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New medications for drug addiction hiding in
glutamatergic neuroplasticity
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The repeated use of drugs that directly or indirectly stimulate dopamine transmission carry
addiction liability and produce enduring pathological changes in the brain circuitry that
normally regulates adaptive behavioral responding to a changing environment. This circuitry
is rich in glutamatergic projections, and addiction-related behaviors in animal models have
been linked to impairments in excitatory synaptic plasticity. Among the best-characterized
glutamatergic projection in this circuit is the prefrontal efferent to the nucleus accumbens.
A variety of molecular adaptations have been identified in the prefrontal glutamate synapses in
the accumbens, many of which are induced by different classes of addictive drugs. Based
largely on work with cocaine, we hypothesize that the drug-induced adaptations impair
synaptic plasticity in the cortico-accumbens projection, and thereby dysregulate the ability of
addicts to control their drug-taking habits. Accordingly, we go on to describe the literature
implicating the drug-induced changes in protein content or function that impinge upon
synaptic plasticity and have been targeted in preclinical models of relapse and, in some cases,
in pilot clinical trials. Based upon modeling drug-induced impairments in neuroplasticity in the
cortico-accumbens pathway, we argue for a concerted effort to clinically evaluate the
hypothesis that targeting glial and neuronal proteins regulating excitatory synaptic plasticity
may prove beneficial in treating addiction.
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The prevalence and impact of drug abuse and
addiction (dependence as per Diagnostic and Statis-
tical Manual of Mental Disorders, Fourth Edition
(DSM-IV)) to our society are enormous. It is estimated
that substance use disorders (term proposed by DSM-
V) affect 20.4 million Americans or 8.3% of the
population aged X12 years.1 The economic costs
associated with substance use disorders in the United
States are calculated to exceed half a trillion dollars
annually, which include costs from adverse effects of
drugs to health, judicial/incarceration-related costs,
productivity losses and accidents.2 Substance use
disorders also have a major negative public health
impact including family disintegration, domestic
violence, school dropout, loss of employment, acci-
dents and crimes. Despite the impact of substance use
disorders, there are very few medications currently
available for the treatment of drug addiction,
highlighting the urgent need for research and devel-
opment in this area.

Legal (for example, alcohol and nicotine) and
illegal (for example, cocaine, methamphetamine,
heroin and marijuana) drugs are used for various
reasons, including their rewarding effects, alteration
of mental state, to improve performance and for self-
medication. However, repeated drug use can result in
addiction, which is manifested as an intense desire
for the drug with an impaired ability to control the
urges to take that drug, even at the expense of serious
adverse consequences.3 Although the aberrant beha-
vioral manifestations of addiction have been viewed
for many years as bad ‘choices’, preclinical studies
in animal models of drug self-administration and
clinical studies using imaging technology are giving
us a better understanding of the neuropathologies
underlying addiction.

In this review, we bring focus to the circuitry and
cellular adaptations produced by repeated drug use in
animal models and how this may relate to the
neuropathology of addiction in humans. Accordingly,
we will not present in detail the better-understood
neurobiology of reward and how the binding sites for
different addictive drugs can directly or indirectly
augment dopamine release in cortical and limbic
brain regions to reinforce drug-seeking behavior.
Excellent reviews along these lines have recently
been published.4 Rather, we will describe the brain
circuitry underlying the retrieval and execution of
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drug-seeking behaviors. We will argue that the
circuitry normally responsible for adaptively molding
behavior to fit environmental contingencies develops
drug-induced neuropathologies in synaptic plasticity
that creates the repeated, maladaptive relapse to drug
taking that characterizes addiction. Moreover, we will
suggest targets for potential pharmacotherapeutic
treatments for addiction based upon the long-lasting
drug-induced molecular neuroadaptations harbored
within the affected brain circuits.

Addiction usurps brain circuits regulating the
execution of behavior

Although it can be assumed that the brain functions
as a single organ to guide complex behaviors such as
reward retrieval or avoiding negative consequences,
specific circuits have been identified as sites of
pathology in addiction. In particular, neuroimaging
of drug addicts in a variety of cognitive and motivated
tasks consistently reveals differences in patterns of
brain activity in regions of the prefrontal cortex, areas
receiving prefrontal cortical projections, such as the
amygdala, limbic areas of the basal ganglia (nucleus
accumbens) and the dopamine-rich ventral tegmental
area (VTA) in the ventromedial mesencephalon.5–8

Additionally, activity in the insular cortex and
cerebellum is often elevated with states of drug
craving.5,9 Interestingly, these circuits are shared with
other neuropsychiatric diseases that are characterized
in part by maladaptive motivational states, such as
depression, mania and post-traumatic stress disorder,
a fact that points to endophenotypes shared between
diseases, such as impulsivity, poor insight and
impaired decision making.5,10 Although it seems
likely that the underlying molecular mechanisms
contributing to these diseases will be distinct,
the apparent overlap in endophenotypes reflects
impairments in the capacity of affected individuals
to mobilize specific brain circuits needed for the
homeostatic regulation of cognitive and emotional
functions, and for the execution of adaptive behavior-
al responses. Thus, while environmental or genetic
vulnerabilities may be shared, a fact reflected in
part by the high comorbidity between addiction
and certain other neuropsychiatric diseases,11–13 in
contrast to most other neuropsychiatric diseases the
precipitant of molecular changes that ultimately
impair circuitry function in addiction is well known;
the repeated use of addictive drugs. The fact that
addiction is precipitated and maintained by drug use
gives preclinical biomedical researchers a unique
avenue to explore the molecular underpinnings of
addiction that may be buried within the circuits
showing impairments in human addicts.

The brain circuits identified in neuroimaging
studies with addicts can be amalgamated into an
integrated circuit shown in Figure 1. This circuit
provides a map to guide analysis in experimental
animals of the drug-induced cellular and molecular
neuropathologies that might underlie relapse and

constitute neuropathologies that are induced by
repeated drug use in combination with genetic or
epigenetic vulnerabilities. The interconnected nature
of the brain permits a great deal of artistic license
in drawing the nucleus accumbens as a point of
integration in the circuit in Figure 1. Nonetheless, the
nucleus accumbens has been identified as a site
important for both the acquisition (learning) and
expression (relapse) of addictive behavior.4 This
region has been further reduced into shell and core
subcompartments, each with its own topographic
organization of efferent and afferent connections.14

In Figure 1, we illustrate in particular the different
regions of the prefrontal cortex projecting to the
shell and core. Thus, the anterior cingulate cortex
(prelimbic, in rat) projects largely to the core, whereas
the subgenual cingulate (infralimbic, in rat) and
ventromedial orbital frontal cortex project more
densely to the shell (see Box 1 for detailed discussion
of distinct regions of prefrontal cortex). As well,
the projection from the basolateral amygdala and
hippocampus is denser in the shell (although sub-
stantial projections from these areas to the core are
also present). Outputs from the core and shell to the
ventral pallidum are topographically organized, such

Figure 1 Model of the circuitry contributing to relapse in
animal models and altered in neuroimaging studies in
addicts, with emphasis on the key position of the cortico-
accumbens glutamatergic projection, and the intercon-
nected glutamatergic projections between allocortical and
prefrontal cortical regions. This review focuses on drug-
induced pathologies in the glutamatergic projections from
prefrontal and allocortex into the nucleus accumbens.
Glutamatergic pathologies are relatively less known for the
cortico-cortical projections, but any glutamatergic-based
pharmacological therapy will likely affect these projections
in a manner either synergistic or countermanding the
therapeutic effects on the cortico-accumbens pathologies.
Arrows indicate direction of the projection and are color
coded as follows: blue, dopamine; blue/red, dopamine/
glutamate co-released; green, GABA/peptides co-released;
red, glutamate. Abbreviations: BLA, basolateral amygdala;
BNST, bed nucleus of the stria terminalis; core- nucleus
accumbens core; dorsal ACC, dorsal anterior cingulate
cortex; Hipp, hippocampus; OFC, orbital frontal cortex;
PPN, pedunculopontine nucleus; shell, nucleus accumbens
shell; subgen ACC, subgenual anterior cingulate cortex;
VTA, ventral tegmental area.
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that the dorsal ventral pallidum receives input from
the core, whereas the ventromedial ventral pallidum
is innervated by the shell. It is notable that although
the well-established distinction between D2 dopa-
mine receptor expressing projections to the pallidum
and D1 receptor containing projections to the dopa-
mine-rich ventral mesencephalon is largely true
for the core efferents,15 this relationship breaks down

for the shell projections.16 Thus, the shell projections
to the ventral pallidum are mixed, whereas the
projections to the VTA are only from D1-containing
neurons. The implications of this difference remain
unknown and largely ignored experimentally. Finally,
projections from the VTA are to both the core
and shell, although reciprocal projections from the
accumbens back to the VTA arise largely from the
shell. Glutamatergic inputs to dopamine neurons,
likely largely from the pedunculo-pontine nucleus,
undergo significant synaptic plasticity in response to
repeated use of addictive drugs. Initially, this plasti-
city was thought to be a temporary, but critical step in
the development of addiction into a chronic relapsing
disorder. However, recent studies have identified
enduring changes in excitatory plasticity in dopamine
neurons that are necessary for relapse in animal
models of addiction (see Box 2 for discussion).

Nucleus accumbens: a site of integration and
glutamatergic pathology in addiction

The nucleus accumbens comprises medium spiny
neurons (MSNs) that constitute > 90% of all neurons
in both the shell and core.14,17 These neurons are
GABAergic and colocalized with various neuropep-
tides according to their projection patterns.14,16 Thus,
projections to the ventral mesencephalon are D1
containing and coexpress dynorphin and neuroten-
sin, whereas the D2-containing neurons projecting to
the ventral pallidum coexpress enkephalin. In the
case of the shell projections to the ventromedial
ventral pallidum, the MSNs also contain D1 recep-
tors, and neuropeptides including substance P,
dynorphin and neurotensin. The remaining 5–10%
of neurons in the accumbens is split between
cholinergic aspiny cells and GABAergic interneurons.
These two cell types innervate the MSNs providing
excitatory (acetylcholine) and inhibitory (GABA)
tone.18 All three cell types are thought to be
innervated by glutamatergic afferents from the pre-
frontal cortex, amygdala and thalamus, as well as
dopamine innervation from the VTA. Interestingly,
innervation from the VTA is partially GABAergic and
glutamatergic, the latter thought to be partly coloca-
lized with dopamine.19 This raises potential compli-
cations in interpreting the physiological and
pathophysiological changes classically attributed to
‘dopaminergic’ innervation from the VTA.20

Figure 2 illustrates a canonical dendritic spine from
an MSN that shows the relative location of glutama-
tergic input on the spine head and the dopamine
input to the shaft of the spine. This orientation
provides the morphological underpinning of the
classic relationship between these two afferents that
is described as dopamine ‘gating’ excitatory input.21

The gating function of dopamine is further supported
by the fact that dopamine receptors are G-protein
coupled to signaling pathways that generally produce
slow, relatively long-lasting biasing on membrane
conductances.22 Thus, dopamine does not by itself

Box 1 Role of prefrontal cortex in addiction

The prefrontal cortex (PFC) plays a central role in executive
function, which allows the individual to plan and execute
goal-directed behaviors as a function of changing internal
needs and environmental contingencies. The PFC occupies
a large portion of the human brain, accounting for 29% of
the total cortex, and is extensively connected with other
cortical regions and with subcortical and limbic
structures.134 The PFC is constituted of several regions
including Brodmann areas (BAs) BA 8, BA 9, BA 10, BA 11,
anterior BA 13, BA 44, BA 45, BA 46, BA 47 and anterior
regions in the cingulate gyrus (ACC) including BA 24, BA 25
and BA 32.134 Although there is significant overlap and
connectivity between PFC regions, there are also distinct
connections to subcortical and limbic regions that
determine the functional involvement of a given PFC
region.135 Imaging studies, and in particular functional
magnetic resonance imaging (fMRI), have started to map
the functional involvement of specific PFC regions in the
human brain and in addiction.136 Overall, a pattern has
emerged that distinguishes between ventral and dorsal PFC.
The ventral PFC (BA 11, BA 24, BA 25) is more involved
with reward- and emotion-associated behaviors, whereas
the dorsal PFC is involved with appraisal of errors, working
memory and inhibitory control (BA 32, BA 9, BA 44).
Similarly, a medial versus lateral distinction also favors
medial areas to greater external influence (BA 10) and
with salience attribution (medial BA 11, BA 25). However,
because PFC functions reflect the dynamic interaction
between neuronal networks, any given PFC region is
involved in more than one functional network. Imaging
studies in drug addicts have implicated disruption of PFC
activity in ventral, dorsal medial and lateral regions that are
believed to underlie the inflexible behavior that addicted
subjects express when faced with conditioned cues (likely
mediated by impaired corticofugal neuroplasticity, see text).
Thus, the ventromedial PFC (BA 11, BA 25) is implicated
in the disruption in inhibitory control that results in
impulsivity and poor control over behavior in addicts, the
ACC (BA 32) and inferior PFC (BA 44) are implicated in
impaired decision making that also implicates dorsolateral
PFC (BA 9, BA 10) and the impairment in internal
awareness and error detection that is associated with altered
activity in ACC and anterior BA 13.4,137,138 Thus,
neuroplastic changes triggered by repeated drug use leading
to long-term potentiation (LTP) are likely to result in
distinct behaviors depending on where the plasticity
occurred within the PFC. Although most preclinical studies
investigating the effects of chronic drugs on excitatory
synaptic plasticity have focused on the PFC-accumbens
pathway and conditioned drug associations, further studies
on the effects of long-term drug exposures in other PFC
pathways are needed to understand how they influence
the behavior of the animal beyond conditioned associations.
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induce large changes in MSN current, but potentiates
or inhibits the capacity of glutamate to depolarize
neurons. Many of these intracellular mechanisms are
well characterized and involve modulation of calcium
(D1) and potassium (D2) channels. Also, gating of
glutamatergic activity can be very long lasting because
of the capacity of dopamine to regulate enduring
excitatory synaptic plasticity (see below). Although
the gating function of dopamine is well embedded in
our perspectives on accumbens physiology, a number
of caveats to this relationship need to be kept in mind.
First, as mentioned above, dopamine is at least partly
colocalized with glutamate, and hence these afferents

are capable of inducing fast changes in membrane
conductance.19 Second, the extent to which specific
glutamatergic afferents are gated by dopamine is
unclear. Glutamatergic inputs can arise from the
prefrontal cortex, basolateral amygdala, hippocampus
or medial thalamus,18 and as mentioned above, many
of these afferents are at least partly topographically
segregated between the core and shell.

Finally, in Figure 2 it is clear that the proximity of
glia creates a ‘tripartite’ glutamatergic synapse, and
in considering synaptic homeostasis and plasticity it
is critical to include the role of glia. Over the last
decade, it has become clear that the relationship goes
beyond a classic metabolic relationship. In particular,
glutamate released by glia directly regulates metabo-
tropic glutamate receptors (mGluRs) that strongly
influence the ability of glutamatergic synapses to
increase or decrease in strength (that is, to undergo
synaptic plasticity).23–26 Although detailed studies are
not available for the accumbens, based on studies in
the hippocampus, it is thought that the patterned
expression of glutamate uptake transporters in the
vicinity of excitatory synapses is responsible for
limiting the effect of synaptic glutamate largely to
the synaptic cleft at the site of release.27,28 More
recently, it has become clear that these transporters
also protect the synaptic cleft from glutamate released
from glia via calcium-dependent or cystine–glutamate
exchange mechanisms.29–31 This is important, given
that glial release of glutamate maintains B1–5mM

glutamate in the extracellular, nonsynaptic space,
a concentration capable of stimulating N-methyl
D-aspartate (NMDA) receptors.32 This concentration
of glutamate also ensures tonic stimulation of mGluRs
that are located largely outside of the synaptic
cleft.33,34 This balance between synaptic and non-
synaptic glutamate, termed ‘glutamate homeostasis’,
plays a critical role in excitatory synaptic plasticity
and is an important site of neuropathology in animal
models of relapse.35

Corticostriatal synaptic plasticity and addiction

Classic forms of excitatory synaptic plasticity include
long-term potentiation (LTP) and long-term depres-
sion (LTD), both of which can be demonstrated in
the cortico-accumbens projection.36 As well, LTP has
been shown in the amygdala and hippocampus
afferents to the accumbens.37 Synaptic plasticity
should not be viewed as two states, but rather as
a continuum along which synaptic strength can
increase or decrease to a new, relatively stable state.
Synaptic strength can be controlled presynaptically
by regulating glutamate release and postsynaptically
by the insertion or removal of the ionotropic AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) or NMDA glutamate receptors.38 Although many
intracellular mechanisms have been implicated in
affecting glutamate release and glutamate receptor
trafficking,39,40 in this review we bring focus to cell
surface receptors that provide more ready targets for

Box 2 Role of dopamine neurons in the VTA in relapse

For over a decade it has been known that phasic activity in
ventral tegmental area (VTA) dopamine neurons is induced
by reward-predictive cues.139 More recently, it was shown
that natural rewards and stressors, and acute or chronic
cocaine administration, induces a long-term potentiation
(LTP)-like increase in excitatory synaptic strength on
dopamine neurons that is mediated by increased
GluR2-lacking AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors.140–142 Thus, these
treatments potentiate dopamine involvement in learning
reward-predictive cues by potentiating excitatory inputs
to dopamine neurons and thereby, dopamine release into
cortical and striatal terminal fields. However, the fact that
this synaptic potentiation endured for less than a week after
discontinuing drug treatment indicated that although LTP
in the VTA was important for developing enduring
addiction-related behaviors like behavioral sensitization
and relapse, it probably did not mediate the expression of
these behaviors. This view is reinforced by findings that
genetic deletion of GluR1 or NR1 in dopamine neurons does
not consistently affect the expression of chronic cocaine-
induced conditioned place preference (CPP) or behavioral
sensitization.143,144 Also, drug-induced LTP in dopamine
neurons is gated by mGluR1, and over-riding mGluR1
inhibition of LTP resulted in long-lasting synaptic
potentiation in the nucleus accumbens (a cardinal feature
of the enduring synaptic plasticity thought to contribute to
relapse, see text).145 However, it was recently shown that
if cocaine was self-administered, LTP in VTA dopamine
neurons endures for at least 3 months.146 Considering that
increased dopamine release in areas like the prefrontal
cortex, amygdala and nucleus accumbens reinstates drug
seeking,147–150 this LTP would be predicted to make animals
more susceptible to relapse. Thus, although we focus
on drug-induced neuroadaptations in the prefrontal to
accumbens pathway as a potential source of
pharmacotherapeutic targets for treating relapse, it is
important to note that continuing research on other
glutamatergic projections may reveal enduring
neuroadaptations that can synergize with or countermand
the effect of glutamatergic drugs designed to offset
drug-induced plasticity in the prefrontal to accumbens
pathway.151–153 Finally, a complete understanding on how
glutamate may be targeted therapeutically to manipulate
dopamine plasticity will require an integrated
understanding of how glutamatergic input interacts
with the well-established tonic inhibition of dopamine
neurons by GABAergic interneurons.154
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pharmacotherapies that may be useful in treating
addiction.

Presynaptic glutamate release in the accumbens
and striatum can be modulated by a variety of
receptors, including being decreased by activation of
mGluR2/3, adenosine A1, dopamine D2 or cannabi-
noid CB1 receptors, and increased by activation of
mGluR1 or possibly presynaptic ionotropic glutamate
receptors.41–45 The trafficking of AMPA and NMDA
receptors can also be regulated by receptor activation,
including mGluR5 to decrease and D1 receptors to
promote AMPA surface expression.46,47 Accordingly,
the stimulation or inhibition of these receptors has
been implicated in regulating the induction of LTP or
LTD.18 As well, many of these proteins, or their
immediate signaling partners, are altered by chronic
administration of addictive drugs. For example,
withdrawal from chronic cocaine, heroin or ethanol
reduces Gi signaling by upregulating activator of
G-protein signaling 3 (AGS3), and pharmacologically
decreasing AGS3 reduces relapse to these drugs in
animal models.48–50 Given that all of the inhibitory
glutamate release-regulating presynaptic receptors
listed above are Gi coupled, upregulated AGS3
should reduce the efficacy of inhibitory modulation
by ligand binding; although this has been shown
directly only for D2 and mGluR2/3.42,48 Moreover, the
capacity of mGluR1 stimulation to promote glutamate
release (presumably synaptic) is downregulated after
withdrawal from chronic cocaine.44,51 The insertion of
high calcium permeability AMPA receptors (lacking
GluR2 subunit) is increased after withdrawal from

cocaine, which contributes to a well-characterized
increase in an LTP-like increase in the AMPA/NMDA
ratio.52–54 There is also an increase in NMDA
receptors containing the NR2B (N-methyl D-aspartate
receptor subtype 2B) subunit after chronic cocaine or
heroin that is thought to be perisynaptic and localized
to silent synapses, perhaps as a prelude to developing
mature synapses and an LTP-like increase in synaptic
strength.55,56

Recently, it has been shown that glial regulation of
nonsynaptic, extracellular glutamate strongly regu-
lates synaptic plasticity by providing tone onto
mGluRs and extrasynaptic NMDA receptors.25,26,35

Glial regulation is twofold: first by the patterned
expression of glutamate transporters in the vicinity
of the synaptic cleft, and second by the release of
glial glutamate via calcium-dependent mechanisms or
cystine–glutamate exchange. The glial glutamate
transporter 1 (GLT1) and the catalytic subunit of the
cystine–glutamate exchanger xCT are downregulated
after chronic cocaine or nicotine self-administra-
tion.57–59 Importantly, downregulated xCT results in
decreased tone on release-regulating mGluR2/3 and
postsynaptic mGluR5.29,36,60

In addition to pre- and post-synaptic proteins, it is
important to consider that morphological changes
occur that parallel the relative strength of excitatory
synapses.61 Thus, LTP is associated with larger and
LTD with smaller synapses and dendritic spine
density. These morphological adaptations are thought
to contribute to long-lasting synaptic plasticity by
forming the protein and metabolic infrastructure

Figure 2 Canonical glutamatergic and dopaminergic synapse on a dendritic spine of a medium spiny cell illustrating
proteins important for regulating excitatory synaptic plasticity and that can be readily targeted for treating addiction. The
accompanying legend for specific proteins also indicates the category of drug that is hypothesized to be therapeutically
useful based upon the type of glutamatergic neuropathologies produced in prefrontal-accumbens synapses that are described
in the text. Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; Cys/Glu exchange, cystine/
glutamate exchange; mGluR, metabotropic glutamate receptor; MSN, medium spiny neuron; NAM, negative allosteric
modulator; NMDA, N-methyl D-aspartate; NR2B, N-methyl D-aspartate receptor subtype 2B; VTA, ventral tegmental area.
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needed for an altered state of synaptic activity, but it
should be noted that this association is largely
derived from in vitro studies. Importantly, consider-
ing cell surface or extracellular proteins involved in
regulating synaptic architecture provides additional
potential targets for drug development in treating
addiction, including tyrosine kinase receptors (for
example, Trk2 brain-derived neurotrophic factor
(BDNF) receptor),62 integrins (extracellular matrix cell
surface receptor)63 and matrix metalloproteases (pro-
teases that cleave extracellular matrix).64 Preclinical
data support a role for b-3 integrins and metallopro-
teases in regulating reinstated drug seeking and
conditioned place preference (A Wiggins, unpub-
lished observation),65 and both are being developed
as drug targets in cancer and vascular disease.66,67

However, to date, these targets have not been
examined clinically in drug addiction. Similarly,
BDNF application into the cortico-accumbens path-
way is well established in preclinical models to alter
the reinstated cocaine seeking, although the direction
of change is mixed. Thus, if BDNF is administered
acutely into the prefrontal cortex and transported into
the nucleus accumbens, reinstated drug seeking is
inhibited and glutamate homeostasis normalized,68,69

whereas viral overexpression of BDNF directly into
the accumbens promotes reinstated cocaine seeking.70

Although these data pose the possibility that BDNF
may directly influence cocaine-induced neuroplasti-
city, perhaps by an action on synaptic morphology,
this remains to be determined.

Addiction as a pathology in cortico-accumbens
synaptic plasticity

Over the past 4 years, a number of studies have shown
a defect in classic forms of synaptic plasticity
in MSNs from the accumbens of rats withdrawn
from cocaine self-administration. Martin et al.71 first
demonstrated a loss of LTD in slices from core, but not
shell, MSNs. This finding was replicated in vivo,36

although the loss of in vivo LTD in the cortico-
accumbens pathway appeared only in animals under-
going extinction training during withdrawal.72

Most recently, using an extended access model of
drug self-administration, it was shown that the
cocaine-induced loss of LTD endured only in the
sub-population of rats that developed uncontrolled
intake and resistance to modulation by drug-asso-
ciated negative environmental contingencies (that is,
in rats considered to more closely parallel diagnostic
criteria for addiction in humans).73 In this latter study,
slices of the core were made 24 h after the last cocaine
injection, indicating that although an interaction
between extinction training and cocaine self-admin-
istration may be necessary to create enduring loss of
LTD in all cocaine-trained animals, a sub-population
of rats possessing an unidentified vulnerability to
developing addiction lose the ability to undergo LTD
after chronic cocaine without accompanying extinc-
tion training. Alternatively, deafferenting core MSNs

by making a tissue slice alters glutamate home-
ostasis,29 and thereby may unmask the cocaine-
induced deficit in LTD regardless of the neuroplasti-
city produced in the cortico-accumbens circuit by
extinction learning.72

In contrast to LTD, LTP is variably induced in
striatal slices.18 However, LTP can be induced in vivo
by stimulating prelimbic afferents to the core, and
this is abolished after withdrawal from cocaine self-
administration in a manner independent of extinction
training.36,72 The loss of both LTP and LTD in vivo
after cocaine self-administration has led to the
hypothesis that the inability of the MSNs in the core
to undergo bidirectional prefrontal-induced neuro-
plasticity may reduce the capacity of drug addicts
to adaptively organize a behavioral response that
incorporates environmental contingencies that med-
iate against relapse.35

Potential targets for restoring cortico-accumbens
plasticity and treating addiction

The remainder of this review combines the possibility
that reduced cortico-accumbens plasticity is an im-
portant neuropathology in addiction with knowledge
about the various surface proteins that are involved in
glutamate homeostasis and regulating synaptic
plasticity in order to consider potential targets for
developing a pharmacotherapy that restores or coun-
termands the drug-induced loss of neuroplasticity. In
this section we will examine each protein in Figure 2,
both in terms of how addictive drugs alter the protein
itself or signaling related to the protein, how targeting
these proteins affects relapse in animals models and,
when available, clinical trials that have tested the
viability of each target. The discussion is organized
first to discuss glial proteins that have the capacity to
alter extracellular, nonsynaptic glutamate, followed
by extrasynaptic mGluRs that will homeostatically
respond to changes in extracellular glutamate, to
proteins involved in regulating presynaptic glutamate
release and the capacity of the postsynapse to detect
synaptically released glutamate. Table 1 outlines the
drugs that have the potential to be used to modulate
glutamate synaptic plasticity in treating addiction.

Proteins regulating glial glutamate release and uptake
As outlined above, cocaine and nicotine self-admin-
istration downregulates the content and function of
the cystine–glutamate exchanger and GLT1 in the
accumbens core. Heroin also reduces GLT1 content
(H Shen, unpublished observation). For cocaine and
heroin, the net result of these changes is reduced
extracellular levels of glutamate as measured
by microdialysis, and reduced tone on mGluRs.60

Pharmacological mechanisms have been developed to
restore both cystine–glutamate exchange and GLT1.
The administration of N-acetylcysteine activates the
exchanger, presumably by being deacetylated and
dimerizing to provide the extracellular cystine sub-
strate. Ceftriaxone is a b-lactam antibiotic that
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increases the synthesis and membrane insertion of
GLT1. Interestingly, chronically treating animals
trained to self-administer cocaine with either drug
simultaneously restores both GLT1 and xCT expres-
sion, indicating that these two proteins may be
homeostatically regulated in tandem.74,75 Importantly,
restoring GLT1 with ceftriaxone prevents reinstated
cocaine seeking,75,76 and N-acetylcysteine inhibits
cocaine, nicotine and heroin seeking.77 Also, N-
acetylcysteine restored the ability of prefrontal sti-
mulation to induce LTP and LTD in the core of
animals withdrawn from cocaine self-administra-
tion.36 Finally, chronic administration of N-acetylcys-
teine provides enduring protection from reinstated
heroin and cocaine seeking,57,60,78 and recent clinical
trials indicate that it reduces cigarette smoking and
the desire to use cocaine.59,79 Limitations on the use of
these drugs in an outpatient setting to treat addiction
includes N-acetylcysteine having poor bioavailability
to brain,80 and ceftriaxone requiring intramuscular
administration.

A final drug that is potentially in this class is
modafinil, a drug used to treat narcolepsy and as a
cognitive enhancer.81 Although also characterized
as an inhibitor of dopamine and norepinephrine
transporters,81 modafinil increases extracellular gluta-
mate82,83 and in preclinical models inhibits reinstated
morphine conditioned place preference (CPP) and
cocaine- and methamphetamine-induced drug see-
king.84,85 Importantly, akin to glutamate released by
N-acetylcysteine, the glutamate released by modafinil
acts on mGluR2/3 to inhibit reinstated CPP.84 Clini-
cally, the effects of modafinil on cocaine use have been
mixed.86,87 Note also that modafinil blocks dopamine
transporters, which may contribute to its potential
therapeutic effects in cocaine addiction.88

mGluR2/3
The reduced levels of nonsynaptic, extracellular
glutamate after chronic cocaine or heroin decreases
tonic stimulation of presynaptic, release-regulating
mGluR2/3 (see above). The reduced tone is com-
pounded by an increase in AGS3 and corres-
ponding decrease in G-protein coupling by mGluR2/
3 (see above), as well as downregulation of mGluR2/3
after chronic cocaine or nicotine.42,89 Accordingly,
restoring tone onto mGluR2/3 decreases glutamate
release probability and inhibits reinstated cocaine,
nicotine, ethanol and heroin seeking.90–95 Moreover,
blocking mGluR2/3 prevents the capacity of
N-acetylcysteine to inhibit cocaine seeking or to
restore LTP.29,36 In addition to glutamate release,
heterosynaptic mGluR2/3 are located on dopamine
terminals and decrease dopamine release when
stimulated. This probably contributes to why, in
addition to reducing reinstated drug seeking,
mGluR2/3 agonists also reduce cocaine, ethanol and
nicotine self-administration,90 as well as reinstated
food seeking at higher doses.94,95 In contrast with
agonists, mGluR2/3 antagonists increase glutamate
and dopamine release, a property that poses these
drugs as potential treatment for the dysphoria
experienced by addicted subjects during withdra-
wal.96 Indeed, in rodent models of chronic nicotine
administration, treatment with an mGlu2/3 receptor
antagonist attenuated reward deficits associated with
nicotine withdrawal.97

mGluR5
mGluR5s are Gq coupled and bind with Homer
proteins in the postsynaptic density that facilitate
mGluR5 trafficking and function.98 The loss of
LTD associated with animals extinguished from

Table 1 Potential drugable targets in treating addiction

Target Effects on animal modes of drug abuse Clinically available

AMPA Antagonists inhibit relapse Talampanel
Tezampanel
Perampanel

Positive allosteric modulators increase BDNF

NMDA Partial agonists facilitate extinction d-Cycloserinea

mGluR2/3 Agonists inhibit relapse

mGluR5 Negative allosteric modulators inhibit with drug administration and relapse Fenobam
Positive allosteric modulators facilitate extinction, but promote relapse

Cystine–glutamate
exchanger

Upregulation prevents relapse and facilitates extinction N-acetylcysteinea

GLT1 Upregulation prevents relapse Ceftriaxone

Modulators Acamprosateb

Modafinila

Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, brain-derived neurotrophic factor;
GLT1, glutamate transporter 1; mGluR, metabotropic glutamate receptor; NMDA, N-methyl D-aspartate.
aHave been tested in clinical trials.
bApproved for the treatment of alcoholism.
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self-administered cocaine results from increased
Homer levels and a sequestering of mGluR5 off the
membrane surface.72 The increase in Homer and
reduced surface expression of mGluR5 appears to
be a compensatory adaptation that inhibits relapse,
as genetically reducing Homer promotes cocaine self-
administration, and elevating Homer reduces rein-
stated cocaine seeking.72,98 Similarly, mGluR5-nega-
tive allosteric modulators or mGluR5 gene deletion
reduce the self-administration and reinstated drug
seeking of most drugs of abuse (with the apparent
exception of m-opioids), whereas increased stimula-
tion of mGluR5 with a positive allosteric modulator
prevents N-acetylcysteine from reducing cocaine
seeking.36,99,100 Moreover, the capacity of N-acetylcys-
teine to restore LTD depends on stimulation of
mGluR5, affirming the presence of mGluR5-depen-
dent LTD in accumbens MSNs.36 Although there are
no reported clinical studies in addiction, there are
several ongoing clinical trials with mGluR5-negative
allosteric modulators for the treatment of other diseases
including Fragile X syndrome, anxiety, depression,
gastroesophageal reflux disease and dyskinesias in
Parkinson’s disease.101,102 Thus far, these drugs are
largely well tolerated and result in few serious adverse
cognitive effects.

One caveat when considering pharmacological
regulation of mGluR5 is the high density of this
receptor on glia.103 Indeed, regulation of glial mGluR5
stimulates calcium-dependent release of glutamate
from glia that modulate synaptic plasticity via
extrasynaptic NR2B-containing NMDA receptors.103

Thus, it is unclear whether the ameliorative effect
of mGluR5-negative allosteric modulators on relapse
results from a neuronal or glial action or both. Along
these lines, it is clear that the proposed mechanism
for N-acetylcysteine to increase nonsynaptic gluta-
mate will stimulate both mGluR5 to promote and
mGluR2/3 to reduce drug seeking. Although questions
such as why the indirect stimulation of mGluR2/3 by
N-acetylcysteine is prepotent over mGluR5 stimula-
tion remain to be answered, these data point to the
possibility that combining an mGluR5-negative allos-
teric modulator and N-acetylcysteine may improve the
capacity of either mechanism to inhibit relapse.

AMPA ionotropic glutamate receptors
As discussed above, after chronic cocaine withdrawal
there is an LTP-like upregulation in the expression
of GluR1-containing AMPA receptors.104 This fact
indicates that excessive AMPA receptor signaling may
contribute to relapse. Indeed, by restoring AMPA/
NMDA ratio and the LTP-like increase field potentials
elicited in the accumbens core by prefrontal stimu-
lation, N-acetylcysteine inhibits relapse.60 Moreover,
administration of AMPA receptor antagonists
directly into the accumbens inhibits reinstated etha-
nol, cocaine and heroin seeking.105–109 Several clinical
trials with AMPA antagonists are ongoing to evaluate
their efficacy in several neurological disorders,
although none is being tested of addiction. Tezampa-

nel (AMPA/kainate receptor antagonist) is being
tested for acute migraine and is of particular rele-
vance, as in preclinical studies it reduced cocaine
self-administration.110 Other potentially interesting
compounds are Talampanel (AMPA/kainate receptor
antagonist) and Perampanel (noncompetitive AMPA
antagonist), which are being evaluated for Parkinson’s
disease and partial seizures in other neurological
conditions.111

A variety of compounds with mixed actions
that include AMPA receptor antagonism have been
studied in addiction clinical trials. Topiramate is an
antiepileptic drug with AMPA antagonist and GABA-
enhancing effects, and has shown positive results in
the treatment of alcoholism, and a pilot clinical study
indicates benefit in the treatment of cocaine addic-
tion.112,113 Similarly, Lamotrigine, another antiepilep-
tic drug with AMPA antagonist properties that also
reduces glutamate release, was shown to reduce
cocaine intake and craving in cocaine abusers.114

However, it is important to note that the actions of
lamotrigine on AMPA receptors are likely secondary
to the well-established inhibitory effect on voltage-
dependent sodium and calcium conductances that is
thought to underlie its efficacy as an anticonvulsant.

Ampakines are positive allosteric modulators of
AMPA receptors that increase ion channel flux in the
presence of agonist by suppressing desensitization
and/or deactivation of the AMPA receptors.115 Ampa-
kines have shown positive effects in rodent models of
memory and cognition and have antidepressant
properties.115,116 They have also been shown to
increase BDNF,117,118 which modulates drug seeking
and glutamate synaptic plasticity (see above). Very
few studies have evaluated the effects of ampakines in
animal models of drug self-administration. One such
study reported that ampakines reverse methampheta-
mine-induced hyperactivity,119 and another reported
that ampakines prevent circling behavior induced by
methamphetamine in unilaterally 6-hydroxydopa-
mine-lesioned rats.120 In a rodent model of acute
alcohol administration, an ampakine (LY404187)
reversed the effects of acute ethanol intoxication on
locomotor and operant behavior, and on brain activity
(reversed decreases in blood oxygen level-dependent
magnetic resonance signal after 0.6 g kg–1 ethanol and
attenuated the decreases in glucose metabolism after
2.0 g kg–1 ethanol).121 Common among these three
studies is the inhibition of some effects associated
with the acute drug administration, thereby posing
ampakines as potential treatments for acute intoxica-
tion in emergency room settings. Ampakines also
have neuroprotective effects, which are mediated
in part by inducing BDNF, and LY503430 and
LY404187 were neuroprotective in an animal model
of Parkinson’s disease (6-hydroxydopamine and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
toxicity), even when the treatment was delayed for 14
days after the lesion was established.117,122 Thus,
AMPA receptor potentiators are potential medications
for reversing neurotoxic effects of drugs, including a
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possible enhanced risk for Parkinson’s disease in
methamphetamine abusers.123

NMDA ionotropic glutamate receptors
Pharmacological blockade of NMDA receptors
inhibits acquisition and expression of CPP, which
most likely reflect the involvement of NMDA recep-
tors in memory consolidation.124 In contrast, the effect
of NMDA receptor blockade on reinstated cocaine
seeking is mixed.108,125 There is also extensive
evidence that implicates NMDA receptor in extinc-
tion.126 For example, enhancement of NMDA receptor
function by the NMDA receptor partial agonist
d-cycloserine (DCS) facilitates extinction of cocaine
CPP and naloxone-induced conditioned place aver-
sion in morphine-dependent rats, and retards subse-
quent reconditioning to ethanol and cocaine. Thus,
DCS may be beneficial for preventing cue-induced
relapse in addicted subjects. Two clinical studies
have evaluated the effects of DCS in extinction. One
study in smokers undergoing extinction exposure
showed that DCS facilitated extinction in contrast
to subjects receiving placebo.127 The other study
conducted in cocaine abusers evaluated the effects
of DCS on extinction of cocaine cue-induced craving
and showed a trend toward a decrease in craving.128

Further clinical studies should evaluate long-term
outcomes to determine if DCS when given during an
extinction intervention can prevent relapse.

The NR2B-containing NMDA receptors are particu-
larly important in extinction, and repeated drug
exposures modify the expression of these subunits
in the accumbens.55,56,129 Selective blockade of
NR2B-containing NMDA receptors with ifenprodil in
accumbens can inhibit conditioned drug craving and
reinstated cocaine- and heroin-induced drug seek-
ing.56,124 Thus, selective targeting of NR2B-containing
NMDA receptors may be useful in treating addiction.
Notably, there is substantial interest from the phar-
maceutical industry for developing NR2B subtype-
selective antagonists for neurodegenerative disorders
for chronic pain states130 that will likely result in
novel compounds that could be of value in addiction.

Finally, acamprosate is a nonspecific glutamate
receptor modulator that weakly activates NMDA
receptors and shows some efficacy to reduce cocaine
reinforcement and prevent alcohol and morphine in
preclinical models.131 Moreover, acamprosate is clini-
cally beneficial in supporting continuous abstinence
after detoxification in alcohol-dependent patients.132

However, given the relatively weak effect of acampro-
sate on glutamate, it remains likely that additional,
non-glutamatergic mechanisms contribute to its
effects on alcohol-dependent patients.

Conclusions

A drug-induced pathology that impairs synaptic
plasticity in the glutamatergic projection from the
prefrontal cortex to the nucleus accumbens has been
identified in preclinical models of addiction. These

findings are consistent with the imaging literature
that identified engagement of the prefrontal cortex in
craving, compulsive drug administration, impaired
inhibitory control and impaired decision making in
addiction (see Box 1). Drug-induced neuroplasticity
include changes in glial and synaptic proteins that are
known to regulate glutamatergic synaptic plasticity
(Figure 2). Many of the proteins have been pharma-
cologically targeted in animal models of relapse and
successfully shown to inhibit relapse. Moreover,
some treatments have been shown to affect drug-
induced neuroadaptations in glutamate synaptic
transmission and plasticity. Notably, this has been
shown for N-acetylcysteine treatment that not only
normalizes its molecular target, the cystine–glutamate
exchanger, but when given chronically also produces
an enduring restoration of many measures of cocaine-
induced adaptations in glutamate homeostasis and
neuronal plasticity.60 Whether other compounds
found effective at preventing relapse in animal
models will also prove capable of normalizing these
measures remains to be determined. Nonetheless,
early clinical trials with N-acetylcysteine in both
cocaine and nicotine addiction have been
positive. For example, double-blind, placebo-con-
trolled reductions in the number of cigarettes smoked
and cue-induced desire to use cocaine have been
published.59,79 As well, cocaine-induced craving was
also shown to be reduced by N-acetylcysteine.133

Accordingly, we propose that targeting other proteins
shown in Figure 2 that are downstream from N-
acetylcysteine-induced stimulation of cystine–gluta-
mate exchange to release glutamate could be bene-
ficial in treating addiction. This includes mGluR2/3
agonists, mGluR5-negative allosteric modulators,
stimulators of glutamate transport and perhaps in-
hibitors of either AMPA or NMDA receptors. Impor-
tantly, most of these targets are active in preclinical
models of relapse or withdrawal. Finally, given that
all of these targets can be functionally linked via the
concept of glutamate homeostasis, it is possible that
combinations of drugs acting at different proteins may
be more clinically effective and permit lower, more
tolerable doses to be used.
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