethal redox imbalance created by
acetaminophen (17). Ceftriaxone is a third generation cephalosporin antibiotic with a beta
lactam core. However, it has been identified as a potent upregulator of GLT-1 with
protective effects in mouse models of amyotrophic lateral sclerosis (ALS) (18), and is now
in clinical trials for ALS (19). Several other beta lactam containing drugs were also shown
to increase GLT-1 transcription via nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) (20).

The regulation of GLT-1 in the nucleus accumbens, dorsal striatum, and prefrontal cortex
has been examined in nine pre-clinical studies as outlined in table 1(21-29). In contrast to
measurements in the core subcompartment of the nucleus accumbens (NAcore), these
studies have demonstrated no changes in GLT-1 expression in prefrontal cortex (PFC) or
dorsal striatum; although, GLT-1 activity is decreased in dorsal striatum after experimenter-
administered cocaine. The majority of these studies have employed cocaine self-
administration. Typically, cocaine delivery is paired with cues, for example a simultaneous
presentation of a light and a tone, and these cues are capable of reinstating drug seeking (an
animal model of relapse) after an extended period (1 week to 90 days) of drug
unavailability. Drug seeking can also be reinstated by re-exposure to the context previously
paired with drug or an experimenter-delivered priming injection of cocaine.

All but one of 6 studies employing cocaine self-administration showed that GLT-1 protein
and/or sodium-dependent glutamate uptake was reduced in NAcore. One of these studies
extensively characterized the effects of self-administered cocaine on GLT-1 by varying the
length of cocaine access (2 hours vs. 6 hours) and withdrawal (2 days vs. 45 days) on GLT-1

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 3

protein levels in the NAcore and neighboring accumbens subcompartment NAshell. This
study found that the NAcore exhibits a more profound cocaine-induced loss of GLT-1
protein and a stronger correlation between GLT-1 downregulation and length of cocaine
access and withdrawal. GLT-1 downregulation becomes increasingly pronounced with
longer periods of abstinence from cocaine. Interestingly, the more profound the loss of
GLT-1, the more profound its restoration by ceftriaxone (24), suggesting a homeostatic
restoration of GLT-1. The possibility of homeostatic normalization (i.e. restoring GLT-1 to
physiological levels, and not further increasing past physiological levels) is supported by the
fact that neither ceftriaxone nor NAC raise levels of GLT-1 in NAcore in control animals
(21).

In total there are 12 studies (21-24, 26-33) characterizing the normalization of GLT-1 in
cocaine treated animals by systemic or intra-accumbens NAC, ceftriaxone, or the
methylxanthine, propentofylline (reviewed in table 2). All studies examining the
reinstatement of cocaine seeking discovered that these therapies prevent reinstatement by
context, cue, or cocaine injection, with the exception that cocaine reinstatement after two
days of withdrawal is not prevented by ceftriaxone (24). Prevention of reinstatement
depends on upregulating GLT-1 in NAcore and not NAshell (24). Selective inhibition of the
restoration of GLT-1 in NAcore by local microinjection of GLT-1 antisense prevented NAC
from inhibiting reinstated cocaine seeking (23). This knock-down study also revealed that
another target for NAC, the cystine-glutamate exchanger, was not a factor in cue-induced
reinstatement. Thus, the relapse prevention conferred by NAC was not impaired by
antisense knockdown of cystine glutamate exchanger in NAcore. This study conclusively
demonstrated that GLT-1, not cystine-glutamate exchange is the primary target for chronic
NAC in ameliorating reinstated cocaine seeking. As an important translational step in
evaluating NAC, daily injections of NAC for two weeks during extinction training produced
an enduring reduction in reinstated cocaine seeking even 2-3 weeks after the last NAC
injection (32, 33). NAC also blocked the locomotor sensitization to repeated experimenter
administered injections of cocaine, and prevented the escalation of cocaine seeking in
animals with extended access (6 hour daily sessions instead of 2 hour daily sessions) (30). In
contrast to escalated cocaine self-administration, a number of studies found that neither
NAC nor ceftriaxone decreased the maintenance level of cocaine intake during short access
cocaine self-administration (28, 30, 31).

These pre-clinical data are largely consistent with the results of a recent double-blind
placebo controlled trial of NAC for treating cocaine dependence (34). In this trial, NAC
showed no difference from placebo in self-reported cocaine use or cocaine positive urines.
However, an exploratory analysis of 13 patients that were abstinent at the start of the trial
showed a significant prolongation of time to relapse. Thus, both pre-clinical and clinical
evidence suggests that NAC may not be an effective medication for cocaine cessation, but
rather is an effective treatment for relapse prevention in cocaine abstinent individuals. The
capacity of NAC to protect against relapse without inhibiting active use is consistent with
the aforementioned preclinical studies showing that NAC inhibits reinstated cocaine
seeking, but not cocaine self-administration. The possibility that NAC may selectively block
the motivation to seek drug (craving) rather than the rewarding properties of cocaine is
further indicated by two small double-blind crossover trials in cocaine dependent individuals
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Opioids

showing NAC reduced the desire to use cocaine initiated by either cocaine-associated cues
(35) or an IV infusion of cocaine (31). Additional clinical trials are reviewed in table 3 (36,
37)

One final preclinical study determined that the self-administration of either cocaine or
sucrose produced equivalent reductions of GLT-1 in NAcore (29). This raises the possibility
that self-administration of a reinforcer, whether drug related or not, can decrease the levels
of GLT-1 in the NAcore. However, in this study there was no yoked-saline control group for
comparison, so it is unknown if the levels of GLT-1 were reduced by sucrose or cocaine, or
if both treatments were ineffective relative to a proper control group.

The one study employing heroin self-administration showed marked decreases in GLT-1
protein and glutamate uptake in NAcore (38). Research on the relationship between GLT-1
and opioids using experimenter-administered morphine are more mixed. Noncontingent
morphine administration decreases GLT-1 protein levels in the dorsal horn of the spinal cord
(39), cerebellum, cortex (40), thalamus and striatum (41). Withdrawal from morphine, in
contrast, increases GLT-1 protein in striatum (41) and in hippocampus (40). Surprisingly,
the increased hippocampal levels of GLT-1 are localized strictly to synaptic terminals of
neurons despite the fact that GLT-1 (normally restricted to astrocytes) was virtually absent
from these terminals in control animals.

Pharmacologically manipulating GLT-1 affects the motivational (i.e. reinstatement) and
somatic (e.g. tolerance and withdrawal) effects of opioid use, with the former arising from
on GLT-1 upregulation in nucleus accumbens (38, 42), and the latter depending on GLT-1
upregulation in locus coeruleus (43). NAC restores glutamate uptake after heroin self-
administration, and thereby prevents glutamate overflow and reinstated heroin seeking (38).
The protection against heroin reinstatement endures up to 40 days after discontinuing daily
NAC (44). Conditioned place preference, a model in which an animal chooses to spend time
in an environment previously paired with experimenter-administered drug, is prevented by
MS-153 (45) (a GLT-1 “agonist”) and promoted by TBOA (46) (a glutamate uptake
antagonist).

GLT-1 manipulation also decreases morphine tolerance and withdrawal (reviewed in table
2) (47-49). Interestingly, this effect partly depends on GLT-1 expression in the dorsal horn
of the spinal cord (39). Amitriptyline prevents morphine tolerance (defined as loss of the
anti-nociceptive property of acute morphine) and this is associated with a reversal of the
spinal glutamate overflow induced by an acute morphine injection in chronically morphine
treated animals. Both effects of amitriptyline depend on upregulating GLT-1, which in turn
depends on NFkB signaling, indicating that amitryptiline and ceftriaxone (20) may share a
common mechanism in upregulating GLT-1.

To date, no clinical studies have investigated GLT-1 manipulation as a treatment for opioid
use disorders in humans.
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Ethanol

Nicotine

While noncontingent administration of ethanol reduces glutamate uptake (without affecting
GLT-1 levels) in the nucleus accumbens (50), the evidence from ethanol self-administration
animal models shows mixed effects on GLT-1 mediated glutamate uptake. One study,
comparing alcohol preferring cAA rats with and without 20 months of ethanol consumption
under a two-bottle choice paradigm, demonstrated decreased glutamate uptake in cortex
(51). Another study, comparing Sprague-Dawley rats consuming dextrose or 6—7.5% ethanol
in their diet for two weeks found no change in protein expression levels or uptake in
hippocampus, cortex, or hypothalamus (52). A third study, in which P (alcohol preferring)
rats had free access to two concentrations of ethanol or water for five weeks showed
decreased GLT-1 protein in nucleus accumbens but not PFC (53). In contrast to these mixed
results on GLT-1 protein, a number of studies (reviewed in table 2) demonstrate that
following ethanol self-administration, treatment with ceftriaxone to increase GLT-1 and
glutamate transport in the accumbens, PFC and/or amygdala reduces ethanol use or
reinstated ethanol seeking (53-56). The decrease in ethanol self-administration produced by
increasing GLT-1 protein is contrary to cocaine and opioids where restoration of GLT-1 did
not affect the rates of self-administration.

No clinical trials have specifically investigated the effect of NAC or other compounds that
increase GLT-1 synthesis for treatment of alcohol dependence. However, one group
conducted a post-hoc analysis of patients with bipolar disorder whose depressive symptoms
were successfully treated with NAC (57) but found no decrease in alcohol drinking (58).
Other trials have investigated the effects of NAC on liver disease associated with alcohol
consumption (59, 60), and post-hoc analyses of these data sets would be interesting in light
of the pre-clinical effects of NAC in decreasing ethanol self-administration.

Three studies have examined the effects of nicotine on GLT-1 protein levels. Nicotine self-
administration decreases GLT-1 in NAcore (61, 62) but experimenter administered nicotine
does not (62). In addition, self-administered nicotine reduces GLT-1 only in the accumbens,
and does not affect GLT-1 in PFC, amygdala, or ventral tegmental area (VTA) (62).
Interestingly, GLT-1 protein is upregulated in cerebellum both by pre-natal and post-natal
exposure to nicotine (63). Ceftriaxone administration in pre-clinical models prevents
tolerance (64) and withdrawal (65) symptoms from experimenter-administered nicotine.
Ceftriaxone also prevents reinstatement, but not the acquisition or extinction of conditioned
place preference (65). NAC decreases nicotine self-administration, and was also found to
transiently decrease food self-administration in one study (66).

A number of clinical trials have examined the effects of NAC on human cigarette
consumption. A small, short term double blind trial demonstrated no reduction in self-
reported craving, and a mild reduction in self-reported withdrawal symptoms. However, this
group found a strong reduction in self-reported rewarding effects of the first cigarette
smoked after an abstinent period (67), which is consistent with pre-clinical data showing
decreases in self-administration due to NAC. Another study revealed a reduction in the
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number of cigarettes smoked after 4 weeks of NAC treatment, without affecting estimates of
nicotine craving or withdrawal (62). Clinical trials failed to show decreased use of incidental
nicotine in cannabis dependent adolescents (68), patients with bipolar disorder (58), and
smokers being evaluated for the effects of NAC on mutagenic markers (69) (although this
group was specifically instructed not to modulate their smoking habits during the trial). In
contrast, NAC showed transient benefits for nicotine dependence over placebo in patients
with comorbid pathological gambling (70). A promising new avenue of research is a
combination therapy of varenicline and NAC, which has shown tolerability in an open-label
trial (71).

Amphetamine/methamphetamine

No self-administration studies have examined the link between amphetamine use disorder
and GLT-1. However, three studies have examined effects of experimenter-administered
amphetamine on GLT-1. One study found increased GLT-1 protein in dorsal striatum (72),
while another showed only a non-significant trend in this direction (73). Interestingly,
amphetamine appears to reverse GLT-1 transport of glutamate in cerebral cortex (74).
Experimenter administered amphetamine increased glutamate levels and this effect was
blocked by administration of dihydrokainate (DHK) or I-trans-2,4-pyrrolidine dicarboxylate
(PDC) (GLT-1 inhibitors that normally increase extracellular glutamate). Amphetamine has
established roles in reversing other neurotransmitter transporters, such as the dopamine
transporter (DAT) and the vesicular monoamine transporter (VMAT) (75), although the
authors propose a non-specific effect on glutamate uptake transporters due to hypoxia
secondary to amphetamine-induced vasoconstriction. Ceftriaxone prevents locomotor
sensitization following repeated amphetamine treatment (76), and blocks reinstatement but
not the acquisition of conditioned place preference (77). However, GLT-1 activation by
MS-153 (45), or GLT-1 viral overexpression in NAshell (42) are both capable of preventing
the acquisition of conditioned place preference to amphetamine.

One clinical trial investigated the use of NAC in combination with naltrexone for
methamphetamine use disorders, with negative results (78). It is difficult to interpret this
finding in light of the complete lack of pre-clinical studies examining a link between self-
administered amphetamine/methamphetamine and GLT-1.

Cannabinoids

One study determined that WIN (a cannabinoid CB1 receptor agonist) or delta-9-THC
administered to pregnant dams resulted in offspring with increased cerebral GLT-1 protein
and glutamate uptake (79). An additional study determined that ceftriaxone diminishes some
aspects of cannabinoid tolerance (80).

Despite the scarcity of pre-clinical research on the link between GLT-1 and cannabinoids,
clinical trials of NAC for cannabis use disorders are extensive and highly promising. NAC is
well tolerated and may appears to decrease craving for cannabis (81), although one open-
label trial found negative results (82). Interestingly, despite a lack of self-reported decreases
in days of use, an 8-week, 116 subject double blind RCT examining the effect of NAC in
cannabis dependent adolescents demonstrated a large effect for decreasing cannabis positive
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urines in NAC vs. placebo (83), leading to the initiation of a multi-site phase 3 trial for
treatment of cannabis dependent adults (84). This is the clearest example of efficacy yet
demonstrated for a GLT-1 modulating therapy in substance use disorders.

Other disorders of compulsive behavior

In addition to the effects on substance abuse listed above, NAC has demonstrated efficacy
for treatment of pathological gambling (70, 85), and demonstrated a large effect size for
treatment of trichotillomania (86). Compulsivity has been suggested as a late phase
development in substance use disorders (87). Substance use disorders, unlike
trichotillomania and other disorders of the obsessive-compulsive spectrum (88), involve a
distinct rewarding, pleasurable quality. NAC, which reduces craving but not rewarding
properties (31) may be less effective at curbing substance use disorders than it is at curbing
compulsive disorders that are more strictly negatively reinforcing. However, the role of
GLT-1 in modulating the negative and positively reinforcing properties of compulsive,
pathological behaviors remains an open question that will require further clinical and
laboratory trials with humans.

Unanswered Questions

What are the relationships between drug use model and GLT-1 effects?

We have discussed various models of drug use which vary by drug class and administration
paradigm (e.g. experimenter administered vs. self-administered). The relationship of drug
use model to GLT-1 effects appear to depend partly on both of these factors. While most of
the studies employing a self-administration paradigm demonstrate decreases in GLT-1
expression, those employing experimenter-administered drug show no changes in protein
levels for nicotine, ethanol, or cocaine, and either no change or increased protein levels in
the case of amphetamine/methamphetamine. However, experimenter administered drug can
modulate GLT-1 function in the absence of protein level changes. This modulation takes the
form of a decrease in the case of ethanol and cocaine, and a reversal of function in the case
of amphetamine. In contrast, experimenter administered opiates consistently downregulate
GLT-1 protein. This finding may be partly explained by a study demonstrating that
astrocytes cultured in the presence of delta opioid receptor agonists or the absence of
glutamate have reduced GLT-1 expression(89). Thus, opiates may directly downregulate
GLT-1 protein via delta opioid signaling, while other drugs may depend on drug-induced
changes in extracellular glutamate in NAcore.

Is GLT-1 modulation a necessary mechanism for all effective substance use disorder

treatments?

As outlined above, restoring GLT-1 function ameliorates drug use in animal models and
clinical trials. Here we ask the question whether restoring GLT-1 may be an off-target action
of other treatments for substance use disorders, and thus constitute a general mechanism
whereby treatments can reduce drug dependence. Recently, levodopa was found to reverse
long-access induced escalation of cocaine intake in a subset of rats (90) with decreased
dopamine signaling, and demonstrated positive results in a subset of cocaine dependent
patients hypothesized to have decreased dopamine synthesis (91). Interestingly, levodopa
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treatment of rats with a lesion of the dopamine system produced increases of GLT-1 mRNA
in the striatum, while no effects on GLT-1 resulted from levodopa in unlesioned rats (92).
This suggests that GLT-1 upregulation may underlie levodopa’s ability to treat cocaine use
disorders selectively in humans and rats with diminished dopamine signaling. Also along
these lines, subanesthetic ketamine administration signals via mammalian target of
rapamycin (mTOR) activation (93) and mTOR activation is necessary for the epidermal
growth factor (EGF) and insulin mediated upregulation of GLT-1 in cultured astrocytes (94).
Subanesthetic ketamine treatment has recently shown preliminary positive effects in a small
double-blind cross-over trial, in which cocaine dependent patients reported decreased
craving (95). This suggests that sub-anesthetic ketamine may exert anti-craving effects
through mTOR-mediated upregulation of GLT-1 in accumbens core astrocytes.
Interestingly, a short course of experimenter administered ketamine injections led to
decreased GLT-1 expression in hippocampus that persisted for up to six months (96).
However, opposite changes in GLT-1 protein levels have been reported in hippocampus
versus NAcore following opioid administration (38, 40). Therefore, a decrease in
hippocampal GLT-1 following ketamine does not necessarily preclude an increase in
NAcore GLT-1.

What important differences are there among GLT-1 upregulating therapies?

Included in this review are pre-clinical studies using a host of drugs to upregulate GLT-1 as
a therapy for substance use disorders. Most of these studies used NAC or ceftriaxone, but
GPI-1046, amitryptiline, and propentofylline also upregulated GLT-1. Clavulanic acid, a
beta lactam-containing drug (which likely upregulates GLT-1) also prevents several
morphine dependent behaviors (97). Several additional drugs exist which are capable of
upregulating GLT-1 (98, 99). The variety of drugs available for upregulating GLT-1 may be
advantageous, as multiple treatment options with different side effect profiles can be offered
to patients based on their particular desires or concerns. These drugs may also differ in their
efficacy due to mechanism for regulating GLT-1 or bioavailability to the brain. For example,
although both propentofylline and NAC are capable of preventing relapse to substance use
disorders in pre-clinical models, the relapse prevention ability of NAC persists for a long
time after discontinuation of NAC (44), whereas relapse prevention by propentofylline is
gone by six days after discontinuating daily propentofylline (27). The necessity of GLT-1
upregulation for the therapeutic effects of NAC does not preclude the possibility of NAC
having other complementary mechanisms, such as normalizing redox imbalances associated
with drug abuse (100).

A second, related question regards the mechanism underlying GLT-1 upregulation by these
various therapies. Ceftriaxone’s mechanism of GLT-1 upregulation is dependent on NFkB-
induced increased transcription (20), and there is evidence that amitryptiline shares this
mechanism (39). In contrast, NAC decreases NFkB signaling in multiple cell lines (101,
102), and the mechanism responsible for NAC-induced GLT-1 upregulation remains
undetermined. GLT-1 can be therapeutically upregulated at the level of translation (98)
rather than transcription, although the relative effects of GLT-1 upregulation via these two
pathways have not been determined in pre-clinical substance use disorder models.
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What side effects may be expected from upregulating GLT-1?

GLT-1 is an important modulator of the glutamatergic system. Glutamate, as a highly
abundant neurotransmitter, plays a role in almost every brain function, raising concerns
about off-target effects might occur from restoring or upregulating GLT-1. Surprisingly little
research has investigated this obvious question. GLT-1 upregulation may slightly delay
motor skill re-learning after stroke (103), and may or may not interfere with cognitive
functions such as object recognition (104) and spatial navigation (105). GLT-1 upregulation
effectively treats substance use disorders via restoration of normal GLT-1 levels in areas
such as nucleus accumbens where GLT-1 has been decreased by exposure to drugs of abuse.
But GLT-1 upregulation by these therapies may result in supra-normal expression levels in
brain areas without substance-induced GLT-1 downregulation. In addition to non-specific
effects on the glutamate system, all therapies that decrease drug seeking in animal models
are potentially concerning for their effects on non-pathological motivated behaviors (e.g.
food seeking) and other dopamine related functions (e.g. locomotion). Only one study
reviewed here demonstrated that NAC transiently decreased food consumption (66). As the
acute effects of NAC depend partly on indirect stimulation of pre-synaptic mGIuR2/3
receptors (106), and stimulation of these receptors decreases motivation to consume food
(107), it is likely that these transient effects were not due to GLT-1 upregulation. In
addition, multiple studies reviewed here found no effects of GLT-1 manipulation on
locomotion (27, 30).

Conclusion

Despite several remaining questions concerning mechanisms of GLT-1 regulation and
therapeutic efficacy, the majority of pre-clinical and clinical research reviewed here suggests
that GLT-1 upregulation is a promising strategy for treating substance use disorders and
other disorders characterized in part by compulsive behavior. As the translational gap
between initial discovery (108) and phase 3 clinical trials (84) is closed, therapies targeting
GLT-1 upregulation may offer new solutions to some of our most crippling public health
problems.

ABBREVIATIONS

GLT1 glutamate transporter 1 aka EAAT2 (excitatory amino acid transporter 2)
NAC N-acetylcysteine

NAcore nucleus accumbens core

NAshell nucleus accumbens shell

PFC prefrontal cortex

VTA ventral tegmental area

CPP conditioned place preference

CPA conditioned place aversion

PDC I-trans-pyrrolidine-2,4- dicarboxylic acid | high affinity glutamate transporter inhibitor
DHK dihydrokainic acid GLT-1 inhibitor
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GPI-1046 a neuroimmunophilin which upregulates GLT1

ND not done

Acknowledgments

This work was supported by NIH funding, including grants TR000061 (DJRW), GM008716 (DJRW), DA038893
(DJRW), DA 03906-31 (PWK) and DA015369-11 (PWK).

References

1. Mokdad AH, Marks JS, Stroup DF, Gerberding JL. Actual causes of death in the United States,
2000. Jama. 2004; 291(10):1238-45. [PubMed: 15010446]

2. Marsch LA. The efficacy of methadone maintenance interventions in reducing illicit opiate use, HIV
risk behavior and criminality: a meta-analysis. Addiction. 1998; 93(4):515-32. [PubMed: 9684390]

3. Dawson DA, Goldstein RB, Grant BF. Rates and correlates of relapse among individuals in
remission from DSM-1V alcohol dependence: a 3-year follow-up. Alcoholism, clinical and
experimental research. 2007; 31(12):2036-45.

4. Gass JT, Olive MF. Glutamatergic substrates of drug addiction and alcoholism. Biochem
Pharmacol. 2008; 75(1):218-65. [PubMed: 17706608]

5. Kenny PJ, Markou A. The ups and downs of addiction: role of metabotropic glutamate receptors.
Trends Pharmacol Sci. 2004; 25(5):265-72. [PubMed: 15120493]

6. Pomierny-Chamiolo L, Rup K, Pomierny B, Niedzielska E, Kalivas PW, Filip M. Metabotropic
glutamatergic receptors and their ligands in drug addiction. Pharmacol Ther. 2014; 142(3):281-305.
[PubMed: 24362085]

7. Bisaga A, Popik P. In search of a new pharmacological treatment for drug and alcohol addiction: N-
methyl-D-aspartate (NMDA) antagonists. Drug and alcohol dependence. 2000; 59(1):1-15.
[PubMed: 10706971]

8. Conrad KL, Tseng KY, Uejima JL, Reimers JM, Heng LJ, Shaham Y, et al. Formation of
accumbens GluR2-lacking AMPA receptors mediates incubation of cocaine craving. Nature. 2008;
454(7200):118-21. [PubMed: 18500330]

9. Evans SM, Levin FR, Brooks DJ, Garawi F. A pilot double-blind treatment trial of memantine for
alcohol dependence. Alcoholism, clinical and experimental research. 2007; 31(5):775-82.

10. Yoon JH, Newton TF, Haile CN, Bordnick PS, Fintzy RE, Culbertson C, et al. Effects of D-
cycloserine on cue-induced craving and cigarette smoking among concurrent cocaine- and
nicotine-dependent volunteers. Addictive behaviors. 2013; 38(2):1518-26. [PubMed: 22560371]

11. Kampman KM, Dackis C, Lynch KG, Pettinati H, Tirado C, Gariti P, et al. A double-blind,
placebo-controlled trial of amantadine, propranolol, and their combination for the treatment of
cocaine dependence in patients with severe cocaine withdrawal symptoms. Drug and alcohol
dependence. 2006; 85(2):129-37. [PubMed: 16697124]

12. Kalivas PW. The glutamate homeostasis hypothesis of addiction. Nat Rev Neurosci. 2009; 10(8):
561-72. [PubMed: 19571793]

13. McFarland K, Lapish CC, Kalivas PW. Prefrontal glutamate release into the core of the nucleus
accumbens mediates cocaine-induced reinstatement of drug-seeking behavior. J Neurosci. 2003;
23(8):3531-7. [PubMed: 12716962]

14. LaLumiere RT, Kalivas PW. Glutamate release in the nucleus accumbens core is necessary for
heroin seeking. J Neurosci. 2008; 28(12):3170-7. [PubMed: 18354020]

15. Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001; 65(1):1-105. [PubMed: 11369436]

16. Smilkstein MJ, Knapp GL, Kulig KW, Rumack BH. Efficacy of oral N-acetylcysteine in the
treatment of acetaminophen overdose. Analysis of the national multicenter study (1976 to 1985).
The New England journal of medicine. 1988; 319(24):1557-62. [PubMed: 3059186]

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Lauterburg BH, Corcoran GB, Mitchell JR. Mechanism of action of N-acetylcysteine in the
protection against the hepatotoxicity of acetaminophen in rats in vivo. The Journal of clinical
investigation. 1983; 71(4):980-91. [PubMed: 6833497]

Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles DE, et al. Beta-lactam
antibiotics offer neuroprotection by increasing glutamate transporter expression. Nature. 2005;
433(7021):73-7. [PubMed: 15635412]

Berry JD, Shefner JM, Conwit R, Schoenfeld D, Keroack M, Felsenstein D, et al. Design and
initial results of a multi-phase randomized trial of ceftriaxone in amyotrophic lateral sclerosis.
PloS one. 2013; 8(4):e61177. [PubMed: 23613806]

Lee SG, Su ZZ, Emdad L, Gupta P, Sarkar D, Borjabad A, et al. Mechanism of ceftriaxone
induction of excitatory amino acid transporter-2 expression and glutamate uptake in primary
human astrocytes. The Journal of biological chemistry. 2008; 283(19):13116-23. [PubMed:
18326497]

Knackstedt LA, Melendez RI, Kalivas PW. Ceftriaxone restores glutamate homeostasis and
prevents relapse to cocaine seeking. Biol Psychiatry. 2010; 67(1):81-4. [PubMed: 19717140]

Trantham-Davidson H, LaLumiere RT, Reissner KJ, Kalivas PW, Knackstedt LA. Ceftriaxone
normalizes nucleus accumbens synaptic transmission, glutamate transport, and export following
cocaine self-administration and extinction training. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2012; 32(36):12406-10. [PubMed: 22956831]

Reissner KJ, Gipson CD, Tran PK, Knackstedt LA, Scofield MD, Kalivas PW. Glutamate
transporter GLT-1 mediates N-acetylcysteine inhibition of cocaine reinstatement. Addict Biol.
2014

Fischer KD, Houston AC, Rebec GV. Role of the major glutamate transporter GLT1 in nucleus
accumbens core versus shell in cue-induced cocaine-seeking behavior. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2013; 33(22):9319-27.
[PubMed: 23719800]

Fischer-Smith KD, Houston AC, Rebec GV. Differential effects of cocaine access and withdrawal
on glutamate type 1 transporter expression in rat nucleus accumbens core and shell. Neuroscience.
2012; 210:333-9. [PubMed: 22433294]

Parikh V, Naughton SX, Shi X, Kelley LK, Yegla B, Tallarida CS, et al. Cocaine-induced
neuroadaptations in the dorsal striatum: glutamate dynamics and behavioral sensitization.
Neurochemistry international. 2014; 75:54-65. [PubMed: 24911954]

Reissner KJ, Brown RM, Spencer S, Tran PK, Thomas CA, Kalivas PW. Chronic administration of
the methylxanthine propentofylline impairs reinstatement to cocaine by a GLT-1-dependent
mechanism. Neuropsychopharmacology. 2014; 39(2):499-506. [PubMed: 23985782]

Sondheimer I, Knackstedt LA. Ceftriaxone prevents the induction of cocaine sensitization and
produces enduring attenuation of cue- and cocaine-primed reinstatement of cocaine-seeking.
Behav Brain Res. 2011; 225(1):252-8. [PubMed: 21824497]

Sari Y, Smith KD, Ali PK, Rebec GV. Upregulation of GLT1 attenuates cue-induced reinstatement
of cocaine-seeking behavior in rats. J Neurosci. 2009; 29(29):9239-43. [PubMed: 19625514]

Madayag A, Lobner D, Kau KS, Mantsch JR, Abdulhameed O, Hearing M, et al. Repeated N-
acetylcysteine administration alters plasticity-dependent effects of cocaine. J Neurosci. 2007;
27(51):13968-76. [PubMed: 18094234]

Amen SL, Piacentine LB, Ahmad ME, Li SJ, Mantsch JR, Risinger RC, et al. Repeated N-acetyl
cysteine reduces cocaine seeking in rodents and craving in cocaine-dependent humans.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2011; 36(4):871-8. [PubMed: 21160464]

Reichel CM, Moussawi K, Do PH, Kalivas PW, See RE. Chronic N-acetylcysteine during
abstinence or extinction after cocaine self-administration produces enduring reductions in drug
seeking. The Journal of pharmacology and experimental therapeutics. 2011; 337(2):487-93.
[PubMed: 21303920]

Moussawi K, Zhou W, Shen H, Reichel CM, See RE, Carr DB, et al. Reversing cocaine-induced
synaptic potentiation provides enduring protection from relapse. Proceedings of the National
Academy of Sciences of the United States of America. 2011; 108(1):385-90. [PubMed: 21173236]

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 12

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

LaRowe SD, Kalivas PW, Nicholas JS, Randall PK, Mardikian PN, Malcolm RJ. A double-blind
placebo-controlled trial of N-acetylcysteine in the treatment of cocaine dependence. The American
journal on addictions / American Academy of Psychiatrists in Alcoholism and Addictions. 2013;
22(5):443-52. [PubMed: 23952889]

LaRowe SD, Myrick H, Hedden S, Mardikian P, Saladin M, McRae A, et al. Is cocaine desire
reduced by N-acetylcysteine? Am J Psychiatry. 2007; 164(7):1115-7. [PubMed: 17606664]

LaRowe SD, Mardikian P, Malcolm R, Myrick H, Kalivas P, McFarland K, et al. Safety and
tolerability of N-acetylcysteine in cocaine-dependent individuals. Am J Addict. 2006; 15(1):105-
10. [PubMed: 16449100]

Mardikian PN, LaRowe SD, Hedden S, Kalivas PW, Malcolm RJ. An open-label trial of N-
acetylcysteine for the treatment of cocaine dependence: a pilot study. Prog Neuropsychopharmacol
Biol Psychiatry. 2007; 31(2):389-94. [PubMed: 17113207]

Shen HW, Scofield MD, Boger H, Hensley M, Kalivas PW. Synaptic glutamate spillover due to
impaired glutamate uptake mediates heroin relapse. J Neurosci. 2014; 34(16):5649-57. [PubMed:
24741055]

Tai YH, Tsai RY, Wang YH, Cherng CH, Tao PL, Liu TM, et al. Amitriptyline induces nuclear
transcription factor-kappaB-dependent glutamate transporter upregulation in chronic morphine-
infused rats. Neuroscience. 2008; 153(3):823-31. [PubMed: 18400403]

Xu NJ, Bao L, Fan HP, Bao GB, Pu L, Lu YJ, et al. Morphine withdrawal increases glutamate
uptake and surface expression of glutamate transporter GLT1 at hippocampal synapses. J
Neurosci. 2003; 23(11):4775-84. [PubMed: 12805317]

Ozawa T, Nakagawa T, Shige K, Minami M, Satoh M. Changes in the expression of glial
glutamate transporters in the rat brain accompanied with morphine dependence and naloxone-
precipitated withdrawal. Brain research. 2001; 905(1-2):254-8. [PubMed: 11423104]

Fujio M, Nakagawa T, Sekiya Y, Ozawa T, Suzuki Y, Minami M, et al. Gene transfer of GLT-1, a
glutamate transporter, into the nucleus accumbens shell attenuates methamphetamine- and
morphine-induced conditioned place preference in rats. The European journal of neuroscience.
2005; 22(11):2744-54. [PubMed: 16324108]

Ozawa T, Nakagawa T, Sekiya Y, Minami M, Satoh M. Effect of gene transfer of GLT-1, a
glutamate transporter, into the locus coeruleus by recombinant adenoviruses on morphine physical
dependence in rats. The European journal of neuroscience. 2004; 19(1):221-6. [PubMed:
14750980]

Zhou W, Kalivas PW. N-acetylcysteine reduces extinction responding and induces enduring
reductions in cue- and heroin-induced drug-seeking. Biological psychiatry. 2008; 63(3):338-40.
[PubMed: 17719565]

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. Behavioural brain research. 2005; 156(2):233-9. [PubMed: 15582109]

Sekiya Y, Nakagawa T, Ozawa T, Minami M, Satoh M. Facilitation of morphine withdrawal
symptoms and morphine-induced conditioned place preference by a glutamate transporter inhibitor
DL-threo-beta-benzyloxyaspartate in rats. European journal of pharmacology. 2004; 485(1-3):
201-10. [PubMed: 14757142]

Rawls SM, Baron DA, Kim J. beta-Lactam antibiotic inhibits development of morphine physical
dependence in rats. Behavioural pharmacology. 2010; 21(2):161-4. [PubMed: 20215965]

Rawls SM, Tallarida R, Robinson W, Amin M. The beta-lactam antibiotic, ceftriaxone, attenuates
morphine-evoked hyperthermia in rats. British journal of pharmacology. 2007; 151(7):1095-102.
[PubMed: 17592517]

Rawls SM, Zielinski M, Patel H, Sacavage S, Baron DA, Patel D. Beta-lactam antibiotic reduces
morphine analgesic tolerance in rats through GLT-1 transporter activation. Drug and alcohol
dependence. 2010; 107(2-3):261-3. [PubMed: 20004063]

Melendez RI, Hicks MP, Cagle SS, Kalivas PW. Ethanol exposure decreases glutamate uptake in
the nucleus accumbens. Alcoholism, clinical and experimental research. 2005; 29(3):326-33.

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 13

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Schreiber R, Freund WD. Glutamate transport is downregulated in the cerebral cortex of alcohol-
preferring rats. Medical science monitor : international medical journal of experimental and
clinical research. 2000; 6(4):649-52. [PubMed: 11208385]

Devaud LL. Ethanol dependence has limited effects on GABA or glutamate transporters in rat
brain. Alcoholism, clinical and experimental research. 2001; 25(4):606-11.

Sari Y, Sreemantula SN. Neuroimmunophilin GPI-1046 reduces ethanol consumption in part
through activation of GLT1 in alcohol-preferring rats. Neuroscience. 2012; 227:327-35. [PubMed:
23059796]

Qrunfleh AM, Alazizi A, Sari Y. Ceftriaxone, a beta-lactam antibiotic, attenuates relapse-like
ethanol-drinking behavior in alcohol-preferring rats. Journal of psychopharmacology. 2013; 27(6):
541-9. [PubMed: 23518814]

Rao PS, Sari Y. Effects of ceftriaxone on chronic ethanol consumption: a potential role for xCT
and GLT1 modulation of glutamate levels in male P rats. Journal of molecular neuroscience : MN.
2014; 54(1):71-7. [PubMed: 24535561]

Sari Y, Sakai M, Weedman JM, Rebec GV, Bell RL. Ceftriaxone, a beta-lactam antibiotic, reduces
ethanol consumption in alcohol-preferring rats. Alcohol and alcoholism. 2011; 46(3):239-46.
[PubMed: 21422004]

Berk M, Copolov DL, Dean O, Lu K, Jeavons S, Schapkaitz I, et al. N-acetyl cysteine for
depressive symptoms in bipolar disorder--a double-blind randomized placebo-controlled trial. Biol
Psychiatry. 2008; 64(6):468-75. [PubMed: 18534556]

Bernardo M, Dodd S, Gama CS, Copolov DL, Dean O, Kohlmann K, et al. Effects of N-
acetylcysteine on substance use in bipolar disorder: a randomised placebo—controlled clinical trial.
Acta Neuropsychiatrica. 2009; 21(5):239-45.

Moreno C, Langlet P, Hittelet A, Lasser L, Degre D, Evrard S, et al. Enteral nutrition with or
without N-acetylcysteine in the treatment of severe acute alcoholic hepatitis: a randomized
multicenter controlled trial. Journal of hepatology. 2010; 53(6):1117-22. [PubMed: 20801542]

Nguyen-Khac E, Thevenot T, Piquet MA, Benferhat S, Goria O, Chatelain D, et al.
Glucocorticoids plus N-acetylcysteine in severe alcoholic hepatitis. The New England journal of
medicine. 2011; 365(19):1781-9. [PubMed: 22070475]

Gipson CD, Reissner KJ, Kupchik YM, Smith AC, Stankeviciute N, Hensley-Simon ME, et al.
Reinstatement of nicotine seeking is mediated by glutamatergic plasticity. Proceedings of the
National Academy of Sciences of the United States of America. 2013; 110(22):9124-9. [PubMed:
23671067]

Knackstedt LA, LaRowe S, Mardikian P, Malcolm R, Upadhyaya H, Hedden S, et al. The role of
cystine-glutamate exchange in nicotine dependence in rats and humans. Biol Psychiatry. 2009;
65(10):841-5. [PubMed: 19103434]

Lim DK, Kim HS. Chronic exposure of nicotine modulates the expressions of the cerebellar glial
glutamate transporters in rats. Archives of pharmacal research. 2003; 26(4):321-9. [PubMed:
12735692]

Schroeder JA, Quick KF, Landry PM, Rawls SM. Glutamate transporter activation enhances
nicotine antinociception and attenuates nicotine analgesic tolerance. NeuroReport. 2011; 22(18):
970-3. [PubMed: 22027514]

Alajaji M, Bowers MS, Knackstedt L, Damaj MI. Effects of the beta-lactam antibiotic ceftriaxone
on nicotine withdrawal and nicotine-induced reinstatement of preference in mice.
Psychopharmacology (Berl). 2013; 228(3):419-26. [PubMed: 23503685]

Ramirez-Nino AM, D'Souza MS, Markou A. N-acetylcysteine decreased nicotine self-
administration and cue-induced reinstatement of nicotine seeking in rats: comparison with the
effects of N-acetylcysteine on food responding and food seeking. Psychopharmacology. 2013;
225(2):473-82. [PubMed: 22903390]

Schmaal L, Berk L, Hulstijn KP, Cousijn J, Wiers RW, van den Brink W. Efficacy of N-
acetylcysteine in the treatment of nicotine dependence: a double-blind placebo-controlled pilot
study. European addiction research. 2011; 17(4):211-6. [PubMed: 21606648]

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 14

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

McClure EA, Baker NL, Gray KM. Cigarette smoking during an N-acetylcysteine-assisted
cannabis cessation trial in adolescents. The American journal of drug and alcohol abuse. 2014;
40(4):285-91. [PubMed: 24720376]

Van Schooten FJ, Besaratinia A, De Flora S, D'Agostini F, 1zzotti A, Camoirano A, et al. Effects
of oral administration of N-acetyl-L-cysteine: a multi-biomarker study in smokers. Cancer
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology. 2002; 11(2):167-75.
Grant JE, Odlaug BL, Chamberlain SR, Potenza MN, Schreiber LR, Donahue CB, et al. A
randomized, placebo-controlled trial of N-acetylcysteine plus imaginal desensitization for
nicotine-dependent pathological gamblers. The Journal of clinical psychiatry. 2014; 75(1):39-45.
[PubMed: 24345329]

McClure EA, Baker NL, Gipson CD, Carpenter MJ, Roper AP, Froeliger BE, et al. An open-label
pilot trial of N-acetylcysteine and varenicline in adult cigarette smokers. The American journal of
drug and alcohol abuse. 2014:1-5. [PubMed: 24359505]

Shirai Y, Shirakawa O, Nishino N, Saito N, Nakai H. Increased striatal glutamate transporter by
repeated intermittent administration of methamphetamine. Psychiatry and clinical neurosciences.
1996; 50(3):161-4. [PubMed: 9201764]

Sidiropoulou K, Chao S, Lu W, Wolf ME. Amphetamine administration does not alter protein
levels of the GLT-1 and EAAC1 glutamate transporter subtypes in rat midbrain, nucleus
accumbens, striatum, or prefrontal cortex. Brain research Molecular brain research. 2001; 90(2):
187-92. [PubMed: 11406296]

Del Arco A, Gonzalez-Mora JL, Armas VR, Mora F. Amphetamine increases the extracellular
concentration of glutamate in striatum of the awake rat: involvement of high affinity transporter
mechanisms. Neuropharmacology. 1999; 38(7):943-54. [PubMed: 10428413]

Fleckenstein AE, Volz TJ, Riddle EL, Gibb JW, Hanson GR. New insights into the mechanism of
action of amphetamines. Annual review of pharmacology and toxicology. 2007; 47:681-98.
Rasmussen B, Unterwald EM, Rawls SM. Glutamate transporter subtype 1 (GLT-1) activator
ceftriaxone attenuates amphetamine-induced hyperactivity and behavioral sensitization in rats.
Drug Alcohol Depend. 2011; 118(2-3):484-8. [PubMed: 21524862]

Abulseoud OA, Miller JD, Wu J, Choi DS, Holschneider DP. Ceftriaxone upregulates the
glutamate transporter in medial prefrontal cortex and blocks reinstatement of methamphetamine
seeking in a condition place preference paradigm. Brain research. 2012; 1456:14-21. [PubMed:
22521042]

Grant JE, Odlaug BL, Kim SW. A double-blind, placebo-controlled study of N-acetyl cysteine plus
naltrexone for methamphetamine dependence. European neuropsychopharmacology : the journal
of the European College of Neuropsychopharmacology. 2010; 20(11):823-8. [PubMed:
20655182]

Castaldo P, Magi S, Gaetani S, Cassano T, Ferraro L, Antonelli T, et al. Prenatal exposure to the
cannabinoid receptor agonist WIN 55,212-2 increases glutamate uptake through overexpression of
GLT1 and EAACL1 glutamate transporter subtypes in rat frontal cerebral cortex.
Neuropharmacology. 2007; 53(3):369-78. [PubMed: 17631920]

Gunduz O, Oltulu C, Ulugol A. Role of GLT-1 transporter activation in prevention of cannabinoid
tolerance by the beta-lactam antibiotic, ceftriaxone, in mice. Pharmacology, biochemistry, and
behavior. 2011; 99(1):100-3.

Gray KM, Watson NL, Carpenter MJ, Larowe SD. N-acetylcysteine (NAC) in young marijuana
users: an open-label pilot study. Am J Addict. 2010; 19(2):187-9. [PubMed: 20163391]

Roten AT, Baker NL, Gray KM. Marijuana craving trajectories in an adolescent marijuana
cessation pharmacotherapy trial. Addictive behaviors. 2013; 38(3):1788-91. [PubMed: 23261493]
Gray KM, Carpenter MJ, Baker NL, DeSantis SM, Kryway E, Hartwell KJ, et al. A double-blind
randomized controlled trial of N-acetylcysteine in cannabis-dependent adolescents. The American
journal of psychiatry. 2012; 169(8):805-12. [PubMed: 22706327]

McClure EA, Sonne SC, Winhusen T, Carroll KM, Ghitza UE, McRae-Clark AL, et al. Achieving
Cannabis Cessation - Evaluating N-acetylcysteine Treatment (ACCENT): Design and
implementation of a multi-site, randomized controlled study in the National Institute on Drug

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas Page 15

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Abuse Clinical Trials Network. Contemporary clinical trials. 2014; 39(2):211-23. [PubMed:
25179587]

Grant JE, Kim SW, Odlaug BL. N-acetyl cysteine, a glutamate-modulating agent, in the treatment
of pathological gambling: a pilot study. Biol Psychiatry. 2007; 62(6):652—7. [PubMed: 17445781]

Grant JE, Odlaug BL, Kim SW. N-acetylcysteine, a glutamate modulator, in the treatment of
trichotillomania: a double-blind, placebo-controlled study. Arch Gen Psychiatry. 2009; 66(7):756—
63. [PubMed: 19581567]

Koob GF, Buck CL, Cohen A, Edwards S, Park PE, Schlosburg JE, et al. Addiction as a stress
surfeit disorder. Neuropharmacology. 2014; 76(Pt B):370-82. [PubMed: 23747571]

Swedo SE, Leonard HL. Trichotillomania. An obsessive compulsive spectrum disorder? The
Psychiatric clinics of North America. 1992; 15(4):777-90. [PubMed: 1461795]

Thorlin T, Roginski RS, Choudhury K, Nilsson M, Ronnback L, Hansson E, et al. Regulation of
the glial glutamate transporter GLT-1 by glutamate and delta-opioid receptor stimulation. FEBS
Lett. 1998; 425(3):453-9. [PubMed: 9563512]

Willuhn I, Burgeno LM, Groblewski PA, Phillips PE. Excessive cocaine use results from
decreased phasic dopamine signaling in the striatum. Nature neuroscience. 2014; 17(5):704-9.
[PubMed: 24705184]

Liu S, Green CE, Lane SD, Kosten TR, Moeller FG, Nielsen DA, et al. The influence of dopamine
beta-hydroxylase gene polymorphism rs1611115 on levodopa/carbidopa treatment for cocaine
dependence: a preliminary study. Pharmacogenetics and genomics. 2014; 24(7):370-3. [PubMed:
24809448]

Lievens JC, Salin P, Nieoullon A, Kerkerian-Le Goff L. Nigrostriatal denervation does not affect
glutamate transporter mMRNA expression but subsequent levodopa treatment selectively increases
GLT1 mRNA and protein expression in the rat striatum. Journal of neurochemistry. 2001; 79(4):
893-902. [PubMed: 11723182]

Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, et al. mnTOR-dependent synapse formation
underlies the rapid antidepressant effects of NMDA antagonists. Science. 2010; 329(5994):959—
64. [PubMed: 20724638]

Wu X, Kihara T, Akaike A, Niidome T, Sugimoto H. PI3K/Akt/mTOR signaling regulates
glutamate transporter 1 in astrocytes. Biochemical and biophysical research communications.
2010; 393(3):514-8. [PubMed: 20152809]

Dakwar E, Levin F, Foltin RW, Nunes EV, Hart CL. The effects of subanesthetic ketamine
infusions on motivation to quit and cue-induced craving in cocaine-dependent research volunteers.
Biological psychiatry. 2014; 76(1):40-6. [PubMed: 24035344]

Featherstone RE, Liang Y, Saunders JA, Tatard-Leitman VM, Ehrlichman RS, Siegel SJ.
Subchronic ketamine treatment leads to permanent changes in EEG, cognition and the astrocytic
glutamate transporter EAAT2 in mice. Neurobiology of disease. 2012; 47(3):338-46. [PubMed:
22627142]

Schroeder JA, Tolman NG, McKenna FF, Watkins KL, Passeri SM, Hsu AH, et al. Clavulanic acid
reduces rewarding, hyperthermic and locomotor-sensitizing effects of morphine in rats: a new
indication for an old drug? Drug and alcohol dependence. 2014; 142:41-5. [PubMed: 24998018]
Kong Q, Chang LC, Takahashi K, Liu Q, Schulte DA, Lai L, et al. Small-molecule activator of
glutamate transporter EAAT2 translation provides neuroprotection. The Journal of clinical
investigation. 2014; 124(3):1255-67. [PubMed: 24569372]

Li Y, Sattler R, Yang EJ, Nunes A, Ayukawa Y, Akhtar S, et al. Harmine, a natural beta-carboline
alkaloid, upregulates astroglial glutamate transporter expression. Neuropharmacology. 2011;
60(7-8):1168-75. [PubMed: 21034752]

100. Uys JD, Knackstedt L, Hurt P, Tew KD, Manevich Y, Hutchens S, et al. Cocaine-induced

adaptations in cellular redox balance contributes to enduring behavioral plasticity.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2011; 36(12):2551-60. [PubMed: 21796101]

101. Wang HW, Yang W, Lu JY, Li F, Sun JZ, Zhang W, et al. N-acetylcysteine administration is

associated with reduced activation of NF-kB and preserves lung dendritic cells function in a

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Roberts-Wolfe and Kalivas

102.

103.

104.

105.

106.

107.

108.

Page 16

zymosan-induced generalized inflammation model. Journal of clinical immunology. 2013; 33(3):
649-60. [PubMed: 23242830]

Oka S, Kamata H, Kamata K, Yagisawa H, Hirata H. N-acetylcysteine suppresses TNF-induced
NF-kappaB activation through inhibition of IkappaB kinases. FEBS letters. 2000; 472(2-3):196—
202. [PubMed: 10788610]

Kim SY, Jones TA. The effects of ceftriaxone on skill learning and motor functional outcome
after ischemic cortical damage in rats. Restorative neurology and neuroscience. 2013; 31(1):87-
97. [PubMed: 23047495]

Matos-Ocasio F, Hernandez-Lopez A, Thompson KJ. Ceftriaxone, a GLT-1 transporter activator,
disrupts hippocampal learning in rats. Pharmacology, biochemistry, and behavior. 2014;
122:118-21.

Karaman I, Kizilay-Ozfidan G, Karadag CH, Ulugol A. Lack of effect of ceftriaxone, a GLT-1
transporter activator, on spatial memory in mice. Pharmacology, biochemistry, and behavior.
2013; 108:61-5.

Moussawi K, Pacchioni A, Moran M, Olive MF, Gass JT, Lavin A, et al. N-Acetylcysteine
reverses cocaine-induced metaplasticity. Nat Neurosci. 2009; 12(2):182-9. [PubMed: 19136971]
Peters J, Kalivas PW. The group Il metabotropic glutamate receptor agonist, LY 379268, inhibits
both cocaine- and food-seeking behavior in rats. Psychopharmacology (Berl). 2006; 186(2):143—
9. [PubMed: 16703399]

Baker DA, McFarland K, Lake RW, Shen H, Tang XC, Toda S, et al. Neuroadaptations in
cystine-glutamate exchange underlie cocaine relapse. Nat Neurosci. 2003; 6(7):743-9. [PubMed:
12778052]

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Roberts-Wolfe and Kalivas

TABLE 1
EFFECTS OF DRUGS OF ABUSE ON GLT-1 AND GLUTAMATE UPTAKE

Page 17

Changesin glutamate

Citation | Drug of abuse Drug administration route Changesin GLT-1 expression uptake
Reversal of function -
increased glutamate in
: ] T dialysate following
(74) Amphetamine Experimenter administration ND (not done) amphetamine injection, can
be blocked by administering
GLT-1 blockers
No change in protein levels in
. ] S VTA, substantia nigra, nucleus
Amphetamine Experimenter administration accumbens, PEC, or dorsal striatum ND
(73) (although this showed a trend)
Cannabinoid receptor Experimenter administration to Increased protein levels but not Increased in PFC of
(79) CB1 agonist (WIN) pregnant dams mRNA levels in PFC of offspring offspring
: . . Decreased protein in nucleus Decreased in nucleus
(21) Cocaine Self administration accumbens accumbens
(23) Cocaine Self administration Decreased protein in NAcore ONnI?y()sodlum independent
Decreased protein in NAcore
correlates strongly with length of
: L . access and length of withdrawal,
(24) Cocaine Self administration decreased protein in NAshell ND
correlates weakly with both
measures
(22) Cocaine Self administration ND Decreased in NAcore
Decreases are greater in NAcore
Cocaine Self administration than NAshell in long-access ND
(25) animals
(26) Cocaine Experimenter administration No change in dorsal striatum Decreased in dorsal striatum
: . . No change in accumbens relative to
29) Cocaine Self administration food trained animals ND
. - . Decreased protein in NAcore but
@7) Cocaine Self administration not dorsomedial PEC ND
(28) Cocaine Self administration Decreased protein in NAcore ND
- . Decreased in accumbens but not
(53) Ethanol Self administration PEC ND
. . No change in hippocampus, No change in hippocampus,
(52) Ethanol Self administration hypothalamus, or cortex cortex, or hypothalamus
(51) Ethanol Self administration ND Decreased in cerebral cortex
. . . . L Decreased glutamate uptake
(50) Ethanol Experimenter administration No change in protein in NAcore in NAcore
(38) Heroin Self administration Decreased protein in NAcore Decreased in NAcore
Decreased protein in hippocampus
Ketamine Experimenter administration persists for up to 6 months after 12
(96) days of administration ND
Increased protein in dorsal striatum,
Methamphetamine Experimenter administration no changes in cortex, thalamus, ND
(72) hippocampus, amygadala
Increased protein in hippocampus .
Morphine Experimenter administration (specifically in neuron terminals); ;eé::;ecistig '?ngfggts):g??
P (assessed during withdrawal) no change in mMRNA,; no changes in hippocam ’us
(40) astrocytes ppocamp

CNSNeurol Disord Drug Targets. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Roberts-Wolfe and Kalivas

Page 18

Citation | Drug of abuse Drug administration route Changesin GLT-1 expression Sgg;(%%m glutamate
: : e Decreased protein in dorsal horn of
(39) Morphine Experimenter administration spinal cord ND
Decreased protein levels in
thalamus and striatum following
. . - . morphine, abundant increase in
Morphine, naloxone Experimenter administration protein levels in striatum after ND
naloxone administration to
(41) dependent animals
Decreased protein in NAcore for
- . self-administration group but not
(62) Nicotine gf Ig??nr%':t'::r:éﬁ?n?ggaﬁ on experimenter-administration group; | ND
p no changes in VTA, PFC, or
amygdala
(61) Nicotine Self administration Decreased protein in NAcore ND
Eépir;rr:lteg;%sag;rgw(t)rramg o Increased protein in cerebellum,
Nicotine gdd?tional administration to higher increases in offspring who
63) offspring receive additional nicotine ND
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TABLE 2
EFFECTS OF GLT-1 MANIPULATION ON PRE-CLINICAL MODELS OF SUBSTANCE USE
DISORDERS
Reference | Drug of abuse GLT-1 pharmacotherapy | Effectson drug abuse behavior Roleof GLT-1
prevents locomotor sensitization of
(76) Amphetamine Ceftriaxone amphetamine ND
(80) Cannabinoids Ceftriaxone prevents some aspects of tolerance ND
restores protein
levels in
NAcore, no
(21) effects on
protein levels in
prevents cue- and cocaine-induced PFC, no effects
Cocaine Ceftriaxone, NAC reinstatement; no locomotor effects in naive rats
prevents escalation in long access
model, prevents behavioral
sensitization, prevents cocaine-
(30) Cocaine NAC induced reinstatement ND
decreases cocaine-induced
reinstatement but not cocaine self-
(31) Cocaine NAC administration ND
prevents cocaine, context, or cue-
induced reinstatement after
abstinence or extinction, up to two
(32) Cocaine NAC weeks after discontinuation of NAC | ND
restores protein
levels in
NAcore; NAC
in combination
with GLT1
(23) knockdown
increases cue-
induced
reinstatement to
NAC, RNA anti-sense NAC prevents cue-induced levels beyond
Cocaine morpholinos against GLT1 | reinstatement vehicle
increased
prevents cue-induced reinstatement protein levels in
but not reinstatement to food accumbens and
(29) Cocaine Ceftriaxone seeking PFC
restores protein
levels
proportionally
to their cocaine-
induced
decrease in
NAcore and
NAshell;
behavioral
effect depends
on GLT-1
Ceftriaxone, DHK or prevents reinstatement after activity in
TBOA (GLT-1 extended withdrawal but not short NAcore but not
(24) Cocaine antagonists) term withdrawal NAshell
no effects on drug seeking during restores uptake
(22) Cocaine Ceftriaxone extinction in accumbens
prevents cocaine and cue induced
reinstatement of cocaine seeking,
effect persists for two weeks after
(33) Cocaine NAC discontinuation of NAC ND
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Reference | Drug of abuse GLT-1 pharmacotherapy | Effectson drug abuse behavior Roleof GLT-1
No change in
(26) Cocaine Ceftriaxone ND dorsal striatum
Restores GLT-1
in NAcore;
knockdown of
GLT1in
NAcore
abolishes
Propentofylline, reinstatement-
morpholinos against Transiently prevents cue and prevention
(27) Cocaine GLT-1in NAcore cocaine primed reinstatement effects
enduring prevention of cocaine
reinstatement, no effects on self-
admin; prevents locomotor restores protein
(28) Cocaine Ceftriaxone sensitization in accumbens
increased
protein in PFC,
accumbens, and
(55) Ethanol Ceftriaxone decreased ethanol drinking amygdala
increased
prevents reinstatement to ethanol protein levels in
without affecting reinstatement for accumbens and
(54) Ethanol Ceftriaxone sucrose PFC
increased
protein levels in
accumbens and
(56) Ethanol Ceftriaxone decreased ethanol drinking PFC
increase protein
levels in PFC
and restores
protein levels in
(53) Ethanol GPI-1046 decreased ethanol drinking accumbens
restores
glutamate
uptake; relapse
prevention is
abolished by
Ceftriaxone, morpholinos GLT-1
against GLT-1in knockdown in
(38) Heroin accumbens core prevents cue-induced reinstatement NAcore
decreases drug seeking during
extinction and prevents
reinstatement, an effect persisting
up to 40 days after disconinuation
(44) Heroin NAC of NAC ND
Increased
prevents reinstatement of mRNA in PFC
methamphetamine CPP but not but not
(77) Methamphetamine Ceftriaxone acquisition accumbens
prevents CPP for all classes of
drugs without affecting their acute
(45) Methamphetamine, cocaine, morphine | MS-153 (GLT1 “agonist”) locomotor effects ND
Blocks acquisition of
methamphetamine and morphine Increased
CPP without affecting withdrawal protein levels in
(42) Methamphetamine, morphine Viral over-expression symptoms NAshell
Restores/
overexpresses
protein in dorsal
horn of spinal
Prevents tolerance to anti- cord, prevents
nociceptive effects of acute glutamate
(39) Morphine Amitryptyline morphine overflow due to
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Reference | Drug of abuse GLT-1 pharmacotherapy | Effectson drug abuse behavior Roleof GLT-1
acute morphine
administration
in morphine
exposed
animals

prevents naloxone induced
withdrawal symptoms in morphine

47) Morphine Ceftriaxone dependent rats ND
morphine
tolerance
prevention
requires GLT-1

prevents morphine tolerance to anti- | (is blocked by

(49) Morphine Ceftriaxone, DHK nociceptive effects DHK)

Effect depends
on glutmate
prevents morphine induced uptake (blocked

(48) Morphine Ceftriaxone, TBOA hyperthermia by TBOA)
Increases

prevents naloxone induced glutamate
withdrawal symptoms in morphine uptake and

(43) Morphine Viral over-expression dependent rats protein levels

facilitates naloxone-induced CPA

(46) Morphine, naloxone TBOA and morphine CPP ND

prevents reinstatement of CPP but
not acquisition or extinction;

(65) Nicotine Ceftriaxone decreases nicotine withdrawal ND

decreases self-administration of
nicotine, transiently decreases self-

(66) Nicotine NAC administration of food ND

decreases tolerance to nicotine’s

(64) Nicotine Ceftriaxone anti-nociceptive effects ND
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