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Brief Communications

Group I mGluR Activation Reverses Cocaine-Induced
Accumulation of Calcium-Permeable AMPA Receptors in
Nucleus Accumbens Synapses via a Protein Kinase
C-Dependent Mechanism

James E. McCutcheon,! Jessica A. Loweth,> Kerstin A. Ford,"> Michela Marinelli,' Marina E. Wolf,>* and Kuei Y. Tseng'*
Departments of 'Cellular and Molecular Pharmacology and 2Neuroscience, Rosalind Franklin University of Medicine and Science, The Chicago Medical

School, North Chicago, Illinois 60064

Following prolonged withdrawal from extended access cocaine self-administration in adult rats, high conductance Ca*"-permeable
AMPA receptors (CP-AMPARs) accumulate in nucleus accumbens (NAc) synapses and mediate the expression of “incubated” cue-
induced cocaine craving. Using patch-clamp recordings from NAc slices prepared after extended access cocaine self-administration and
>45 d of withdrawal, we found that group I metabotropic glutamate receptor (mGluR) stimulation using 3,5-dihydroxyphenylglycine
(DHPG; 50 um) rapidly eliminates the postsynaptic CP-AMPAR contribution to NAc synaptic transmission. This is accompanied by
facilitation of Ca®"-impermeable AMPAR (CI-AMPAR)-mediated transmission, suggesting that DHPG may promote an exchange be-
tween CP-AMPARs and CI-AMPARs. In saline controls, DHPG also reduced excitatory transmission but this occurred through a CB1
receptor-dependent presynaptic mechanism rather than an effect on postsynaptic AMPARs. Blockade of CB1 receptors had no significant
effect on the alterations in AMPAR transmission produced by DHPG in the cocaine group. Interestingly, the effect of DHPG in the cocaine
group was mediated by mGluR1 whereas its effect in the saline group was mediated by mGluR5. These results indicate that regulation of
synaptic transmission in the NAc is profoundly altered after extended access cocaine self-administration and prolonged withdrawal.
Furthermore, they suggest that activation of mGluR1 may represent a potential strategy for reducing cue-induced cocaine craving in

abstinent cocaine addicts.

Introduction

Cues previously associated with cocaine availability are powerful
triggers for relapse in humans (O’Brien et al., 1992) and for drug
seeking in cocaine-experienced rats (Shaham et al., 2003). Co-
caine seeking in several rat models of addiction has been found to
require AMPA receptor (AMPAR) transmission in the nucleus
accumbens (NAc) (Kalivas and Volkow, 2005; Wolf and Ferrario,
2010), which is not surprising given the central role of the NAc in
motivated behaviors (Groenewegen et al., 1999; Kelley, 2004) and
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the fact that AMPARSs are the major source of excitatory drive to
NAc medium spiny neurons (MSNs) (Pennartz et al., 1990; Hu
and White, 1996).

Ca**-permeable AMPARs (CP-AMPARS), which lack the GluA2
subunit and have higher conductance than GluA2-containing Ca*"-
impermeable AMPARSs (CI-AMPARs), are increasingly recognized for
their important role in many types of synaptic plasticity (Cull-Candy et
al., 2006; Isaac et al., 2007; Liu and Zukin, 2007). Whereas CI-AMPARs
predominate in the NAc of drug-naive adult rats (Boudreau et al.,
2007; Conrad et al., 2008; Reimers et al., 2011), CP-AMPARs accu-
mulate in the NAc after prolonged withdrawal from extended access
cocaine self-administration (Conrad et al., 2008; McCutcheon et al.,
2011). During the withdrawal period from extended access cocaine
self-administration, cue-induced cocaine craving progressively in-
tensifies (“incubates”) (Lu et al., 2004). We showed that CP-
AMPARs mediate the expression of “incubated” cue-induced cocaine
craving on withdrawal day 45 (Conrad et al., 2008).

Given that CP-AMPARs exhibit higher conductance than CI-
AMPARSs (Cull-Candy et al., 2006), reducing CP-AMPAR function
should decrease NAc responsiveness to excitatory inputs and thus
reduce craving. Unfortunately, currently available CP-AMPAR
blockers are toxins. Thus, there is a need to identify other mecha-
nisms that can be targeted to reduce the heightened excitatory trans-
mission mediated by CP-AMPARs. In the present study, we used
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Figure 1.

baseline or as indicated.

electrophysiological and pharmacological approaches to (1) deter-
mine whether activation of group I metabotropic glutamate recep-
tors (mGluR) reduces CP-AMPAR-mediated synaptic transmission
in the NAc of “incubated rats” and (2) identify the mechanisms
underlying this modulation.

Materials and Methods

All experimental procedures were approved by the Rosalind Franklin
University of Medicine and Science Institutional Animal Care and Use
Committee.

Cocaine self-administration. Adult male Sprague Dawley rats (250275 g on
arrival; Harlan) were acclimated to the animal facility for at least 1 week
before use. They were housed singly and maintained on a 12 h light/dark
cycle. All procedures were identical to those in our previous reports
(Conrad et al., 2008; McCutcheon et al., 2011). Briefly, rats self-
administered cocaine 6 h/d for 10 d in operant chambers (Med Associ-
ates). Nose-poking in the active hole delivered an infusion of saline or
cocaine (0.5 mg/kgina 100 ul/kg volume over 3 s), paired with a 30 s light
cue inside the nose-poke hole. Nose-poking in the inactive hole had no
consequences. After the last training session, rats were returned to their
home cages for at least 45 d before electrophysiological recordings were
performed.

Electrophysiology. Rats were anesthetized with chloral hydrate (400—600
mg/kg, i.p.), brains were rapidly removed and coronal slices (300 wm) were

a, Rl from NAc MSNs recorded after >45 d of withdrawal from extended access self-administration of saline (con-
trols) or cocaine (incubated rats). Rl was determined before and after DHPG (50 um, 10 min; n = 10 cells/7 rats per group). b,
Opposite effects of DHPG on EPSC_, .y and EPSC., 4o my- €, Traces illustrating the effects of DHPG. d, e, AM-251 blocked DHPG-
induced synaptic attenuation at —70 mV in saline controls (d, n = 6 cells/4 rats) but not in incubated rats (e, n = 6 cells/4 rats).
f, Time course of EPSC_,; ,y amplitude in MSNs recorded from control rats and incubated rats before and after bath application of
the CBTR agonist WIN-55,212-2 (WIN; 2 um, n = 6 cells/3 rats per group). *p << 0.05, ***+p < 0.005, ***p < 0.0005 vs
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cut using a vibrating blade microtome (VT12008S;
Leica) in ice-cold sucrose-based cutting solution
containing the following (in mm): 200 sucrose, 20
glucose, 25 NaHCO,, 2.5 KCl, 1 CaCl,, 2.5
MgCl,, 1 NaH,PO,, 10 ascorbic acid. All solu-
tions were constantly oxygenated with 95%
0,-5% CO,. Slices were held in an incubation
chamber containing warm (32-34°C) aCSF
containing the following (in mm): 120 NaCl, 20
glucose, 25 NaHCO,, 2.5 KCI, 0.5 CaCl,, 4
MgCl,, 1 NaH,PO,, 1 ascorbic acid, 0.05 (2R)-
amino-5-phosphonopentanoate (APV). For
recordings, CaCl, was increased to 2.5 mm,
MgCl, was reduced to 1 mm and 0.1 mm picro-
toxin was added. All recordings were con-
ducted at least 1 h after slicing and the
recording chamber was constantly perfused
with warm (32—34°C) aCSF. Patch elec-
trodes (6—9 M()) were obtained from 1.5
mm borosilicate glass capillaries (World Pre-
cision Instruments) with a horizontal puller
(P-97, Sutter Instruments) and filled with a
cesium-based solution containing 0.1%
Neurobiotin (Vector Laboratories) and (in
saiine mm): 140 CsCl, 10 HEPES, 2 MgCl,, 5
B cocaine NaATP, 0.6 NaGTP, 2 QX-314, 0.1 spermine.
0 NAc medium spiny neurons in the core sub-
region were identified under visual guidance
using infrared (IR)-differential interference
contrast video microscopy with a 40X water-
immersion objective (Olympus BX51-WI).
The image was detected with an IR-sensitive
CCD camera and displayed on a monitor.
Whole-cell patch-clamp recordings were per-
formed with a computer-controlled amplifier
Axopatch 200B and MultiClamp 700B, digi-
tized with Digidata 1322A and 1440, and ac-
quired with Axoscope 10.1 and pClamp 9.2
(Molecular Devices) at a sampling rate of 10
kHz. The liquid junction potential was not cor-
rected and electrode potentials were adjusted
to zero before obtaining the whole-cell
configuration.

Electrically evoked EPSCs were elicited by
local stimulation (0.05-0.15 mA square pulses
of 0.3 ms duration delivered every 10-20 s) using a bipolar electrode
placed ~300 wm from recording site. The intensity of stimulation was
chosen from the minimum amount of current required to elicit a synap-
tic response with <15% variability in amplitude during the first 10 min
of recording. Only neurons that continued to exhibit this synaptic re-
sponse reliability during the subsequent 15 min of baseline recording
were included in the analysis. EPSCs were gathered at =70 mV, +40 mV
and at the reversal potential (E,,). The rectification index (RI) for each
cell was calculated using the following formula adapted from Kamboj et
al. (1995): RI = [EPSC_,( /(=70 — E,.)I/[EPSC, 4o n/(+40 —
Erev)]‘

Control and drug-containing aCSF were continuously oxygenated
throughout the experiments. All drugs and reagents were purchased from
Sigma-Aldrich with four exceptions. The cannabinoid receptor type 1
(CBI1R) agonist WIN-55,212-2 mesylate and the CB1R antagonist AM-251
(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1 H-pyrazole-3-carboxamide) were purchased from Tocris Bioscience. The
PKA inhibitor PKI;5_,,; peptide and the PKC inhibitor PKI,_5,; peptide
were purchased from Calbiochem.

Histology. After completion of the recording session, the slices were
fixed with 10% formalin overnight at 4°C and stored in 0.1 M phosphate
buffer until staining. After a series of rinses in 0.1 M PBS, slices were
incubated in 3% bovine serum albumin and 2% Triton X-100 in PBS for
1 h followed by overnight in Vectastain Elite ABC reagent (Vector Lab-
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oratories) at 4°C. Following another series of rinses, slices were reacted
with 3,3’-diaminobenzidine and urea-hydrogen peroxide (Sigma FAST
DAB set). Slices were then rinsed, mounted on gelatin-coated slides,
air-dried for 20 min, cleared in xylene, coverslipped in glycerol, and
examined on a microscope.

Statistical analysis. Data are expressed as mean = SEM. Drug effects
were compared using Student’s  test or repeated-measures ANOVA, and
the differences between experimental conditions were considered sta-
tistically significant when p < 0.05. If data were not normally distrib-
uted or had unequal variances, Kruskal-Wallis ANOVA by ranks was
used for multiple comparisons involving interrelated proportions.
Normality and homogeneity of variances were estimated with the
Kolmogorov—Smirnov and Levene’s tests, respectively.

Results

Whole-cell patch-clamp recordings of NAc MSNs in the core
subregion were conducted in brain slices from adult rats after
extended access cocaine or saline self-administration (6 h/d
for 10 d), as in our prior studies (Conrad et al., 2008; Mc-
Cutcheon etal., 2011). All recordings were conducted in slices
obtained >45 d after the last self-administration session. At
these withdrawal times, rats that self-administered cocaine
express significant incubation of cue-induced cocaine craving
(Lu et al., 2004; Conrad et al., 2008) and will be referred to
hereafter as “incubated rats.” The presence of CP-AMPARs was
evaluated from the rectification index (RI: ratio of evoked EPSCs
recorded at —70 mV and +40 mV; see details in Materials and
Methods). In the presence of NMDAR and GABA 4R antagonists,
both CP- and CI-AMPARs contribute to EPSCs recorded at the
—70 mV holding potential (EPSC_,, ,v), whereas only CI-
AMPARs are responsible for EPSCs recorded at the +40 mV
holding potential (EPSC, 4 ,,,v) due to voltage-dependent block
of CP-AMPARSs by intracellular polyamines (Kamboj et al., 1995;
Cull-Candy etal., 2006). Thus, an increase in Rl indicates a higher
synaptic content of CP-AMPARs.

Consistent with our previous studies (Conrad et al., 2008;
McCutcheon et al., 2011), AMPAR RI was significantly higher in
incubated rats than in saline controls (Fig. 1a). Such an increased
AMPAR RI was observed in all MSNs recorded from incubated
rats, as we have found previously, suggesting that the accumu-
lation of CP-AMPARSs occurs globally, rather than in sub-
populations of NAc MSNs. Bath application of the group I
mGluR agonist 3,5-dihydroxyphenylglycine (DHPG) (50 M,
10 min) normalized the abnormally high RI observed in incu-
bated rats (Fig. la). This was associated with two concurrent
events: EPSC, v facilitation and EPSC_,,,, attenuation
(Fig. 1b,¢). In saline controls, DHPG did not alter EPSC, 44 .,v
but it did attenuate EPSC_,, .,y (Fig. 1b); the latter effect was
associated with a facilitation of the paired-pulse ratio (PPR:
EPSC,/EPSC,) from 0.85 % 0.06 to 1.03 = 0.08 in all cells tested
(+20.15%; p < 0.005, paired t test; n = 7). Bath application of the
CBIR antagonist AM-251 completely prevented this inhibition
(2 pMm; Fig. 1d), suggesting that the effect of DHPG in saline
controls resembles the well studied striatal mGluR long-term de-
pression that requires postsynaptic endocannabinoid release,
presynaptic CBIR activation and reduction of glutamate release
(Lovinger, 2008). In contrast, DHPG attenuation of EPSC_ ..y
in MSNs from incubated rats was not associated with a change in
the PPR (baseline: 0.86 = 0.07; DHPG: 0.87 = 0.08) and was not
affected by AM-251 (Fig. 1e). However, presynaptic CB1R signal-
ing was intact in incubated rats as revealed by the marked atten-
uation of EPSC_,, ., amplitude following bath application of
the CB1R agonist WIN-55,212-2 (WIN; 2 um; Fig. 1f). In fact, the
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Figure 2. g, In the presence of DHPG, naspm (100 pum; n = 7 cells/4 rats) failed to further
reduce EPSC_, .,y amplitude in NAc MSNs recorded from incubated rats. Inset, Traces illustrat-
ing these effects (calibration: 40 pA, 10 ms). b, In the presence of naspm, bath application of
DHPG (n = 6 cells/3 rats) also failed to reduce EPSC_ ;.. ¢, Similarly, naspm prevented
further reduction of Rl by DHPG. d, Further analyses indicated that the concurrent effects of
DHPG-induced EPSC_,, , inhibition and EPSC , ,, ., facilitation were blocked by naspm.
*p < 0.05,** " p < 0.005, ***p < 0.0005 vs baseline or as indicated.

magnitude of synaptic inhibition elicited by WIN in incubated
rats was significantly larger than that observed in saline controls.
Together, these results indicate a different mechanism for DHPG-
dependent synaptic depression in incubated rats, an effect likely as-
sociated with a disruption of the normal mGluR-endocannabinoid
interaction observed in saline controls.

We hypothesized that DHPG-induced synaptic depression
in incubated rats involves elimination of CP-AMPAR-mediated
transmission, either through removal of CP-AMPARs from NAc
synapses or attenuation of their function through other means. We
tested this using the CP-AMPAR blocker 1-naphthylacetylsperimine
(naspm; 100 um). When applied alone, naspm decreased
EPSC_ ;0 my by 29.8 = 3.1% (p < 0.005 vs baseline, n = 5), which
is consistent with our previous study (Conrad et al., 2008). How-
ever, once EPSC_, .., was reduced by DHPG, subsequent appli-
cation of naspm had no further effect (Fig. 2a). Similarly, when
naspm was present before DHPG application, DHPG was unable
to produce further EPSC_,, .y depression (Fig. 2b) or further
reduce the RI (Fig. 2¢). Additional analysis demonstrated that
naspm also prevented the ability of DHPG to increase EPSC., 44 ,,,v
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(Fig. 2d). Together, these results indicate that mGluR-induced
attenuation of EPSC_,, . in incubated rats is expressed
postsynaptically via elimination of CP-AMPAR-mediated
transmission, and that CP-AMPAR activation at NAc synapses

ical results indicate a shift from mGIluR5- to
mGluR1-dependent regulation of glutama-
tergic synaptic transmission in the NAc of
incubated rats.

We next examined the postsynaptic
signaling mechanism that mediates the ef-
fects of DHPG. We found that the DHPG-induced normalization
of RI in MSNs from incubated rats was blocked when the protein
kinase C inhibitor (PKC) PKI|;4_3;; peptide (10 um) was in-
cluded in the recording electrode whereas intracellular adminis-
tration of the protein kinase A inhibitor PKI;5_,,; (20 um) had no
effect (Fig. 4a). These results are consistent with the canonical
role for postsynaptic Ca®"/PKC-dependent mechanisms in
group I mGluR signaling (Kano et al., 2008). Importantly, both of
the concurrent events (i.e., EPSC_,, ., attenuation and
EPSC, 4 mv facilitation) associated with the RI-normalizing ef-
fect of DHPG in the incubated rats were blocked by postsynaptic
inhibition of PKC (Fig. 4b). This finding, along with the ability of
naspm to block EPSC, 4, v facilitation by DHPG (Fig. 2¢),
indicates a mechanistic link between DHPG-induced inhibi-
tion of CP-AMPAR function and facilitation of CI-AMPAR
transmission.

Discussion

Following prolonged withdrawal from extended access cocaine
self-administration, high conductance CP-AMPARs accumulate
in the NAc of adult rats (Conrad et al., 2008; McCutcheon et al.,
2011) and mice (Mameli et al., 2009). Our present study indicates
that activation of mGluR1, a group I mGluR, is sufficient to re-
verse cocaine-induced accumulation of CP-AMPARs in NAc
synapses. Specifically, we found that bath application of the
group I mGluR agonist DHPG rapidly eliminates the CP-
AMPAR component of excitatory transmission in the NAc of
incubated rats, an effect that is accompanied by facilitation of
CI-AMPAR-mediated excitatory transmission. Both effects are
dependent on mGluR1 and postsynaptic PKC activation. In sa-
line controls, however, DHPG does not appear to change postsyn-
aptic AMPAR function but instead attenuates NAc glutamatergic
transmission through a pathway requiring mGluR5 activation and a
CB1R-dependent presynaptic mechanism. As discussed in more
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detail below, these results indicate that, following prolonged
withdrawal from extended access cocaine self-administration, a
different form of mGluR-dependent synaptic regulation emerges
in the NAc that could be exploited to reduce cocaine craving.

Given that synaptically driven Ca’" influx through CP-
AMPARs is known to control the targeting of CI-AMPARs (Liu
and Cull-Candy, 2000), we interpret DHPG’s effects in incubated
rats to reflect CP-AMPAR removal (EPSC_, .., depression) ac-
companied by CI-AMPAR insertion (EPSC, 4, ,,v facilitation). A
similar form of synaptic depression at excitatory synapses, in-
volving a switch in AMPAR subunit composition, has been de-
scribed in dopamine neurons (Bellone and Liischer, 2005, 2006;
Mameli et al., 2007) and cerebellar stellate cells (Kelly et al., 2009)
from juvenile rodents. However, our results cannot rule out the
possibility that EPSC, 4, .,y facilitation is due to a modification of
existing CI-AMPARs that enhances their function. While the
EPSC_, ,v depression can also be explained in various ways
(CP-AMPAR internalization, CP-AMPAR lateral diffusion out of
the synapse, or modification of CP-AMPAR properties), the first
possibility is strongly supported by our prior work showing that
DHPG triggers the rapid internalization of GluAl-containing
AMPARs in cultured NAc neurons (Mangiavacchi and Wolf,
2004).

In the NAc of drug-naive rats, it is well established that acti-
vation of mGluR5 leads to a presynaptic CB1R-dependent atten-
uation of excitatory synaptic transmission (Robbe et al., 2002).
Our results in saline control rats, showing that either the mGluR5
antagonist MTEP or the CBIR antagonist AM-251 block the
DHPG-induced depression of excitatory transmission, are con-
sistent with these findings. A different picture emerges in incu-
bated rats. Here, the DHPG-induced synaptic depression is no
longer affected by either mGluR5 or CB1R blockade; instead, it is
mediated by mGluR1 and a postsynaptic PKC-dependent mech-
anism. Interestingly, the finding that DHPG inhibits synaptic
transmission in incubated rats through a CB1R-independent
mechanism does not reflect an impairment of CBIR signaling.
On the contrary, the magnitude of synaptic depression induced
by the CB1R agonist WIN is significantly more pronounced in
the NAc of cocaine-exposed rats than that observed from saline
controls. Together, these results suggest that, in incubated rats,
mGluR5 no longer couples effectively to the formation and/or
release of endocannabinoids. We speculate that the resulting de-
crease in local endocannabinoid tone leads to supersensitivity of
presynaptic CB1R signaling, providing an explanation for the
stronger effect of the CBIR agonist WIN in incubated rats. Future
studies are needed to determine how the mGluR5-dependent/
endocannabinoid-mediated regulation of synaptic transmission
in the NAc is compromised after prolonged withdrawal from
extended access cocaine self-administration. Based on our results
and previous findings (Fourgeaud et al., 2004; Orio et al., 2009),
it appears that the nature of cocaine exposure as well as the with-
drawal period determine the effect of cocaine on CB1R-mediated
transmission in the NAc, as is the case for cocaine-induced alter-
ations in AMPAR transmission (Wolf, 2010).

A large body of work has supported an anti-craving effect of
systemic and intra-NAc blockade of group I mGluRs (Olive,
2009), but none of these studies have tested cocaine seeking in
animals that have experienced both extended access cocaine self-
administration and a prolonged period of withdrawal. Our re-
sults indicate that the opposite strategy—stimulating group I
mGluRs—may become useful once CP-AMPARs enter NAc syn-
apses. It is not surprising that different mGluR-based pharmaco-
logical strategies may be required to reduce drug seeking
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depending on the mode of cocaine exposure and the duration of
withdrawal, as both variables have the potential to influence the
effect of cocaine on mGluR signaling (Ben-Shahar et al., 2009;
Hao et al., 2010) as well as other aspects of excitatory transmis-
sion in the NAc (Mu et al., 2010; McCutcheon et al., 2011). While
most prior studies on group I mGluR modulation of cocaine
action have focused on mGluRS5, the present results indicate that
mGluR1 mediates the effect of DHPG on CP-AMPARs in the
NAc of incubated rats. Similarly, mGluR1 is responsible for
group I mGluR-induced removal of CP-AMPARs from synapses
in other brain regions (Bellone and Liischer, 2005, 2006; Mameli
et al., 2007).

In conclusion, the present results suggest that mGluR1 ago-
nists could potentially exert anti-craving effects during cocaine
withdrawal by acting directly in the NAc to decrease CP-AMPAR
function, possibly by removing CP-AMPARs from synapses. Fur-
thermore, given that mGluR1 is a negative regulator of CP-
AMPARs in NAc synapses, it is interesting to speculate that
mGluR1 tone in the NAc decreases during withdrawal and that
contributes to CP-AMPAR accumulation. Along the same lines,
mGluR1 activation in the VTA during early withdrawal from
cocaine exposure apparently opposes the cocaine-induced accu-
mulation of CP-AMPARs in the NAc (Mameli et al., 2009). To-
gether, these findings put forward a novel perspective on the use
of mGluR1-based drugs to treat cocaine addiction.

References

Bellone C, Liischer C (2005) mGluRs induce a long-term depression in the
ventral tegmental area that involves a switch of the subunit composition
of AMPA receptors. Eur ] Neurosci 21:1280—1288.

Bellone C, Liischer C (2006) Cocaine triggered AMPA receptor redistribu-
tion is reversed in vivo by mGluR-dependent long-term depression. Nat
Neurosci 9:636—-641.

Ben-Shahar O, Obara I, Ary AW, Ma N, Mangiardi MA, Medina RL, Szum-
linski KK (2009) Extended daily access to cocaine results in distinct al-
terations in Homer 1b/c and NMDA receptor subunit expression within
the medial prefrontal cortex. Synapse 63:598—609.

Boudreau AC, Reimers JM, Milovanovic M, Wolf ME (2007) Cell surface
AMPA receptors in the rat nucleus accumbens increase during cocaine
withdrawal but internalize after cocaine challenge in association with
altered activation of mitogen-activated protein kinases. ] Neurosci
27:10621-10635.

Conrad KL, Tseng KY, Uejima JL, Reimers JM, Heng L], Shaham Y, Marinelli
M, Wolf ME (2008) Formation of accumbens GluR2-lacking AMPA re-
ceptors mediates incubation of cocaine craving. Nature 454:118—121.

Cull-Candy S, Kelly L, Farrant M (2006) Regulation of Ca**-permeable
AMPA receptors: synaptic plasticity and beyond. Curr Opin Neurobiol
16:288-297.

Fourgeaud L, Mato S, Bouchet D, Hémar A, Worley PF, Manzoni OJ (2004)
A single in vivo exposure to cocaine abolishes endocannabinoid-mediated
long-term depression in the nucleus accumbens. ] Neurosci 24:6939-
6945.

Groenewegen HJ, Wright CI, Beijer AV, Voorn P (1999) Convergence and
segregation of ventral striatal inputs and outputs. Ann N'Y Acad Sci
877:49-63.

Hao Y, Martin-Fardon R, Weiss F (2010) Behavioral and functional evi-
dence of metabotropic glutamate receptor 2/3 and metabotropic gluta-
mate receptor 5 dysregulation in cocaine-escalated rats: factor in the
transition to dependence. Biol Psychiatry 68:240—248.

Hu XT, White FJ (1996) Glutamate receptor regulation of rat nucleus ac-
cumbens neurons in vivo. Synapse 23:208-218.

Isaac JT, Ashby MC, McBain CJ (2007) The role of the GluR2 subunit in
AMPA receptor function and synaptic plasticity. Neuron 54:859—871.

Kalivas PW, Volkow ND (2005) The neural basis of addiction: a pathology
of motivation and choice. Am J Psychiatry 162:1403-1413.

Kamboj SK, Swanson GT, Cull-Candy SG (1995) Intracellular spermine
confers rectification on rat calcium-permeable AMPA and kainate recep-
tors. J Physiol 486:297-303.

Kano M, Hashimoto K, Tabata T (2008) Type-1 metabotropic glutamate



McCutcheon et al. @ mGluR/PKC-Dependent Removal of CP-AMPARs in the NAc

receptor in cerebellar Purkinje cells: a key molecule responsible for long-
term depression, endocannabinoid signalling and synapse elimination.
Philos Trans R Soc Lond B Biol Sci 363:2173-2186.

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in
ingestive behavior and reward-related learning. Neurosci Biobehav Rev
27:765-776.

Kelly L, Farrant M, Cull-Candy SG (2009) Synaptic mGluR activation drives
plasticity of calcium-permeable AMPA receptors. Nat Neurosci 12:
593-601.

Liu §J, Zukin RS (2007) Ca**-permeable AMPA receptors in synaptic plas-
ticity and neuronal death. Trends Neurosci 30:126—-134.

Liu SQ, Cull-Candy SG (2000) Synaptic activity at calcium-permeable
AMPA receptors induces a switch in receptor subtype. Nature 405:
454 -458.

Lovinger DM (2008) Presynaptic modulation by endocannabinoids. Handb
Exp Pharmacol 184:435-477.

LuL, Grimm JW, Hope BT, Shaham Y (2004) Incubation of cocaine craving
after withdrawal: a review of preclinical data. Neuropharmacology 47
[Suppl 1]:214-226.

Mameli M, Balland B, Lajan R, Liischer C (2007) Rapid synthesis and syn-
aptic insertion of GluR2 for mGluR-LTD in the ventral tegmental area.
Science 317:530-533.

Mameli M, Halbout B, Creton C, Engblom D, Parkitna JR, Spanagel R,
Liischer C (2009) Cocaine-evoked synaptic plasticity: persistence in the
VTA triggers adaptations in the NAc. Nat Neurosci 12:1036—-1041.

Mangiavacchi S, Wolf ME (2004) Stimulation of N-methyl-D-aspartate re-
ceptors, AMPA receptors or metabotropic glutamate receptors leads to
rapid internalization of AMPA receptors in cultured nucleus accumbens
neurons. Eur J Neurosci 20:649—657.

McCutcheon JE, Wang X, Tseng KY, Wolf ME, Marinelli M (2011)
Calcium-permeable AMPA receptors are present in nucleus accumbens

J. Neurosci., October 12,2011 - 31(41):14536 —14541 « 14541

synapses after prolonged withdrawal from cocaine self-administration
but not experimenter-administered cocaine. ] Neurosci 31:5737-5743.

Mu P, Moyer JT, Ishikawa M, Zhang Y, Panksepp J, Sorg BA, Schliiter OM,
Dong Y (2010) Exposure to cocaine dynamically regulates the intrinsic
membrane excitability of nucleus accumbens neurons. J Neurosci
30:3689-3699.

O’Brien CP, Childress AR, McLellan AT, Ehrman R (1992) Classical condi-
tioning in drug-dependent humans. Ann N'Y Acad Sci 654:400—415.
Olive MF (2009) Metabotropic glutamate receptor ligands as potential ther-

apeutics for addiction. Curr Drug Abuse Rev 2:83-998.

Orio L, Edwards S, George O, Parsons LH, Koob GF (2009) A role for the
endocannabinoid system in the increased motivation for cocaine in
extended-access conditions. ] Neurosci 29:4846 —4857.

Pennartz CM, Boeijinga PH, Lopes da Silva FH (1990) Locally evoked po-
tentials in slices of the rat nucleus accumbens: NMDA and non-NMDA
receptor mediated components and modulation by GABA. Brain Res
529:30—-41.

Reimers JM, Milovanovic M, Wolf ME (2011) Quantitative analysis of
AMPA receptor subunit composition in addiction-related brain regions.
Brain Res 1367:223-233.

Robbe D, Kopf M, Remaury A, Bockaert J, Manzoni OJ (2002) Endogenous
cannabinoids mediate long-term synaptic depression in the nucleus ac-
cumbens. Proc Natl Acad Sci U S A 99:8384—8388.

Shaham Y, Shalev U, Lu L, De Wit H, Stewart ] (2003) The reinstatement
model of drug relapse: history, methodology and major findings. Psycho-
pharmacology (Berl) 168:3-20.

Wolf ME (2010) The Bermuda triangle of cocaine-induced neuroadapta-
tions. Trends Neurosci 33:391-398.

Wolf ME, Ferrario CR (2010) AMPA receptor plasticity in the nucleus ac-
cumbens after repeated exposure to cocaine. Neurosci Biobehav Rev 35:
185-211.



