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In animal models of drug addiction, cocaine exposure has been shown to increase
levels of calcium-permeable AMPA receptors (CP-AMPARs) in two brain regions that
are critical for motivation and reward—the ventral tegmental area (VTA) and the nucleus
accumbens (NAc). This review compares CP-AMPAR plasticity in the two brain regions
and addresses its functional significance. In VTA dopamine neurons, cocaine exposure
results in synaptic insertion of high conductance CP-AMPARs in exchange for lower
conductance calcium-impermeable AMPARs (CI-AMPARs). This plasticity is rapid in onset
(hours), GluA2-dependent, and can be observed with a single cocaine injection. Whereas it
is short-lived after experimenter-administered cocaine, it persists for months after cocaine
self-administration. In addition to strengthening synapses and altering Ca2+ signaling,
CP-AMPAR insertion alters subsequent induction of plasticity at VTA synapses. However,
CP-AMPAR insertion is unlikely to mediate the increased DA cell activity that occurs during
early withdrawal from cocaine exposure. Metabotropic glutamate receptor 1 (mGluR1)
exerts a negative influence on CP-AMPAR accumulation in the VTA. Acutely, mGluR1
stimulation elicits a form of LTD resulting from CP-AMPAR removal and CI-AMPAR
insertion. In medium spiny neurons (MSNs) of the NAc, extended access cocaine
self-administration is required to increase CP-AMPAR levels. This is first detected after
approximately a month of withdrawal and then persists. Once present in NAc synapses,
CP-AMPARs mediate the expression of incubation of cue-induced cocaine craving. The
mechanism of their accumulation may be GluA1-dependent, which differs from that
observed in the VTA. However, similar to VTA, mGluR1 stimulation removes CP-AMPARs
from MSN synapses. Loss of mGluR1 tone during cocaine withdrawal may contribute
to CP-AMPAR accumulation in the NAc. Thus, results in both brain regions point to the
possibility of using positive modulators of mGluR1 as treatments for cocaine addiction.
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INTRODUCTION
One way to classify AMPA receptors is according to whether or
not they contain the GluA2 subunit. Those lacking GluA2 dif-
fer from the more common GluA2-containing receptors in that
they are Ca2+-permeable, exhibit larger single channel conduc-
tance and faster kinetics, and display voltage-dependent block
by intracellular polyamines. These Ca2+-permeable AMPARs
(CP-AMPARs) have emerged as a highly regulated AMPAR sub-
type that mediates diverse types of neuronal plasticity (Cull-
Candy et al., 2006; Isaac et al., 2007; Liu and Zukin, 2007;
Lee, 2012). Here we will review results implicating CP-AMPARs
in rodent models of cocaine addiction, focusing on the ven-
tral tegmental area (VTA) and the nucleus accumbens (NAc).
We will contrast the two brain regions with respect to the type
of cocaine exposure required to increase synaptic CP-AMPAR
levels, the time-course of CP-AMPAR plasticity, and its under-
lying mechanisms. Commonalities between the two regions will

also be discussed. Most notably, metabotropic glutamate recep-
tor 1 (mGluR1) plays a negative modulatory role in both the VTA
and the NAc, promoting removal of CP-AMPARs from synapses
and their replacement by GluA2-containing Ca2+-impermeable
AMPARs (CI-AMPARs). Finally, we will critically evaluate the
significance of CP-AMPARs for cellular and behavioral adapta-
tions that occur in animal models of cocaine addiction. For a
broader view of cocaine-induced AMPAR plasticity in the NAc,
see previous reviews (Wolf, 2010a; Wolf and Ferrario, 2010).

To help the reader determine which studies can reasonably
be compared and integrated into hypotheses, we have pro-
vided fairly detailed information about features of experimental
design that may influence the neuroadaptations produced by
drug exposure. The type of cocaine regimen utilized is par-
ticularly important because it is well established that different
regimens produce different behavioral and cellular plasticity. As
discussed in detail in this review, this applies to CP-AMPAR
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plasticity as well (see Table 1 for a summary). An important vari-
able is whether cocaine exposure is contingent or non-contingent.
When cocaine is administered by the experimenter, drug admin-
istration is not dependent upon the animal’s behavior and is
therefore described as non-contingent. When cocaine is self-
administered, drug administration is dependent on the animal’s
response, such as a nose poke or lever press, and is therefore
contingent. Contingent and non-contingent cocaine exposure
differently affect glutamate transmission (e.g., Chen et al., 2008;
McCutcheon et al., 2011a). Cocaine self-administration regimens
are commonly classified as limited access procedures, in which
drug is generally available for 1–2 h per session for ∼2 weeks, or
extended-access procedures, in which drug is available for longer

periods of time (e.g., 6 h/day) or for more days. Extended access
to cocaine, but not limited access, leads to behaviors that model
the compulsive drug-seeking and drug-taking characteristic of
addiction, including escalation of intake, increased motivation
for drug, and pursuit of cocaine despite adverse consequences
(Ahmed, 2011). The effect of cocaine exposure on synaptic plas-
ticity is also influenced by the duration of withdrawal (e.g.,
Conrad et al., 2008) and whether extinction training occurs dur-
ing withdrawal (e.g., Knackstedt et al., 2010). Finally, age is par-
ticularly important in studies of synaptic plasticity (McCutcheon
and Marinelli, 2009), so the age (and species) of animals used
in each cocaine-related primary paper cited herein is listed in
Table 2.

Table 1 | Summary of AMPAR changes in VTA and NAc after different cocaine regimens.

Region Cocaine regimen Non-contingent

(experimenter-administered)

Contingent (self-administered)

Limited access

Contingent

(self-administered)

Extended access

VTA Types of AMPAR
upregulated

GluA1-containing CP-AMPARs
(sections “Cocaine increases the
synaptic incorporation of
CP-AMPARs in VTA DA neurons”
and “What is the subunit
composition of CP-AMPARs
inserted into VTA synapses by
cocaine?”)∗

GluA1-containing CP-AMPARs (c)$ GluA1-containing
CP-AMPARs (e)

Onset of increased synaptic
AMPAR levels

Several hours post-injection (a)∗ 24 h post-injection; earlier times not
tested (c)

ND

Time of normalization of
AMPAR levels

Between WD5 and WD10 (b,d,e)∗ Persists at least through WD90 (c) Persists at least through
WD37 (e)

NAc Types of AMPAR
upregulated

GluA1A2 (section “CI-AMPARs
predominate in the NAc of
drug-naïve rodents and upregulate
during the first week of withdrawal
from non-contingent cocaine
administration”)∗∗

Probably CI-AMPARs (n); no
CP-AMPARs detected between
WD38 and WD79 (f)

GluA1-containing
CP-AMPARs (e,j,k,l,m)

Onset of increased AMPAR
surface/synaptic levels

After WD1 and before WD7 (g,h,i)∗∗ Detected WD23–30 but not
WD1–3 (n)

Between WD25 and
WD30 (Figure 1 and
e,k,l)

Time of normalization of
AMPAR levels

Between WD21 and WD41 (g,j)∗∗ ND > WD70 or permanent
(Figure 1 and j,k,m)

Core/Shell? Both (section “CI-AMPARs
predominate in the NAc of
drug-naïve rodents and upregulate
during the first week of withdrawal
from non-contingent cocaine
administration”)∗∗

Shell (n); Core? Both (e,j,k)

∗In the VTA, the same AMPAR changes are observed after single or repeated cocaine injections. ∗∗In the NAc, single and repeated cocaine injections may produce

distinct effects. Here we summarize results after repeated cocaine injections. For a summary of AMPAR changes in the NAc after a single cocaine exposure, see

Ferrario et al., 2011c. $This study found an increased AMPA/NMDA ratio but did not specifically test CP-AMPAR involvement. Abbreviations: ND, not determined;

WD, withdrawal day.

Citations: a, Argilli et al., 2008; b, Ungless et al., 2001; c, Chen et al., 2008; d, Borgland et al., 2004; e, Mameli et al., 2009; f, Purgianto et al., submitted; g, Boudreau

and Wolf, 2005; h, Boudreau et al., 2009; i, Kourrich et al., 2007; j, McCutcheon et al., 2011a; k, Conrad et al., 2008; l, Ferrario et al., 2011b; m, McCutcheon et al.,

2011b; n, Ortinski et al., 2012.
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Table 2 | Species and age of experimental subjects in cocaine-related

primary papers cited in this review (male animals unless noted

otherwise; adult rat = >300 g at time of testing or so described by

authors; adult mouse = so described by authors).

Ackerman and White, 1990 adult rats

Alcantara et al., 2010 adult rats (female)

Kalivas and Alesdatter, 1993 adult rats

Anderson et al., 2008 adult rats

Argilli et al., 2008 P21–P28 rats

Ary and Szumlinski, 2007 adult rats and mice

Bachtell and Self, 2008 adult rats

Bannon and Roth, 1983 adult rats

Bellone and Lüscher, 2005 P15–P21 rats

Bellone and Lüscher, 2006 P18–P22 mice

Bellone et al., 2011 P2–P6 and P14–P26 mice

Ben-Shahar and Ettenberg, 1994 adult rats

Ben-Shahar et al., 2009 adult rats

Bird et al., 2010 P16–P21 mice for
recordings, 8–12 weeks
for behavior

Bonci and Malenka, 1999 P14–P42 rats

Borgland et al., 2004 P26–P40 rats

Borgland et al., 2006 P21–P30 rats for
recordings, P21–P30 or
adult rats for behavior

Boudreau and Wolf, 2005 adult rats

Boudreau et al., 2007 adult rats

Boudreau et al., 2009 adult rats

Brown et al., 2010 P14–P21 mice

Brown et al., 2011 P30 rats

Campioni et al., 2009 8–10 week-old mice

Carlezon et al., 1997 adult rats

Chen et al., 2008 adult rats

Chiodo et al., 1984 adult rats

Churchill et al., 1999 adult rats

Choi et al., 2011 adult rats

Conrad et al., 2008 adult rats

Dobi et al., 2011 6–9 week-old male and
female mice

Dong et al., 2004 P21–P30 mice

Engblom et al., 2008 P18–P80 mice for
recordings, 3–8 month-old
mice for microdialysis and
behavior

Faleiro et al., 2004 P11–P18 rats

Ferrario et al., 2005 adult rats

Ferrario et al., 2010 adult rats

Ferrario et al., 2011a adult rats

Ferrario et al., 2011b adult rats

Ferrario et al., 2011c adult rats

Fitzgerald et al., 1996 adult rats

Fourgeaud et al., 2004 P28 mice

Galloway et al., 1986 adult rats

Gao and Wolf, 2007 cultured VTA neurons from
P1 rats

Gao et al., 1998 adult rats

(Continued )

Table 2 | Continued.

Ghasemzadeh et al., 2009a adult rats

Ghasemzadeh et al., 2009b adult rats

Giorgetti et al., 2001 adult rats

Good and Lupica, 2010 P14–P19 rats

Goto and Grace, 2005 adult rats

Grueter et al., 2006 5–10 week-old mice

Grueter et al., 2008 5–10 week-old mice

Grueter et al., 2010 P28–P59 mice

Hao et al., 2010 adult rats

Henry et al., 1989 adult rats

Ho et al., 2012 P18–P30 rats

Hollander and Carelli, 2005 adult rats

Hollander and Carelli, 2007 adult rats

Horger et al., 1990 adult rats

Hu et al., 1992 adult rats

Huang et al., 2009 P30–P32 and P65 rats

Huang et al., 2011a P26–P28 mice

Ishikawa et al., 2009 P32–P60 rats

Kamata and Rebec, 1984 adult rats

Karler et al., 1989 adult rats

Kolb et al., 2003 adult rats

Kourrich et al., 2007 P24–P28 mice

Kourrich et al., 2012 7–10 week-old mice

Knackstedt et al., 2010 adult rats

Lammel et al., 2008 adult mice

Lammel et al., 2011 adult mice

Lane et al., 2010 adult mice

Lane et al., 2011 adult mice

Li et al., 1999 adult rats

Liu et al., 2005 P24–P40 rats

Loweth et al., 2011 adult rats

Lu et al., 2002 adult rats

Lu et al., 2004b adult rats

Luo et al., 2010 P21–P30 mice for
recordings, 2–4 months
for behavior

Luu and Malenka, 2008 P21–P28 rats

Mameli et al., 2007 P14–21 mice

Mameli et al., 2009 P16–P35 and adult mice

Mameli et al., 2011 P14–P30 mice

Marinelli and White, 2000 adult rats

Marinelli et al., 2003 adult rats

Martin et al., 2006 adult rats

McCutcheon et al., 2009 adult rats

McCutcheon et al., 2011a adult rats

McCutcheon et al., 2011b adult rats

Moussawi et al., 2009 adult rats

Nelson et al., 2009 adult rats

Nestler et al., 1990 adult rats

Niehaus et al., 2010 P15–P21 rats

Ortinski et al., 2012 adult rats

Overton et al., 1999 41–132 g rats

Pascoli et al., 2011 mice (age not specified)

Post et al., 1992 adult rats

(Continued )
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Table 2 | Continued.

Post et al., 1987 adult rats

Pu et al., 2006 P21–P40 rats

Reimers et al., 2011 adult rats

Robinson, 1984 adult rats

Saal et al., 2003 P21–P30 mice

Schenk and Snow, 1994 adult rats

Schierberl et al., 2011 adult mice

Schilström et al., 2006 P21–29 rats

Schumann and Yaka, 2009 rats (age not specified)

Selvakumar et al., 2011 adult rats

Steketee and Kalivas, 1991 adult rats

Striplin and Kalivas, 1992 adult rats

Stuber et al., 2008 adult rats

Sun and Wolf, 2009 NAc neurons from P1 rats cultured
with prefrontal cortex neurons from P1
GFP mice

Suto et al., 2004 adult rats

Swanson et al., 2001 adult rats

Thomas et al., 2000 P28–P60 mice for NAc experiments,
P21–P35 mice for VTA or substantia
nigra experiments

Thomas et al., 2001 P24–P26 mice

Ungless et al., 2001 P21–P35 mice

Vanderschuren et al., 1999 adult rats

Wang et al., 2011 adult rats

White and Wang, 1984 adult rats

White et al., 1990 adult rats

White et al., 1995 adult rats

Wolf et al., 1986 adult rats

Wolf et al., 1993 adult rats

Wolf et al., 1994 adult rats

Xue et al., 2011 adult rats

Yao et al., 2004 adult mice

Zhang et al., 1997 adult rats

Zweifel et al., 2008 P25–P35 mice for recordings, age for
behavior not stated

CP-AMPARs IN THE VTA
DRUG-INDUCED CHANGES IN SYNAPTIC STRENGTH IN THE
VTA: BACKGROUND
Most studies of CP-AMPARs in the VTA have been performed
in the context of behavioral sensitization to cocaine. Therefore, in
order to understand the functional significance of CP-AMPARs in
the VTA, it is necessary to discuss behavioral sensitization and the
early findings that led to studies of synaptic plasticity in the VTA.

Behavioral sensitization refers to the progressive augmenta-
tion of behavioral responses to a drug that occurs during repeated
drug exposure and then persists for many weeks after drug expo-
sure is discontinued (Vezina, 2004; Robinson and Berridge, 2008;
Vanderschuren and Pierce, 2010). It can be produced by non-
contingent or contingent cocaine administration. Both the loco-
motor activating effects of cocaine and its incentive motivational
properties (properties that make it “wanted”) undergo sensiti-
zation. In rodents, incentive sensitization can be detected as the
ability to more rapidly learn to self-administer a low dose of

cocaine or greater motivation to work for cocaine in progressive
ratio experiments.

By far the most commonly used experimental approach to
study behavioral sensitization is to administer repeated i.p.
cocaine injections and monitor progressive increases in loco-
motor activity. Even a single injection of cocaine is sufficient
to produce locomotor sensitization (detected as an enhanced
response to a second injection and sometimes termed “one-shot
sensitization”). There are many similarities between behavioral
sensitization produced by one versus multiple injections of psy-
chostimulants (e.g., Vanderschuren et al., 1999), although it is
clear that the total amount of drug exposure (which is greater with
multiple injections) is proportional to the robustness of locomo-
tor sensitization (e.g., Robinson, 1984) and to the robustness of
at least some sensitization-related adaptations (e.g., Kolb et al.,
2003). However, direct comparisons are few and far between.
Some caution may be warranted by early reports that behavioral
sensitization produced by a single cocaine injection is completely
context-dependent (i.e., rats express a sensitized response only
when tested in the same environment in which drug was first
administered), whereas sensitization produced by multiple injec-
tions has a context-independent component (Post et al., 1987,
1992). Furthermore, two types of adaptations in the VTA, both
of which facilitate LTP, have been observed after repeated cocaine
injections that are not observed after a single injection (Liu
et al., 2005; Pu et al., 2006; see section “Evidence for increased
AMPA/NMDA ratios and facilitation of LTP in VTA DA neurons
from cocaine-exposed rodents” for more discussion).

Despite the widespread use of locomotor sensitization to study
neuroadaptations produced by cocaine, incentive sensitization
obviously has greater face validity as a model for motivational
changes underlying intensification of drug seeking after prior
exposure. In section “CI-AMPARs predominate in the NAc of
drug-naïve rodents and upregulate during the first week of with-
drawal from non-contingent cocaine administration”, we will
consider the possibility that AMPAR upregulation in the NAc,
which is dissociable from locomotor sensitization, is more directly
related to incentive sensitization.

SIGNIFICANCE OF INCREASED DA CELL FIRING FOR
BEHAVIORAL SENSITIZATION
It has long been known that behavioral sensitization to psychos-
timulants is initiated by psychostimulant actions within the VTA
whereas, once it has developed, it is expressed in response to a
challenge injection of psychostimulant into the NAc but not the
VTA (Kalivas and Stewart, 1991; Vezina, 2004). Anatomical sep-
aration of sites for the initiation and expression of sensitization
implies a mechanism to “transfer” sensitization from the VTA
to the NAc and other forebrain regions. Supporting this idea,
adaptations in the VTA occur early in withdrawal and are often
transient, whereas adaptations in the NAc may require a period of
withdrawal to become evident but then exhibit greater persistence
(e.g., Wolf et al., 1993).

Considerable evidence indicates that the “transfer” mecha-
nism involves a transient increase in the firing rate and bursting
of VTA DA neurons that is detected during the first few days after
discontinuing repeated non-contingent cocaine or amphetamine
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injections. This effect is most pronounced on the first day of
withdrawal and dissipates completely by withdrawal day (WD)
10–14 (Kamata and Rebec, 1984; White and Wang, 1984; Henry
et al., 1989; Wolf et al., 1993). Increased DA cell firing and burst-
ing, with the same transient time-course, are also observed after
discontinuing cocaine self-administration (Marinelli et al., 2003).
This increase in DA neuronal firing during withdrawal is oppo-
site to the decreased activity of VTA DA cells observed while
psychostimulants are “on board”. This decrease occurs because
psychostimulants elevate extracellular DA levels by blocking DA
transporters, leading to DA autoreceptor activation in the VTA
as well as activation of inhibitory postsynaptic feedback pathways
(Marinelli, 2007)1.

The transient increase in DA cell activity observed during
early withdrawal from psychostimulant exposure has been closely
linked to the development of behavioral sensitization by many
lines of evidence (White, 1996; Wolf, 1998). For example, fol-
lowing non-drug treatments that are expected to increase DA
cell firing, drug-naïve rats appear “sensitized” when subsequently
exposed to an addictive drug (Steketee and Kalivas, 1991; Ben-
Shahar and Ettenberg, 1994; Schenk and Snow, 1994; Carlezon
et al., 1997). Several other findings link a faster firing rate of
DA neurons to addiction vulnerability: (1) Rats that exhibit
faster firing and more bursting activity of VTA DA cells exhibit
greater propensity to acquire psychostimulant self-administration
(Marinelli and White, 2000). (2) Rats that exhibit a high loco-
motor response to novelty, which predicts greater addiction lia-
bility, exhibit more persistent increases in firing and bursting
of VTA DA cells during withdrawal from limited access cocaine
self-administration (McCutcheon et al., 2009). (3) Decreasing
DA cell firing rate by stimulating D2 DA autoreceptors reduces
cocaine-seeking behavior (Marinelli et al., 2003; Xue et al., 2011).

What mechanism underlies the increased DA cell activ-
ity observed during early withdrawal from psychostimulant
exposure? This question led to early theories about LTP-like
effects and ultimately to the discovery that drugs of abuse
do in fact increase the strength of excitatory synapses onto
VTA DA neurons. Ironically, however, recent results indicate
that drug-induced increases in the AMPA/NMDA ratio can be
dissociated from increased DA cell activity, as discussed below
(section “CP-AMPARs in the VTA: Functional significance”) and
previously (McCutcheon et al., 2009).

1In vivo, all addictive drugs acutely activate DA transmission in brain
regions that are the targets of midbrain dopamine neurons (e.g., the NAc).
Psychostimulants do this by acting within these target regions to block the DA
transporter and increase extracellular DA levels; thus, they activate DA trans-
mission in the target regions despite the fact that they inhibit DA cell firing
at the level of the midbrain (where they elevate DA levels and thus activate
inhibitory somatodendritic DA autoreceptors). In contrast, nicotine, opiates,
ethanol, and cannabinoids act within the midbrain to increase DA cell fir-
ing rate and thereby activate DA transmission in dopaminergic target regions
(Pierce and Kumaresan, 2006; Wolf, 2012). Thus, although activation of DA
transmission in target regions is a common effect of all drugs of abuse, it
is important to keep in mind that the firing rate of midbrain DA neurons
is differently affected by different classes of abused drugs (see White, 1996;
Marinelli, 2007).

EVIDENCE FOR INCREASED AMPA/NMDA RATIOS AND FACILITATION
OF LTP IN VTA DA NEURONS FROM COCAINE-EXPOSED RODENTS
Several lines of evidence led investigators to hypothesize, in the
late 1980’s and early 1990’s, that NMDAR-dependent synaptic
potentiation was involved in the activation of VTA DA neurons
observed during early psychostimulant withdrawal (Wolf, 1998).
Most importantly, the induction of behavioral sensitization was
shown to require NMDAR transmission in the VTA (e.g., Karler
et al., 1989; Kalivas and Alesdatter, 1993). Furthermore, interfer-
ing with NMDAR transmission not only prevented the induction
of sensitization but also prevented adaptations in the VTA during
early withdrawal that are associated with induction of sensitiza-
tion as well as more delayed NAc adaptations that are associated
with persistence of sensitization (e.g., Wolf et al., 1994; Li et al.,
1999; Mameli et al., 2009).

The first support for the synaptic potentiation hypothesis
came from the demonstration that VTA DA neurons showed
enhanced sensitivity to the excitatory effects of iontophoretic glu-
tamate when recorded three days after discontinuing repeated
i.p. cocaine or amphetamine injections (White et al., 1995).
Subsequently, we found enhanced sensitivity to iontophoretic
AMPA in recordings conducted three but not 14 days after dis-
continuing repeated cocaine or amphetamine injections (Zhang
et al., 1997; see also Giorgetti et al., 2001). These results were con-
sistent with the LTP hypothesis because LTP can be expressed as a
selective increase in the AMPAR component of the EPSP (Kauer
et al., 1988).

A few years later, a landmark paper directly linked behav-
ioral sensitization with the induction of LTP in VTA DA neurons
(Ungless et al., 2001). Using in vitro recordings, the authors
compared excitatory transmission in DA neurons from control
mice and mice that had received a single cocaine injection 24 h
earlier. In VTA DA neurons from cocaine-treated mice, a facil-
itation of AMPAR-mediated synaptic transmission relative to
the NMDAR-mediated response (the AMPA/NMDA ratio) was
observed. This facilitation was NMDAR-dependent (i.e., it was
blocked when an NMDAR antagonist was administered along
with cocaine), linking it to NMDAR-dependence of the induction
of behavioral sensitization (see first paragraph of this section).
Subsequent studies showed that the magnitude of the increase in
the AMPA/NMDA ratio was similar regardless of whether single
or multiple i.p. cocaine injections were administered (Borgland
et al., 2004). The AMPA/NMDA ratio was also increased 24 h
after systemic administration of amphetamine, nicotine, mor-
phine, and ethanol, as well as after stress (Saal et al., 2003). These
treatments also exhibit cross-sensitization with each other (e.g.,
Marinelli and Piazza, 2002), further suggesting a relationship
between synaptic potentiation in the VTA and the development
of behavioral sensitization.

The increased AMPA/NMDA ratio observed after cocaine
injection was interpreted as a form of LTP because electrically
evoked LTP could not be elicited in the cocaine-exposed mice,
whereas LTD was enhanced (Ungless et al., 2001). Similarly, spike
timing-dependent LTP could be induced in VTA DA neurons
from control animals but not those previously treated with sin-
gle or multiple cocaine injections (Argilli et al., 2008; Luu and
Malenka, 2008; Ho et al., 2012; Mameli et al., 2011). These results
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indicate occlusion of LTP by prior cocaine exposure (see Argilli
et al., 2008). Supporting this, NMDAR transmission is required
for both the cocaine-induced increase in the AMPA/NMDA ratio
(Ungless et al., 2001) and electrically-induced LTP in midbrain
DA neurons (Bonci and Malenka, 1999; Overton et al., 1999).
Interestingly, maintenance of cocaine-induced LTP requires the
activity of protein kinase Mζ (PKMζ; Ho et al., 2012), an
autonomously active protein kinase C (PKC) isoform, whereas
spike timing-dependent LTP in VTA DA neurons of drug-naïve
mice depends on conventional PKC isoforms (Luu and Malenka,
2008).

Cocaine acts locally within the VTA to increase the
AMPA/NMDA ratio, since in vitro incubation with cocaine was
sufficient to elicit the increase (Argilli et al., 2008). Cocaine also
acts rapidly—whether injected systemically or applied in vitro,
increased AMPA/NMDA ratios were observed within 3–5 h of
cocaine exposure (Argilli et al., 2008). However, cocaine pro-
duces an even more rapid enhancement of NMDAR transmission
that may be important in enabling the subsequent NMDAR-
dependent increase in the AMPA/NMDA ratio. Thus, within
minutes of cocaine exposure, NMDAR transmission is potenti-
ated by insertion of NR2B-containing NMDARs into synapses
through a mechanism that requires activation of D5 receptors,
protein kinase A, and new protein synthesis (Schilström et al.,
2006; Argilli et al., 2008; also see Dong et al., 2004). Endogenous
orexin transmission is also required for the rapid cocaine-induced
insertion of NR2B-containing receptors, as well as the increased
AMPA/NMDA ratio and the induction of behavioral sensitization
(Borgland et al., 2006).

The increased AMPA/NMDA ratio is not the only cocaine-
induced adaptation observed in VTA DA neurons. Twenty-four
hours after repeated cocaine injections (5–7 days) but not a single
injection of cocaine, facilitation of spike-timing dependent LTP
was observed that was attributable to reduced GABAA receptor-
mediated inhibition. Interestingly, rats treated in the same man-
ner showed an increased AMPA/NMDA ratio, indicating that the
increased ratio can co-exist with GABAA receptor-mediated plas-
ticity (Liu et al., 2005). At longer withdrawal times (10–15 days)
from repeated cocaine injections, but not a single cocaine injec-
tion, a distinct form of enhanced susceptibility to LTP induction
was observed that was attributable to elevated BDNF signaling
in the VTA (Pu et al., 2006). Finally, drugs of abuse (morphine,
cocaine, and nicotine) or stress cause a loss of LTP of GABAergic
synapses onto VTA DA neurons; this could act in concert with the
increased AMPA/NMDA ratio to enhance the excitability of VTA
DA neurons (Niehaus et al., 2010). To understand the functional
significance of these various changes, it will be helpful to examine
how they track with different behavioral adaptations produced
after limited or extended access cocaine self-administration.

RECENT FINDINGS HAVE CLARIFIED THE MECHANISM, DURATION,
AND CELL SPECIFICITY OF COCAINE-INDUCED SYNAPTIC
POTENTIATION IN THE VTA
Three findings are particularly significant in this regard. The first
relates to CP-AMPAR and NMDAR involvement. Initially, it was
proposed that the increased AMPA/NMDA ratio observed after
drug exposure reflected an increase in AMPAR insertion into

synapses in the absence of changes in NMDAR transmission,
since bath application of AMPA to brain slices from sensitized
animals elicited increased currents relative to controls whereas
bath application of NMDA did not (Ungless et al., 2001). More
recent results have indicated that the increased AMPA/NMDA
ratio is due to replacement of lower conductance CI-AMPARs
with higher conductance CP-AMPARs (increasing the numerator
of the ratio; Bellone and Lüscher, 2006; Mameli et al., 2007; Argilli
et al., 2008; Ho et al., 2012; see section “Cocaine increases the
synaptic incorporation of CP-AMPARs in VTA DA neurons” for
more discussion) combined with a decrease in synaptic NMDAR
currents (decreasing the denominator; Mameli et al., 2011). The
latter effect was detected by uncaging glutamate at single putative
glutamate synapses on VTA DA neurons 24 h after a single injec-
tion of cocaine (Mameli et al., 2011). These authors speculated
that decreased NMDAR currents were not detected by Ungless
et al. (2001) because bath applied NMDA activated both synaptic
and extrasynaptic NMDARs. The observed decrease in NMDAR
synaptic currents may help to explain the difficulty in inducing
LTP after cocaine exposure (Mameli et al., 2011). It should be
noted that decreased NMDAR transmission 24 h after cocaine
(Mameli et al., 2011) is not necessarily at odds with the very
rapid increase in NMDAR transmission observed within min-
utes of cocaine exposure (Schilström et al., 2006; Argilli et al.,
2008; see section “Evidence for increased AMPA/NMDA ratios
and facilitation of LTP in VTA DA neurons from cocaine-exposed
rodents”).

The second extension concerns the duration of the effect.
Initially, the increased AMPA/NMDA ratio was considered a
transient effect that enabled more persistent forms of plastic-
ity in target regions of VTA DA neurons such as the NAc. This
was based on studies in which cocaine was administered non-
contingently (i.p.) and the AMPA/NMDA ratio was elevated five
days but not 10 days after the last cocaine injection (Ungless
et al., 2001; Borgland et al., 2004). This idea was revised after
Chen et al. (2008) found a much more persistent elevation of
the AMPA/NMDA ratio in rats that had self-administered cocaine
(2 h/day for 14–19 days). In these animals, the magnitude of
the elevation was similar to that produced by non-contingent
cocaine, but the ratio remained at this elevated level regard-
less of whether VTA neurons were recorded seven days, 21 days,
or three months after the last i.v. cocaine infusion. Indeed, the
ratio remained elevated even after extinction training. Persistent
elevation of the AMPA/NMDA ratio in VTA DA neurons after
cocaine self-administration was also observed by Mameli et al.
(2009) and shown to result from CP-AMPAR synaptic incorpo-
ration (section “Cocaine increases the synaptic incorporation of
CP-AMPARs in VTA DA neurons”). In contrast, food or sucrose
self-administration produced only a transient elevation of the
AMPA/NMDA ratio, detected after seven but not 21 days of with-
drawal (Chen et al., 2008). Importantly, yoked controls (animals
that received non-signaled i.v. cocaine infusions in a pattern and
dosage similar to cocaine self-administering animals) did not
exhibit an increased AMPA/NMDA ratio, even when recordings
were performed on WD1, a time when the AMPA/NMDA ratio is
increased after a single i.p. cocaine injection. These results suggest
that this plasticity requires learning about cues that signal drug
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delivery (see Chen et al., 2008 for more discussion). Furthermore,
they suggest that cocaine self-administration, compared to non-
contingent administration, produces a much longer temporal
window in which synaptic potentiation in the VTA may lead
to altered neurotransmission or plasticity. The effect of different
cocaine regimens on AMPAR plasticity in the VTA is summarized
in Table 1.

The third extension is that subpopulations of VTA DA neu-
rons differ in their ability to undergo cocaine-induced LTP
(Lammel et al., 2011). Thus, cocaine increased the AMPA/NMDA
ratio in VTA DA neurons projecting to the NAc medial shell but
not those projecting to the medial prefrontal cortex, while an
aversive stimulus selectively strengthened synapses on DA neu-
rons projecting to prefrontal cortex. Both rewarding and aversive
stimuli strengthened synapses on DA neurons projecting to the
lateral shell of the NAc. The NAc core was not evaluated. These
findings extend prior studies demonstrating that DA neurons
with different projection targets show different properties. For
example, unique characteristics of mesoprefrontal DA neurons
are due in part to lack of DA autoreceptor modulation of firing
rate and DA synthesis (Bannon and Roth, 1983; Chiodo et al.,
1984; Galloway et al., 1986) although nerve terminal DA autore-
ceptors do modulate DA release in prefrontal cortex (Galloway
et al., 1986; Wolf et al., 1986) (for review, see Wolf and Roth, 1987;
for a more recent demonstration of these unique properties, see
Lammel et al., 2008). Even at the level of a single DA neuron, dif-
ferent synapses may exhibit different plasticity depending on the
origin of the presynaptic input (Good and Lupica, 2010; see sec-
tion “Are CP-AMPARs present in VTA DA neurons of drug-naïve
rodents?” for more discussion).

ARE CP-AMPARs PRESENT IN VTA DA NEURONS OF DRUG-NAïVE
RODENTS?
Many principal neurons express CP-AMPARs shortly after birth
but undergo a developmental switch during the first weeks of
postnatal development in which CP-AMPARs are replaced by CI-
AMPARs (Kumar et al., 2002; Eybalin et al., 2004; Ho et al., 2007;
Brill and Huguenard, 2008). Consistent with these results, CP-
AMPARs were found in excitatory synapses on VTA DA neurons
in P2–6 but not P14–26 mice (Bellone et al., 2011). Previous
studies had failed to detect CP-AMPARs in VTA DA neurons
of P14–35 drug-naïve mice (Thomas et al., 2000; Bellone and
Lüscher, 2006; Mameli et al., 2007, 2009; Brown et al., 2010). The
situation is more complex in rats. Bellone and Lüscher (2005)
detected a substantial complement of CP-AMPARs in P15–P21
drug-naïve rats. More recently, Good and Lupica (2010) found
that VTA DA neurons may express CP-AMPARs at some of
their synapses but not others. They reached this conclusion after
observing that Joro spider toxin (JST), which selectively blocks
CP-AMPARs, had no effect on EPSCs elicited by stimulation of
the pedunculopontine nucleus but inhibited a subpopulation of
EPSCs (64%) elicited by intra-VTA stimulation. Two studies did
not detect CP-AMPARs in VTA DA neurons of drug-naïve rats
(Faleiro et al., 2004; Argilli et al., 2008). However, Faleiro et al.
(2004) did not include a polyamine such as spermine in the
recording pipette. This could prevent detection of inward recti-
fication, a hallmark of CP-AMPARs, since rectification is a direct

reflection of CP-AMPAR block by intracellular polyamines. Other
methodological differences such as location of the stimulating
electrode might also be important. Finally, different levels of stress
could affect results, since stress influences AMPA/NMDA ratios
(Saal et al., 2003).

COCAINE INCREASES THE SYNAPTIC INCORPORATION OF
CP-AMPARs IN VTA DA NEURONS
Initial studies of the cocaine-induced increase in the
AMPA/NMDA ratio did not attempt to distinguish between
increased synaptic strength due to incorporation of CP-AMPARs
versus CI-AMPARs (e.g., Ungless et al., 2001). However, bio-
chemical and behavioral evidence pointed to the possibility
that homomeric GluA1 receptors were elevated in the VTA of
cocaine-sensitized rats (Carlezon and Nestler, 2002). Subsequent
electrophysiological studies demonstrated that CP-AMPAR
levels in VTA DA neurons increase after non-contingent cocaine
administration, both in mice (Bellone and Lüscher, 2006; Mameli
et al., 2007, 2009, 2011) and rats (Argilli et al., 2008; Good
and Lupica, 2010; Ho et al., 2012). This plasticity depends on
NMDAR transmission in VTA DA neurons since it is not observed
in NR1DATCreERT2 mice in which NMDARs are lacking in DA
neurons (Engblom et al., 2008; Mameli et al., 2009). While most
of these studies were conducted 24 h after a single cocaine injec-
tion, CP-AMPARs are also detected 24 h after repeated cocaine
injections (Mameli et al., 2009) and as early as 3 h after a single
injection (Argilli et al., 2008). A single cocaine injection increased
CP-AMPAR levels in VTA DA neurons regardless of whether the
population of synapses sampled possessed CP-AMPARs prior
to cocaine treatment (Good and Lupica, 2010). After cocaine
self-administration, CP-AMPAR incorporation in VTA DA
neurons was much more persistent, detectable even on WD35
(Mameli et al., 2009), corresponding to the more persistent
increase in the AMPA/NMDA ratio (Chen et al., 2008; section
“Recent findings have clarified the mechanism, duration, and cell
specificity of cocaine-induced synaptic potentiation in the VTA”).

In the first study showing that cocaine increased CP-AMPAR
synaptic incorporation, Bellone and Lüscher (2006) recorded
from mouse VTA DA neurons 24 h after a single i.p. cocaine
injection. They found that the current-voltage relationship, previ-
ously linear, now showed inward rectification. They also observed
sensitivity to the CP-AMPAR blocker JST. The cocaine-induced
inward rectification was paralleled by an increased AMPA/NMDA
ratio. A significant correlation between these measures indicated
that the increased AMPA/NMDA ratio was due, at least in part,
to synaptic incorporation of CP-AMPARs (Bellone and Lüscher,
2006), which have higher conductance than CI-AMPARs (Isaac
et al., 2007). A subsequent study showed that cocaine no longer
elevated the AMPA/NMDA ratio in the presence of intracellular
spermine, which blocks CP-AMPARs, arguing that CP-AMPAR
insertion accounts fully for the increased AMPA/NMDA ratio
(Argilli et al., 2008). However, as noted in section “Recent find-
ings have clarified the mechanism, duration, and cell specificity
of cocaine-induced synaptic potentiation in the VTA”, a recent
study indicated that the situation is more complex by demon-
strating that cocaine-induced CP-AMPAR synaptic incorporation
is accompanied by a reduction of unitary NMDAR currents
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(Mameli et al., 2011). Thus, in addition to the insertion of CP-
AMPARs, a decrease in NMDAR transmission also contributes
to the increase in the AMPA/NMDA ratio observed in the VTA
following cocaine. These recent findings add to intriguing evi-
dence that synapses containing CP-AMPARs tend to exhibit lower
NMDAR transmission (Lamsa et al., 2007; Wang and Gao, 2010),
although a more complex relationship between CP-AMPARs and
NMDARs has been found during postnatal development of the
VTA (Bellone et al., 2011).

NICOTINE, MORPHINE, AND AMPHETAMINE: INCREASED
CP-AMPAR LEVELS IN THE VTA?
Similar to results with cocaine, synaptic insertion of CP-AMPARs
was detected in VTA DA neurons 24 h after a single injection
of nicotine or morphine, or after optogenetic activation of DA
neurons (Brown et al., 2010). Together with other results (Gao
and Wolf, 2007; Brown et al., 2010), these findings indicate that
drugs of abuse produce CP-AMPAR insertion due to their com-
mon ability to increase extracellular DA levels. If so, amphetamine
would be expected to produce the same effect. However, some
results raise questions about this. First, although Faleiro et al.
(2004) detected a robust increase in the AMPA/NMDA ratio
24 h after amphetamine injection, the current-voltage relation-
ship remained linear. As noted in section “Are CP-AMPARs
present in VTA DA neurons of drug-naïve rodents?” failure
to observe inward rectification could be explained by omis-
sion of spermine from the recording pipette. However, whereas
increased GluA1 surface expression was detected in VTA 24 h after
cocaine injection (Boudreau and Wolf, 2005), no such change
was found 24 h after amphetamine injection (Faleiro et al., 2004).
These results suggest that cocaine and amphetamine may dif-
fer in the mechanism by which they increase the AMPA/NMDA
ratio. This is reminiscent of the markedly different effects of
cocaine and amphetamine on AMPAR surface expression in
the NAc (Nelson et al., 2009). In addition, although both
drugs increase the AMPA/NMDA ratio within 2–3 h of sys-
temic injection (Faleiro et al., 2004; Argilli et al., 2008), in
vitro incubation of VTA slices with cocaine reproduces this
effect (Argilli et al., 2008) while in vitro amphetamine incu-
bation does not (Faleiro et al., 2004). The difference could
suggest a distinct site of action for amphetamine, although it
could also reflect the fact that AMPA/NMDA ratios were mea-
sured during amphetamine perfusion but after cocaine washout.
Overall, it remains unclear whether cocaine and amphetamine
produce qualitatively different effects on AMPAR transmission in
the VTA.

WHAT IS THE SUBUNIT COMPOSITION OF CP-AMPARs
INSERTED INTO VTA SYNAPSES BY COCAINE?
Many findings implicate GluA1-containing CP-AMPARs. The
first evidence came from immunoblotting studies of GluA1 in
VTA homogenates combined with studies in which VTA GluA1
levels were manipulated using viral vectors; these results led
Carlezon and Nestler (2002) to argue that formation of homo-
meric GluA1 receptors and a resultant increase in Ca2+ sig-
naling in the VTA were responsible for triggering behavioral
sensitization. Subsequent biochemical studies supported a role

for GluA1-containing CP-AMPARs. For example, we detected
increased GluA1 surface expression in the VTA 24 h after a single
i.p. cocaine injection (Boudreau and Wolf, 2005) whereas GluA2
was unchanged (Boudreau and Wolf, unpublished findings).
Whether increased surface and/or synaptic GluA1 is reflected by
increased total GluA1 protein appears to depend on how GluA1
is measured (Fitzgerald et al., 1996; Churchill et al., 1999; Lu
et al., 2002). While all of the above studies utilized non-contingent
cocaine treatment, a more recent study found increased total
GluA1 and P-845 GluA1 protein in the VTA 24 h after discon-
tinuing cocaine self-administration, although GluA2 protein was
also increased (Choi et al., 2011).

Electrophysiological results have also supported a role for
GluA1. AMPAR currents, measured 3–5 h after in vitro cocaine
exposure, were sensitive to PhTx-74, a compound that selec-
tively blocks GluA1-containing AMPARs (Argilli et al., 2008).
Furthermore, a single cocaine injection was able to increase
the AMPA/NMDA ratio in mice lacking GluA2 in DA neurons
(Engblom et al., 2008) but not in mice lacking GluA1 (Dong
et al., 2004; Engblom et al., 2008; for more discussion of these
studies, see section “CP-AMPARs in the VTA: Functional signif-
icance”). Finally, electronic microscopy studies found increased
plasma membrane and synaptic GluA1 levels in the VTA after
discontinuing cocaine exposure, although this depended on the
number of injections, the duration of withdrawal, and the VTA
subregion sampled; furthermore, increased GluA1 was detected
in non-DA dendrites as well as in DA neurons (Lane et al., 2010,
2011).

Despite strong evidence for GluA1 involvement, a role for
GluA3 cannot be ruled out. After incubating cultured VTA neu-
rons with DA for 1 h (to mimic the duration of elevated DA
levels produced by systemic cocaine injection), increases were
observed in cell surface levels of GluA1, GluA3, and the area of
GluA1–GluA3 colocalization, while surface GluA2 was unaltered;
these results suggest that DA transmission might regulate homo-
meric GluA1 and GluA1A3-containing CP-AMPAR levels (Gao
and Wolf, 2007). GluA3 levels in the VTA have not been measured
after in vivo cocaine exposure.

mGluR1 NEGATIVELY REGULATES CP-AMPAR LEVELS IN VTA DA
NEURONS
Group I mGluR-dependent long-term depression (mGluR-LTD)
is recognized as playing an important role in diseases includ-
ing drug addiction (Gerdeman et al., 2003; Grueter et al., 2007;
Lüscher and Huber, 2010). The discovery that mGluR1 stimula-
tion removes CP-AMPARs from VTA synapses was an important
advance in the field (Bellone and Lüscher, 2005). Subsequent
studies found the same effect in cerebellar stellate cells in drug-
naïve rats (Kelly et al., 2009) and NAc neurons from cocaine-
exposed rats (McCutcheon et al., 2011b), suggesting a special
relationship between mGluR1 and CP-AMPARs (see sections
“mGluR1 negatively regulates synaptic levels of CP-AMPARs in
the NAc” and “Removal of CP-AMPARs by mGluR1 stimulation
and its therapeutic implications” for more discussion).

In their initial report, Bellone and Lüscher (2005) studied
CP-AMPAR containing synapses in the VTA of drug-naïve rats.
They found that short bursts of 66 Hz stimulation or application
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of the non-selective group I mGluR agonist dihydroxyphenyl-
glycine (DHPG) led to a form of mGluR-LTD that was blocked
by an antagonist of mGluR1 but not mGluR5. After mGluR-
LTD, inward rectification was no longer evident and the depressed
EPSCs were no longer sensitive to JST, indicating that mGluR-
LTD involved removal of CP-AMPARs from synapses. As will be
discussed in section “Cocaine-induced synaptic incorporation of
CP-AMPARs and reversal of this plasticity by mGluR1 stimu-
lation are GluA2-dependent processes,” this is accompanied by
insertion of CI-AMPARs but the net effect is LTD because high
conductance CP-AMPARs are being replaced by lower conduc-
tance CI-AMPARs. In agreement with these results, mGluR-LTD
was detected in VTA DA neurons from drug-naïve rats only at
synapses that express CP-AMPARs but not at synapses expressing
only CI-AMPARs; however, it could be detected at all synapses
after cocaine exposure (Good and Lupica, 2010).

Following up on their results in drug-naïve rats, Bellone and
Lüscher (2006) found that mGluR-LTD reversed cocaine-induced
accumulation of CP-AMPARs in mouse VTA DA neurons. Thus,
CP-AMPARs were removed from synapses by a positive modu-
lator of mGluR1 (Ro 67-7476), either applied directly to slices
from cocaine-treated mice or injected 24 h after i.p. cocaine
(recordings performed a total of 48 h after cocaine injection, i.e.,
24 h after Ro 67-7476). CP-AMPAR removal was later shown
to require dynamin-dependent internalization (Mameli et al.,
2007). Lüscher and colleagues then demonstrated that mGluR1
activation in vivo normally limits the duration of elevated CP-
AMPAR levels in VTA synapses of cocaine treated animals.
Thus, in control rats, inward rectification (a hallmark of CP-
AMPARs) was detected on WD1 but not WD7 after a single
cocaine injection. However, if mGluR1 function in the VTA
was reduced 24 h before cocaine injection (via intra-VTA injec-
tion of a TAT-conjugated peptide that disrupts the interaction
between group I mGluRs and Homer1b/c), then the cocaine-
induced inward rectification persisted on WD7 (Mameli et al.,
2009). The cocaine-increase in synaptic CP-AMPARs was sim-
ilarly prolonged if mGluR1 function in the VTA was disrupted
by daily i.p. injections of an mGluR1 antagonist (1-aminoindan-
1,5-dicarboxylic acid; AIDA). Conversely, administering cocaine
along with the mGluR1 positive modulator Ro 67-7476 (for 7
days) prevented the increased inward rectification normally pro-
duced by this repeated cocaine regimen. Activation of mGluR1
in the VTA also exerts a braking effect on cocaine-induced plas-
ticity in the NAc (Mameli et al., 2009; see section “mGluR1
negatively regulates synaptic levels of CP-AMPARs in the NAc”).
This negative regulatory role for mGluR1 in both VTA and NAc
suggests mGluR1 as a potential therapeutic target in addiction
(section “Removal of CP-AMPARs by mGluR1 stimulation and
its therapeutic implications”).

Overall, these results indicate that tonic activation of mGluR1
in the VTA normally exerts a braking influence on the cocaine-
induced accumulation of CP-AMPARs; decreasing mGluR1 tone
in the VTA permits elevation of CP-AMPARs to persist for
a longer time (Mameli et al., 2009). Given that CP-AMPARs
contribute substantially to the increased AMPA/NMDA ratio
after cocaine exposure (section “Cocaine increases the synaptic
incorporation of CP-AMPARs in VTA DA neurons”), these results

suggest a potential explanation for the longer duration of the ele-
vated AMPA/NMDA ratio after contingent versus non-contingent
cocaine (Chen et al., 2008; section “Recent findings have clarified
the mechanism, duration, and cell specificity of cocaine-induced
synaptic potentiation in the VTA”), namely that cocaine self-
administration persistently depresses mGluR1 signaling in the
VTA. However, this has yet to be tested.

COCAINE-INDUCED SYNAPTIC INCORPORATION OF CP-AMPARs
AND REVERSAL OF THIS PLASTICITY BY mGluR1 STIMULATION
ARE GluA2-DEPENDENT PROCESSES
As noted by He et al. (2009), there appear to be two general mech-
anisms for regulating the synaptic content of CP-AMPARs; in
some sitiuations, relative levels of CP-AMPARs and CI-AMPARs
are altered via a GluA2-dependent mechanism requiring GluA2-
PICK1 interactions, but in others, the accumulation of CP-
AMPARs is associated with increased GluA1 but very little change
in GluA2. Cocaine-induced CP-AMPAR incorporation in the
VTA falls into the former category, although this is not so clear for
the NAc (see section “Accumulation of CP-AMPARs after cocaine
exposure”).

PICK1 is a protein that interacts with the C-terminus of
GluA2 (and GluA3) but not GluA1 (Xia et al., 1999). It plays
complex roles in regulating AMPAR trafficking during differ-
ent types of plasticity (Anggono and Huganir, 2012) and, most
relevant to this review, is required for exchanging CP-AMPARs
for CI-AMPARs. This was first demonstrated in cerebellar stel-
late cells (Liu and Cull-Candy, 2005). Subsequently, Bellone
and Lüscher (2006) found that interfering with the interaction
between GluA2 and PICK1, using a TAT-conjugated peptide, pre-
vented cocaine-induced insertion of CP-AMPARs. This suggested
that CI-AMPARs are removed from synapses when CP-AMPARs
are inserted (i.e., there is an exchange between the two AMPAR
subtypes), as opposed to insertion of CP-AMPARs on top of
existing synaptic CI-AMPARs. Direct evidence for an exchange
was provided by electron microscopy studies showing that GluA2
immunolabeling in VTA DA neurons of control mice is mainly
synaptic, whereas cocaine reduces synaptic GluA2 labeling and
increases cytoplasmic labeling (Mameli et al., 2007). Similar
results were found after nicotine or morphine exposure (Brown
et al., 2010).

The GluA2 subunit also plays a key role in the rever-
sal of this exchange during mGluR-LTD in VTA DA neurons.
Whereas cocaine caused a translocation of GluA2 immunola-
beling from synapse to cytoplasm, activation of mGluR1 with
DHPG reversed this effect (Mameli et al., 2007), indicating that
CP-AMPAR removal during mGluR-LTD occurs in tandem with
their replacement by lower-conductance CI-AMPARs. Further
supporting an exchange, non-stationary fluctuation analysis indi-
cated that the average number of AMPARs open remained con-
stant during mGluR-LTD. Additional experiments showed that
the CI-AMPARs inserted into synapses during mGluR-LTD are
synthesized de novo, as the mGluR-LTD was inhibited by anti-
sense oligonucleotide or siRNA to GluA2. This is likely to reflect
local translation of GluA2 mRNA based on sensitivity of mGluR-
LTD to translational inhibitors or disruption of mTOR signaling
(Mameli et al., 2007).
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CP-AMPARs IN THE VTA: FUNCTIONAL SIGNIFICANCE
As described in section “Significance of increased DA cell fir-
ing for behavioral sensitization,” VTA DA cell firing rate and
bursting are increased on the day after discontinuing cocaine or
amphetamine treatment, an effect that dissipates gradually and is
no longer observed after 10–14 days of withdrawal. This transient
increase in DA cell activity is believed to be crucial for enabling
downstream neuronal adaptations to occur in the NAc that corre-
late with persistent expression of sensitization, i.e., “transferring”
sensitization from the VTA to the NAc (White, 1996; Wolf, 1998).
Several adaptations have been described that could theoreti-
cally contribute to increased DA cell activity during the early
withdrawal period, including decreased VTA levels of inhibitory
G-protein subunits (Nestler et al., 1990; Striplin and Kalivas,
1992), increased VTA levels of glutamate receptors (Fitzgerald
et al., 1996; see Wolf, 2002 for review), the development of func-
tional subsensitivity of D2 autoreceptors which normally exert
inhibitory control over DA cell activity (Kamata and Rebec, 1984;
White and Wang, 1984; Ackerman and White, 1990; Wolf et al.,
1993) and, most recently, the elevated AMPA/NMDA ratio dis-
cussed herein. However, which of these actually mediates the
increased DA cell activity?

Considerable evidence points to a primary role for DA autore-
ceptor subsensitivity. First, the time-course of increased DA cell
activity exactly parallels the time-course of DA autoreceptor sub-
sensitivity during withdrawal from either repeated i.p. injections
of cocaine or amphetamine (White and Wang, 1984; Henry et al.,
1989) or cocaine self-administration (Marinelli et al., 2003)2.
Second, DA autoreceptor subsensitivity is required for the induc-
tion of lasting behavioral sensitization. If DA autoreceptor sub-
sensitivity is prevented, more slowly developing adaptations in
the NAc, linked to expression of behavioral sensitization and
its persistence, do not occur (Wolf et al., 1994; Li et al., 1999).
Furthermore, repeated treatment with a D1 receptor agonist,
which does not produce DA autoreceptor sensitivity, fails to pro-
duce lasting sensitization (White et al., 1990; Hu et al., 1992).
Third, cocaine, amphetamine, and stress, which produce cross-
sensitization, all produce transient DA autoreceptor subsensitivity
in the VTA (White, 1996; Marinelli, 2007). Thus, there is strong
evidence that DA autoreceptor subsensitivity and increased DA
cell firing rate are related, and that together they represent early
causal steps leading to induction of behavioral sensitization and
to more persistent sensitization-related adaptations in the NAc
(White, 1996). Even though DA autoreceptors are subsensitive
shortly after discontinuing psychostimulant treatment, they are
not completely “off-line.” DA autoreceptor stimulation during
the early withdrawal period can reduce DA cell activity and

2It should be acknowledged that the relationship between DA autoreceptor
sensitivity and DA cell activity depends on how the latter is assessed. On
WD1 from repeated cocaine injections, when autoreceptors are subsensitive,
increases in both firing rate and the number of spontaneously active cells
were reported (Henry et al., 1989). On WD7, a time when DA autoreceptor
subsensitivity has dissipated, firing rate was normalized but the number of
spontaneously active VTA DA cells continued to be higher than control levels
(Gao et al., 1998). Together, these studies suggest that different mechanisms
regulate the number of spontaneously active cells and the firing rate of active
cells during cocaine withdrawal.

cocaine self-administration, although, as expected, their stimu-
lation is more efficacious at eliciting both effects on WD10, when
autoreceptor subsensitivity has subsided (Marinelli et al., 2003).

Does the increased AMPA/NMDA ratio also contribute to
increased DA cell firing during psychostimulant withdrawal?
In experiments in which behavioral sensitization is elicited by
repeated i.p. injections of cocaine, the increased AMPA/NMDA
ratio (Ungless et al., 2001; Borgland et al., 2004) and increased
DA cell firing rate (Henry et al., 1989) have similar time courses;
both are transient. However, after withdrawal from cocaine self-
administration, the increased AMPA/NMDA ratio persists for
three months (Chen et al., 2008; Mameli et al., 2009), whereas the
increase in DA cell activity normalizes within a week (Marinelli
et al., 2003; McCutcheon et al., 2009). As noted by McCutcheon
et al. (2009), this indicates that increased strength of excitatory
synapses onto VTA DA neurons “does not translate into the inte-
grated output of these cells as measured by firing activity.” In con-
trast, the time course of DA autoreceptor subsensitivity parallels
increased DA cell activity during cocaine withdrawal, regardless
of how cocaine is administered (see previous paragraph).

If the cocaine-induced increase in the AMPA/NMDA ratio
is dissociable from the increase in DA cell firing rate, what is
the functional significance of the increased AMPA/NMDA ratio?
There are clues, but no clear answers. The demonstration that
cue-reward learning also increases the AMPA/NMDA ratio in
VTA DA neurons (Stuber et al., 2008) suggests that this increase
may be associated with or facilitate learning about the reward-
ing properties of drugs. Other results suggest that it may alter
aspects of such learning that depend on subsequent synaptic plas-
ticity in the VTA. The incorporation of CP-AMPARs into VTA
DA neurons is particularly significant in this regard, as Mameli
et al. (2011) showed that it inverts the rules for induction of
synaptic plasticity. Thus, in control animals, they found that pair-
ing of presynaptic activity and postsynaptic depolarization (to
activate NMDARs) elicited LTP, as expected. However, in the
VTA of cocaine-treated mice, LTP relied on Ca2+ entry through
CP-AMPARs and was independent of NMDARs. This type of
LTP, also reported in other synapses that contain CP-AMPARs
(Kullmann and Lamsa, 2011), can be induced when presynaptic
activity is paired with a slight postsynaptic hyperpolarization. As
a result of this change, the pattern of activity which potentiates
DA cell excitation will be different in cocaine-exposed animals,
perhaps setting the stage for a cascade of altered responsive-
ness that may ultimately contribute to addiction (Mameli et al.,
2011). It remains to be determined if the increased AMPA/NMDA
ratio after cue-reward learning, which is more transient than after
drug exposure (Stuber et al., 2008), involves CP-AMPAR synap-
tic incorporation and is therefore associated with altered rules for
induction of synaptic plasticity in the VTA.

The dissociation between the increased AMPA/NMDA ratio
and increased DA cell firing rate may explain a puzzle in the
literature. In several transgenic mouse lines in which glutamate
receptor expression was disrupted, cocaine no longer elicited an
increased AMPA/NMDA ratio in VTA DA neurons but mice
were nevertheless able to develop locomotor sensitization (Dong
et al., 2004; Engblom et al., 2008; Zweifel et al., 2008; Bird et al.,
2010; see also Luo et al., 2010, which assessed electrically induced

Frontiers in Molecular Neuroscience www.frontiersin.org June 2012 | Volume 5 | Article 72 | 10

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Wolf and Tseng Cocaine and CP-AMPARs

LTP rather than cocaine-induced LTP). We suggest that cocaine,
despite its inability to increase the AMPA/NMDA ratio, elicited
other adaptations in the VTA (such as DA autoreceptor subsen-
sitivity) that are more directly related to the increased DA cell
firing rate, which in turn is strongly linked to induction of behav-
ioral sensitization. Another factor to keep in mind is that cocaine
also alters AMPAR subunit distribution in non-DA cells of the
VTA (Lane et al., 2010, 2011). In fact, the ability of intra-VTA
NMDAR antagonist injection to prevent locomotor sensitiza-
tion (e.g., Kalivas and Alesdatter, 1993) may reflect blockade of
NMDARs in non-DA neurons, since this effect is still observed in
mice that lack NR1 in VTA DA neurons (Luo et al., 2010).

Do results obtained in transgenic mice (see previous para-
graph) rule out any role for the increased AMPA/NMDA ratio in
the induction of behavioral sensitization? Two arguments suggest
that this would be premature. First, parallels between locomotor
sensitization and the AMPA/NMDA ratio cannot be discounted,
i.e., both are induced by drug actions in the VTA, both require
NMDAR transmission in the VTA, and cross-sensitization occurs
between treatments (different drugs and stress) that also increase
the AMPA/NMDA ratio (see section “Evidence for increased
AMPA/NMDA ratios and facilitation of LTP in VTA DA neu-
rons from cocaine-exposed rodents”). Second, there are caveats
associated with all of the transgenic studies cited above. These
include compensatory changes in glutamate transmission in the
VTA (Dong et al., 2004; Engblom et al., 2008; Bird et al., 2010)
and, in some cases, the possibility of changes in glutamate recep-
tor expression in other brain regions (Dong et al., 2004; Bird et al.,
2010). More importantly, synaptic potentiation was typically
measured in much younger animals than were used for assess-
ing sensitization of locomotor activity (Engblom et al., 2008; Bird
et al., 2010; Luo et al., 2010) and, in all cases, the AMPA/NMDA
ratio was assessed after a single cocaine exposure whereas loco-
motor sensitization was assessed after repeated cocaine exposure
(Dong et al., 2004; Engblom et al., 2008; Zweifel et al., 2008;
Bird et al., 2010). Although not addressed here, there are also
interesting differences in the development of cocaine-induced
conditioned place preference (CPP) in these mouse strains (see
Luo et al., 2010 for discussion).

Summing up, the neuroadaptation most convincingly linked
to the development of locomotor sensitization is a transient
increase in VTA DA cell firing during early withdrawal from
psychostimulant exposure. This increase in DA cell activity
results, at least in part, from transient subsensitivity of impulse-
modulating DA autoreceptors. However, more work is needed
to precisely delineate the relationship between specific neuroad-
aptations in the VTA (e.g., DA autoreceptor subsensitivity vs.
increased AMPA/NMDA ratio) and specific behavioral changes. It
may be illuminating to more closely examine behaviors related to
drug seeking/incentive sensitization rather than limiting the focus
to locomotor sensitization. For example, viral vector-mediated
GluA1 upregulation in the VTA increased the motivation of rats
to work for cocaine in progressive ratio experiments, suggest-
ing a potential link between synaptic potentiation and incentive
sensitization (Choi et al., 2011).

Finally, despite differences in the persistence of VTA plasticity
after different cocaine regimens (section “Recent findings have

clarified the mechanism, duration, and cell specificity of cocaine-
induced synaptic potentiation in the VTA”; Table 1), it is impor-
tant to recognize that the AMPA/NMDA ratio is increased to a
similar degree after single and repeated i.p. cocaine injections
(Borgland et al., 2004), as well as limited access (Chen et al.,
2008) and extended access cocaine self-administration (Mameli
et al., 2009). Similarly, a comparable increase in the rectifica-
tion index (indicating CP-AMPAR incorporation) is observed
following a single i.p. cocaine injection, repeated i.p. cocaine
injections, and extended access cocaine self-administration (e.g.,
Bellone and Lüscher, 2006; Mameli et al., 2009). This may indicate
that synaptic potentiation in the VTA is permissive rather than
causal with respect to behavioral changes most directly related
to drug addiction (which generally emerge only after extended
access cocaine self-administration; Ahmed, 2011). This does not
diminish its functional significance, as an understanding of fac-
tors that predispose to drug-taking is a major goal of addiction
research.

SUMMARY: CP-AMPARs IN THE VTA
In drug-naïve young rats (P14–21), most evidence indicates that
VTA DA neurons express CP-AMPARs at some of their synapses.
In mice, VTA DA neurons contain abundant CP-AMPARs early
in development (P2–6) but these are replaced with CI-AMPARs
by P14–26. Exposure to drugs of abuse or stress (treatments that
produce behavioral sensitization and cross-sensitization) leads
to an increased AMPA/NMDA ratio at excitatory synapses onto
VTA DA neurons. In the case of cocaine, which has been most
thoroughly studied, the AMPA/NMDA ratio increases within
hours of drug exposure. This increase may be triggered by
a more rapid cocaine-induced increase in NMDAR transmis-
sion, occurring within minutes of cocaine injection. The persis-
tence of the increased AMPA/NMDA ratio during withdrawal
depends on whether cocaine is experimenter-administered or
self-administered. The AMPA/NMDA ratio remains elevated for
about a week in the first case and for months in the latter case.
However, the magnitude of the increase in the AMPA/NMDA
ratio is similar regardless of whether cocaine exposure is con-
tingent or non-contingent (see final paragraph of section “CP-
AMPARs in the VTA: Functional significance” for a summary).
The AMPA/NMDA ratio increases after cocaine exposure because
high conductance CP-AMPARs are inserted into synapses and
lower conductance CI-AMPARs are removed. The insertion of
CP-AMPARs into synapses may be accompanied by decreased
NMDAR transmission, further contributing to elevation of the
AMPA/NMDA ratio. The cocaine-induced switch in AMPAR
subtypes (CP-AMPAR inserted, CI-AMPAR removed) depends
on GluA2-PICK1 interactions. Stimulation of mGluR1 leading
to mGluR-LTD reverses this process: CP-AMPARs internalize
and are replaced with CI-AMPARs through a mechanism that
requires locally translated GluA2. In vivo, tonic activation of
mGluR1 receptors in the VTA limits the duration of cocaine-
induced CP-AMPAR synaptic incorporation, helping to restore
these synapses to the pre-cocaine state. The functional signif-
icance of the increased AMPA/NMDA ratio may be related to
the fact that CP-AMPAR incorporation alters the rules for sub-
sequent induction of LTP, although the behavioral correlates of
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this alteration remain to be worked out. In contrast, subsen-
sitivity of impulse-modulating DA autoreceptors is more likely
to explain the increase in DA cell firing rate that occurs dur-
ing early psychomotor stimulant withdrawal and is closely linked
to the development of behavioral sensitization. A primary role
for DA autoreceptor subsensitivity, rather than the increased
AMPA/NMDA ratio, in driving increased DA firing rate and the
development of sensitization may help explain reports that mice
lacking GluA1 do not show cocaine-induced synaptic potenti-
ation but do develop locomotor sensitization. See Table 1 for
a summary of CP-AMPAR plasticity in the VTA after different
cocaine regimens.

CP-AMPARs IN THE NAc
NAc: BACKGROUND
The NAc, comprised primarily (90–95%) of GABAergic medium
spiny projection neurons (MSNs), plays a key role in goal-directed
behaviors including those related to drugs of abuse. MSNs inte-
grate excitatory inputs from regions that process information
related to motivation and behavioral control (the prefrontal
cortex, hippocampus, basolateral amygdala, and thalamus) and
project to regions important for motor output (including the
ventral pallidum, substantia nigra, and VTA). Based on this con-
nectivity, the NAc has been described as a limbic-motor interface,
a concept supported by functional studies (Mogenson et al., 1980;
Everitt et al., 1999; Groenewegen et al., 1999; Meredith et al., 2008;
Sesack and Grace, 2010).

Disrupted processing of reward-related information within
the NAc has been implicated in drug addiction, focusing inter-
est on excitatory synaptic transmission onto MSNs. This led
to the demonstration that cocaine seeking behavior, measured
in a number of different animal models, requires activation of
AMPARs on NAc MSNs (Kalivas and Volkow, 2005), although
neuronal circuitry involving the dorsal striatum becomes impor-
tant as drug use becomes habitual (Everitt and Robbins, 2005).
Over the last 10 years, evidence has accumulated to show that cell
surface and synaptic levels of AMPARs are upregulated in the NAc
after withdrawal from cocaine exposure (Wolf, 2010a,b; Wolf and
Ferrario, 2010). It is logical to presume that this enhances behav-
ioral output related to cocaine and cocaine-associated stimuli.
In some cases this has been demonstrated (e.g., Anderson et al.,
2008; Conrad et al., 2008). However, despite considerable recent
interest in drug-induced synaptic plasticity in the NAc (Kauer and
Malenka, 2007; Bowers et al., 2010; Lüscher and Malenka, 2011),
the relationship between particular types of plasticity and partic-
ular behavioral changes remains unclear (Wolf, 2010a,b; Wolf and
Ferrario, 2010). Here we will distinguish between cocaine reg-
imens leading to upregulation of CI-AMPARs vs. CP-AMPARs
and then focus on the mechanisms and functional consequences
of CP-AMPAR upregulation.

CI-AMPARs PREDOMINATE IN THE NAc OF DRUG-NAïVE RODENTS
AND UPREGULATE DURING THE FIRST WEEK OF WITHDRAWAL
FROM NON-CONTINGENT COCAINE ADMINISTRATION
Biochemical data indicate that nearly all AMPARs in the NAc
of adult drug-naïve rats contain the GluA2 subunit; most
are GluA1A2, although GluA2A3 receptors are also present

(Boudreau et al., 2007; Conrad et al., 2008; Reimers et al.,
2011). Electrophysiological studies in younger mice generally
support the same conclusion, based on linear current-voltage
relationships (Kourrich et al., 2007; Mameli et al., 2009; Grueter
et al., 2010; but see Campioni et al., 2009). However, there is
both biochemical and electrophysiological evidence for a small
(∼5–10%) contribution of CP-AMPARs to NAc glutamatergic
synaptic transmission in adult drug-naïve rats (Conrad et al.,
2008; Reimers et al., 2011). This CP-AMPAR population prob-
ably includes homomeric GluA1 and GluA1A3 receptors, but
homomeric GluA3 receptors cannot be excluded.

In the first study to investigate cocaine’s effects on AMPAR
surface expression in the NAc, Boudreau and Wolf (2005) admin-
istered repeated i.p. cocaine injections using a regimen that
produced locomotor sensitization in about 50% of the cocaine-
treated rats (see section “Drug-induced changes in synaptic
strength in the VTA: Background” for background on behav-
ioral sensitization). Only the sensitized rats exhibited increased
GluA1 and GluA2 surface expression in the NAc (combined
core/shell dissection). If a more robust regimen was used, loco-
motor sensitization and AMPAR upregulation occurred in all
cocaine-treated rats (Ferrario et al., 2010). This AMPAR upregu-
lation was observed on WD7, WD14, and WD21, but not on WD1
or WD41, indicating that surface expression of GluA1A2 recep-
tors increases during the first week of withdrawal, remains high
for several weeks, and then normalizes (Boudreau and Wolf, 2005;
Boudreau et al., 2007, 2009; Ferrario et al., 2010; McCutcheon
et al., 2011a). Biochemical results from other groups support
this time-course of AMPAR upregulation during withdrawal
from repeated cocaine injections, the involvement of GluA1 and
GluA2, and its occurrence in both core and shell subregions
(Ghasemzadeh et al., 2009a; Schumann and Yaka, 2009; Schierberl
et al., 2011). Mechanisms implicated in AMPAR upregulation
in the NAc of cocaine-sensitized animals include ERK activa-
tion (Boudreau et al., 2007, 2009; Schumann and Yaka, 2009;
Pascoli et al., 2011), phosphorylation of GluA1 at the PKA site
(S845) (Schierberl et al., 2011), and nitrosylation of stargazin
(Selvakumar et al., 2011).

Electrophysiological correlates of increased AMPAR surface
expression are the increased AMPA/NMDA ratio observed in
the NAc shell of cocaine-sensitized mice on WD10–14 (Kourrich
et al., 2007) and potentiation of AMPAR-mediated synaptic trans-
mission in D1R-expressing MSN in both core and shell sub-
regions on WD7–10 in cocaine-sensitized mice (Pascoli et al.,
2011). In contrast, experiments performed on WD1 found that
the AMPA/NMDA ratio was decreased in the NAc shell of
cocaine-sensitized mice and electrically evoked LTD was occluded
(Kourrich et al., 2007; Mameli et al., 2009). If AMPAR sur-
face expression is unchanged on WD1 (Boudreau and Wolf,
2005), why is the AMPA/NMDA ratio depressed? Huang et al.
(2009) provided a possible answer by showing that NR2B-
containing silent synapses are generated in the NAc shell during
the course of repeated i.p. cocaine injections3. Thus, the decreased

3Silent synapses are generally defined as synapses that express an NMDAR-
mediated response but not an AMPAR-mediated response (Kerchner and
Nicoll, 2008).
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AMPA/NMDA ratio on WD1 may reflect increased NMDAR-
mediated transmission whereas the AMPAR upregulation later
in withdrawal may result from insertion of new AMPARs into
these silent synapses (Huang et al., 2009; Brown et al., 2011;
Huang et al., 2011b; Lee and Dong, 2011). Indeed, the cocaine-
induced increase in silent synapses wanes during the first week of
withdrawal (Huang et al., 2009), just as increases in GluA1 and
GluA2 surface expression are detected (Boudreau and Wolf, 2005;
Boudreau et al., 2009). Interestingly, an increased AMPA/NMDA
ratio was observed on WD1 following 28 injections of cocaine
(Dobi et al., 2011). Perhaps during the longer regimen there is
sufficient time for silent synapses to be formed and “filled” with
AMPARs, whereas these processes spill over into early withdrawal
when the period of cocaine exposure is shorter.

In VTA DA neurons, single and repeated i.p. injections of
cocaine similarly increase the magnitude of the AMPA/NMDA
ratio (Borgland et al., 2004), although its duration and other types
of plasticity in VTA depend on the regimen (sections “Drug-
induced changes in synaptic strength in the VTA: Background”,
“Evidence for increased AMPA/NMDA ratios and facilitation of
LTP in VTA DA neurons from cocaine-exposed rodents”, and
“Recent findings have clarified the mechanism, duration, and cell
specificity of cocaine-induced synaptic potentiation in the VTA”).
It is less clear to what extent a single i.p. cocaine injection repro-
duces the effects of multiple injections on AMPAR transmission
in the NAc. In some cases, effects are the same (Pascoli et al., 2011)
but other results suggest a complex picture (Kourrich et al., 2007;
Wolf and Ferrario, 2010; Ferrario et al., 2011c). Therefore, in
Table 1, the summary information provided on the effects of non-
contingent (i.p.) cocaine injections in the VTA applies to both
single and repeated injections, whereas the summary informa-
tion for non-contingent cocaine in the NAc refers only to results
obtained after repeated injections.

Overall, results summarized in this section provide strong evi-
dence for increased levels of CI-AMPARs (GluA1A2) in NAc
synapses during the first three weeks of withdrawal from repeated
non-contingent (i.p.) cocaine exposure. In contrast, CP-AMPARs
accumulate in NAc synapses after a month of withdrawal from
extended access cocaine self-administration, as described in the
next section. This raises the question of whether AMPAR upreg-
ulation “shifts” from CI-AMPARs to CP-AMPARs as withdrawal
from non-contingent cocaine treatment progresses. We addressed
this issue and found that this was not the case. Using biochemical
and electrophysiological measures, we found that non-contingent
cocaine exposure does not lead to CP-AMPAR incorporation
in the NAc of adult rats regardless of the withdrawal period
(McCutcheon et al., 2011a). More recently, we failed to find signif-
icant increases in CP-AMPAR levels, assessed based on sensitivity
to naspm, after prolonged withdrawal from limited access cocaine
self-administration (Purgianto et al., submitted; see section “CP-
AMPARs in the NAc: Functional significance”). However, even
though CP-AMPARs are not involved, there does appear to be
AMPAR upregulation occurring during withdrawal from lim-
ited access cocaine self-administration. This is based on a recent
study showing increased mEPSC amplitude and AMPA/NMDA
ratios in the NAc shell 3–4 weeks after discontinuing limited
access cocaine self-administration (2 h/day for 14 d) (Ortinski

et al., 2012; core was not examined), as well as prior indirect evi-
dence in the core (Knackstedt et al., 2010). Together, these results
indicate that, in adult rats, CP-AMPAR accumulation occurs
only after extended access cocaine self-administration, where
CI-AMPAR upregulation occurs after non-contingent cocaine
or limited access cocaine self-administration. Interestingly, non-
contingent cocaine exposure is sufficient to produce CP-AMPAR
accumulation in the NAc shell of young mice (Mameli et al.,
2009), perhaps reflecting age-related differences in synaptic plas-
ticity (McCutcheon and Marinelli, 2009). It has been shown that
CP-AMPARs are prevalent in cultured NAc neurons derived from
P1 rats (Sun and Wolf, 2009) but the time-course of their decline
during development is not known.

What is the functional significance of CI-AMPAR upregu-
lation after withdrawal from non-contingent cocaine exposure?
Although correlations have been reported between upregulated
AMPAR transmission and locomotor sensitization (Boudreau
and Wolf, 2005; Pascoli et al., 2011), the two phenomenon
are dissociable under some conditions (reviewed by Wolf and
Ferrario, 2010). For example, locomotor sensitization is expressed
on WD1, prior to AMPAR upregulation (Boudreau and Wolf,
2005); 24 h after cocaine challenge, when AMPAR levels and
AMPAR-mediated synaptic transmission fall below basal levels
(Thomas et al., 2001; Boudreau et al., 2007; Kourrich et al., 2007;
Ferrario et al., 2010; and on WD41, when AMPAR upregula-
tion has waned (McCutcheon et al., 2011a). Studies in mutant
mice also show a dissociation between AMPAR upregulation
and another adaptation strongly linked to locomotor sensitiza-
tion, namely decreased intrinsic excitability of MSN (Kourrich
et al., 2012). Perhaps AMPAR upregulation is dissociable from the
expression of locomotor sensitization because expression depends
more on the massive increase in extracellular DA levels produced
by a challenge injection of cocaine than on enhanced excitatory
synaptic transmission (but see Pierce et al., 1996). If so, AMPAR
upregulation may be more important for those addiction-related
behaviors that can be manifest in the absence of cocaine challenge
and rely more directly on excitatory transmission.

Based on this rationale, we have proposed that CI-AMPAR
upregulation is critical for incentive sensitization (sensitization
of drug “wanting”) (Ferrario et al., 2010; Wolf and Ferrario,
2010). Incentive sensitization can be illustrated by treating rats
with non-contingent psychostimulant injections (leading to loco-
motor sensitization) and then giving them the opportunity to
self-administer cocaine. Previously sensitized rats show greater
motivation for psychostimulants, that is, they more rapidly learn
to self-administer low doses of drug and they will work harder
for drug in progressive ratio experiments (e.g., Horger et al.,
1990; Suto et al., 2004; reviewed by Vezina, 2004). We specu-
late that motivation increases because AMPAR upregulation in
the NAc strengthens synaptic connections between MSN and
the cortico-limbic glutamate inputs that trigger cocaine seek-
ing. Supporting this theory, our preliminary studies suggest that
prevention of AMPAR upregulation reduces incentive sensitiza-
tion whereas locomotor sensitization still develops (Wang et al.,
2011). Other results support a relationship between incentive
sensitization and changes in AMPAR responsiveness in the NAc
(Suto et al., 2004). It should be noted that cocaine CPP provides
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a measure of the acute rewarding effects of cocaine, and not of
incentive sensitization, so dissociation between CPP and AMPAR
upregulation (e.g., Kourrich et al., 2012) does not contradict our
hypothesis.

What happens to upregulated CI-AMPAR levels if animals
are re-exposed to cocaine (“cocaine challenge”) during with-
drawal? Biochemical, electrophysiological, and behavioral studies
have found that AMPAR upregulation is temporarily reversed,
that is, surface and synaptic CI-AMPAR levels are decreased
24 h after the injection but then recover to upregulated levels
within a week (Boudreau et al., 2007; Kourrich et al., 2007;
Bachtell and Self, 2008). It is less clear what happens immedi-
ately after the challenge injection, during the behavioral response
to cocaine. We did not detect any change in AMPAR surface
expression 30 min after administering an i.p. cocaine challenge
to sensitized rats (i.e., toward the end of the period in which
locomotor sensitization is maximally expressed) (Ferrario et al.,
2010). However, another study found that cocaine challenge
increased cell surface GluA1 but not GluA2 at the 30 min time-
point, suggesting that trafficking of homomeric GluA1 receptors
to the surface immediately after cocaine challenge may serve
to further boost excitation of MSN (Schierberl et al., 2011).
This is reminiscent of an earlier study in which i.p. cocaine
challenge elicited reinstatement of cocaine self-administration
accompanied by a rapid increase in GluA1 surface expres-
sion (Anderson et al., 2008; for more discussion, see section
“CP-AMPARs in the NAc: Functional significance”). In both
studies, D1 receptors, L-type calcium channels, CaMKII and
increased GluA1 phosphorylation at S831 were implicated in
cocaine’s effect on GluA1 (Anderson et al., 2008; Schierberl
et al., 2011). These in vivo results may be related to the abil-
ity of D1 receptor stimulation (which would be enhanced after
cocaine injection) to rapidly increase expression of GluA1-
containing AMPARs in cultured MSNs (Sun et al., 2008; Wolf,
2010b).

Future studies are needed to fully understand the effects of
cocaine re-exposure on AMPAR transmission in the NAc. Overall,
however, these results—which show no change or an increase in
AMPAR surface expression after cocaine challenge—as well as
other evidence previously considered in detail (Wolf and Ferrario,
2010), argue against the theory that the expression of locomotor
sensitization depends on AMPAR internalization, a theory based
primarily on studies of amphetamine and on effects of cocaine in
the shell (Brebner et al., 2005; Kourrich et al., 2012).

CP-AMPARs ACCUMULATE IN THE NAc DURING WITHDRAWAL
FROM EXTENDED ACCESS COCAINE SELF-ADMINISTRATION
Whereas non-contingent cocaine exposure or limited access
cocaine self-administration lead to increased surface and synaptic
levels of CI-AMPARs (section “CI-AMPARs predominate in the
NAc of drug-naïve rodents and upregulate during the first week of
withdrawal from non-contingent cocaine administration”), CP-
AMPARs accumulate in the NAc of adult rodents after prolonged
withdrawal from extended access cocaine self-administration
(Conrad et al., 2008; Mameli et al., 2009; Ferrario et al., 2011b;
McCutcheon et al., 2011a,b). In the first of these studies, Conrad
et al. (2008) tested the hypothesis that increased AMPAR levels

in the NAc underlie the incubation of cue-induced cocaine seek-
ing. Incubation refers to the progressive intensification of cue-
induced cocaine craving that occurs during withdrawal from
extended access cocaine self-administration (Lu et al., 2004a;
Pickens et al., 2011). To test this hypothesis, Conrad et al. (2008)
trained rats to self-administer saline or cocaine for 6 h/day for 10
days, an extended access cocaine self-administration regimen (see
“Introduction”). Each infusion was paired with a light cue. After
42–47 days of withdrawal, current-voltage relationships were lin-
ear in MSN from the saline group, as expected, whereas an inward
rectification of AMPAR-mediated transmission was observed in
MSN recorded from the cocaine group. Accordingly, bath applica-
tion of the CP-AMPAR antagonist Naspm produced only a small
reduction in electrically-evoked EPSC amplitude in the saline
group (∼5%), whereas a more robust reduction (∼30%) was
observed in the cocaine group (Conrad et al., 2008). While these
original studies were performed in the NAc core, we have found
very similar results in the NAc shell, albeit with greater variability
(McCutcheon et al., 2011a). To test the behavioral significance of
CP-AMPAR synaptic incorporation, Conrad et al. (2008) admin-
istered bilateral injections of Naspm into the NAc core 15 min
before a test for cue-induced cocaine seeking on WD45. Naspm
markedly reduced the magnitude of cue-induced cocaine seek-
ing, demonstrating that CP-AMPARs in the NAc core mediate
the expression of incubated cue-induced cocaine seeking at this
late withdrawal time (Conrad et al., 2008). We propose that the
synaptic incorporation of CP-AMPARs enhances the responsive-
ness of NAc MSN to glutamate inputs from cortical and limbic
regions. Thus, when cocaine-associated cues are presented after
prolonged withdrawal from cocaine and glutamate is released
in the NAc, MSN respond more robustly, leading to enhanced
cocaine-seeking.

Similar conclusions about the functional significance
of CP-AMPAR synaptic incorporation were reached using
NR1DATCreERT2 mice in which NMDARs are lacking in DA
neurons (Mameli et al., 2009). A single i.p. cocaine injection
does not elicit CP-AMPAR synaptic incorporation in VTA DA
neurons from these mice (Engblom et al., 2008; see section
“CP-AMPARs in the VTA: Functional significance”). Following
cocaine self-administration (4 h/day for eight days; infusions
were paired with a light cue), Mameli et al. (2009) found that
control mice showed significantly greater cue-induced seeking
than NR1DATCreERT2 mice on WD35. Recordings performed
within 48 h of the behavioral test revealed CP-AMPARs in VTA
DA neurons and NAc shell MSN in the control cocaine-exposed
mice, but not in the NR1DATCreERT2 mice. A significant cor-
relation between the number of lever presses during the test
and the rectification index in MSN (a measure of the level of
CP-AMPARs) was observed (Mameli et al., 2009). These results
suggest that NMDAR-dependent activation of DA neurons in the
VTA is a prerequisite for CP-AMPAR synaptic incorporation in
both VTA DA neurons and MSN of the NAc shell, and for robust
cocaine seeking after prolonged withdrawal.

Biochemical results have provided further evidence for CP-
AMPAR accumulation in the NAc after prolonged withdrawal
from extended access cocaine self-administration, as well as clues
to their subunit composition (Conrad et al., 2008). Rats were
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killed on WD1 or WD45 after discontinuing cocaine or saline
self-administration, and AMPAR subunit surface expression was
determined. On WD1, when cocaine seeking was low, cocaine
rats showed modest decreases in surface, intracellular, and total
GluA1 compared to saline controls. This could represent synap-
tic scaling (scaling down) in response to high levels of synaptic
activity during the 10 days of cocaine self-administration train-
ing. On WD45, when cocaine seeking was high (incubated),
cocaine rats exhibited significant increases in all of these GluA1
measures relative to saline controls, while GluA2 measures were
not significantly altered, consistent with an increase in CP-
AMPARs. Overall, our analysis of surface, intracellular and total
AMPAR subunit levels suggest that, after prolonged withdrawal
from cocaine, the normal complement of GluA2-containing
AMPARs is supplemented by the addition of GluA1-containing
CP-AMPARs (see section “Accumulation of CP-AMPARs after
cocaine exposure” for more discussion). Supporting this con-
clusion, co-immunoprecipitation (co-IP) studies detected an
increase in the portion of GluA1 that was not physically asso-
ciated with GluA2 or any other AMPAR subunit, indicating
formation of homomeric GluA1 receptors in the NAc during
incubation. However, a role for GluA3-containing CP-AMPARs
cannot be ruled out in light of increased cell surface GluA3 in
cocaine exposed rats on both WD1 and WD45 (Conrad et al.,
2008). For a detailed review of studies that measured GluA1 in
NAc homogenates or membrane fractions after extended access
cocaine self-administration, see section 5.3 of Wolf and Ferrario
(2010).

By measuring the AMPAR rectification index at differ-
ent withdrawals from the same extended access cocaine self-
administration regimen (6 h/day × 10 days), we have shown
that CP-AMPARs are first detected between WD25 and WD35;
once present, they persist through at least WD70 (Figure 1).
Biochemical results also support a delay in the CP-AMPAR
increase. Compared to saline controls, surface GluA1 in the
NAc was decreased on WD1 after cocaine self-administration,
unchanged on WD3, and slightly increased on WD21, although
total GluA1 was not yet increased on WD21 (on WD45, both sur-
face and total GluA1 were increased markedly) (Conrad et al.,
2008). Interestingly, behavioral studies have shown that incuba-
tion of cue-induced cocaine craving is already evident by WD7
(Lu et al., 2004a) and therefore occurs more rapidly than CP-
AMPAR accumulation in the NAc. Thus, different mechanisms
must be responsible for the expression of incubation of cocaine
craving at earlier withdrawal times. This is not surprising in light
of the involvement of multiple brain regions in this phenomenon
(Pickens et al., 2011).

The delay in accumulation of CP-AMPARs suggests that
homeostatic plasticity might underlie AMPAR adaptations during
incubation (Boudreau and Wolf, 2005; Conrad et al., 2008; Wolf,
2010a; Huang et al., 2011b). For example, decreased metabolic
activity in regions sending glutamate projections to the NAc
during cocaine withdrawal could lead to a synaptic scaling-
mediated increase in CP-AMPAR levels on MSN (see Sun and
Wolf, 2009 for discussion). However, the time required for CP-
AMPAR accumulation during incubation is considerably longer
than that required for known forms of homeostatic plasticity in

FIGURE 1 | Changes in AMPAR-mediated synaptic transmission

rectification index (RI) measured in NAc core MSNs following

withdrawal from extended access cocaine self-administration.

Compared to saline-treated animals (n = 17, pooled from withdrawal days
[WD] 35–70), no apparent changes in RI were observed during the first
month of withdrawal from cocaine self-administration (WD16, n = 5;
WD25, n = 5). However, a significant increase in RI was observed after a
month of withdrawal (WD30–35, n = 7). The increased RI persisted through
WD70 (WD35–45, n = 10; WD45–55, n = 13; WD55–70, n = 7), the latest
time-point measured. ∗P < 0.01 vs. saline, Tukey post-hoc test after
significant ANOVA.

NAc neurons (Ishikawa et al., 2009; Sun and Wolf, 2009), possibly
implying a cascade of changes in excitatory activity in differ-
ent brain regions that could result in sprouting of new synaptic
connections in the NAc.

mGluR1 NEGATIVELY REGULATES SYNAPTIC LEVELS OF
CP-AMPARs IN THE NAc
Prompted by evidence that mGluR1 removes CP-AMPARs from
synapses in other brain regions (see section “mGluR1 negatively
regulates CP-AMPAR levels in VTA DA neurons”), we recently
investigated the effect of the group I mGluR agonist DHPG
on AMPAR transmission in the NAc of rats that underwent
>45 days of withdrawal from the same extended access cocaine
self-administration regimen used in Conrad et al. (2008). We
found that DHPG rapidly normalized the elevated rectification
index elicited by this regimen (McCutcheon et al., 2011b). This
normalization remains present for at least 30 min post-DHPG
washout (data not shown). These results indicate DHPG-induced
removal of CP-AMPARs via either internalization or inhibition of
their function (McCutcheon et al., 2011b). Supporting the for-
mer possibility, dynamin-dependent internalization is required
for analogous effects of DHPG in VTA DA neurons (Mameli
et al., 2007) and our preliminary results indicate that DHPG
rapidly internalizes GluA1-containing CP-AMPARs in cultured
NAc neurons (Loweth et al., 2010; see also Mangiavacchi and
Wolf, 2004).

The DHPG-induced normalization of the rectification index
in NAc MSN of cocaine-exposed rats was associated with two
concurrent events: facilitation of EPSCs recorded at +40 mV
(EPSC+40 mV) and attenuation of EPSCs recorded at −70 mV
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(EPSC−70 mV). Since CP-AMPARs contribute to synaptic trans-
mission at −70 mV but not +40 mV due to voltage-dependent
block by polyamines, we suggest that attenuation of EPSC−70 mV

reflects removal of CP-AMPARs whereas EPSC+40 mV facilitation
reflects enhancement of CI-AMPAR transmission (McCutcheon
et al., 2011b). Thus, DHPG may promote an exchange between
CP-AMPARs and CI-AMPARs in the NAc after prolonged cocaine
withdrawal, analogous to its effects in VTA DA neurons from
cocaine-treated mice (Bellone and Lüscher, 2006; Mameli et al.,
2007) and in cerebellar stellate neurons of drug-naïve rats (Kelly
et al., 2009). Supporting an exchange in MSN, our results indicate
mechanistic links between DHPG-induced CP-AMPAR removal
and CI-AMPAR facilitation in the NAc MSN from the cocaine
group. Thus, both effects were dependent on postsynaptic Ca2+
elevation and PKC activation. Furthermore, if Naspm was present
prior to DHPG application, both effects were blocked, suggest-
ing that CP-AMPARs must be activated in order for CI-AMPAR
transmission to be facilitated (McCutcheon et al., 2011b). In the
VTA, DHPG-induced exchange of CP-AMPARs and CI-AMPARs
requires local translation of new GluA2 subunits and is associ-
ated with GluA2 redistribution from cytoplasm back to synapses
(Mameli et al., 2007). It remains to be determined if a similar
mechanism operates in the NAc.

Whereas DHPG attenuated EPSC−70 mV and facilitated
EPSC+40 mV in cocaine rats, markedly different effects were
observed in NAc MSN from saline control rats. In this group,
DHPG did not alter EPSC+40 mV but it did attenuate EPSC−70 mV.
This synaptic attenuation was associated with facilitation of
the paired-pulse ratio, completely prevented by bath applica-
tion of the CB1R antagonist AM-251, and blocked by the
mGluR5 antagonist MTEP (McCutcheon et al., 2011b). In con-
trast, DHPG attenuation of EPSC−70 mV in MSNs from cocaine
rats was blocked by the mGluR1 antagonist LY367385 but
not by AM-251, and did not involve a change in the paired-
pulse ratio. Lack of effect of AM-251 was not due to impaired
CB1R function, since bath application of the CB1R agonist
WIN-55,212-2 was able to elicit synaptic inhibition in MSNs
from the cocaine group; in fact, this inhibition was more robust
in cocaine rats than saline controls (McCutcheon et al., 2011b).
Together, these results indicate a dramatic shift in the mecha-
nism of DHPG-dependent regulation of synaptic transmission.
In saline controls, the effect of DHPG resembles the well-studied
striatal mGluR-LTD that involves mGluR5, postsynaptic endo-
cannabinoid release, presynaptic CB1R activation and reduction
of glutamate release (Robbe et al., 2002; Lovinger, 2008)4.
This mechanism is apparently disabled after extended access
cocaine self-administration and prolonged withdrawal. Instead,
a novel mechanism emerges that relies on mGluR1, postsynap-
tic PKC signaling, and CP-AMPAR removal (McCutcheon et al.,
2011b).

Based on our finding that mGluR1 stimulation removed
CP-AMPARs from MSN synapses, we hypothesized that a

4In D2R-positive MSNs of D2-EGFP heterozygotic BAC transgenic mice,
mGluR5-stimulated endocannabinoid formation also triggers a postsynap-
tically expressed form of LTD-mediated via TRPV1 channel activation and
internalization of CI-AMPARs (Grueter et al., 2010).

persistent decrease in mGluR1 signaling in the NAc during
cocaine withdrawal might contribute to synaptic accumulation
of CP-AMPARs. Supporting this hypothesis, mGluR1 surface
expression was similar in saline and cocaine groups on WD14,
but was decreased in the cocaine group on WD25, just before
CP-AMPARs are detected, and remained low on WD48, after
the increase in CP-AMPAR levels has stabilized (Loweth et al.,
2011) 5. The Homer family of postsynaptic scaffolding proteins
is critical for group I mGluR signaling (Fagni et al., 2002;
Szumlinski et al., 2008; Bockaert et al., 2010), so decreased cou-
pling of mGluR1 to Homer proteins could also contribute to
decreased mGluR1 tone during incubation. Indeed, there is evi-
dence for decreased Homer levels in the NAc after cocaine expo-
sure (Szumlinski et al., 2008) including extended access cocaine
self-administration (Ben-Shahar et al., 2009). However, in pre-
liminary co-IP experiments, we have not detected significant
changes in association between mGluR1 and Homer proteins
in the NAc during incubation, suggesting that the decrease in
mGluR1 surface expression is the primary reason for altered
mGluR1 signaling (Loweth et al., 2011).

In contrast, co-IP experiments did reveal decreased coupling
between mGluR5 and Homer proteins (1b/c and 2) in cocaine rats
on WD45 (Loweth et al., 2011), which could help explain why
NAc MSN from cocaine rats do not exhibit mGluR5-mediated
synaptic depression (McCutcheon et al., 2011b). Blunting of
mGluR5-mediated LTD in the NAc has been reported after
various types of cocaine exposure, including a single injection
(Fourgeaud et al., 2004; Grueter et al., 2010), repeated i.p. injec-
tions (Huang et al., 2011a), and cocaine self-administration fol-
lowed by extinction training (Moussawi et al., 2009), so it is
unlikely that this effect is specific to incubation or related to
the presence of CP-AMPARs in synapses6. It should be noted
that there are many discrepancies, too complex to be reviewed
here, about whether all cocaine regimens reduce mGluR5 lev-
els or function, whether this occurs in core or shell, whether it
occurs in D1R or D2R expressing cells, and whether it occurs after
abstinence or only after extinction training (Swanson et al., 2001;
Fourgeaud et al., 2004; Ary and Szumlinski, 2007; Szumlinski
et al., 2008; Ben-Shahar et al., 2009; Ghasemzadeh et al., 2009b;
Moussawi et al., 2009; Grueter et al., 2010; Hao et al., 2010;
Knackstedt et al., 2010; Huang et al., 2011a; McCutcheon et al.,
2011b).

While this section has focused on regulatory effects of “local”
mGluR1 receptors within the NAc, CP-AMPAR levels in the NAc
are also regulated by mGluR1 receptors in the VTA (Mameli et al.,
2009). This was demonstrated with a TAT-conjugated dominant
negative peptide that interferes with the binding of Homer1b/c to
the C-terminus of group I mGluRs. While 10 i.p. cocaine injec-
tions, but not a single injection, led to CP-AMPAR accumulation

5Relatively few prior studies have measured mGluR1 in the NAc after cocaine
exposure, and results are difficult to compare to our own due to procedural
differences (see Swanson et al., 2001; Ary and Szumlinski, 2007; Ben-Shahar
et al., 2009).
6Blunting of mGluR5-CB1R-mediated LTD has also been reported in the bed
nucleus of the stria terminalis following cocaine exposure (Grueter et al., 2006,
2008).
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in the NAc shell of young mice on WD35, a single cocaine injec-
tion became sufficient when preceded by intra-VTA injection of
the dominant negative peptide. Together with other results (see
section “mGluR1 negatively regulates CP-AMPAR levels in VTA
DA neurons”), these findings demonstrate that mGluR1 recep-
tors in the VTA normally exert a “braking effect” on plasticity
in both the VTA and the NAc. Interrupting mGluR1 signaling
renders animals more vulnerable to cocaine-induced plasticity,
while potentiating mGluR1 signaling opposes this plasticity. Our
results show a similar negative regulatory role for mGluR1 recep-
tors located in the NAc (McCutcheon et al., 2011b). Together,
these findings point to the potential therapeutic utility of mGluR1
positive allosteric modulators for the treatment of addiction
(see section “Removal of CP-AMPARs by mGluR1 stimulation
and its therapeutic implications”).

HETEROGENEITY OF MSN IN THE NAc
There has been considerable recent interest in whether synap-
tic plasticity, including drug-related plasticity, is differently
expressed in subpopulations of NAc neurons. Recent technical
advances have shed light on this issue. Studies using BAC trans-
genic mice have shown that D1R and D2R expressing populations
of MSN in both dorsal striatum and ventral striatum (NAc) can
exhibit different types of synaptic plasticity and distinct func-
tional roles, and optogenetic techniques offer the potential to
selectively monitor plasticity at synapses between MSN and spe-
cific afferent pathways (e.g., afferents originating in the prefrontal
cortex) (Lüscher and Malenka, 2011). However, it is worth raising
four points related to defining MSN based on DA receptor expres-
sion: (1) In the dorsal striatum, D1Rs are preferentially expressed
in MSNs from the direct pathway whereas D2Rs are preferentially
found in MSNs from the indirect pathway. In the NAc, however,
the segregation is less complete. D2R-expressing MSNs project to
the ventral pallidum (equivalent to the indirect pathway from the
dorsal striatum), whereas D1R-expressing MSNs project to both
the ventral pallidum and the output nuclei of the direct path-
way (Humphries and Prescott, 2010; Sesack and Grace, 2010).
(2) There are many instances in which D1- and D2-class recep-
tors exert cooperative effects on NAc firing and related behaviors
(e.g., Clark and White, 1987; Seif et al., 2011). (3) Although
DA receptor expression is an important characteristic of MSN,
many anatomical distinctions and gradients (not limited to core
versus shell) contribute to MSN diversity and function (Voorn
et al., 2004; Humphries and Prescott, 2010; Sesack and Grace,
2010). (4) The role of DA receptor subtypes other than D1 and
D2 in cocaine’s effects (e.g., Beninger and Banasikowski, 2008),
and their potential overlap with D1 and D2 receptors in MSNs,
should not be disregarded (Surmeier et al., 1996; Humphries and
Prescott, 2010).

Given that MSNs show heterogeneity with respect to certain
types of plasticity (Lüscher and Malenka, 2011), the question
arises as to whether this applies to CI- or CP-AMPAR upregu-
lation during cocaine withdrawal. As reviewed previously (Wolf
and Ferrario, 2010), CI-AMPAR upregulation after withdrawal
from repeated i.p. cocaine injections appears to be quite global.
Likewise, silent synapse formation seems to be widespread rather
than confined to a subpopulation of MSNs (Brown et al., 2011),

consistent with the idea that silent synapses are the substrate
for CI-AMPAR upregulation (Huang et al., 2009). Most of these
studies were performed in rats. On the other hand, synaptic
potentiation in the NAc of cocaine-sensitized BAC transgenic
mice is restricted to D1R-expressing MSN in both core and
shell (Pascoli et al., 2011). It will be important to understand
the reasons for these different results. What about CP-AMPAR
accumulation during incubation? In the core subregion, we find
that CP-AMPARs are present in nearly all NAc MSN recorded
after more than a month of withdrawal from extended access
cocaine self-administration (Figure 1; McCutcheon et al., 2011a).
However, more variability is evident in the shell (McCutcheon
et al., 2011a).

How can such widespread plasticity be reconciled with selec-
tive strengthening of addiction-related behaviors after cocaine
exposure or, more generally, with evidence that MSN partici-
pate in functionally distinct neuronal ensembles? An important
point is that single MSNs receive convergent inputs from mul-
tiple brain regions (O’Donnell and Grace, 1995; Finch, 1996).
Thus, even if every MSN gains CP-AMPARs during incubation,
they could be added selectively to spines innervated by a sub-
population of glutamate afferents. For example, selective addition
of CP-AMPARs to spines innervated by the basolateral amyg-
dala, a structure important for associative learning, could help
explain incubation of cue-induced cocaine craving. It is also pos-
sible that CP-AMPARs are selectively added to new synapses
generated by cocaine exposure (see section “CP-AMPARs, spine
plasticity and silent synapses”). Alternatively, CP-AMPARs may
be added more broadly, that is, across synapses innervated by
multiple brain regions. In this case, selectivity may be conferred
through plasticity upstream of the NAc that promotes activa-
tion of particular afferent pathways to the NAc; this could occur
through a variety of mechanisms and might even involve sprout-
ing of new presynaptic terminals. Such cocaine-induced plasticity
could affect the ability of different inputs to compete for influ-
ence over MSN output (e.g., Goto and Grace, 2005). Once a
particular afferent pathway is activated, global postsynaptic adap-
tations such as AMPAR upregulation would help to determine
the strength of ensemble activation. For discussion of how dif-
ferent types of cocaine-induced neuroadaptations may interact
to influence MSN output, see previous reviews (Wheeler and
Carelli, 2009; Wolf, 2010a; Huang et al., 2011b; Lee and Dong,
2011).

CP-AMPARs, SPINE PLASTICITY, AND SILENT SYNAPSES
A major complicating factor in understanding cocaine-induced
AMPAR plasticity is that it is superimposed upon structural
plasticity. New spines are observed in the NAc after both non-
contingent and contingent cocaine exposure (Robinson and Kolb,
2004; Russo et al., 2010) and may participate in functional
synapses (Alcantara et al., 2010; Dobi et al., 2011). For example,
extended access cocaine self-administration followed by pro-
longed withdrawal leads not only to CP-AMPAR accumulation
(section “CP-AMPARs accumulate in the NAc during withdrawal
from extended access cocaine self-administration”), but also to
increased spine density in the NAc (Ferrario et al., 2005). Are
the CP-AMPARs added to the new spines, to pre-existing spines,
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or both? An intriguing possibility is that new spines, populated
with CP-AMPARs, synapse with new presynaptic terminals that
have sprouted during withdrawal. This would represent a very
profound rewiring of NAc circuits that could help explain the
complexity of addiction-related behavioral changes.

The question of how synaptic and structural plasticity are
integrated after cocaine exposure is very broad. A more specific
question is how silent synapses may be involved. As noted above,
NR2B-containing silent synapses are generated in the NAc dur-
ing repeated i.p. cocaine injections and are proposed to house
CI-AMPARs added during withdrawal (see section “CI-AMPARs
predominate in the NAc of drug-naïve rodents and upregu-
late during the first week of withdrawal from non-contingent
cocaine administration”). Could the same scenario (formation
of NR2B-containing silent synapses followed by AMPAR incor-
poration) explain the accumulation of CP-AMPARs in the incu-
bation model? This seems unlikely if silent synapse formation
occurs during cocaine exposure, since weeks pass between the
last cocaine self-administration session and the detection of
CP-AMPARs (Figure 1). Furthermore, given evidence for a mech-
anistic link between mGluR1-mediated CP-AMPAR removal and
CI-AMPAR insertion (McCutcheon et al., 2011b), it seems likely
that CP-AMPARs accumulate at synapses that either express
CI-AMPARs or have the potential to rapidly produce them in
response to mGluR1 stimulation. The main theoretical sup-
port for possible CP-AMPAR incorporation into silent synapses
comes from evidence that NR2B-containing NMDARs, silent
synapses, and CP-AMPARs are all prevalent early in develop-
ment. For example, in the VTA, NR2B-containing NMDARs and
CP-AMPARs undergo coordinated regulation during early post-
natal development (Bellone et al., 2011). Based on these and other
results, it has been suggested that cocaine exposure recapitulates
the highly plastic synapses characteristic of early development,
thereby facilitating learning about drugs (e.g., Bellone et al.,
2011; Lee and Dong, 2011), although this idea must be recon-
ciled with the behavioral inflexibility exhibited once addiction is
established.

While these theories are intriguing, the role of silent synapses
in synapse maturation during normal development is still not
fully understood (Kerchner and Nicoll, 2008). Furthermore,
cocaine may not faithfully recapitulate normal development or
normal plasticity. Perhaps CP-AMPARs are inserted into new
spines, but the new spines do not correspond to silent synapses
generated during cocaine exposure; instead, they might result
from weeks of withdrawal leading to multiple rounds of inter-
acting synaptic and structural plasticity. It is very difficult to
predict how relationships between new spines, their comple-
ment of NMDARs, and AMPAR synaptic insertion evolve during
withdrawal from extended access cocaine self-administration.
However, in comparing cocaine and saline groups on WD45, we
have found that a smaller proportion of spines from the NAc of
cocaine rats exhibit Ca2+ influx in response to NMDAR activa-
tion (Ferrario et al., 2012). We speculate that spines containing
CP-AMPARs may have low NMDAR levels, similar to what has
been observed in the VTA of cocaine-exposed mice (Mameli et al.,
2011) and in other CP-AMPAR-containing synapses (Lamsa et al.,
2007; Wang and Gao, 2010).

CP-AMPARs IN THE NAc: FUNCTIONAL SIGNIFICANCE
As noted in section “NAc: Background,” cocaine seeking requires
AMPAR transmission in the NAc. Therefore, addition of AMPARs
to excitatory synapses onto MSNs of the NAc is expected to
enhance cocaine seeking. Due to the higher conductance of CP-
AMPARs compared to CI-AMPARs (Cull-Candy et al., 2006; Isaac
et al., 2007), excitatory synaptic transmission onto MSN should
be increased more robustly after regimens leading to CP-AMPAR
incorporation (extended access cocaine self-administration fol-
lowed by prolonged withdrawal) compared to regimens leading
to increased CI-AMPAR levels (non-contingent cocaine admin-
istration or limited access cocaine self-administration). This may
explain greater (incubated) cue-induced cocaine craving in the
former situation. Of course, the presence of CP-AMPARs also
provides a new source of Ca2+ influx into dendritic spines
of MSN. Which attribute of CP-AMPARs (higher conductance,
Ca2+ permeability, or different kinetics and voltage-dependence)
is most important for drug seeking (or how they may differently
contribute) is unknown. In addition, as noted in the previ-
ous section, a thorough understanding of altered NAc function
after cocaine exposure will require integration of information on
presynaptic plasticity, postsynaptic plasticity, and the associated
structural plasticity. Although beyond the scope of this review,
additional important factors are cocaine-induced alterations in
voltage-gated conductances and the subsequent changes in intrin-
sic excitability in MSNs; such changes interact in a homeostatic
fashion with the regulation of synaptic strength (Ishikawa et al.,
2009; for review see Wolf, 2010a; Huang et al., 2011b). By focusing
on postsynaptic glutamate receptors, we may be examining only a
very tiny portion of the elephant.

Many questions remain about the circumstances in which
NAc CP-AMPARs are functionally important for drug seeking.
To date, CP-AMPAR synaptic incorporation has been definitively
linked to incubation of cue-induced craving, i.e., blocking CP-
AMPARs in the NAc core prevents the expression of incubated
craving (Conrad et al., 2008; section “CP-AMPARs accumulate
in the NAc during withdrawal from extended access cocaine
self-administration”). Interestingly, electrophysiological record-
ings in the NAc core of awake rats indicate that incubation is
associated with an increase in the number of MSN that encode
information related to cocaine or cocaine-associated cues, as
well as the strength of neuronal activation during cocaine self-
administration (Hollander and Carelli, 2005, 2007)7. Synaptic
strengthening via CP-AMPAR incorporation could account for
these observations. Are CP-AMPARs important beyond the incu-
bation model? One issue is that the extended access cocaine
regimen typically used to produce incubation (6 h/day × 10
days) is shorter than the “classical” extended access regimen
developed by Ahmed and colleagues (e.g., 10 or more days
of limited access training followed by 10 or more additional
days at 6 h/day; Ahmed, 2011). Recently, we found that this

7Interestingly, these changes are not seen in the NAc shell (Hollander and
Carelli, 2005, 2007), despite the presence of CP-AMPARs in the mouse NAc
shell at long withdrawal times associated with high cue-induced cocaine seek-
ing (Mameli et al., 2009; McCutcheon et al., 2011b), as discussed in more
detail previously (Wolf and Ferrario, 2010).
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“classical” extended access regimen also resulted in CP-AMPAR
accumulation in the NAc after prolonged withdrawal, whereas
significant changes in CP-AMPAR levels were not observed
after prolonged withdrawal from limited access cocaine self-
administration (Purgianto et al., submitted; section “CI-AMPARs
predominate in the NAc of drug-naïve rodents and upregulate
during the first week of withdrawal from non-contingent cocaine
administration”). This raises the possibility that CP-AMPARs
contribute to addiction-related behaviors observed exclusively
after extended access cocaine self-administration, such as escala-
tion of drug intake, willingness to seek drug despite punishment,
and greater motivation to work for drug (Ahmed, 2011).

Do CP-AMPARs contribute to reinstatement of cocaine seek-
ing evoked by stress or a priming injection of cocaine? This is
also unknown. We suggest that CP-AMPAR accumulation dur-
ing cocaine withdrawal is not important for cocaine-primed
reinstatement because this behavioral response does not incu-
bate (Lu et al., 2004b). Furthermore, the state of MSN during
cocaine-primed reinstatement is certainly very different than dur-
ing cue-induced seeking or other drug-free tests. In the first
situation, the dominant effect may be the cocaine-induced eleva-
tion of extracellular DA levels. In the latter situations, the major
consequence may be cue-induced activation of excitatory affer-
ents onto MSNs—in this case, the presence of CP-AMPARs would
be of greatest significance. This is analogous to our speculation
that AMPAR plasticity is more relevant to incentive sensiti-
zation (glutamate-dominated) than to locomotor sensitization
(DA-dominated) (see section “CI-AMPARs predominate in the
NAc of drug-naïve rodents and upregulate during the first week
of withdrawal from non-contingent cocaine administration”).
However, as noted for cocaine challenge after non-contingent
exposure (section “CI-AMPARs predominate in the NAc of drug-
naïve rodents and upregulate during the first week of with-
drawal from non-contingent cocaine administration”), it is pos-
sible that cocaine re-exposure after cocaine self-administration
rapidly increases CP-AMPAR levels. This is based on a study of
cocaine-primed reinstatement after limited access cocaine self-
administration (Anderson et al., 2008). These authors showed
that the priming injection of cocaine led to a rapid increase
(30 min) in GluA1 surface expression, and that reinstatement was
attenuated by intra-NAc shell injection of a viral vector expressing
a peptide (GluA1-C99) which impairs the transport of GluA1-
containing AMPARs. Unfortunately GluA2 was not measured in
this study, so it remains unknown whether reinstatement involves
increased surface expression of GluA1A2-containing AMPARs or
homomeric GluA1 receptors, although indirect evidence argues
that GluA1 and GluA2 are differently regulated in this model
(Famous et al., 2008). If cocaine-primed reinstatement does elicit
synaptic incorporation of CP-AMPARs, they most likely orig-
inate from the small pool normally present in MSN, because
CP-AMPAR levels do not increase significantly after withdrawal
from limited access cocaine self-administration (see previous
paragraph).

A potential functional consequence of CP-AMPAR insertion
into MSN synapses could be altered rules for induction of synap-
tic plasticity, as demonstrated in the VTA (Mameli et al., 2011; see
section “CP-AMPARs in the VTA: Functional significance”), but

this has not been tested in the NAc. The work that has been done
has primarily examined the effect of non-contingent or limited
access cocaine self-administration on subsequent synaptic plas-
ticity. The main value of such studies is that they provide insight
into the mechanisms by which drugs of abuse alter the proper-
ties of a particular synapse, which may shed light on potential
therapeutic strategies. However, describing the consequences of a
particular cocaine regimen as a simple function of LTP or LTD
impairment or facilitation is less informative because LTP and
LTD are exogenously induced phenomena that are very depen-
dent on experimental conditions. Nevertheless, it is perceived
as a problem in the literature that very discrepant reports have
appeared regarding the ability to induce LTP or LTD in the NAc
of cocaine-exposed animals (e.g., Thomas et al., 2001; Yao et al.,
2004; Goto and Grace, 2005; Martin et al., 2006; Mameli et al.,
2009; Moussawi et al., 2009; Kasanetz et al., 2010; Knackstedt
et al., 2010; Pascoli et al., 2011). The differences can usually
be explained based on regimen or withdrawal time (Wolf and
Ferrario, 2010). For example, after a week or so of withdrawal
from non-contingent cocaine, when CI-AMPAR upregulation has
occurred, occlusion of LTP would be predicted and has been
reported (Pascoli et al., 2011). However, in studies conducted at
early withdrawal times or shortly after cocaine challenge (Thomas
et al., 2001; Yao et al., 2004; Goto and Grace, 2005; Kasanetz
et al., 2010), it is likely that synaptic AMPAR levels are in flux,
so occlusion of LTP due to AMPAR upregulation would not nec-
essarily be expected8. Other aspects of the treatment regimen
can also be critical in determining the nature of plasticity. For
example, the same limited access cocaine self-administration reg-
imen leads to impairment of both LTP and LTD if followed by
extinction training, but impairment of only LTP if followed by
home-cage withdrawal (Moussawi et al., 2009; Knackstedt et al.,
2010). Perhaps the most important point is that useful hypothe-
ses will not be developed by lumping together studies that differ
in critical aspects of their experimental design.

SUMMARY: CP-AMPARs IN THE NAc
CI-AMPARs predominate in the NAc of drug-naïve rodents,
although CP-AMPARs make a small contribution to synaptic
transmission. Repeated i.p. cocaine injections, leading to behav-
ioral sensitization, result in increased cell surface and synaptic
levels of CI-AMPARs in the NAc core and shell. This occurs
during the first week of withdrawal, persists for at least 2 more
weeks, but ultimately wanes. Despite correlations between the
development of AMPAR upregulation and the development of
locomotor sensitization, they can be dissociated, prompting us
to propose that elevated AMPAR levels in the NAc may be
more directly related to incentive sensitization. Limited access
cocaine self-administration also increases synaptic AMPAR levels

8At short withdrawal times from non-contingent cocaine injections, CI-
AMPAR upregulation may be absent or just developing. In the days following
cocaine challenge, AMPAR levels may be transitioning between a cocaine-
induced decrease and a withdrawal-dependent upregulation. For details, see
section “CI-AMPARs predominate in the NAc of drug-naïve rodents and
upregulate during the first week of withdrawal from non-contingent cocaine
administration” and Wolf and Ferrario (2010).
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in a withdrawal-dependent manner in the NAc shell (core has
not been directly tested); these appear to be CI-AMPARs rather
than CP-AMPARs. In contrast, extended access cocaine self-
administration (leading to incubation of cocaine craving) results
in CP-AMPAR accumulation. This occurs in both core and shell
subregions of the NAc. The increase in CP-AMPAR levels is
quite delayed—a significant increase in the rectification index is
first observed approximately a month after the last cocaine self-
administration session—but endures through at least WD70 and
perhaps much longer. Once CP-AMPARs are present, they can be
rapidly removed from NAc synapses by acute pharmacological
stimulation of mGluR1 receptors in the NAc. This is accom-
panied by strengthening of CI-AMPAR transmission, although
the net effect is synaptic depression since high conductance
CP-AMPAR transmission is eliminated and low conductance
CI-AMPAR transmission is enhanced. These and other results
suggest that mGluR1-mediated CP-AMPAR removal is coupled
to CI-AMPAR insertion into NAc synapses. In studies designed
to understand the delayed accumulation of CP-AMPARs dur-
ing withdrawal, we found that mGluR1 surface expression in the
NAc is decreased on WD25, prior to the detection of increased
CP-AMPAR levels, suggesting that loss of inhibitory mGluR1
tone may be permissive for CP-AMPAR accumulation. Overall,
the delay in CP-AMPAR accumulation suggests that it repre-
sents homeostatic plasticity perhaps involving slowly developing
structural changes. Functionally, CP-AMPARs in the NAc medi-
ate the expression of incubated cue-induced cocaine seeking at
long withdrawal times, most likely by strengthening synaptic con-
nections between MSN and forebrain regions that trigger drug
seeking. A better understanding of how CP-AMPARs promote
addiction-related behaviors will require experiments to deter-
mine if CP-AMPARs are inserted into new or pre-existing spines,
which afferents contact these spines, and whether newly formed
afferents are involved.

COMPARISON OF MECHANISMS REGULATING
CP-AMPAR LEVELS IN THE VTA AND THE NAc
ACCUMULATION OF CP-AMPARs AFTER COCAINE EXPOSURE
NMDAR transmission in VTA DA neurons during cocaine expo-
sure is a common requirement for CP-AMPAR insertion in both
VTA DA neurons and NAc MSN (Engblom et al., 2008; Mameli
et al., 2009; see sections “Cocaine increases the synaptic incorpo-
ration of CP-AMPARs in VTA DA neurons” and “CP-AMPARs
accumulate in the NAc during withdrawal from extended access
cocaine self-administration”). However, beyond this, marked dif-
ferences in the conditions required to elicit CP-AMPAR plasticity
in the VTA and NAc suggest divergent underlying mechanisms
(see Table 1 for a summary).

A major difference is that CP-AMPARs can be detected in VTA
synapses within hours of cocaine exposure, whereas CP-AMPARs
require approximately a month of withdrawal to accumulate in
NAc synapses (Table 1). The role of GluA2 in CP-AMPAR accu-
mulation may also differ between the two regions. As noted in
section “Cocaine-induced synaptic incorporation of CP-AMPARs
and reversal of this plasticity by mGluR1 stimulation are GluA2-
dependent processes,” the mechanisms regulating CP-AMPAR
levels in synapses can be divided into two types, one dependent

on GluA2, and the other involving increased GluA1 with very
little change in GluA2. In VTA DA neurons, cocaine-induced
CP-AMPAR insertion is GluA2-dependent. It requires a GluA2-
PICK interaction (Bellone and Lüscher, 2006) and is associated
with redistribution of GluA2 labeling from synapses to the cyto-
plasm (Mameli et al., 2007; Brown et al., 2010). Thus, there is an
exchange of CP-AMPARs and CI-AMPARs, apparently driven by
greater CI-AMPAR availability. In the NAc, however, the accumu-
lation of CP-AMPARs was originally detected as a robust increase
in surface, intracellular and total GluA1 on WD45 in the absence
of significant changes in GluA2 (Conrad et al., 2008). However,
small changes in GluA2 were observed. Thus, cocaine rats on
WD1 had slightly higher surface GluA2 than saline controls,
whereas cocaine rats on WD45 had slightly lower surface GluA2
than saline controls (neither change was statistically significant).
The same pattern was observed for the surface/intracellular (S/I)
ratio, but in this case the GluA2 S/I ratio was significantly
increased in cocaine rats on WD1 compared to all other groups
(Conrad et al., 2008). Overall, given that GluA1 changes were
many-fold more robust than GluA2 changes and that GluA2
changes were most evident on WD1, our results argue that the
main effect after prolonged withdrawal is an addition of CP-
AMPARs on top of existing CI-AMPARs, rather than an exchange
between the two subtypes. Even if some exchange does occur,
aspects of the exchange process or its triggering must differ
between VTA and NAc in light of the markedly different time-
courses of CP-AMPAR accumulation in these regions. One differ-
ence may be the role of mGluR1. As discussed in section “mGluR1
negatively regulates synaptic levels of CP-AMPARs in the NAc,”
CP-AMPAR accumulation in the NAc may be attributable in part
to a delayed but persistent decrease in mGluR1 surface expression
which removes the normal mGluR1-mediated braking effect on
CP-AMPAR levels (Loweth et al., 2011). In the VTA, mGluR1 sim-
ilarly exerts a negative regulatory influence on CP-AMPAR levels
(Bellone and Lüscher, 2005, 2006; Mameli et al., 2009; see section
“mGluR1 negatively regulates CP-AMPAR levels in VTA DA neu-
rons”), but there is no evidence to indicate that a cocaine-induced
reduction in mGluR1 signaling contributes to cocaine-induced
increase in CP-AMPAR levels in the VTA.

Accumulation of CP-AMPARs in the NAc during incubation
may result not only from impaired mGluR1-mediated removal
but also from an increased rate of synaptic insertion. This idea
is based on increased levels of GluA1 phosphorylated on ser-
ine 845 (pS845 GluA1) in extrasynaptic membrane fractions
prepared from the NAc of rats after extended access cocaine self-
administration and 45 days of withdrawal (conditions leading to
incubation and CP-AMPAR synaptic incorporation), compared
to saline controls (Ferrario et al., 2011b). How might this be
linked to CP-AMPAR synaptic insertion? We showed previously,
in cultured NAc neurons, that GluA1 phosphorylation at S845
accelerates AMPAR externalization onto extrasynaptic regions of
the MSN plasma membrane, increasing the size of the extrasy-
naptic AMPAR pool; this in turn primes AMPARs for NMDAR-
dependent synaptic insertion (Sun et al., 2008; Wolf, 2010b).
Thus, the observed increase in extrasynaptic pS845 GluA1 after
incubation could help explain increased CP-AMPAR levels in
NAc synapses (Ferrario et al., 2011b). GluA1 phosphorylation at
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S845 is also associated with increased GluA1 and GluA2 surface
expression in the NAc after non-contingent cocaine exposure
leading to locomotor sensitization (Schierberl et al., 2011), so this
mechanism may be relevant for cocaine-induced increases in both
CI-AMPARs and CP-AMPARs.

The observation that CP-AMPARs are largely excluded from
NAc synapses under normal conditions but are permitted to
accumulate after incubation suggests the existence of mecha-
nisms that selectively regulate CP-AMPAR association with the
PSD. Although patch clamp recordings have established that
CP-AMPARs participate in synaptic transmission once they accu-
mulate during cocaine withdrawal (Conrad et al., 2008; Ferrario
et al., 2011b; McCutcheon et al., 2011a,b), biochemical results
suggest that these CP-AMPARs are loosely tethered to the PSD.
The latter conclusion was based on surprising findings in a deter-
gent insoluble PSD fraction. Although we had expected that
GluA1 levels would be increased in PSD fractions prepared from
the NAc after prolonged withdrawal, we actually observed a
decrease. However, the expected increase in GluA1 was detected
in an LP1 fraction from identically treated rats (the LP1 fraction
is a less purified synaptic membrane fraction that has not been
exposed to detergent). These and other results suggested that CP-
AMPARs are weakly anchored to the PSD, resulting in their loss
during preparation of the PSD fraction (Ferrario et al., 2011b).
Other results are indicative of “un-anchored” homomeric GluA1
receptors under some conditions (Goel et al., 2011). We speculate
that this unique relationship between CP-AMPARs and the PSD
may contribute to their selective regulation. For example, if loose
anchoring of CP-AMPARs indicates a perisynaptic location, this
could result in physical proximity to perisynaptic mGluR1 recep-
tors, explaining the ability of mGluR1 stimulation to selective
remove CP-AMPARs from synapses.

Interactions of CP-AMPARs with transmembrane AMPAR
regulatory proteins (TARPs) may also be important during incu-
bation. In the NAc of drug-naïve animals, the TARP γ2 is enriched
in synaptic membranes, whereas γ4 is mainly found in an extrasy-
naptic membrane-enriched fraction (Ferrario et al., 2011a).
Results obtained after extended access cocaine self-administration
(WD35–45), by measuring TARPs and GluA1 in the same sub-
cellular fractions and in biotinylation experiments, suggest that
γ4 is associated with CP-AMPARs added to extrasynaptic mem-
branes during incubation, whereas synaptic CP-AMPARs may
be associated with γ2 (Ferrario et al., 2011b). These findings
raise the possibility that TARPs contribute to cocaine-induced
neuroadaptations.

REMOVAL OF CP-AMPARs BY mGluR1 STIMULATION AND ITS
THERAPEUTIC IMPLICATIONS
In both VTA and NAc, mGluR1 stimulation results in coordinated
removal of high conductance CP-AMPARs and their replace-
ment by lower conductance CI-AMPARs, resulting in synaptic
depression (sections “mGluR1 negatively regulates CP-AMPAR
levels in VTA DA neurons,” “Cocaine-induced synaptic incorpo-
ration of CP-AMPARs and reversal of this plasticity by mGluR1
stimulation are GluA2-dependent processes,” and “mGluR1 neg-
atively regulates synaptic levels of CP-AMPARs in the NAc”).
Considerably more is known about mechanisms involved in this

process in the VTA, particularly with respect to CI-AMPAR
insertion, which requires local translation of GluR2 (Mameli
et al., 2007). Whether a similar mechanism underlies mGluR1-
dependent CI-AMPAR insertion in the NAc is unknown (see sec-
tion “mGluR1 negatively regulates synaptic levels of CP-AMPARs
in the NAc”).

One difference between NAc and VTA concerns the proper-
ties of mGluR-LTD in the control versus the cocaine-exposed
state. In the NAc of drug-naïve rats, DHPG normally acts on
mGluR5 receptors to elicit a presynaptically expressed CB1R-
dependent form of mGluR-LTD. After extended access cocaine
self-administration, this pathway is disabled in concert with
the withdrawal-dependent emergence of CP-AMPARs and post-
synaptically expressed mGluR1-dependent LTD (McCutcheon
et al., 2011b; see section “mGluR1 negatively regulates synap-
tic levels of CP-AMPARs in the NAc” for more discussion of
mGluR-LTD after other cocaine regimens). In contrast, mGluR-
LTD is not observed in the VTA of control mice, but only emerges
after cocaine exposure (Bellone and Lüscher, 2006; Mameli et al.,
2007).

Stimulation of mGluR1 also removes CP-AMPARs from
synapses in cerebellar stellate cells of drug-naïve rats (Kelly et al.,
2009), indicating a general relationship between mGluR1 and CP-
AMPARs that extends across different brain regions. Interestingly,
CP-AMPARs in stellate cells are probably homomeric GluA3
(Keinanen et al., 1990; Sato et al., 1993; Liu and Cull-Candy,
2002), whereas in the VTA and NAc of cocaine-exposed rodents
they appear to be GluA1-containing (sections “What is the sub-
unit composition of CP-AMPARs inserted into VTA synapses by
cocaine?” and “CP-AMPARs accumulate in the NAc during with-
drawal from extended access cocaine self-administration”). Thus,
if a common mechanism is operating in all brain regions, it may
not be selective for GluA1 vs. GluA3 despite marked differences in
their C-terminals and thus in their regulation by phosphorylation
and protein–protein interactions (Shepherd and Huganir, 2007).

The negative regulatory role for mGluR1 with regard to CP-
AMPAR levels in both VTA and NAc suggests that mGluR1
positive allosteric modulators might be useful in the treatment
of addiction. It remains to be determined how long CP-AMPARs
remain down-regulated in VTA or NAc neurons of cocaine-
exposed animals following mGluR1 stimulation. However, in a
study of developmental consequences of in utero cocaine expo-
sure, a single i.p. injection of the mGluR1 positive allosteric mod-
ulator Ro 67-7476 produced effects lasting 10 days (Bellone et al.,
2011). Even a very transient down-regulation of CP-AMPARs
might be therapeutically useful given that CP-AMPARs medi-
ate expression of the incubation of cue-induced craving (Conrad
et al., 2008). Perhaps treatment with an mGluR1 agonist prior to
an anticipated encounter with cocaine-related cues could thereby
maintain abstinence.

At first glance, the suggestion that mGluR1 stimulation has
potential therapeutic utility seems to conflict with a large body
of work showing anti-craving effects of systemic and intra-
NAc blockade of group I mGluRs (in particular mGluR5)
(Olive, 2009). However, none of these studies have tested
cocaine seeking in animals that have experienced both extended
access cocaine self-administration and a prolonged period of
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withdrawal—conditions that lead to CP-AMPAR accumulation
in NAc synapses. Once CP-AMPARs are present in synapses,
stimulating mGluR1, rather than inhibiting group I mGluRs,
may be a more effective way to decrease excitatory transmission
in the NAc and reduce craving. It is not surprising that dif-
ferent mGluR-based pharmacological strategies may be optimal
for reducing cocaine seeking depending on the mode of cocaine
exposure and the duration of withdrawal. Both of these variables
can significantly influence the effect of cocaine on group I mGluR
expression and signaling in the NAc (e.g., Ben-Shahar et al., 2009;
Hao et al., 2010).

SUMMARY OF COMPARISON
The NAc is similar to the VTA in that cocaine exposure increases
CP-AMPAR levels and mGluR1 stimulation reverses this effect.
However, CP-AMPAR insertion in VTA is rapid (hours), GluA2-
dependent, and produced by even a single non-contingent

cocaine injection. In contrast, CP-AMPAR accumulation in the
NAc occurs only after extended access cocaine self-administration
and prolonged withdrawal (∼30 days), and may be GluA1-
dependent. Once CP-AMPARs are present in VTA or NAc
synapses, they can be rapidly removed by mGluR1 stimulation.
Given that CP-AMPARs in the NAc mediate the intensified cue-
induced cocaine craving observed after prolonged withdrawal,
drugs that stimulate mGluR1 may prove useful in reducing crav-
ing and extending abstinence.
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