
Dopaminergic mechanisms are a traditional focus in the 
field of addiction because the acute rewarding effects of 
addictive drugs are mediated by enhancing dopamine 
transmission, and dopamine release reinforces reward 
learning1,2. Accordingly, the release of dopamine by 
addictive drugs is important for progressively shaping 
drug use into drug-seeking behaviours that are diff-
icult to control2–5. The act of engaging in drug seeking 
is termed relapse, and a particularly insidious aspect of 
drug addiction is that the vulnerability to relapse endures 
for many years in the absence of repeated drug use. In 
contrast to the acute stimulation of dopamine transmis-
sion produced by drug use, the enduring vulner ability 
to relapse arises from pervasive, long-lasting neuro-
adaptations in the corticostriatal circuitry in which the 
dopamine axon terminals are embedded. The past dec-
ade has seen increasing strides towards understanding 
the corticostriatal glutamatergic mechanisms of relapse 
and how these could be used in developing medications 
for addiction.

Corticostriatal projections are responsible not only 
for generating learnt, well-established behaviours such 
as in drug taking, but also for changing behaviours in 
response to a variable environment, and thereby gener-
ating new adaptive behaviours2,6,7. In this context, the 
behavioural pathology of addiction can be viewed as 
an impaired ability to inhibit drug seeking in response 
to environmental contingencies that designate this 
behaviour as maladaptive. In other words, addicts 
have difficulty modulating drug-seeking behaviours 
with information that should suppress the behaviour.  

This impairment could arise from two general patho-
logies in corticostriatal circuitry: addicts could have 
pathologically strengthened drug-seeking behaviours1, 
or they could have pathological impairments in the 
capacity to control drug-seeking behaviours. These 
two possibilities are not mutually exclusive, and in 
this Review I explore the physiological mechanisms 
residing in prefrontal projections into the ventral stria-
tum (nucleus accumbens (NAc) that could constitute 
the pathological impairments in the ability to control 
drug-seeking behaviour.

A corticostriatal circuitry of addiction
A common perspective on addiction is that, with repeated 
drug use, drug-seeking behaviours become more habitual 
and less amenable to regulation by environ mental contin-
gencies, a viewpoint developed in recent reviews8–10. The 
argument relies on the topo graphy of both cortico striatal 
glutamatergic and mesencephalic-striatal dopa minergic 
projections that mediate the processing of sensory infor-
mation into adaptive behaviours11. The anatomical and 
functional hierarchy of projections from the cortex 
to the basal ganglia is well characterized7,12,13, and per-
mits both serial and parallel processing of information 
(BOX 1). FIGURE 1a distils the topographical hierarchy of 
the cortico striatal circuitry into two subcircuits: the lim-
bic subcircuit, which comprises limbic brain regions such 
as the prefrontal cortex, the amygdala, the NAc and the 
ventral tegmental area; and the motor subcircuit, which 
contains the motor cortex, the dorsal striatum and the 
substantia nigra.

173 Ashley Avenue,  
BSB 410, Department of 
Neurosciences, Medical 
University of South Carolina, 
Charleston, South Carolina 
29425, USA.
e‑mail: kalivasp@musc.edu
doi:10.1038/nrn2515
Published online 1 July 2009

The glutamate homeostasis 
hypothesis of addiction
Peter W. Kalivas

Abstract | Addiction is associated with neuroplasticity in the corticostriatal brain circuitry 
that is important for guiding adaptive behaviour. The hierarchy of corticostriatal information 
processing that normally permits the prefrontal cortex to regulate reinforcement-seeking 
behaviours is impaired by chronic drug use. A failure of the prefrontal cortex to control 
drug-seeking behaviours can be linked to an enduring imbalance between synaptic and 
non-synaptic glutamate, termed glutamate homeostasis. The imbalance in glutamate 
homeostasis engenders changes in neuroplasticity that impair communication between  
the prefrontal cortex and the nucleus accumbens. Some of these pathological changes  
are amenable to new glutamate- and neuroplasticity-based pharmacotherapies for  
treating addiction.
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In this simplified corticostriatal circuit, the NAc serves 
as a gateway through which information that has been 
processed in the limbic subcircuit gains access to the 
motor subcircuit7,14. when a novel stimulus capable of 
motivating an adaptive behavioural response (for exam-
ple, food) is encountered, the limbic subcircuit is engaged 
to attend to and process new and previously learnt infor-
mation that is relevant to the stimulus. In this way, an ani-
mal can determine the adaptive value of implementing a 
previously learnt behaviour and/or forming new behav-
ioural strategies. If an established behaviour continues 
to yield the desired outcome (for example, if pressing 
a lever successfully provides food), the influence of the 
limbic subcircuit progressively diminishes, and neuronal 
activity in the motor subcircuit becomes more organized 
around task performance6,7. However, if the behaviour 
fails to yield the adaptive outcome (for example, if a lever 
press no longer delivers food), then the limbic subcircuit 
is strongly engaged by the altered environmental con-
tingencies and activity in the motor subcircuit becomes 

more disorganized, which in turn allows modification of 
the established behaviour and maximizes the likelihood 
of an adaptive outcome6,15. once a behaviour has been 
updated to a new environmental contingency (for exam-
ple, if pressing a different lever provides food), over the 
course of repeated successful outcomes the limbic subcir-
cuit progressively exerts less of an influence as the updated 
behaviour becomes the preferred behavioural response.

owing to how the limbic and motor subcircuits  
interface to generate adaptive behaviours, it has been 
proposed that relapse to compulsive drug seeking arises 
from an impaired ability of the limbic subcircuit to effec-
tively process and/or use the negative environmental 
contingencies associated with relapse. The result is that 
behaviour is dominated by the previously learnt, well-
established drug-seeking strategies. BOX 2 briefly outlines 
the animal models that are most widely used to investi-
gate the role of corticostriatal circuitry in drug-seeking 
behaviour in relapse. Different models have revealed 
a role for the limbic subcircuit. These include those in 
which drug seeking is evaluated during training in an 
operant task to self-administer a drug (contingent admin-
istration), and those that evaluate drug seeking following 
a period of withdrawal, after which drug seeking is rein-
stated by the drug-associated context, the presentation of 
a conditioned cue, stress or a non-contingent drug injec-
tion16. Consistent with a crucial involvement of the motor 
subcircuit during relapse, pharmacological inactivation 
of the dorsolateral striatum prevents drug seeking using a 
second-order schedule or reinstatement paradigm (BOX 2), 
with or without extinction training17–20. The imposition 
of environmental contingencies on the success of drug 
seeking by extinction training (BOX 2) promotes involve-
ment of the prefrontal cortex, and its projections to the 
NAc, to differentially regulate drug seeking. For example, 
as illustrated in FIG. 1b, inactivation of the prelimbic cor-
tex prevents reinstatement21–26, whereas inactivation of 
the infralimbic cortex reinstates drug seeking27 (although 
inactivation of the infralimbic cortex was found to inhibit 
drug seeking in animals undergoing extended withdrawal 
without extinction training)28. Thus, extinction training 
decreases the adaptive value of drug-seeking behaviours 
that no longer deliver the drug, and this causes progres-
sive recruitment of the limbic subcircuit to regulate the 
execution of drug-seeking behaviour.

Importantly, involvement of the motor versus the lim-
bic subcircuit is progressively augmented in the absence 
of training to countermand drug seeking (for example, 
extinction training). Thus, animals with more exten-
sive self-administration training show greater evidence 
of prepotent involvement of the motor subcircuit. For 
example, neuroimaging of primates that were trained to 
self-administer cocaine revealed activation of the entire 
striatal complex during the early self-administration 
period, but after weeks of training activation in the dor-
sal striatum was augmented29. similarly, when drugs are 
self-administered by responding to cues using a sec-
ond-order schedule of reinforcement (BOX 2), extended 
training augments cue-associated dopamine release in 
the dorsal striatum30,31 and makes drug-seeking behav-
iour susceptible to dopamine receptor blockade in the 

 Box 1 | Hierarchy of information processing through corticostriatal circuits

The processing of 
motivationally relevant 
information into 
adaptive behavioural 
responses occurs 
through serial and 
parallel processing  
in the cortico-striato-
thalamic projections12,14. 
Although greatly 
simplified, the figure 
illustrates how 
reciprocal and rectified 
projections, combined 
with topographic 
organization, facilitate 
a flow of information 
from limbic regions 
(bottom of the figure) 
to motor regions of the 
circuit. For example, 
cortical input to the 
striatum is topographically discrete, as are striatal projections made directly or 
indirectly to the thalamus and to dopamine neurons in the ventral mesencephalon. 
However, indirect projections from the thalamus and direct projections from the ventral 
mesencephalon to the striatum are more permissive, allowing information to move 
through the circuit (from the bottom to the top of the figure). Information encoded as 
neuronal firing in the motor circuit becomes more focused as a behaviour is learnt and 
becomes well-established6, and some evidence shows that this process moves from 
limbic into motor regions as a task is learnt7,138. Moreover, extinction of a learnt, 
well-established behaviour might in part reverse this process, as it disrupts the 
task-synchronized firing of neurons in the dorsal striatum6. Importantly, although the 
anatomical organization of the circuit might bias information flow from limbic to motor 
regions, simultaneous parallel processing of information permits not only limbic regions 
to influence learnt motor behaviours, but also motor regions to influence the processing 
of new information by the limbic circuitry7,139,140. This Review proposes that the 
drug-induced impairments in glutamate transmission between the prelimbic cortex  
and the nucleus accumbens (NAc) core disrupt information processing in the cortico-
striato-thalamic circuit, decreasing the ability of addicts to regulate drug-seeking 
behaviours and increasing their vulnerability to relapse. DL striatum, dorsolateral 
striatum; VM striatum, ventromedial striatum; VTA, ventral tegmental area.
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dorsal striatum20. Finally, more extended periods of self-
administration training make animals less responsive to 
environmental stimuli that disrupt drug seeking, such as 
associating drug administration with an aversive stim-
ulus32,33. Taken together, these data support the view that 
repeated engagement of drug-seeking behaviours causes 
progressively greater reliance on the motor subcircuit, 
and less receptivity to environmental contingencies that 
are processed in the limbic subcircuit. Next, I explore data 
supporting the hypothesis that the reduced influence of 
the limbic subcircuit arises from an enduring imbalance 
in glutamate homeostasis in the NAc.

Impaired glutamate homeostasis
glutamate homeostasis involves the regulation of extra-
cellular glutamate levels in the synaptic and perisynaptic 
extra cellular environment. It affects synaptic activity and 
plasticity by controlling glutamate access to ionotropic 
(igluR) and metabotropic (mgluR) glutamate receptors 
(FIG. 2a). A crucial factor in maintaining glutamate home-
ostasis is the balance between glial and synaptic glutamate 
release and elimination.

Below I evaluate the evidence for alterations in gluta-
mate homeostasis in the NAc in animal models of nico-
tine, heroin and cocaine addiction. Next I describe the 
effects of these drug-induced alterations in glutamate 
homeostasis on dendritic spine morphology, on the post-
synaptic proteins that regulate dendritic spine morpho-
logy and glutamate signalling, and on metaplasticity 

in glutamate synaptic physiology. Finally, all aspects 
of glutamate homeostasis are considered together in a 
model of impaired communication between the prefron-
tal cortex and the NAc that could explain why addicts 
cannot effectively regulate drug-seeking behaviour.

The regulation of glutamate homeostasis by presynaptic 
and glial glutamate release and elimination. glutamate 
transmission is traditionally measured using in vitro 
recording of glutamate-dependent electrophysiological 
responses. These studies underpin the classic descrip-
tion of glutamate action: presynaptic release, binding to 
postsynaptic glutamate receptors and subsequent elimina-
tion by high-affinity Na+-dependent glutamate transport-
ers34,35. In this scheme, synaptic glutamate transmission 
is confined to individual synapses and does not typically 
communicate between synapses36. In the 1990s, in vivo 
microdialysis measurements began to reveal that synaptic 
release of glutamate as described in vitro is embedded in 
a more complex regulatory environment in which extra-
cellular, non-synaptic glutamate can strongly shape excit-
atory synaptic transmission and plasticity. microdialysis 
experiments revealed that extracellular glutamate meas-
ured in vivo is largely unaffected by blocking synaptic 
transmission with voltage-dependent Na+ or Ca2+ chan-
nel antagonists37. The fact that extracellular, non-synaptic 
glutamate is measured at concentrations between 1 and 
5 μm revealed three important physiological influences 
on excitatory transmission: first, extracellular glutamate 

Figure 1 | corticostriatal circuits in addiction. a | Simplified corticostriatal circuits, highlighting the role of the 
nucleus accumbens (NAc) as a gateway between a limbic subcircuit, which is responsible for integrating environmental 
contingencies, and the motor subcircuit, which guides ongoing behaviour. It is proposed that in drug seeking (right-hand 
side), drug-induced cellular changes in the prefrontal cortical input to the NAc decrease the capacity of information 
integrated in the limbic subcircuit to regulate drug-seeking behaviours (dotted arrows). b | Differential roles for 
increased activity in the prelimbic and infralimbic cortices in the prefrontal cortex (PFC) in initiating or inhibiting the 
reinstatement of drug-seeking behaviour. Also incorporated into the figure are topographically organized cortical 
projections to the amygdala subnuclei and subcompartments of the NAc (core and shell) that also can contribute to the 
inhibition and initiation of drug seeking. Double-headed arrows indicate reciprocal projections between nuclei. BLA, 
basolateral amygdala; CNA, central nucleus of the amygdala; dStr, dorsolateral striatum; GP, globus pallidus; hipp, 
hippocampus; SM, sensorimotor cortex; SN, substantia nigra; VL, ventrolateral thalamus; VP, ventral pallidum; VTA, 
ventral tegmental area.
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is derived primarily from non-synaptic, glial sources; 
second, extrasynaptic mgluRs are regulated by non-
synaptically released glutamate; and third, glutamate 
uptake protects igluRs in the synaptic cleft from expo-
sure to non-synaptically released glutamate (conversely, 
uptake reduces the influence of synaptically released 
glutamate on perisynaptic mgluRs)36,38,39 (FIG. 2a). Data 
exist showing that all three of these processes are altered  
by chronic treatment with cocaine, and to some extent by  
chronic treatment with heroin and nicotine.

In the NAc core, ~60% of the basal extracellular gluta-
mate is derived from constitutive cystine–glutamate 
exchange40 (FIG. 2). This exchange is a rate-limiting step 
in glutathione synthesis and occurs more in glia than in 
neurons; cystine uptake is linked to the release of cyto-
plasmic glutamate in 1/1 stoichiometry41. The exchanger 
is functionally expressed as a heterodimer, and cocaine 
and nicotine self-administration reduce membrane levels 
of the catalytic subunit, xCT (also known as slC7A11), 
in the NAc51,42–44. Consequently, the basal levels of extra-
cellular glutamate are reduced by ~50% in the NAc core 
of animals treated with repeated contingent and non- 
contingent cocaine23,45–52. In addition to being regulated by 
cystine–glutamate exchange, extracellular glutamate lev-
els are strongly governed by glutamate transporters53, the 
most influential of which is the primarily glial transporter 

glT1 (also known as slC1A2). glT1 is concentrated in 
the vicinity of the synaptic cleft and serves in part to buffer 
glutamate released through cystine–glutamate exchange 
and from synaptic vesicles42 (FIG. 2a). This organization 
maintains synaptic glutamate transmission at igluRs, 
which are concentrated in the synaptic cleft, as a primarily 
phasic, time-limited event. Conversely, as basal activity of 
cystine–glutamate exchange maintains an extra synaptic 
concentration of glutamate in the low-micromolar range, 
mgluRs that have a dissociation constant for glutamate 
in the high-nanomolar range are subjected to tonic 
stimulation54–57.

Although further study is necessary to clarify the 
relationship between cystine–glutamate exchange and 
mgluR activation, it has been shown in vitro that activ-
ation of cystine–glutamate exchange in the NAc by 
physiological levels of cystine stimulates mgluR2 (also 
known as gRm2) and mgluR3 (also known as gRm3) 
(mgluR2/3), decreasing the synaptic glutamate release 
probability55. This means that cocaine-induced reduc-
tions in cystine–glutamate exchange not only reduce 
basal extracellular concentrations of glutamate, but also 
increase the synaptic release of glutamate by reducing 
the tone on release-regulating mgluR2/3 (BOX 3). Thus, 
modulation of mgluR2/3 through cystine–glutamate 
exchange accounts not only for the reduction in basal 
extrasynaptic levels of glutamate after chronic cocaine 
administration (that is, an effect of reduced cystine–
glutamate exchange), but also for the increase in synaptic 
release of glutamate into the NAc core during cue-, stress- 
and/or drug-induced reinstatement of cocaine and/or 
heroin seeking (that is, a result of the reduced tone on 
synaptic glutamate release regulating mgluR2/3)23,50–52,58. 
The importance of this mechanism is revealed by the fact 
that both the reinstatement of extinguished drug seeking 
and the associated rise in synaptically released glutamate 
in the NAc core are abolished by inactivation of the pre-
limbic cortex, indicating that prelimbic afferents to the 
NAc core are the primary source of augmented synaptic 
glutamate release50,58. It was recently shown that glutamate 
uptake and membrane levels of glT1 are downregulated 
in the NAc core after cocaine or nicotine self-administra-
tion42–44. The overflow of synaptic glutamate during the 
reinstatement of drug-seeking behaviour therefore arises 
not only from the enhanced release of synaptic glutamate, 
but also from reduced elimination of glutamate from the 
extracellular space.

FIGURE 2 illustrates the general relationship between 
cystine–glutamate exchange, glT1 and synaptic gluta-
mate release. Crucial to the potential importance of 
downregulated cystine–glutamate exchange and glT1 
in addiction are behavioural studies demonstrating that 
the mechanisms illustrated in FIG. 2 can be used to inhibit 
cocaine or heroin seeking. Activating cystine–glutamate 
exchange with N-acetylcysteine restores basal extra cellular 
levels of glutamate and prevents the reinstatement of 
cocaine and heroin seeking46,59,60 (BOX 3). Correspondingly, 
direct agonist stimulation of mgluR2/3 inhibits cocaine 
and heroin seeking61–63, and a mechanistic link between 
cystine–glutamate exchange and mgluR2/3 was 
shown by preventing N-acetylcysteine-induced  

 Box 2 | Animal models used to study enduring neuroplasticity in addiction

Many animal models of addiction are currently used to study drug-induced changes in 
brain chemistry, physiology and behaviour. These models can be grouped into two 
subcategories: those that use a non-contingent, experimenter-delivered drug, and 
those that use a contingent, self-administered drug. Given that human addiction 
involves drug self-administration, the face validity of the latter models exceeds that of 
the former. However, non-contingent models are still used because of the relative ease 
of drug delivery and because of overlap in some of the biological changes elicited by 
contingent and non-contingent drug administration.

Non-contingent models
Two non-contingent addiction models are locomotor sensitization and conditioned 
place preference. Locomotor sensitization is defined as the locomotor response 
induced by acute drug administration, which is progressively augmented with repeated 
administration. The sensitized motor response generally persists for weeks or months 
after the last drug injection. This characteristic is similar to the enduring behavioural 
changes associated with addiction, indicating potential shared neuronal substrates141. 
Conditioned place preference is used to study the ability of addictive drugs to establish 
learnt contextual associations142, and might better model the acquisition of addiction 
than the enduring drug-induced adaptations.

contingent models
Drug self-administration requires an operant response, such as lever pressing, to  
initiate drug delivery. A common contingent model used to evaluate enduring drug-induced 
plasticity is the reinstatement of drug seeking143. In this model, animals are trained to 
self-administer the addictive drug, and then undergo extinction training to inhibit 
context-induced drug seeking or are forced into abstinence with no further drug-related 
training. After a withdrawal period, the animals are given a stimulus (for example, a 
drug-associated cue, stressor or non-contingent drug injection) that will overcome the 
extinction-induced inhibition of responding, thereby causing them to engage the previously 
learnt response to obtain the drug, even though no drug is available16. If the animal has not 
undergone extinction training, returning to the drug-paired context will initiate robust 
behaviours associated with obtaining drugs in the absence of actual drug delivery18,143. 
Another self-administration model often used to discern the neural substrates of drug 
seeking uses second-order training schedules in which animals are trained to provide a 
complex chain of responses to achieve a conditioned reinforcer that predicts drug delivery, 
typically without incorporating a withdrawal period144.

R E V I E W S

564 | AugusT 2009 | volume 10  www.nature.com/reviews/neuro

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=23657&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6506&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=2912&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=2913&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum


a  Glutamate homeostasis

d  Relapse (30–60 min)

GLT 1Glia

Non-synaptic
glutamate

Synaptic
glutamate

Presynaptic Postsynaptic

GLT 1Glia

Presynaptic Postsynaptic

Nature Reviews | Neuroscience

b  Drug-naive conditions

c  Drug-withdrawal conditions

GLT 1

AGS3

Glia

Non-synaptic
glutamate

Synaptic
glutamate

Presynaptic Postsynaptic

GLT 1

↑AGS3

Glia

Presynaptic Postsynaptic

↑AGS3

F actin

Glutamate  

iGluR

Cystine

Homer

PSD95

Glutamate 
exchanger

Synaptic vesicle

mGluR2/3

mGluR5

Ceftriaxone
A cephalosporin antibiotic in 
the β‑lactam family that is used 
to treat pneumonia and 
bacterial meningitis. It was 
recently shown to also 
promote the synthesis and 
expression of the glial 
glutamate transporter.

inhibition of cocaine seeking with an mgluR2/3 antago-
nist55 (BOX 3). Finally, it was recently found that ceftriaxone 
restored glT1 levels in the NAc core of rats trained to 
self-administer cocaine and prevented cue- and cocaine-
induced reinstatement of cocaine seeking44. Interestingly, 
although N-acetylcysteine and ceftriaxone selectively tar-
get cystine–glutamate exchange and glutamate uptake 
through glT1, respectively64, daily treatment with either 
drug increases the membrane levels of both xCT and 
glT1 (REF. 44). This indicates that glutamate homeosta-
sis might involve co-regulation of glial glutamate release 

through cystine–glutamate exchange and elimination of 
glutamate by glT1; this possibility is supported by results 
from earlier in vitro studies65,66.

Morphological changes in dendritic spines. A decade 
ago, Robinson and Kolb demonstrated that chronic non-
contingent amphetamine administration causes dendritic 
dysmorphisms and increased dendritic spine density in 
the NAc and prefrontal cortex of rats67. subsequently, 
drug-induced dendritic changes were shown to be 
widespread in the striatum, although specific effects in 

Figure 2 | Neuroadaptations produced by the effects of chronic cocaine administration on protein content and 
function in excitatory synapses in the nucleus accumbens. a | Glutamate uptake through glutamate transporter 1  
(GLT1; also known as SLC1A2) limits the access of synaptically released glutamate to the non-synaptic extracellular space 
and metabotropic glutamate receptors (mGluRs), and limits the access of glutamate released non-synaptically (through 
cystine–glutamate exchange) to the synaptic cleft and ionotropic glutamate receptors (iGluRs). As a result, glutamate 
derived from cystine–glutamate exchange does not readily stimulate synaptic iGluRs38. Solid lines illustrate the 
physiological interactions under basal conditions; dotted lines illustrate minor interactions. b | In control (that is, 
drug-naive) conditions, glutamate homeostasis maintains concentrations of extracellular synaptic and non-synaptic 
glutamate that permit synaptic grading and the induction of long-term potentiation and long-term depression. c | Changes 
that occur after withdrawal from chronic cocaine administration. In this condition, reduced cystine–glutamate exchange 
results in a decrease in basal extrasynaptic glutamate levels. In addition, reduced tone on mGluR2 and mGluR3 (mGluR2/3), 
partially due to upregulation of activator of G protein signalling 3 (AGS3; also known as GPSM1), results in an increase in 
synaptically released glutamate. In the postsynaptic neuron, filamentous (F) actin, AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) iGluRs and postsynaptic density protein 95 (PSD95; also known as DLG4) levels are elevated, 
whereas Homer levels are reduced. d | Changes in glutamate homeostasis and protein content in the nucleus accumbens 
seen 30 to 60 min following the induction of cocaine seeking by an acute cocaine injection (relapse). Synaptic glutamate 
levels are increased owing to enhanced release and to reduced elimination of glutamate from the extracellular space by 
GLT1. In addition, the surface expression of AMPA iGluRs is elevated and spine head diameter is further increased.
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subcompartments have been associated with differences 
in drug exposure and environmental conditions68–70. 
Recently, it was shown that the distribution of spine head 
diameters in the NAc core or dorsal striatum was shifted to 
larger head diameters after withdrawal from chronic non-
contingent cocaine or methamphetamine treatment70,71. 
Furthermore, in chronic non-contingent cocaine-treated 
subjects undergoing withdrawal, acute cocaine elicits 
dramatic changes over the first 120 min after administra-
tion, but it has no such effect in control animals (FIG. 3); 
this entails an increase in spine head diameter at 45 min 
and a reduction in diameter at 120 min after injection. 
Importantly, the changes also occur during prime‑induced 
reinstatement of drug seeking in rats that have been trained 
to self-administer cocaine or heroin (P.w.K., unpublished 
observations). Thus, chronically administered cocaine 
or heroin results in marked neuroplasticity of dendritic 
spines during the reinstatement of drug seeking. However, 
it remains to be determined whether similar morpho-
logical plasticity is manifested during cue-, stress- or  
context-induced drug seeking.

Alterations in synaptic proteins and proteins regulating 
dendritic spine morphology. Changes in the level or activ-
ity state of proteins after chronic drug administration 
have been intensively researched; for excellent reviews 
describing drug effects on transcriptional regulators and 
cell signalling proteins, see REFS 72,73. Here, I highlight 
specific proteins that illustrate how extracellular gluta-
mate levels, glutamate transmission and synaptic physiol-
ogy are dynamically affected by chronic administration 
of addictive drugs.

glutamate receptors are the most thoroughly studied 
class of proteins affected by chronic drug administration. 
whole-cell levels of the gluR1 (also known as gRIA1) 
subunit of AmPA (α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) receptors74 and the surface 
expression of gluR1 (REFS 75,76) are increased in the NAc 
after chronic contingent and non-contingent cocaine 
administration. most recently, a cocaine self-administra-
tion paradigm showed that the increase in surface AmPA 
receptor levels after extensive withdrawal periods was 
due to addition of AmPA receptors that lack the gluR2 
(also known as gRIA2) sub unit76. Also, an acute injection  
of cocaine in animals withdrawn from self-administered 
cocaine rapidly induces the surface expression of gluR1 
(REF. 77). The increase in both basal and cocaine-stimu-
lated surface expression of AmPA receptors is consistent 
with the capacity of AmPA antagonists in the NAc to 
block heroin and cocaine seeking using second-order or 
reinstatement paradigms58,77–80, and with augmentation of 
intra-NAc AmPA-induced locomotor activity and rein-
statement of cocaine-seeking behaviour45,81. Interestingly, 
24 h after a cocaine injection in chronic non-contingent 
cocaine-treated animals the surface expression of gluR1 is 
reduced82, in apparent contrast to the initial rapid upregu-
lation of surface AmPA receptors77. To some extent, this 
biphasic time course of surface gluR1 levels parallels the 
changes in spine head diameter and density of medium 
spiny neurons in the NAc after a cocaine injection in 
chronic cocaine-treated animals undergoing withdrawal 
(FIG. 3). The rapid increase in head diameter during the 
first 45 min after cocaine administration is consistent with 
an increase in AmPA receptor insertion77; the marked 
reduction in spine diameter at 120 min after injection 
is consistent with internal ization of AmPA receptors82. 
Perhaps both processes are necessary for the expression 
of behavioural sensitization and reinstated drug seek-
ing, with the two predominating at different times after 
a cocaine injection. Alternatively, as discussed below, the 
rapid trafficking of AmPA receptors might be part of a 
compensatory process that inhibits drug seeking.

metabotropic glutamate receptors are also altered by 
repeated drug administration. group II mgluR2/3 are 
downregulated after chronic non-contingent cocaine or 
self-administered nicotine administration48,83. Decreased 
mgluR2/3 function could result from reduced protein 
expression, increased receptor phosphorylation and/or 
upregulated expression of activator of g protein signal-
ling 3 (Ags3; also known as gPsm1)48,84,85. mgluR2/3 are 
gi-coupled, and Ags3 is a negative regulator of gi signal-
ling86; therefore, inhibiting Ags3 restores mgluR2/3-medi-
ated gi signalling and reduces cocaine, heroin and ethanol 

 Box 3 | N‑acetylcysteine regulation of drug seeking, LTP and LTD

N-acetylcysteine (NAC) is 
a member of the 
procysteine drug class 
that has clinical utility 
because it increases 
glutathione synthesis145.  
It does this because it is 
deacetylated after 
administration and 
dimerizes to cystine, 
which is transported into 
cells by cystine–glutamate 
exchange (xc-) as the 
rate-limiting step in 
glutathione synthesis41. 
Intracellular glutamate 
(Glu) is exchanged with 
cystine, and 
downregulated cystine–glutamate exchange in the nucleus accumbens after chronic 
cocaine administration results in reduced extracellular glutamate. The figure illustrates 
the mechanism by which NAC-induced restoration of cystine–glutamate exchange might 
ameliorate drug seeking. Constitutive cystine–glutamate exchange maintains tone on 
perisynaptic metabotropic type 2 and 3 glutamate receptors (mGluR2/3), and blocking 
mGluR2/3 prevents NAC from inhibiting cocaine seeking55. This is thought to arise  
from mGluR2/3 stimulation by NAC administration, which in turn inhibits the synaptic 
release of glutamate. Moreover, NAC restores the bidirectional loss of long-term 
potentiation (LTP) and long-term depression (LTD) at prefrontal–nucleus accumbens 
synapses that is produced by chronic cocaine administration, an action that is inhibited 
by blocking mGluR2/3 (for LTP) or mGluR5 (for LTD)60. It is proposed that the action on 
mGluR2/3 decreases the probability of glutamate release, thereby depotentiating 
glutamate transmission and permitting the induction of LTP by high-frequency 
stimulation. Conversely, restoration of tone on mGluR5 promotes the capacity to induce 
LTD in response to low-frequency stimulation. Restoration of tone to both of these 
receptors by NAC administration might therefore re-establish the crucial homeostatic 
influence of mGluR2/3 on synaptic glutamate release and that of mGluR5 on synaptic 
grading. Importantly, given the capacity of NAC to elevate glutathione and the crucial 
role of glutathione in balancing intracellular redox potential, it is possible that some of 
the benefits of NAC in treating addiction might be related to elevating glutathione. This 
possibility has not been evaluated. GLT1, glutamate transporter 1.
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potentiation and long‑term 
depression.

seeking84,87,88. group I mgluR1 (also known as gRm1) 
and mgluR5 (also known as gRm5)(mgluR1/5) are also 
affected by chronic cocaine administration. mgluR1/5 
and their intracellular binding protein Homer1b/c are 
downregulated in the NAc after withdrawal from chronic 
contingent or non-contingent cocaine57,89–91. The possi-
bility that the downregulated Homer levels contribute to 
blunted mgluR1/5 signalling is supported by the fact that 
restoration of Homer1b in the NAc prevents acute cocaine 
injections inducing behavioural sensitization or increas-
ing extracellular glutamate levels47. Interestingly, deletion 
of the Homer2 gene reduced the levels of xCT and ele-
vated those of Ags3 in the NAc, indicating that reduced 
Homer levels might contribute to these effects of chronic 
cocaine92. The potential importance of the downregulation 
of mgluR1/5–Homer or mgluR2/3 signalling that occurs 
after chronic cocaine administration is indicated by the fact 
that pharmacologically inhibiting or deleting mgluR5 or 
downregulating Homer 1 levels attenuates cocaine, etha-
nol and nicotine seeking and locomotor sensitization93–100, 
whereas stimulating mgluR2/3 signalling attenuates the 
reinstatement of nicotine, cocaine and heroin seeking61–63,83. 
These behavioural data point to the interesting possibility 
that drug-induced downregulation of mgluR5–Homer 
signalling is compensatory, whereas downregulation of 
mgluR2/3 signalling promotes drug seeking.

given the changes in spine diameter and post synaptic 
proteins, and the well-established role of actin in spine 
morphology101, it is not surprising that filamentous 
(F) actin levels are elevated by chronic non-contingent 
morphine, cocaine and alcohol exposure102,103 (however, 
see REF. 85). Perhaps more importantly, the changes in 
actin-binding proteins produced by a cocaine injection 
in the NAc of animals withdrawn from chronic cocaine 
parallel the changes in spine head diameter: an increase 
in actin-related protein 2 (ARP2; also known as ACTR2) 
at 45 min after injection is consistent with increased 
actin branching and increased spine head diameters, 
whereas an increase in cofilin and a decrease in F actin 
at 120 min after injection is consistent with shrinking of 
spines at 120 min71 (FIG. 3). Indeed, actin cycling seems 
to be increased after chronic non-contingent cocaine or 
morphine administration (BOX 4), and if actin cycling is 
inhibited, cocaine-induced reinstatement of drug seeking 
is exacerbated and changes in spine head diameter are 
prevented71,102. This raises the interesting possibility that 
the increase in actin cycling, and corresponding rapid 
changes in spine morphology induced by an acute injec-
tion of cocaine, are compensatory and serve to attenuate 
cocaine seeking.

Metaplasticity in glutamate synaptic physiology. various 
changes induced by chronic drug treatment have been 
identified in the electrophysiological activity of medium 
spiny neurons in the NAc. These range from decreased 
excitability in dissociated spiny neurons from cocaine-
withdrawn animals to increases and decreases in neuron 
firing that correlate with the act of cocaine seeking104,105. 
Here I focus on drug-induced changes in synaptic plastic-
ity as it relates to glutamate homeostasis; for more gen-
eral discussions of addiction and synaptic plasticity, see  
REFS 106,107. Changes in synaptic plasticity have been 
probed using two primary endpoints: induction of 
long-term depression (lTD) or potentiation (lTP), and 
the relative strength of AmPA- and NmDA (N-methyl- 
d-aspartate)-induced currents. The latter of these two 
measures is indicative of synaptic grading, in which an 
increase in the AmPA/NmDA current ratio indicates that 
the synapses are in a relatively potentiated state, whereas a 
decrease indicates a depotentiated state107,108. metaplasticity 
is a change in the ability to generate synaptic plasticity: a 
priming activity alters the capacity of a subsequent high- 
or low-frequency stimulation protocol to induce lTP or 
lTD109,110; for the purposes of this Review the priming 
activity is chronic administration of an addictive drug.

extended withdrawal from chronic cocaine produces 
two seemingly contradictory events in the NAc. First, 
and consistent with the previously mentioned increase 
in surface expression of AmPA receptors, it increases 
the AmPA/NmDA ratio, indicating potentiated synaptic 
strength76,111. second, it attenuates lTD in the NAc core112. 
According to convention, the increase in AmPA/NmDA 
ratio would predict enhanced rather than reduced lTD, 
because already-potentiated synapses should have a 
greater dynamic range towards depotentiation107. In part 
to address these conflicting data, lTP or lTD was induced 
in vivo in the NAc core by electrical stimulation of the 

Figure 3 | changes in spine morphology and postsynaptic proteins produced by 
chronic cocaine and subsequent acute cocaine administration. Withdrawal from 
chronic non-contingent cocaine administration causes a basal increase in spine head 
diameter that is associated with increased filamentous (F) actin levels. Withdrawal also 
produces alterations in actin-binding proteins that decrease F actin branching (for 
example, decreased levels of actin-related protein 3 (ARP3; also known as ACTR3)) but 
increase actin cycling (for example, reduced phosphorylation-induced inactivation of 
cofilin by Lim kinase (LIMK)103)71. Acute cocaine administration to animals withdrawn 
from chronic cocaine exposure causes a bidirectional change in spine head diameter: 
soon after injection (45 min), spine head diameter is increased and this is associated with 
increased F actin branching and higher levels of AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) receptors (an increase in surface AMPA receptors was shown as 
early as 30 min after acute cocaine administration)77. By 120 min, spine head diameter is 
markedly reduced in association with a marked increase in cofilin that promotes 
disassembly of F actin and, presumably, a reduction in AMPA receptors (although AMPA 
receptors have been examined only 24 h after injection)82,111. The micrographs show 
examples of changes in dendritic spines for each condition.
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Tetanic stimulation
A train of stimuli in which 
afferent axons are briefly 
activated at high frequency. In 
LTP experiments, a 1 s train of 
pulses delivered at a frequency 
of 100 Hz is commonly used to 
potentiate transmission.

prelimbic cortex in animals withdrawn from cocaine 
self-administration; both lTP and lTD were found to be 
attenuated60. Although the loss of lTP is consistent with 
occlusion due to the increased AmPA/NmDA ratio, the 
inhibition of lTD is more difficult to account for. one 
explanation for the bidirectional loss of synaptic plasticity 
is indicated by the fact that increasing cystine–glutamate 
exchange with N-acetylcysteine restores the ability to 
induce both lTP and lTD. Cystine–glutamate exchange 
provides glutamatergic tone onto mgluRs (BOX 3), and 
presynaptic mgluR2/3 and postsynaptic mgluR5 regu-
late the expression of lTP and lTD, respectively108,113,114. 
Accordingly, the capacity of N-acetylcysteine to normal-
ize lTP is blocked by inhibiting mgluR2/3, and the res-
toration of lTD is blocked by inhibiting mgluR5 (REF. 60). 
Thus, the tone on mgluRs provided by cystine–glutamate 
exchange facilitates the induction of both lTP and lTD, 
and the downregulation of cystine–glutamate exchange 
by chronic cocaine administration contributes to the 
bidirectional loss of synaptic plasticity.

The loss of lTP deserves further discussion, because 
a number of previous studies found that chronic non- 
contingent drug administration had no effect on lTP115–117.  
However, these studies used different experimental para-
digms (non-contingent versus contingent drug admin-
istration (BOX 2)). In addition, two of them115,117 were 
conducted in tissue slices, rather than in vivo (one using 
tissue from animals after non-contingent amphetamine 
administration117), and the other was conducted in mice, 
not rats116. The in vivo study was conducted in the NAc 
shell115, where another study showed that animals trained 
to self-administer cocaine have no enduring impairment 
of lTD113. moreover, lTP induced in the NAc shell by 
cortical stimulation was measured after conditioning 
tetanic stimulation of the hippocampus, which could have 
altered cortically induced lTP116. Interestingly, the lTP 
induced by hippocampal stimulation was inhibited by 
chronic non-contingent cocaine but not amphetamine 
administration115,118. These contradictory studies not only 
point to the important effects of the treatment paradigm 
used, but also indicate possible distinctions between the 
effects of amphetamine and cocaine119.

Caveats to consider. Before proceeding to an integrated 
model of how drug-induced adaptations in glutamate 
homeostasis might contribute to addiction, the reader 
should bear in mind four important caveats. First, the con-
clusions drawn here have been distilled from data using 
various animal models. where possible the discussion has 
been restricted to the reinstatement models of drug seek-
ing. However, in some instances potentially relevant data 
have been generated not by these models but by models 
using second-order schedules of drug self-administration 
or non-contingent drug administration. second, although 
the neuroadaptations are described for drug addiction in 
general, most data are derived from the literature on cocaine 
and, to a lesser extent, that on opioids and nicotine. Third, 
even if one considers only cocaine self-administration  
and reinstatement, other differences between experimen-
tal protocols — such as the extent of total drug intake, 
the number of days of training or withdrawal, and the 

presence or absence of extinction training — might 
affect the presence or amplitude of a given drug-induced 
neuroadaptation76,120,121. Finally, to focus on prefrontal 
afferents to the NAc core is to oversimplify the circuit 
involved in drug seeking. Although abundant evidence 
— ranging from inactivation-induced inhibition of drug 
seeking21–26,58 and immediate-early gene activation dur-
ing drug seeking122–125 to increased blood flow during 
craving in human addicts126–129 — shows this pathway 
to be important, glutamatergic afferents from the amyg-
dala to the NAc core also contribute to cue- and heroin- 
induced drug seeking, as do dopaminergic afferents  
to the NAc shell130–132.

Linking drug‑induced adaptations
In an effort to link the various findings outlined above, 
FIG. 2c depicts the changes in glutamatergic synapses in 
the NAc following withdrawal from chronic cocaine 
administration. The key presynaptic adaptations include 
decreased mgluR2/3 signalling, due in part to elevated 
Ags3 and in part to reduced glutamatergic tone from 
diminished cystine–glutamate exchange. Importantly, 
under basal conditions metabolic activity in the prefron-
tal cortex of addicts126 and the firing rate of prefrontal 
neurons projecting to the NAc are reduced133, account-
ing for decreased basal synaptic glutamate release in the 
presence of reduced mgluR2/3-mediated inhibition  
of release. Diminished basal synaptic and non-synaptic 
release might contribute to the downregulation of glT1 
(REF. 42) and the basal increase in AmPA receptors in the 
postsynaptic membrane75,76,111. Indeed, cocaine-induced 
upregulation of AmPA receptors lacking gluR2 subunits 
has been interpreted as homeostatic synaptic scaling in 
response to decreased activity76. moreover, the number 
and/or diameter of dendritic spines increases after chronic 
cocaine administration and is associated with an increase 
in F actin69,71,102, which is also consistent with homeostatic 
synaptic scaling.

when drug seeking is reinstated in heroin- or 
cocaine-trained animals there is a large increase in 
both firing activity in prefrontal neurons and glutamate 
release in the NAc50,51,58,133. The release of glutamate is 
synaptic, derived from prefrontal afferents50,58, and 
results in part from reduced tone on release-regulating 
mgluR2/3 caused by downregulated cystine–glutamate 
exchange46,48,42. In addition, the overflow of glutamate 
outside the synapse results in part from downregulation 
of glT1 (REFS 42,44). synaptic glutamate release evoked 
by drug seeking is associated with rapid changes in post-
synaptic spine morphology and protein content: within 
45 min of acute cocaine injection there is an increase 
in spine head diameter, AmPA receptor insertion and 
F actin levels71,77,102. However, by 120 min after injection, 
when extracellular glutamate is no longer elevated, spine 
diameter and levels of F actin are reduced. Consistent 
with shrinking spine head diameter, the number of sur-
face AmPA receptors is reduced, and the AmPA/NmDA 
ratio and field potential amplitude stimulated from the 
prefrontal cortex 6–24 h after an acute cocaine injection 
are reduced in chronic non-contingent cocaine-treated 
animals71,82,111,134.
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The bidirectional loss of lTP and lTD after self-
administration of cocaine60,112 suggests that the rapid 
changes in cytoskeletal proteins and dendritic spine 
morphology associated with the reinstatement of drug 
seeking might indicate impairment of mechanisms for 
inducing synaptic plasticity. Two findings relate to this 
possibility. First, actin cycling is elevated after chronic 
cocaine administration102, potentially making it diffi-
cult to sustain the morphological changes in dendritic 
spines that accompany the induction of lTP or lTD. 
second, increasing cystine–glutamate exchange with 
N-acetylcysteine, which normalizes tone on perisynap-
tic mgluRs (BOX 3), restores the induction of lTP and 
lTD in the NAc by prefrontal stimulation60. It is therefore 

possible to simultaneously normalize synaptic glutamate 
release, restore the ability to induce mgluR-dependent 
lTP and lTD, and prevent heroin or cocaine seeking46,59, 
by restoring glutamatergic tone onto mgluRs that are 
crucial for inducing lTP and lTD108,113,114.

The fact that reversal of the cellular and physio logical 
adaptations wrought by chronic drug administration 
also restores the capacity to inhibit drug seeking is per-
haps the best evidence that drug-induced neuropatholo-
gies in the NAc impair the ability of animals to inhibit 
drug seeking. The contention that altered neuroplasti-
city in the NAc is responsible for impaired regulation of 
behaviour by the limbic corticostriatal subcircuit gains 
further support from the finding that the drug-induced 

 Box 4 | Actin cycling and postsynaptic effects of chronic cocaine administration

The morphology of dendritic spines is stabilized in large part by actin. To enlarge or shrink spines, actin undergoes a 
cycling process in which filamentous (F) actin is depolymerized to monomeric globular (G) actin at one end of the filament 
and elongated by addition of G actin monomers to the other, ‘barbed’ end of the filament101 (see the left-hand side of the 
figure). The cycling of actin through depolymerization and elongation allows the actin filaments to grow, shrink and 
branch, which can change the shape of dendritic spines. This process is proximally regulated by actin-binding proteins 
(ABPs), and different ABPs control different aspects of disassembly, elongation and branching101. The exact role of many 
ABPs is only now becoming clear. Regarding enduring actin and ABP changes in models of addiction, certain observations 
indicate that actin cycling is increased after withdrawal from chronic non-contingent cocaine and morphine 
administration (see the middle part of the figure). A key cocaine-induced change is an increase in F actin content102, which 
is consistent with the reported increase in spine density and head diameter after chronic cocaine exposure69,71. Cycling is 
promoted by a drug-induced reduction in Lim kinase (LIMK)102. LIMK phophorylates and inactivates cofilin, a key ABP that 
regulates both disassembly and branching146. Thus, after chronic cocaine administration cofilin inactivation is reduced, 
which in turn promotes the disassembly of actin. However, branching seems to be inhibited by a cocaine-induced 
reduction in actin-related protein 3 (ARP3; also known as ACTR3) and by an increase in phosphorylation of cortical 
actin-binding protein (cortactin), which impairs the ability of cofilin to induce branching147. How cocaine promotes 
elongation of F actin is not as clear, because the LIMK mechanism primarily affects disassembly; however, the 
cocaine-induced increase in the phosphorylation of Ena and Vasp proteins is expected to promote elongation148. After  
a cocaine challenge injection in chronically cocaine-treated animals (see the right-hand side of the figure) the increase in 
cofilin and ARP2 increases actin disassemby and branching, respectively. Figure is modified, with permission, from 
REF. 102  (2006) Society for Neuroscience.
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neuroadaptations outlined above can differentially pro-
mote and inhibit drug seeking. For example, the loss of 
glutamate homeostasis decreases tone and signalling at 
presynaptic mgluR2/3 and upregulates postsynaptic 
AmPA receptors, both of which promote the reinstate-
ment of drug seeking60,76. By contrast, the loss of tone and 
signalling through postsynaptic mgluR5 is compensa-
tory, as further decreasing mgluR5 signalling inhibits 
drug seeking and restoring mgluR5 tone promotes drug 
seeking60,98,99. similarly, preventing the cocaine-induced 
increases in actin cycling and changes in spine morphol-
ogy also promotes drug seeking102, indicating that these 
are also compensatory adaptations. Thus, by manipulat-
ing specific cellular aspects of drug-induced plasticity it is 
possible to differentially potentiate or inhibit the reinstate-
ment of drug seeking, raising the possibility that selective 
potentiation and inhibition of drug-induced plasticity 
could have therapeutic benefit in treating addiction.

Clinical applications and conclusions
This Review argues that the diminished ability of drug 
addicts to control their drug seeking arises from a loss 
of glutamate homeostasis, which in turn impairs pre-
frontal regulation of striatal circuitry. The impairment 
is associated with several drug-induced changes in pre-
frontal glutamatergic synapses in the NAc that have the 
potential to reduce effective regulation of drug seeking. 
It is generally assumed that by examining the molecular 
underpinnings of the changes in spine morphology, extra-
cellular glutamate concentration and synaptic plasticity, 
it might be possible to identify new targets for treating 
addiction72,135,136.

There are two approaches to the therapeutic applica-
tion of this emerging knowledge. First, we can target a 
specific drug-induced molecular change. As outlined 
above, some drug-induced changes are compensatory, and 
so pharmacologically exacerbating these drug-induced 
adaptations might be useful. For example, potentiating 
a compensatory adaptation is a rationale behind giving 
mgluR5 antagonists to inhibit drug seeking, as chronic 

drug administration downregulates mgluR5 function98. 
Conversely, stimulating mgluR2/3 or downregulat-
ing Ags3 prevents drug seeking61,63,84,88, presumably by 
countermanding the drug-induced downregulation of 
mgluR2/3 function. A second therapeutic approach is 
to consider the imbalance in glutamate homeostasis as a 
potential root cause of these adaptations. Indeed, activat-
ing cystine–glutamate exchange with N-acetylcysteine 
restores non-synaptic glutamate release and the ability to 
induce lTP and lTD51,60. In addition, we recently found 
that N-acetylcysteine treatment reverses the changes in 
spine morphology and AmPA/NmDA ratio produced 
after withdrawal from self-administration of cocaine 
(P.w.K., unpublished observations) and also normalizes 
the membrane expression of glT1 (REF. 44). The fact that 
N-acetylcysteine also prevents the reinstatement of cue-, 
cocaine- or heroin-induced drug seeking51,59 and reduces 
the desire for cocaine and cigarette use in humans43,137 
supports targeting glutamate homeostasis as a thera-
peutic approach. A finding potentially very important to 
clinical applications is that two weeks of treatment with 
N-acetylcysteine produces a reduction in cocaine or her-
oin seeking that endures for more than one month after 
discontinuation of the N-acetylcysteine treatments51,59.

The possibility of targeting addictive drug-induced 
changes in either specific molecules or more general 
physiological processes such as glutamate homeosta-
sis provides an emerging and exciting avenue for new 
drug development in treating addiction. However, in 
contrast to the impact that all addictive drugs have on 
dopamine transmission to reinforce drug taking, and 
on the general role of corticostriatal circuitry in main-
taining both drug use and relapse, substantial work 
remains to determine whether the neuroadaptations 
in glutamate homeostasis outlined here extend to all 
addictive drugs. Nonetheless, the data to date support 
further research in this direction, both in terms of the 
corticostriatal mechanisms underlying addiction and in 
terms of exploring the cell ular mechanisms of glutamate 
homeostasis for treatments of addiction.
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