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Prime diagnostic criteria for drug addiction include
uncontrollable urges to obtain drugs and reduced be-
havioral responding for natural rewards. Cellular
adaptations in the glutamate projection from the pre-
frontal cortex (PFC) to the nucleus accumbens have
been discovered in rats withdrawn from cocaine that
may underlie these cardinal features of addiction. A
hypothesis is articulated that altered G protein signal-
ing in the PFC focuses behavior on drug-associated
stimuli, while dysregulated PFC-accumbens synaptic
glutamate transmission underlies the unmanageable
motivation to seek drugs.

Drug addiction is characterized by poorly managed
motivated behavior, exemplified by an uncontrollable
drive to seek drugs and decreased incentive to seek
non-drug rewards (Goldstein and Volkow, 2002). The
persistence of these characteristics after years of drug
abstinence indicates mediation by enduring neuroplas-
ticity in the brain circuitry responsible for processing
motivationally relevant stimuli. Research directed to-
ward understanding the cellular mechanisms of neu-
roplasticity elicited by drugs of abuse has focused on
dopamine release in the nucleus accumbens and the
subsequent intracellular signaling events. This research
has markedly advanced our understanding of the ef-
fects of acute drug administration and how drug use
may transition from regulated (social) to compulsive
(addicted) patterns of drug intake (Nestler et al., 2001).
However, the cellular adaptations that underlie unman-
ageable drug seeking and reduced motivation for natu-
ral reward are not as well understood.

In contrast to the bulk of preclinical research, clinical
neuroimaging studies have focused on addicts that
manifest the diagnostic characteristics of addiction.
These clinical investigations use changes in blood flow
and metabolism as indicators of brain activity, and they
reveal enduring alterations in the prefrontal cortex (PFC)
and corticofugal projections to the nucleus accumbens
(Goldstein and Volkow, 2002). Thus, basal activity in the
PFC is reduced in addicts during withdrawal, and fol-
lowing presentation of drug-associated cues, the PFC
and accumbens show large increases in activity that
are associated with increased self-reports of “drug
craving.” Moreover, presentation of stimuli associated
with biological reinforcers, such as sexually evocative
cues, also strongly activate the PFC-accumbens pro-
jection in normal subjects, but in addicts the increase
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is blunted (Garavan et al., 2000). Finally, imaging studies
in addicted subjects have shown an association be-
tween the abnormalities in PFC and decreased dopa-
minergic function (as evidence by reductions in dopa-
mine D2 receptors), suggesting an involvement of
dopamine in the addiction-related neuroadaptations in
PFC. Provoked by the neuroimaging experiments, this
minireview articulates an hypothesis that augmented
responding for drug-associated stimuli and reduced re-
sponding for natural rewards arise from recently dis-
covered cocaine-induced cellular adaptations in the
glutamatergic projection from the PFC to the nucleus
accumbens.

Initial data leading up to this hypothesis were ob-
tained in vivo using the reinstatement animal model of
addiction. In this model, animals are trained to self-
administer drug. Responding for the drug (e.g., lever
pressing or nose poking) is then extinguished by re-
placing drug for saline, and responding is subsequently
reinstated by various stimuli known to precipitate re-
lapse in addicts, such as stress, drug-associated cues,
and acute administration of the drug itself. By combin-
ing this model of drug seeking in rats trained to self-
administer cocaine with acute inactivation of brain nu-
clei or intracranial administration of neurotransmitter
antagonists it was shown that increased glutamate re-
lease in the PFC-accumbens projection is required for
the reinstatement of cocaine seeking (McFarland et al.,
2004). Moreover, dopamine release and dopamine re-
ceptor stimulation in the PFC are also critical anteced-
ents to reinstating drug seeking (Capriles et al., 2003;
McFarland et al., 2004). Based on this literature, the
simple circuit illustrated in Figure 1 emerges as a sub-
strate required for initiating drug seeking and highlights
two sites of neuroadaptation in cell signaling that could
underlie the pathophysiology of cocaine addiction: do-
pamine synapses in the PFC and glutamate synapses
in the accumbens. As outlined below, it is proposed
that adaptations in PFC dopamine synapses promote
behavioral responding by addicts for drug-related stim-
uli in preference for non-drug stimuli. In contrast, adap-
tations in glutamate synapses in the accumbens con-
tribute to the uncontrollable drive to engage in drug
seeking.
Dopamine in the Prefrontal Cortex
Dopamine transmission in the PFC is critical for the
reinstatement of cocaine seeking. Thus, intra-PFC mi-
croinjections of dopamine receptor antagonists prevent
while agonists induce reinstatement, and increased re-
lease of dopamine in the PFC occurs during reinstate-
ment (Capriles et al., 2003; McFarland et al., 2004;
McFarland and Kalivas, 2001; Park et al., 2002). One
cellular adaptation particularly important for cocaine-
induced alterations in PFC pyramidal cell responses to
dopamine is an increase in the content of activator of
G protein signaling 3 (AGS3), which sequesters Giα and
thereby limits signaling via Giα-coupled receptors
(Bowers et al., 2004; Natochin et al., 2000). Dopamine
D2 receptors are coupled to Giα, while D1 receptors
signal via Gsα, and corresponding to the elevation in
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Figure 1. Cellular Adaptations in the PFC-
Accumbens Projection that May Underlie the
Cardinal Characteristics of Addiction

Cell signaling, changes induced by dopa-
mine receptor signaling in ion channel con-
ductances regulating cell excitability (see
Seamans and Yang, 2004, for detailed descrip-
tion); iGluR, ionotropic glutamate receptor;
mGluR, metabotropic glutamate receptor. The
size of symbols or lettering connotes in-
creases or decreases following withdrawal
from cocaine.
AGS3, G protein coupling to D2 receptors is reduced in r
vthe PFC following cocaine withdrawal (Bowers et al.,

2004). Importantly, if AGS3 levels in the PFC of rats f
ftrained to self-administer cocaine are restored to nor-

mal using an antisense oligonucleotide strategy, the e
Areinstatement of cocaine seeking is abolished. Con-

versely, if AGS3 sequestration of Giα is augmented by t
Iintra-PFC transduction of cells with the AGS3-Giα bind-

ing domain, animals show sensitized cocaine-induced t
tbehavioral responses and increased release of gluta-

mate in the accumbens (Bowers et al., 2004). p
iGiven the importance of dopamine transmission in

the PFC in regulating cocaine seeking, it is possible u
tthat the reduction in D2 relative to D1 signaling may

mediate the ability of AGS3 in the PFC to regulate PFC- i
waccumbens glutamate transmission and cocaine seek-

ing. A recent synthesis and modeling of the molecular t
dmechanisms underlying the modulatory role of dopa-

mine on PFC pyramidal cells is consistent with this A
wpossibility (Seamans and Yang, 2004). Thus, dopamine

promotes two distinct states in PFC networks depend- e
sing upon which dopamine receptor subtype is more po-

tently regulating cell signaling (Seamans and Yang, t
n2004). State 1 predominates under D2 receptor stimula-

tion and consists of reduced inhibition, which promotes a
Gthe access of multiple excitatory inputs to drive PFC

output to the accumbens. In contrast, state 2 predomi- B
knates under increased D1 tone and is a relatively inhib-

ited state that allows only particularly strong inputs to v
Kregulate PFC output. Thus, in state 1, multiple inputs
esult in behavior that is regulated by competing moti-
ationally relevant stimuli, while state 2 promotes more
ocused behavioral responding regulated by relatively
ew motivational stimuli. The inhibition of D2 signaling
licited by the cocaine withdrawal-induced increase in
GS3 will promote state 2, which may cause behavior

o be oriented by particularly strong stimuli (Figure 1).
n addicts, drug-associated stimuli would provide par-
icularly strong activation of the prefrontal cortex due
o the fact that the administration of drugs of abuse
romotes dopamine release, and the pairing of drug-

nduced dopamine release with an environmental stim-
lus is thought to strengthen the encoding and motiva-
ional salience of that stimulus (Schultz, 2002). Thus,
n addicts, only the potentiated drug-associated inputs
ould be of sufficient strength to overcome the inhibi-

ory conditions produced by the AGS3-induced D1 pre-
ominance in state 2. Moreover, due to the elevated
GS3 and reduced D2 signaling caused by cocaine
ithdrawal, the release of dopamine in the PFC that is
licited by stimuli that initiate cocaine seeking (e.g.,
tress or cocaine) would preferentially act via D1 recep-
ors to push PFC networks further into a state 2 dy-
amic, thereby further focusing behavior toward drug-
ssociated stimuli.
lutamate in the Nucleus Accumbens
ehavioral studies demonstrate that blocking AMPA/
ainate glutamate receptors in the accumbens pre-
ents the reinstatement of drug seeking (Cornish and
alivas, 2000; Di Ciano and Everitt, 2001; Park et al.,



Prefrontal Glutamate and Addiction
649
2002). Also, microdialysis estimates of extracellular glu-
tamate reveal that increased release of glutamate from
the PFC-accumbens pathway is associated with drug
seeking, in particular the projection from the prelimbic
cortex to the core compartment of the accumbens
(McFarland et al., 2004). Cellular adaptations that alter
the probability of glutamate release and glutamate sig-
naling in the postsynaptic density (PSD) in pre- and
postsynaptic glutamate transmission have been iden-
tified in the accumbens. Based on the data outlined
below, it is proposed that cocaine-induced cellular
adaptations in glutamate synapses reduce homeostatic
regulation of glutamate transmission, thereby promot-
ing synaptic glutamate release and compromising
postsynaptic plasticity.
Presynaptic Glutamate Transmission
A primary cocaine withdrawal-induced adaptation in
the accumbens impacting the probability of glutamate
release is reduced levels of extracellular glutamate
(Baker et al., 2003). Most of the basal extracellular glu-
tamate in the accumbens is derived from the Na+-inde-
pendent exchange of one intracellular glutamate for
one extracellular cystine molecule via cystine-gluta-
mate exchange (system xc

−), and system xc
− is down-

regulated after withdrawal from repeated cocaine (Baker
et al., 2003). Importantly, system xc

− is substrate, not
energy, dependent, and adding cystine to the extracel-
lular space increases xc

− activity (McBean, 2002). Thus,
increasing xc

− by systemic adminstration of procys-
teine drugs such as N-acetylcysteine restores extracel-
lular glutamate and blocks cocaine-primed drug seek-
ing and the associated increase in synaptic glutamate
release (Baker et al., 2003). Figure 1 illustrates the pro-
posed mechanism by which system xc

− mediated eleva-
tion in nonsynaptic glutamate decreases synaptic gluta-
mate release and thereby prevents the reinstatement of
cocaine seeking. Glutamate derived from system xc

−

stimulates extrasynaptic group II metabotropic gluta-
mate autoreceptors (mGluR2/3), which are known to
regulate the probability of synaptic glutamate release
(Dietrich et al., 2002). Electrophysiological studies in
accumbens slices support this mechanism (Moran et
al., 2003), as well as the fact that directly stimulating
mGluR2/3 receptors inhibits the reinstatement of co-
caine seeking (Baptista et al., 2004). In addition to re-
duced system xc

−, an increased probability of synaptic
glutamate release could also arise from cocaine with-
drawal-induced reduction in mGluR2/3 signaling
through Giα (potentially a result of elevated AGS3 pro-
duced in the accumbens by withdrawal from cocaine;
Bowers et al., 2004).
Postsynaptic Glutamate Transmission
Proteins in the PSD regulate experimentally induced
synaptic plasticity, such as long-term synaptic potenti-
ation (LTP) (Malenka and Bear, 2004; Yao et al., 2004).
Adaptations have been identified in PSD proteins fol-
lowing withdrawal from repeated cocaine that contrib-
ute to cocaine-induced behavioral plasticity. Figure 1
illustrates three of these proteins, including Homer,
PSD-95, and filamentous (F)-actin. Homer, PSD-95, and
actin are important for trafficking glutamate receptors
and creating signaling microdomains in the PSD (Chan-
dler, 2003). Homer1 content is reduced in the accum-
bens following withdrawal from cocaine, and deletion
of the Homer1 or Homer2 genes causes a behavioral
and neurochemical phenotype remarkably similar to
that produced by withdrawal from repeated cocaine, in-
cluding the aforementioned alterations in AGS3, xc

−,
and extracellular glutamate (Szumlinski et al., 2004).
Moreover, when Homer is rescued in the accumbens of
Homer2 knockout mice using a viral transfection strat-
egy, the increased release of glutamate and enhanced
behavioral sensitivity to cocaine is eliminated (Szumlin-
ski et al., 2004). PSD-95 is also decreased by with-
drawal from chronic cocaine administration, and reduc-
ing PSD-95 by either cocaine withdrawal or gene
deletion enhances LTP at PFC-accumbens glutamate
synapses and produces sensitized behavioral respond-
ing to acute cocaine administration (Yao et al., 2004).
F-actin is elevated in the accumbens by withdrawal
from cocaine as a result of decreased levels of Lim ki-
nase-1 (LIMK) (S. Toda et al., 2004, Soc. Neurosci., ab-
stract). LIMK regulates cycling between monomeric
and F-actin, and both actin cycling and LIMK are re-
quired for the extrusion and retraction of dendritic spines
(Lee-Hoeflich et al., 2004). Thus, elevated F-actin and re-
duced LIMK may contribute to the increase in spine den-
sity and multiheaded spines produced by chronic co-
caine (Robinson and Kolb, 1999). Importantly, inhibition
of actin cycling and lowering F-actin levels by intra-
accumbens injection of latrunculin A prevents the
expression of behavioral sensitization in cocaine-with-
drawn animals (S. Toda et al., 2004, Soc. Neurosci., ab-
stract). Taken together, the changes in PSD proteins
elicited by withdrawal from cocaine may limit the for-
mation and efficiency of signaling microdomains, as
well as induce the dendritic dysmorphisms associated
with chronic administration of psychostimulants and
opioids.
Conclusions
Figure 1 illustrates sites of cellular plasticity in the PFC-
accumbens glutamate projection that may account for
the cardinal features of addiction. These molecular
adaptations can be framed in concert with current clin-
ical perspectives on cocaine addiction. First, AGS3-
mediated predominance of D1 signaling in the PFC re-
sults in relative inhibition of PFC output, which can be
characterized as hypofrontality and reduced motivation
to respond to non-drug-related stimuli. However, strong
motivational stimuli (e.g., drug-associated stimuli in ad-
dicts) will be more potent in activating PFC networks
and initiating behavior directed toward this limited set
of stimuli. Stimulated PFC pyramidal cells will en-
counter homeostatic deficits in glutamate synapses in
the accumbens that will strengthen the behavior, mak-
ing it more compulsive and difficult to disrupt. Thus,
glutamate release at PFC-accumbens synapses is
augmented due to reduced system xc

− regulation of
mGluR2/3 inhibitory autoreceptors, and the ability of
the PSD to adaptively regulate postsynaptic responses
to pathologically augmented glutamate release is com-
promised due to alterations in scaffolding and struc-
tural proteins. Taken together, these adaptations in ad-
dicts result in the compulsive focusing of behavior on
drug-associated stimuli and reduced responding to
non-drug stimuli.
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