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Chronic alcohol exposure causes marked changes in reinforcement mechanisms and moti-
vational state that are thought to contribute to the development of cravings and relapse
during protracted withdrawal. The nucleus accumbens (NAcc) is a key structure of the
mesolimbic dopaminergic reward system. Although the NAcc plays an important role
in mediating alcohol-seeking behaviors, little is known about the molecular mechanisms
underlying alcohol-induced neuroadaptive changes in NAcc function. The aim of this study
was to investigate the effects of chronic intermittent ethanol (CIE) treatment, a rat model
of alcohol withdrawal and dependence, on intrinsic electrical membrane properties and
glutamatergic synaptic transmission of medium spiny neurons (MSNs) in the NAcc core
during protracted withdrawal. We show that CIE treatment followed by prolonged with-
drawal increased the inward rectification of MSNs observed at hyperpolarized potentials.
In addition, MSNs from CIE-treated animals displayed a lower input resistance, faster
action potentials (APs), and larger fast afterhyperpolarizations (fAHPs) than MSNs from
vehicle-treated animals, all suggestive of increases in K+-channel conductances. Significant
increases in the Cs+-sensitive inwardly rectifying K+-current accounted for the increased
input resistance, while increases in the A-type K+-current accounted for the faster APs
and increased fAHPs in MSNs from CIE rats. We also show that the amplitude and the
conductance of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-
mediated mEPSCs were enhanced in CIE-treated animals due to an increase in a small
fraction of functional postsynaptic GluA2-lacking AMPARs. These long-lasting modifica-
tions of excitability and excitatory synaptic receptor function of MSNs in the NAcc core
could play a critical role in the neuroadaptive changes underlying alcohol withdrawal and
dependence.

Keywords: alcoholism, withdrawal, reward, GluA2-lacking AMPARs, chronic intermittent ethanol treatment,
synaptic transmission

INTRODUCTION
Alcohol (ethanol, EtOH) is lawfully consumed in our soci-
ety for recreational purposes. Yet, excessive alcohol-drinking
can lead to alcohol dependence and loss of control over alco-
hol consumption, with serious detrimental health consequences.

Abbreviations: ACSF, artificial cerebrospinal fluid; AHP, afterhyperpolarization;
AMPAR, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor; AP,
action potential; BK channels, large conductance voltage- and calcium-activated
potassium channels; CIE, chronic intermittent ethanol; CIV, chronic intermittent
vehicle; EtOH, ethanol; γ, conductance of AMPARs; GABA, γ-amino butyric acid;
KIR channels, inward rectifying potassium channels; LTD, long-term depression;
LTP, long-term potentiation; mEPSC, miniature excitatory postsynaptic current;
MSN, medium spiny neuron; NAcc, nucleus accumbens; NMDAR, N-methyl-d-
aspartate receptor; Rin, input resistance; RMP, resting membrane potential; SK
channels, small conductance voltage- and calcium-activated potassium channels;
STDP, spike-time-dependent plasticity; STREX, stress axis-regulated exon; TTX,
tetrodotoxin; VTA, ventral tegmental area.

Alcohol consumption is a major risk factor for burden of disease
(Rehm et al., 2009). An important factor contributing to alcohol-
related disease is the addictive property of alcohol. Alcohol addic-
tion is a chronic relapsing disorder characterized by craving for
alcohol and compulsive alcohol-seeking behaviors. Chronic alco-
hol exposure causes profound long-lasting neuroadaptations in
brain reward systems that produce a negative affect state con-
tributing to an increased susceptibility to relapse during protracted
withdrawal (Koob et al., 2004; Koob, 2008; Koob and Le Moal,
2008). Relapse is a critical problem in treating alcoholism and the
three federally approved medications for the treatment of alcohol
use disorders – acamprosate, disulfiram, and naltrexone (Ross and
Peselow, 2009) have shown limited efficacy in terms of craving,
relapse, and abstinence rates reduction (Hughes and Cook, 1997;
Mann et al., 2004; Snyder and Bowers, 2008), suggesting that these
treatments may not be targeting the neuroadaptive changes that
underlie the negative emotional alcohol-dependent state.
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Nucleus accumbens (NAcc) is a key structure of the mesolim-
bic dopaminergic rewarding system involved in alcohol-induced
neuroadaptations underlying alcohol-seeking behaviors. Indeed,
pharmacological inactivation of the NAcc attenuates alcohol rein-
statement and cue-induced relapse (Rassnick et al., 1992; Chaudhri
et al., 2010). The NAcc is mainly composed of GABAergic medium
spiny neurons (MSNs). MSNs receive major glutamatergic inputs
from the ventral subiculum of the hippocampus, prefrontal cor-
tex, basolateral amygdala, and thalamus (Sesack and Grace, 2010).
Activation of these inputs can modulate the release of dopamine
from the ventral tegmental area (VTA) projections to the NAcc
(Floresco et al., 2001; Howland et al., 2002). Extensive studies
have shown that dysregulation of glutamatergic transmission in
the NAcc during protracted withdrawal from drugs plays a critical
role in the relapse to drug-seeking behavior (Thomas et al., 2001;
LaLumiere and Kalivas, 2008; Kasanetz et al., 2010). For instance,
potentiation of AMPA receptor (AMPAR) transmission has been
observed in NAcc core after prolonged withdrawal from cocaine
self-administration (Conrad et al., 2008). Increased glutamater-
gic synaptic strength is associated with increased conductance of
AMPARs due to an insertion of postsynaptic calcium-permeable
GluA2-lacking AMPARs (Conrad et al., 2008; Mameli et al., 2009).
Blockade of GluA2-lacking AMPARs in the NAcc reduces cue-
induced cocaine seeking (Conrad et al., 2008). By contrast, little
is known about the molecular mechanisms underlying alcohol-
mediated modulation of synaptic excitability in the NAcc during
protracted withdrawal.

The regulation of electrical membrane properties of MSNs is
critical in the integration and processing of drug-related infor-
mation converging on the NAcc (Mu et al., 2010; Kim et al.,
2011). Recently, decreased Ca2+-dependent SK channel activity in
NAcc MSNs was implicated in increased alcohol-seeking behavior
during protracted withdrawal (Hopf et al., 2010).

The goal of the present study was to investigate the neuroadap-
tations induced by alcohol in the NAcc. To this end, we examined
the intrinsic electrical membrane properties and glutamatergic
synaptic transmission of MSNs in the NAcc core of rats during
protracted withdrawal from chronic intermittent ethanol (CIE)
treatment.

MATERIALS AND METHODS
ANIMALS
All experiments were performed in accordance with the guid-
ance of the National Institutes of Health on animal care and use
and the formal approval of the UCLA Animal Research Commit-
tee. Male Sprague Dawley rats (200–250 g) were housed in the
vivarium under a 12 h light/dark cycle and had ad libitum access
to food and water. A total of 70 rats were used in the present
study. Ethanol (EtOH; Pharmo Products, Brookfield, CT, USA)
was administrated by oral intubation. A long-term and short-
term CIE treatment was used. In the long-term CIE treatment,
rats received 5 g/kg of body weight of EtOH as a 25% (w/v) EtOH
solution in drinking water once every other day for the first five
doses, and they received 6 g/kg of body weight of EtOH as a 30%
(w/v) EtOH once every day for the following 55 doses. In the
short-term CIE treatment, rats received 2.5 g/kg of body weight
of EtOH as a 12.5% (w/v) EtOH solution in drinking water once

every other day for the first five doses, and they received 3 g/kg of
body weight of EtOH as a 15% (w/v) EtOH once every day for
the following seven doses. With these EtOH regimens, rats expe-
rience multiple cycles of intoxication and withdrawal phases. The
chronic intermittent vehicle (CIV) groups, corresponding to each
CIE treatment, received drinking water (20 ml/kg of body weight)
instead of EtOH. In other studies we showed that both short-
and long-term CIE treatments resulted in similar long-lasting
(>40 days) tolerance to the sedative/anesthetic effects of diazepam
(Abriam et al., 2009). After the treatment and 40–60 days of with-
drawal, rats were anesthetized with isoflurane (Phoenix, St. Joseph,
MO, USA) and decapitated to obtain tissues for experiments. Both
long-term and short-term CIE treatments were used in current-
clamp recordings, whereas only the short-term CIE treatment was
used in the voltage-clamp recordings and biochemical studies.

SLICE PREPARATION
Coronal brain slices (400 µm) containing the NAcc were obtained
with a vibrating slicer (Leica VT 1200S, Nussloch, Germany) from
a block of tissue. Slices were allowed to recover for at least 1 h at
room temperature in artificial cerebrospinal fluid (ACSF) contain-
ing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 26 NaHCO3,
and 10 glucose, saturated with 95% O2 and 5% CO2.

ELECTROPHYSIOLOGY
Whole-cell patch clamp recordings were obtained from MSNs in
the NAcc core, which could be identified by anatomical land-
marks, at 34± 0.5˚C during perfusion with ACSF. MSNs were
identified based on well-defined electrophysiological character-
istics (Uchimura et al., 1989; O’Donnell and Grace, 1993). Patch
clamp recording pipettes (TW150F-3, WPI, Sarasota, FL, USA)
with 5–7 MΩ resistance were filled with a solution containing
(in mM): 135 KMeSO4 or K-gluconate, 5 NaCl, 0.3 CaCl2, 1.1
EGTA, 2 MgATP, 0.2 NaGTP, and 10 HEPES, pH adjusted to
7.3 with KOH. To investigate Ca2+-activated K+ currents, the
concentrations of CaCl2 and EGTA were reduced to 0.08 and
0.3 mM, respectively. Once in whole-cell configuration, the cell
was allowed to recover for at least 10 min before applying any
experimental protocol to allow equilibration and stabilization
of ionic conductances. Access resistance (<30 MΩ) was contin-
uously monitored and recordings were accepted for analysis if
changes were <20%. AMPAR-mediated miniature EPSCs (mEP-
SCs) were recorded at a holding membrane potential of −70 mV
in the presence of 0.5 µM tetrodotoxin (TTX), 50 µM picrotoxin
(Ascent, Bristol, UK), and 1 µM CGP 54626 (5,7,8,9-tetrahydro-5-
hydroxy-6H -benzocyclohepten-6-ylideneacetic acid) hydrochlo-
ride (Tocris, Park Ellisville, MO, USA) in ACSF. The antago-
nist of GluA2-lacking AMPARs, IEM-1460 (N,N,H,-trimethyl-5-
[(tricyclo[3.3.1.13,7]dec-1-ylmethyl) amino]-1-pentanamini
umbromide hydrobromide; Tocris, Park Ellisville, MO, USA), was
bath applied for at least 7 min at a concentration of 50 µM.

Electrophysiological signals were amplified using the Multi-
clamp 700B amplifier (Molecular Devices, Union City, CA, USA),
low-pass filtered at 1 kHz, and digitized at 10 kHz with the Digidata
1440A (Molecular Devices). Data were acquired using pClamp
10 software (Molecular Devices), and analyzed using Clampfit
software (Molecular Devices) and the Mini Analysis program
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(Synaptosoft, Decatur, GA, USA). To obtain current-voltage (I-V)
responses and to test the excitability of MSNs, a series of hyperpo-
larizing and depolarizing current steps of 1 s were applied. Input
resistance (Rin) was calculated in the linear range of the I-V curve
around the resting membrane potential (RMP). Action potential
(AP) waveform parameters including AP half-width were analyzed
at the current step where the first AP was fired. Fast afterhy-
perpolarization (fAHP) and slow afterhyperpolarization (sAHP)
magnitude were estimated relative to the AP threshold (4 and
15 ms after the AP threshold, respectively). Interspike interval val-
ues were obtained from the first depolarizing response to currents
that evoked at least two APs. To measure the inwardly rectifying
potassium (KIR) current, MSNs were voltage-clamped at a hold-
ing potential of−70 mV ad a 50-ms step to−150 mV was applied;
then, MSNs were depolarized to −45 mV with a ramp pulse of
0.6 mV/ms (Shen et al., 2007; Gertler et al., 2008). To investigate
SK tail currents, MSNs were held at −70 mV, and depolarizing
current steps (800 ms, from−60 to−10 mV in 10 mV steps) were
applied, with 5 s between successive steps.

AMPA receptor-mediated mEPSCs were detected (Mini Analy-
sis program) using a threshold equivalent to 2.5 standard devia-
tions from baseline noise. The mean amplitude of mEPSCs was
determined by the average of 100–1000 events per cell. The mean
frequency of mEPSCs was determined for each cell as the num-
ber of events per second during a 100–300 s recording period.
Kolmogorov–Smirnov tests were used for comparing two cumu-
lative distributions. Cumulative histograms of mEPSC amplitude
were plotted with 1 pA bins.

A peak-scaled non-stationary fluctuation analysis was per-
formed from an ensemble of mEPSCs at a holding potential
of −70 mV to estimate the mean single-channel conductance
of AMPARs using the Mini Analysis software (Benke et al.,
2001; Hartveit and Veruki, 2007). Unitary mEPSCs were carefully
selected for analysis by visual inspection based on the following
criteria: fast rise time to allowing for precise alignment, stable
baseline, and exponential decay. The mEPSCs were aligned by
their point of maximal rise and averaged. The average response
waveform was scaled to the peak of individual responses and the
variance of the fluctuation of the decay around the mean was
calculated. This variance was binned (100 bins of equal current
decrement) and plotted versus the mean current amplitude of the
decay. The shape of the variance-amplitude relationship was fit-
ted with the following equation: σ2

= iI – I 2/N + b where i was
the mean single-channel AMPAR current, I the mean current, N
the number of channels activated at the peak, and b the base-
line variance. i was estimated as the slope of the linear fit of the
first portion of the parabola, since the equation becomes linear
when AMPAR open probability gets close to zero. Unitary cur-
rent was converted to conductance as γ= i/V (assumed reversal
potential of 0 mV). The number of open channels at the peak
was calculated by dividing the average mEPSC amplitude by the
unitary current i. Any correlation between conductance and aver-
age mEPSC amplitude, mean rise time, mean decay time, access
resistance, or background noise variance was observed (p > 0.05;
data not shown). This indicates that the range of values for γ

was mainly due to variations of AMPAR conductance between
synapses (Benke et al., 1998; Hartveit and Veruki, 2007).

SYNAPTONEUROSOME PREPARATION
The preparation of synaptoneurosomes was based on previous
studies (Johnson et al., 1997; Williams et al., 2003; Figure 7A).
NAcc was microdissected from coronal brain slices obtained
from experimental rats in cold ACSF, saturated with 95% O2/5%
CO2. Isolated NAcc was homogenized on ice in 150 µl of iced
cold homogenate buffer containing (in mM): 124 NaCl, 3.2 KCl,
1.06 NaH2PO4, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, and 10 glu-
cose, bulled with 95% O2/5% CO2 to adjust pH at 7.4. Protease
inhibitors (1:20; P8340, Sigma-Aldrich, St. Louis, MO, USA) were
included in the buffer to minimize proteolysis. The homogenate
was passed through three layers of a pre-wetted 100 µm pore nylon
net filter (NY1H09000, Millipore, Billerica, MA, USA) contained
in a 37 mm diameter syringe filter holder (SX0002500, Milli-
pore, Billerica, MA, USA). The filtrate was collected and passed
through a pre-wetted 5 µm pore nitrocellulose membrane filter
(LSWP02500, Millipore, Billerica, MA, USA). The final filtrate
was spun at 1,000× g for 15 min at 4˚C. The pellet obtained
corresponded to the synaptoneurosome fraction. Isolated synap-
toneurosomes were stored at −20˚C prior to SDS-PAGE Western
blot analysis.

WESTERN BLOT ANALYSIS
Synaptoneurosome pellets were re-suspended in 50 µl of
homogenate buffer containing protease inhibitors. Protein con-
centrations were determined with BCA Protein Assay Kit (Pierce,
Rockford, IL, USA) according to the manufacturer’s instructions.
Equal quantities of proteins (20 µg/lane) were electrophoresed
onto a 10% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Proteins
were transferred to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad). After saturation in Tris-buffered saline-Tween (0.05%)
containing 5% non-fat dry milk (Bio-Rad), the PVDF membranes
were probed with a rabbit polyclonal anti-GluA1 (AB1504, Milli-
pore, Billerica, MA, USA), or with a rabbit polyclonal anti-GluA2
(AB1768, Millipore, Billerica, MA, USA), or with a rabbit poly-
clonal anti-GluN1, alternative CT (06-314, Upstate, Lake Placid,
NY, USA) at 1:1000, or with a mouse monoclonal anti-GluN2B
(clone N59/20, UC Davis/NIH NeuroMab Facility), or with a
mouse monoclonal anti-PSD-95 (clone K28/43, NeuroMab) at
1:500, or with rabbit polyclonal β-actin (ab8227, Abcam, Cam-
bridge, MA, USA) at 1:2000, and were incubated overnight at
4˚C. After washing in Tris-buffered saline-Tween (0.05%), PVDF
membranes were incubated with the corresponding peroxidase-
conjugated secondary antibody for 1 h at room temperature. Rev-
elation was obtained by chemiluminescence reaction (ECL, Pierce)
and pictures were acquired with a camera system of luminescent
image analyzer (LAS-3000, Fujifilm, Tokyo, Japan). Optical den-
sity analysis of the signals was performed using ImageJ64 software
(ImageJ 1.43u, NIH). The integral of the entire optical density
profile was calculated as the final value.

STATISTICS
The investigator performing the experiments and analysis was
blind to the treatment (CIV or CIE) that the rats received. Data
were expressed as mean± standard error (SEM). Statistical analy-
ses were performed with two-way ANOVA followed by Bonfer-
roni posttest, or paired or unpaired Student’s t -test, or non-

www.frontiersin.org June 2012 | Volume 6 | Article 86 | 3

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


Marty and Spigelman Neuroplasticity in alcohol dependence

parametric Mann–Whitney test as appropriate. A value of p < 0.05
was considered statistically significant.

RESULTS
CIE TREATMENT ALTERS INTRINSIC ELECTRICAL MEMBRANE
PROPERTIES OF MSNs
To investigate whether CIE treatment affects the intrinsic electri-
cal membrane of MSNs in the NAcc core, we obtained whole-cell
patch recordings in current-clamp mode.

All recorded neurons showed the general electrophysiologi-
cal characteristics of MSNs, including a hyperpolarized RMP, a
slow ramp depolarization preceding the first AP and the pres-
ence of inward rectification of the current-voltage relationship at
hyperpolarized voltages (Figure 1A) (Belleau and Warren, 2000).

The inward rectification, shown as the shift from linear-
ity in the I-V curve relationship, was significantly different in
both long-term and short-term CIE treatments compared to
their respective CIV controls (long-term CIV vs. CIE, *p < 0.05;
short-term CIV vs. CIE, *p < 0.05; two-way ANOVA with Bon-
ferroni posttest). Since the results of the patch clamp recording
experiments between the long- and short-duration CIE treat-
ments were not different, all current-clamp data were pooled
together. The inward rectification was significantly increased in
MSNs from CIE-treated animals compared to CIV-treated animals
(−500 pA-step: CIV:−47.68± 7.57 mV, n= 6 from five rats; CIE:
−28.81± 5.48 mV, n= 13 from six rats; *p < 0.05;−400 pA-step:
CIV:−45.32± 5 mV, n= 16 from 10 rats; CIE:−29.87± 4.86 mV,
n= 17 from 11 rats; **p < 0.01; two-way ANOVA with Bonferroni
posttest; Figure 1B). The number of APs evoked by somatic pos-
itive current steps was similar in both groups (Figures 1C,D).
The increase in inward rectification in CIE rats was associ-
ated with a decrease in input resistance (CIV: 124.7± 12.73 MΩ,
n= 16 from 10 rats; CIE: 84.05± 12.18 MΩ, n= 17 from 11 rats;
*p= 0.027, unpaired t -test; Figure 1E). The RMP tended to be
more hyperpolarized in MSNs from CIE-treated rats but the dif-
ference was not statistically significant (CIV: −71.63± 1.99 mV,
n= 16 from 10 rats; CIE: −75.8± 1.69 mV, n= 17 from 11
rats; p= 0.12, unpaired t -test; Figure 1E). Membrane capac-
itance of MSNs was not different between groups (data not
shown).

Analysis of AP parameters revealed a significant decrease
in AP half-width (CIV: 1.29± 0.06 ms, n= 14 from 10 rats;
CIE: 1.15± 0.04 mV, n= 15 from 12 rats; *p= 0.04, unpaired
t -test) associated with an increase in the fAHP amplitude in
CIE-treated rats (CIV: 5.36± 0.5 mV, n= 14 from 10 rats; CIE:
8.28± 0.84 mV, n= 15 from 12 rats; **p= 0.008, unpaired t -
test; Figures 1F,G). However, neither the sAHP (Figure 1G; CIV:
7.24± 0.44 mV, n= 14 from 10 rats; CIE: 9.39± 0.84 mV, n= 15
from 12 rats; p= 0.06, Mann–Whitney test) nor the AP ampli-
tude (CIV: 48.8± 3.8 mV, n= 14 from 10 rats; CIE: 54.4± 4.3 mV,
n= 15 from 12 rats; p= 0.33, unpaired t -test) was modified.
The latency to the first-evoked spike (CIV: 0.33± 0.03 s, n= 14
from 10 rats; CIE: 0.36± 0.05 s, n= 15 from 12 rats, p= 0.68,
unpaired t -test) and the interspike interval between the first- and
the second-evoked spikes (CIV: 0.1± 0.01 s, n= 14 from 10 rats;
CIE: 0.11± 0.02 s, n= 15 from 12 rats, p= 0.94, Mann–Whitney
test) were not different between treatments.

CIE TREATMENT INCREASES THE KIR CURRENT OF MSNs
The inward rectification of the I-V relationship in MSNs is attrib-
uted to the activation of KIR channels during hyperpolarizing
potentials (Uchimura et al., 1989; Nisenbaum and Wilson, 1995).
In addition, KIR channels are the major determinants of the input
resistance and the hyperpolarized RMP of MSNs during the down-
state (Nisenbaum and Wilson, 1995). Cs+ has been shown to
potently block inward rectification in MSNs suggesting that KIR

channels are highly sensitive to Cs+ (Nisenbaum and Wilson, 1995;
Mermelstein et al., 1998; Belleau and Warren, 2000). Indeed, as
shown in Figure 2A, the inwardly rectifying currents induced by
voltage steps in presence of TTX were reduced by CsCl (3 mM).
To investigate whether CIE treatment modifies inwardly rectify-
ing KIR current, we used voltage ramps from −150 to −45 mV
(Figure 2B). The total current elicited by the voltage ramps was
Cs+-sensitive (Figure 2B) and was modeled as the sum of the
inwardly rectifying KIR current and the linear leaky K+ current
(Kleak) (Shen et al., 2007; Gertler et al., 2008). The I-V relation-
ship showed a similar activation profile and reversal potential of
MSN KIR+Kleak current in both CIV and CIE groups (Figure 2D).
However, the KIR +Kleak peak current amplitude was significantly
increased in CIE-treated rats (Figure 2C; CIV: 1.11± 0.16 nA,
n= 13 from two rats; CIE: 2.18± 0.23 nA, n= 10 from two rats,
***p= 0.0009, unpaired t -test). When KIR + Kleak current ampli-
tude was normalized with membrane capacitance, the differences
between the groups remained (in nA/pF; CIV: 24.74± 3.6, n= 13;
CIE: 37.79± 4.1, n= 10, *p= 0.025, unpaired t -test). This result
suggests that differences in density of K+ channels, rather than cell
membrane surface, accounted for the enhanced whole-cell KIR

+ Kleak current observed in CIE-treated rats. All together, these
results suggest that CIE treatment may increase the surface expres-
sion of inwardly rectifying KIR channels in MSNs, which could
be responsible for the observed decreases in the input resistance
of MSNs.

It has been recently demonstrated that repeated EtOH self-
administration followed by withdrawal reduces the amplitude of
sAHP due to a decrease in small conductance voltage- and Ca2+-
activated potassium (SK) channel function in MSNs from the
NAcc core (Hopf et al., 2010). However, as described above we
did not find any modification of the sAHP amplitude in MSNs
from CIE-treated rats compared to CIV-treated rats. These dif-
ferences could be explained by our use of higher concentration
of EGTA (1.1 mM), a Ca2+ chelator, than that used by Hopf
et al. (2010) (0.3 mM). Therefore, additional experiments were
performed on naïve rats with an internal solution containing
0.3 mM EGTA. Under these conditions, neither the fAHP nor the
sAHP were significantly affected by the application of two differ-
ent Ca2+-activated K+ channel blockers, apamin (100 nM; change
in amplitude: fAHP:−1.3± 0.1 mV, n= 2; sAHP:−2.4± 0.8 mV,
n= 2 from one rat) or (in separate recordings) cadmium (0.2 mM)
(change in amplitude: fAHP: −1.1± 0.3 mV, n= 3 MSNs from
two naïve rats; p > 0.05, paired t -test; sAHP:−1.8± 0.7 mV, n= 3
from two naïve rats; p > 0.05, paired t -test; Figure 3A). These
results suggest that Ca2+-activated K+ channels do not contribute
significantly to AHP amplitude under these conditions. To directly
examine the current mediated by SK channels, we used voltage
steps to depolarize the membrane potential of the neuron from

Frontiers in Neuroscience | Neuropharmacology June 2012 | Volume 6 | Article 86 | 4

http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuropharmacology/archive


Marty and Spigelman Neuroplasticity in alcohol dependence

CIV CIE

R
e

s
ti
n

g
 m

e
m

b
ra

n
e

 p
o

te
n

ti
a

l 
(-

m
V

)

CIV CIES
lo

w
 A

H
P

 a
m

p
lit

u
d

e
 (

m
V

)

CIV CIE

F
a

s
t 
A

H
P

 a
m

p
lit

u
d

e
 (

m
V

)

CIV CIE

A
P

 h
a

lf
-w

id
th

 (
m

s
)

in
p

u
t 
re

s
is

ta
n

c
e

 (
m
W

)

CIV CIE

E F

G

A B

10 mV

5 ms

fAHP sAHP

CIV

CIE

Threshold

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 *

0

2

4

6

8

10 **

0

2

4

6

8

10

12

0

20

40

60

80

Current step (pA)

S
p

ik
e

 n
u

m
b

e
r

200 250 300 350 400 450 500

0

10

20

30

CIV

CIE

C

200 pA

10 mV

D

10 mV

25 ms

25 ms

CIV

CIE

M
e

m
b

ra
n

e
 p

o
te

n
tia

l c
h

a
n

g
e

 (m
V

)
Current Step (pA)

-500 -400 -300 -200 -100 100

-70

-60

-50

-40

-30

-20

-10

10

20

* **

0

20

60

100

140

*

FIGURE 1 | Electrical membrane properties of medium spiny neurons
(MSNs) from CIV- and CIE-treated rats. (A) typical MSN responses to
depolarizing and hyperpolarizing currents. Note the small voltage sag in
responses to hyperpolarizing currents, the inward rectification of
subthreshold voltage responses, and the ramp depolarization with a
delayed action potential. (B) summary of current-voltage (I-V) curves
shows that the inward rectification detectable at hyperpolarized
membrane potentials was significantly increased in CIE-treated rats. (C)
Typical spike discharge pattern in response to a 500 pA depolarizing current
step (D) summary of current-firing curves indicate that the number of

evoked action potentials (APs) in response to depolarizing current steps
was not significantly different between CIV- and CIE-treated rats. (E)
resting membrane potential was more hyperpolarized in MSNs from
CIE-treated rats. In addition, input resistance was significantly decreased
in CIE-treated rats. (F) representative APs from CIV- (gray) and CIE-treated
(black) rats. Fast afterhyperpolarization (fAHP) and slow
afterhyperpolarization (sAHP) were measured at 4 and 15 ms, respectively
after the AP threshold. (G) AP half-width and fAHP recorded in CIE-treated
rats were significantly different compared to CIV-treated rats. However,
the sAHP was not modified. (**p < 0.01, *p < 0.05).
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FIGURE 2 | Enhanced activation of KIR current in MSNs of CIE-treated
rats. (A) Representative current responses to depolarizing and
hyperpolarizing voltages in control condition (black) and during application of
CsCl (3 mM; gray). Note that the inwardly rectifying current was reduced by
CsCl. (B) Representative averaged current response of five sweeps from the
same MSN showed in (A) to a voltage step from −70 to −150 mV followed by
a voltage ramp from −150 to −45 mV in control condition (black). The current
induced by the voltage protocol was sensitive to the application of CsCl

(3 mM; gray). The inwardly rectifying potassium (KIR) current was measured
during the voltage ramp from −150 to −45 mV. Time points used to estimate
the peak current and I-V relationship are indicated. (C) The peak current was
significantly increased in CIE- compared to CIV-treated rats (***p < 0.001).
(D) Mean I-V relationship characteristic of KIR current in MSNs measured
during the voltage ramp. Note the increased peak current in MSNs recorded
from CIE (black) compared to CIV-treated rats (gray), and the similar reversal
profile in both groups. Dashed lines represent SEM.

−70 to −20 mV prior to bring it back to −70 mV to generate a
tail current previously shown to be mediated by apamin-sensitive
SK channels in the NAcc core (Hopf et al., 2010). However, we did
not observe any tail current upon returning to −70 mV in MSNs
from the NAcc core (n= 3 MSNs in two naïve rats; Figure 3B).
To confirm that our experimental conditions were sufficient to
generate an apamin-sensitive Ca2+-activated K+ current, we used
the same experimental protocol, with the same internal solution,
in recordings from hippocampal CA1 pyramidal neurons that
express apamin-sensitive SK channels (Mulholland et al., 2011;
Wang et al., 2011). A large tail current was observed in CA1
neurons that was reduced by application of apamin and abol-
ished by cadmium (n= 2 in one rat; Figure 3C). This indicates
that our experimental conditions were sufficient to generate and
record currents mediated by SK channels. All together, these results
suggest that (a) apamin/cadmium-sensitive SK channels do not
significantly contribute to the fAHP and sAHP in MSNs from the

NAcc core, and (b) that the CIE treatment-induced decreases in
AP duration and increases in fAHP are not be due to modifications
in Ca2+-activated K+ channels.

CIE TREATMENT INCREASES THE A-TYPE K+ CURRENT OF MSNs
To investigate possible alterations in other voltage-gated K+ cur-
rents we compared the activation kinetics of the A-type and
delayed rectifier K+ currents, both of which are implicated in
AP repolarization, in MSNs from rats treated exclusively with
the short-term CIV and CIE treatments. To examine the activa-
tion properties of these currents, we used voltage steps to briefly
hyperpolarize neurons to −120 mV to remove inactivation of
voltage-gated channels followed by depolarizing steps from −70
to 60 mV in the presence of TTX (Figure 4A) (Deng et al., 2011).
The amplitude of the transient K+ current measured at 10 ms
after the depolarizing step onset, corresponding to the sum of A-
type and delayed rectifier K+ currents, was significantly increased

Frontiers in Neuroscience | Neuropharmacology June 2012 | Volume 6 | Article 86 | 6

http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuropharmacology/archive


Marty and Spigelman Neuroplasticity in alcohol dependence

5 mV

10 ms

Control Apamin Cadmium

fAHP

sAHP

B
100 pA

100 ms

A

20 pA

50 ms

tail current

C Control Apamin Cadmium

200 ms

40 pA

-70 mV

-20 mV

NAcc

NAcc

CA1

FIGURE 3 | AHPs of NAcc core MSNs are insensitive to
Ca2+-activated K+ current modulators. (A) Representative AHPs from
a NAcc core MSN recorded before (control), and during application of
apamin (100 nM), followed by cadmium (0.2 mM). Note the absence of
effect of apamin and cadmium on the amplitude of fAHP and sAHP. (B)
Representative current response to a voltage depolarization to −20 mV

from a −70 mV holding potential from another NAcc core MSN (left).
Note the absence of a tail current after returning to −70 mV following
depolarization (right). (C) Representative tail current elicited in a CA1
pyramidal neuron after returning from −20 to −70 mV. Note that both
apamin (100 nM) and cadmium (0.2 mM) reduced the amplitude of the
tail current.

in CIE-treated animals (+60 mV-step: CIV: 2.84± 0.89 nA, n= 5
from two rats; CIE: 4.66± 0.64 nA, n= 8 from two rats; *p < 0.05,
two-way ANOVA with Bonferroni posttest) (Figures 4A,B). The
amplitude of the sustained K+ current measured at the end of the
depolarizing steps, corresponding to the delayed rectifier K+ cur-
rent, was not significantly modified by CIE treatment (+60 mV-
step: CIV: 2.60± 0.78 nA, n= 5 from two rats; CIE: 3.99± 0.57 nA,
n= 8 from two rats; p > 0.05, two-way ANOVA with Bonferroni
posttest; Figures 4A,C). The inactivation properties of A-type
and delayed rectifier K+ currents were not altered by CIE treat-
ment (data not shown). These results suggest that CIE treatment
increases the amplitude of the A-type K+ current generated at
depolarizing membrane potentials, thereby contributing to faster
AP repolarization and increased amplitude of fAHP observed in
current-clamp recordings of MSNs from CIE rats.

CIE TREATMENT INCREASES THE AMPLITUDE OF AMPAR mEPSCs
To investigate whether CIE treatment alters glutamatergic synaptic
transmission of MSNs, we obtained whole-cell patch recordings
and examined mEPSCs in voltage-clamp mode from MSNs of
rats treated exclusively with the short-term CIE treatment. At
−70 mV, mEPSCs in MSNs are completely blocked by 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), indicating that the current is
exclusively mediated by the activation of AMPA/kainate receptors
(data not shown). We observed that glutamatergic transmission
was enhanced in MSNs from CIE-treated rats (Figures 5A,B). The
mean amplitude of mEPSCs was increased (CIV:−8.77± 0.46 pA,
n= 20 from nine rats; CIE: −10.79± 0.85 pA, n= 11 from seven
rats; *p= 0.028, unpaired t -test) and the cumulative probabil-
ity distribution of mEPSC amplitudes was significantly shifted to
the right toward higher values in CIE-treated rats [Kolmogorov-
Smirnov (KS) test, ***p= 0.001; Figures 5B–D]. However, no
change in mEPSC frequency was observed between CIV- and

CIE-treated rats (Figure 5D; CIV: 4.96± 0.83 Hz, n= 20 from
nine rats; CIE: 4.98± 1.03 Hz, n= 11 from seven rats; p= 0.99,
unpaired t -test) suggesting that CIE-induced increase in glu-
tamate transmission is mediated by a postsynaptic mechanism.
Furthermore, we observed that the kinetics of AMPAR mEPSCs
from CIE-treated rats were slightly faster compared to CIV-treated
rats (Figure 5E). However the differences in mEPSC rise time
(CIV: 2.13± 0.15 ms, n= 20 from nine rats; CIE: 1.84± 0.18 ms,
n= 11 from seven rats; p= 0.25, unpaired t -test) and mEPSC
decay time (CIV: 5.47± 0.31 ms, n= 20 from nine rats; CIE:
4.92± 0.31 ms, n= 11 from seven rats; p= 0.26, unpaired t -test)
were not statistically significant (Figures 5F,G).

CIE TREATMENT INCREASES THE UNITARY CONDUCTANCE OF AMPARs
To investigate the postsynaptic mechanisms underlying the
increased glutamatergic transmission in CIE rats, we examined
the functional properties and the expression of AMPARs in MSNs.
Several studies have shown that synaptic expression of GluA1 and
GluA2 plays a crucial role in mediating drug-induced synaptic
plasticity underlying addictive behaviors associated with with-
drawal (Boudreau and Wolf, 2005; Boudreau et al., 2007; Conrad
et al., 2008; Ghasemzadeh et al., 2009; Mameli et al., 2009). Poten-
tiation of NAcc AMPAR transmission that occurs after cocaine
withdrawal has been shown to depend on the insertion of synap-
tic GluA2-lacking AMPARs resulting in an increase in the unitary
conductance of AMPARs (γ) (Benke et al., 2001; Isaac et al., 2007;
Conrad et al., 2008; Mameli et al., 2009). To determine whether
unitary conductance of synaptic AMPARs was changed by CIE
treatment we applied non-stationary fluctuation analysis to mEP-
SCs. Unitary conductance γ was significantly higher in MSNs from
CIE-treated rats compared to MSNs from CIV-treated rats (CIV:
8.86± 0.98 pS, n= 12 from six rats; CIE: 14.43± 1.28 pS, n= 9
from seven rats; **p= 0.004, Mann–Whitney test; Figures 6A,B).
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FIGURE 4 | Enhanced activation of A-type K+ current in MSNs of
CIE-treated rats. (A) representative current responses voltage-gated
A-type and delayed rectifier K+ currents to voltage steps from −70 to
60 mV preceded by a prepulse to −120 mV in MSNs from CIV- and
CIE-treated rats. (B) Mean I-V relationship of the transient K+ current
measured within the first milliseconds of the depolarizing steps. The
amplitude of the transient K+ current was significantly increased in
CIE-treated rats (*p < 0.05). (C) Mean I-V relationship of the sustained K+

current measured at the end of the depolarizing steps. The amplitude of the
sustained K+ current was not significantly different between groups.

The calculated number of open channels at the peak of mIPSCs
was not significantly different between groups (CIV: 14.43± 1.2,
n= 12 from six rats; CIE: 11.36± 0.4, n= 9 from seven rats;
p= 0.07, Mann–Whitney test; Figure 6C). Therefore, we next
performed a series of experiments to investigate whether the CIE-
induced increase in γ was associated with a modification in the
subunit composition of synaptic AMPARs.

LACK OF SIGNIFICANT CHANGES IN THE EXPRESSION OF SYNAPTIC
AMPAR OR NMDAR SUBUNIT PROTEINS AFTER CIE TREATMENT
First, we used Western blot analysis on synaptoneurosomes iso-
lated from microdissected NAcc to investigate the expression of
AMPAR and NMDAR subunits in CIV- and CIE-treated rats
(Figure 7A). The synaptoneurosome is a biochemical preparation
enriched with synaptic proteins (Johnson et al., 1997; Williams
et al., 2003). As expected, synaptoneurosome preparations iso-
lated from NAcc were enriched with PSD-95, a postsynaptic scaf-
folding protein associated with glutamate receptors, compared
to whole extract of NAcc (Figure 7B). The expression of PSD-
95 was similar in each group (PSD-95/β-actin: CIV: 100± 3.2%,
n= 10 rats; CIE: 104± 1% of CIV control, n= 12 rats; p= 0.58,
Mann–Whitney test; Figure 7C). This suggests that the synap-
toneurosome purification process was consistent and reliable to

allow an accurate analysis of synaptic AMPAR subunit expression
in each group. Immunoblotting analysis revealed no significant
changes in the expression of GluA1 or GluA2 in synaptoneuro-
somes isolated from CIE-treated rats compared to CIV-treated
rats (GluA1/β-actin: CIV: 103± 3%, n= 10 rats; CIE: 116± 7%
of CIV control, n= 11 rats; p= 0.14, unpaired t -test; GluA2/β-
actin: CIV: 100± 3%, n= 10 rats; CIE: 110± 5% of CIV control,
n= 12 rats; p= 0.11, unpaired t -test; Figures 7C,D). In addition,
there was no modification in the expression of NMDA receptor
(NMDAR) subunits GluN1 (GluN1/β-actin: CIV: 100± 7%, n= 6
rats; CIE: 114± 8% of CIV control, n= 8 rats; p= 0.27, unpaired
t -test) and GluN2B (GluN2B/β-actin: CIV: 100± 11%, n= 6 rats;
CIE: 104± 8% of CIV control, n= 8 rats; p= 0.73, unpaired t -
test; Figure 7D). These data suggest that CIE treatment does not
affect the expression of synaptic AMPARs and NMDARs in the
NAcc. However, this does not necessarily rule out the possibility
of a functionally significant increase in GluA2-lacking AMPARs
occurred which was not properly detected by our biochemical
techniques (Guire et al., 2008; Ferrario et al., 2011). Therefore, in
the next series of experiments, we used selective pharmacological
tools to further investigate the presence of GluA2-lacking AMPARs
on MSNs from CIE-treated animals.

PHARMACOLOGICAL EVIDENCE FOR ACCUMULATION OF SYNAPTIC
GLUA2-LACKING AMPARs AFTER CIE TREATMENT
To test for the presence of GluA2-lacking AMPARs, we studied
the sensitivity of AMPAR mEPSCs to a selective antagonist of
GluA2-lacking AMPARs, IEM-1460, which does not affect GluA2-
containing AMPARs (Magazanik et al., 1997; Buldakova et al.,
2007). Bath application of IEM-1460 (50 µM) did not signifi-
cantly modify mEPSCs amplitude of MSNs from CIV-treated rats
(96.92± 2.83% of baseline, n= 8 from three rats; p= 0.35 base-
line vs. IEM-1460, paired t -test; Figures 8A,B) indicating that
functional GluA2-lacking AMPARs are not significantly expressed
at MSN synapses of CIV-treated rats. In contrast, IEM-1460 sig-
nificantly decreased mEPSC amplitude of MSNs from CIE-treated
rats (84.74± 3.05% of baseline, n= 8 from two rats; **p= 0.002
baseline vs. IEM-1460, paired t -test; #p= 0.011 CIV vs. CIE,
unpaired t -test; Figures 8A,B). This effect of IEM-1460 on mEPSC
amplitude was reversible (IEM-1460 washout: 92.01± 9.4% of
baseline, n= 3 from three rats, p= 0.75 baseline vs. IEM-1460
washout, Wilcoxon signed rank test, data not shown). No sig-
nificant effects of IEM-1460 were observed on the frequency of
mEPSCs (CIV: 88.6± 6.4% of baseline, n= 8 from three rats,
p > 0.05 baseline vs. IEM-1460, paired t -test; CIE: 108.9± 6.4%
of baseline, n= 8 from two rats, p > 0.05 baseline vs. IEM-1460,
paired t -test; Figure 8C). In the presence of IEM-1460, the mean
AMPA mEPSC amplitude of MSNs from CIE rats was similar to the
mean AMPA mEPSC amplitude from CIV rats (Figure 8D). These
results suggest that CIE treatment-induced a significant increase
in the proportion of functional synaptic GluA2-lacking AMPARs
in MSNs of the NAcc core.

DISCUSSION
Alcohol-seeking behaviors observed during protracted withdrawal
are most likely dictated by long-term neuroadaptive changes in
neuronal excitability and synaptic plasticity. CIE rats treated by
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FIGURE 5 | Excitatory glutamatergic transmission is enhanced in
CIE-treated rats. (A) Representative current traces of miniature EPSCs
recorded from MSNs in CIV- (gray) and CIE-treated (black) rats. (B) Average
mEPSC traces from two representative MSNs in CIV- (gray) and
CIE-treated (black) rats. (C) Cumulative probability plot of amplitude
distribution of mEPSCs showing a significant shift to the right in
CIE-treated compared to CIV-treated rats (***p < 0.001,

Kolmogorov–Smirnov test). (D) Summary graphs showing the significant
increase in mEPSC amplitude in CIE-treated rats (*p < 0.05) while the
frequency of mEPSCs was unchanged. (E) Normalized average mEPSC
traces from CIV- and CIE-treated rats. (F) Plot of mEPSC rise time and
decay time for MSNs from CIV- (gray) and CIE-treated (black) rats.
Population average is shown as mean±SEM. (G) summary graphs
showing mEPSC rise time and decay time in CIV- and CIV-treated rats.

oral intubation have previously been shown to exhibit signs of
alcohol withdrawal and dependence including anxiety, hyperac-
tivity, and decreased seizure thresholds (Kokka et al., 1993; Cagetti
et al., 2003). It has also been demonstrated that CIE treatment
induces profound and persistent changes in pharmacological
properties and subunit composition of inhibitory postsynaptic
GABAA receptors in hippocampal neurons (Liang et al., 2006,
2007). These changes persist for at least 120 days of withdrawal
(Liang et al., 2007). Here we demonstrate that CIE treatment fol-
lowed by protracted withdrawal alters the intrinsic membrane
properties of MSNs in the NAcc core, specifically via increases
in the KIR and A-type K+ currents. We also show that gluta-
matergic synaptic transmission is potentiated in CIE-treated rats.
Specifically, we demonstrate that the enhanced amplitude and con-
ductance of AMPAR mEPSCs in MSNs of CIE-treated animals is

mediated by increases in a small fraction of functional postsy-
naptic GluA2-lacking AMPARs. These results may represent novel
mechanisms underlying the neuroadaptive changes that persist
long after CIE exposure and withdrawal.

ALTERATION OF INTRINSIC ELECTRICAL MEMBRANE PROPERTIES OF
MSNs
The inward rectification in the I-V relationship of MSNs has been
attributed to the activation of inwardly rectifying K+ (KIR) chan-
nels (Uchimura et al., 1989; Nisenbaum and Wilson, 1995; Belleau
and Warren, 2000). KIR channels are the major determinants of
the input resistance and the hyperpolarized RMP of MSNs dur-
ing the down-state (Nisenbaum and Wilson, 1995). Interestingly,
acute EtOH drinking modulates the expression of mRNAs coding
for the KIR channel subunits in the NAcc of alcohol-preferring
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mice (Mulligan et al., 2011). In vitro, acute application of EtOH
induces a hyperpolarization associated with a decrease in input
resistance of MSNs in the striatum (Blomeley et al., 2011). This
EtOH-induced hyperpolarization is abolished in the presence of
Ba2+ suggesting that the effect of EtOH may be due to an increase
in K+ conductance through Ba2+-sensitive KIR channels (Blome-
ley et al., 2011). Here, we show that CIE treatment produced an
increase in inward rectification of the current-voltage relationship
associated with a decrease in input resistance of MSNs in CIE-
treated rats. In addition, we found that the RMP of MSNs tended
to be more hyperpolarized in CIE-treated rats. These results sug-
gest that CIE treatment may induce a long-lasting increase in KIR

channel activity of MSNs in the NAcc core. Voltage-clamp exper-
iments confirmed a significant increase in KIR current in MSNs
from CIE rats. Increased KIR channel conductance has been shown
to reduce AP firing rate of MSNs at depolarized potentials (Sears
et al., 2010). However, we did not observe any modification of the
AP firing rate in the MSNs of CIE-treated rats compared to CIV-
treated rats. These results suggest that CIE treatment may only
affect the activation properties of KIR channels without modi-
fying the inactivation properties involved in the depolarization
of MSNs.

Presently we found that MSNs from CIE-treated rats display
faster AP half-width and increased fAHP amplitude. Lack of
alterations in AP amplitude or threshold suggested that voltage-
gated Na+ were not modified. Large conductance voltage- and
Ca2+-activated K+ (BK) channels are potent regulators of spike
repolarization and fAHP (Shao et al., 1999; Ishikawa et al., 2009).
Inhibition of BK channels has been shown to significantly reduce
fAHP in MSNs of the NAcc shell (Ishikawa et al., 2009). Further,
another study demonstrated that MSNs in the NAcc core expressed
SK channels whose function was reduced after repeated EtOH self-
administration followed by withdrawal (Hopf et al., 2010). This
decrease in SK channels function was responsible for the decrease
in the apamin-sensitive sAHP amplitude resulting in an increase
in membrane excitability of MSNs (Hopf et al., 2010). However,
despite adopting experimental conditions similar to Hopf et al.
(2010) and sufficient to induce an apamin- or Cd2+-sensitive
SK current in CA1 pyramidal neurons, we found that both the
fAHP and sAHP in NAcc core MSNs are insensitive to apamin or
Cd2+ application. Interestingly, it has been shown that the sAHP
of MSNs in the NAcc shell was also insensitive to apamin (Ishikawa
et al., 2009). This suggests that the CIE-induced increases in spike
repolarization and fAHP amplitude observed in our study could be
due to changes in other voltage-dependent K+ channels involved
in AP kinetics, such as the fast-inactivating A-type K+ channels
(Nisenbaum et al., 1994). Voltage-clamp experiments revealed an
increased A-type K+ current at depolarizing membrane potentials
suggesting that A-type K+ channels may be responsible for the
faster AP repolarization and increased fAHP in MSNs of CIE-
treated rats. Since we studied K+ current kinetics in the presence
of TTX, we cannot exclude the possibility that Na+-dependent K+

currents (Budelli et al., 2009) were also altered by CIE treatment
and contributed to the faster AP repolarization and larger fAHP
of CIE rats.

All together, these results suggest that chronic alcohol expo-
sure induces long-lasting alterations of voltage-gated K+ channels
which regulate the electrical membrane properties of MSNs. These
persistent neuroadaptations could lead to the alteration of pro-
cessing and synaptic integration of information converging on
the NAcc (Nisenbaum et al., 1994; Steephen and Manchanda,
2009), which may have important implications for alcohol-related
behaviors.

CIE-INDUCED PLASTICITY OF AMPAR SYNAPTIC TRANSMISSION
The short-term effects of chronic alcohol exposure on glutamater-
gic receptor function in several brain regions have largely been
studied during early withdrawal (Stuber et al., 2010). In the NAcc
of rats, it has been shown recently that CIE exposure induces
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FIGURE 7 | Effects of CIE treatment on the synaptic expression of
AMPAR and NMDAR subunits. (A) Illustration of the technique used to
isolate synaptoneurosomes from microdissected NAcc (adapted from
Johnson et al., 1997). (B) Representative Western blot from NAcc of a naïve
rat showing the enrichment in PSD-95 in synaptoneurosomes (S) compared
to the whole extract (WE). (C) Representative Western blots of AMPAR

subunits GluA1 and GluA2 from synaptoneurosomes isolated from NAcc of
CIV- and CIE-treated rats. PSD-95 and β-actin were used as controls. (D)
Summary graphs showing the lack of significant effect of CIE treatment on
the synaptic expression of AMPAR subunits GluA1 and GluA2, and NMDA
subunits GluN1 and GluN2 compared with CIV treatment. Results are
presented as a ratio with β-actin.

the activation of AKT kinase and its intracellular target named
mammalian target of rapamycin complex 1 (mTORC1) kinase
(Neasta et al., 2010). Activation of the mTORC1-related pathway
is thought to be responsible for the increased expression level of
AMPAR subunit GluA1 and Homer protein, involved in the reg-
ulation of glutamate signaling in the postsynaptic density, in the
NAcc observed at 24 h withdrawal after 3 months of CIE exposure
(Neasta et al., 2010). Interestingly, inhibition of AKT or mTORC1
reduces alcohol-seeking behavior (Neasta et al., 2010, 2011). Fur-
ther, it has been shown that Homer2 protein expression in the
NAcc plays an important role in EtOH-induced neuroplasticity
(Szumlinski et al., 2005, 2008). These studies suggest that altered
expression of proteins involved in the regulation of glutamater-
gic transmission in the NAcc is critical in the development of
behavioral and neurochemical plasticity after repeated ethanol
administration.

Only one study to date has shown a potentiation of glu-
tamatergic synaptic transmission mediated by an increase in
AMPA mEPSC frequency, but not amplitude, in the putamen of
chronic alcohol-drinking monkeys after 28 days of EtOH absti-
nence (Cuzon Carlson et al., 2011). In contrast with Cuzon Carlson

et al. (2011), we found that CIE treatment-induced an increase in
AMPAR mEPSC amplitude without modification of the frequency,
which strongly suggests a postsynaptic effect of CIE treatment
on glutamatergic transmission. The differences between these two
studies can be explained by the difference in animal models and
brain regions examined. Potentiation of AMPAR-mediated synap-
tic transmission has been observed after 24 h of EtOH withdrawal
in the basolateral amygdala, likely due to an alteration of postsy-
naptic AMPAR function (Lack et al., 2007). In the NAcc shell, the
NMDA-dependent long-term depression (LTD) of AMPAR EPSCs
of MSNs induced by pairing stimulation is abolished after 24 h
withdrawal from chronic alcohol exposure. Instead, a long-term
potentiation (LTP) of EPSC amplitude was observed following
pairing stimulation. After 72 h withdrawal, although the NMDA-
induced LTD was still strongly reduced, the EPSC potentiation
was no longer observed (Jeanes et al., 2011). This time-dependent
effect of alcohol during withdrawal may be due to distinct regula-
tion of glutamatergic neurotransmission during short- and long-
term withdrawal periods. The neuroadaptive changes observed
during early withdrawal may lead to distinct long-term neuroad-
aptations involving different neuronal mechanisms that are more
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FIGURE 8 | CIE treatment increases sensitivity to a selective antagonist
of synaptic GluA2-lacking AMPARs. (A) Examples of normalized average
mEPSC traces from CIV- and CIE-treated rats before and after bath application
of a selective GluA2-lacking AMPAR antagonist, IEM-1460 (50 µM). (B)
Summary graph of IEM-1460-induced decreases in mEPSC amplitudes of

CIE- but not CIV-treated rats (**p < 0.01, baseline vs. IEM-1460; #p < 0.05
CIV vs. CIE). (C) Summary graph of the absence of effects of IEM-1460 on
mEPSC frequency of CIV- and CIE-treated rats. (D) Summary graph of AMPA
mEPSC amplitude of NAcc core MSNs from CIV- and CIE-treated rats
(*p < 0.05) before (baseline) and during application of IEM-1460.

likely to underlie alcohol-seeking behaviors that promote craving
and relapse. Metabotropic glutamate receptor 1 (mGlu1), NMDAR
subunit GluN2B, and synaptic protein Homer2B protein expres-
sion increases in the NAcc for 2 weeks of withdrawal following
3 months of alcohol-drinking. However, after 2 months of with-
drawal, only the Homer2B expression increases remain (Szumlin-
ski et al., 2008). In agreement, we found that CIE treatment did
not affect the synaptic expression of NMDAR subunits GluN1 and
GluN2B during protracted withdrawal suggesting that NMDAR
may not be affected. However, this result does not exclude the pos-
sibility of a functional modification of NMDARs independently
of subunit expression.

Increasing evidence suggests that there are commonalities
between alterations induced by different drugs of abuse in several
brain regions. For example, prolonged withdrawal from cocaine
induces a long-lasting potentiation of AMPAR EPSC amplitude
in the NAcc core associated with an increase in the expression of
postsynaptic Ca2+-permeable GluA2-lacking AMPARs (Boudreau
and Wolf, 2005; Boudreau et al., 2007; Conrad et al., 2008; Mameli
et al., 2009; Ferrario et al., 2011). The expression of synaptic GluA2
in isolated MSN synaptoneurosomes was not modified by the
CIE treatment, ruling out the possibility of a down-regulation of
GluA2-containing AMPARs in favor of GluA2-lacking AMPARs
(Mameli et al., 2007). Although the expression of GluA1 sub-
unit was increased by ∼16% in CIE-treated rats, the increases
were not statistically significant when compared to CIV controls.

However, increases in a small fraction (<5%) of functional synap-
tic GluA1-containing AMPARs, which is below the limit of detec-
tion of the usual biochemical techniques, has been shown to be
sufficient to produce a potentiation of AMPAR synaptic trans-
mission (Guire et al., 2008). GluA2-lacking AMPARs are char-
acterized by a higher single-channel conductance (Isaac et al.,
2007). Our findings show an increase in AMPAR unitary con-
ductance after prolonged withdrawal from EtOH. In addition, we
found significant inhibition of mEPSCs by the selective antago-
nist of GluA2-lacking AMPARs only in MSNs from CIE-treated
rats. These results suggest that CIE treatment and prolonged
withdrawal induces a redistribution of AMPAR subunit compo-
sition via increases in a small fraction of functional postsynaptic
GluA2-lacking AMPARs.

Potentiation of excitatory glutamatergic transmission of MSNs
could alter the integration and processing of pertinent informa-
tion converging on the NAcc. Depolarized potentials (up-state) of
MSNs in the NAcc are driven by excitatory inputs (O’Donnell and
Grace, 1995; Goto and O’Donnell, 2001; Gruber and O’Donnell,
2009). These glutamatergic inputs to MSNs do not systemati-
cally trigger an AP but a wide range of subthreshold postsynaptic
depolarizations (Wilson and Kawaguchi, 1996; Stern et al., 1997;
Gruber and O’Donnell, 2009). Thus, enhanced excitatory synaptic
transmission efficacy may facilitate the occurrence of suprathresh-
old postsynaptic depolarizations thereby increasing the firing of
MSNs. The modulation of the NAcc neuronal network plasticity

Frontiers in Neuroscience | Neuropharmacology June 2012 | Volume 6 | Article 86 | 12

http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuropharmacology/archive


Marty and Spigelman Neuroplasticity in alcohol dependence

by alcohol could lead to important alterations in the integration
and transmission of pertinent information to output structures,
such as the VTA, which plays a major role in the behavioral effects
of alcohol (Nestler, 2001; Hyman et al., 2006).

Homeostatic synaptic scaling is a form of synaptic plasticity
that adjusts the strength of all synapses on neurons in response to
prolonged or chronic blockade of neuronal activity to maintain
stable neuronal function (Turrigiano, 2008). Several studies have
demonstrated that prolonged blockade of glutamatergic transmis-
sion with a glutamate receptor antagonist triggers the mechanisms
of synaptic scaling that induce relatively selective increases in
GluA2-lacking AMPARs (Ju et al., 2004; Thiagarajan et al., 2005;
Sutton et al., 2006). Interestingly, acute EtOH reduces presynap-
tic release of glutamate within the NAcc and inhibits postsynaptic
NMDAR function (Nie et al., 1994; Zhang et al., 2005). The recur-
ring cycles of EtOH intoxication and withdrawal produced by CIE
treatment could induce the mechanisms of synaptic scaling, thus
promoting the accumulation of GluA2-lacking AMPARs on MSNs
during withdrawal.

In summary, we demonstrated for the first time that CIE treat-
ment induces a long-lasting alteration in membrane properties
consistent with increases in KIR and A-type K+ currents of MSNs.
We also demonstrated for the first time that prolonged withdrawal

from CIE treatment potentiated the glutamatergic transmission of
MSNs via a postsynaptic mechanism that involves synaptic incor-
poration of GluA2-lacking AMPARs characterized by an increased
unitary conductance. This enhanced glutamatergic transmission
observed in CIE-treated animals may produce an increase in the
reactivity of the NAcc neurons to EtOH-related cues leading to an
increased alcohol consumption following reinstatement (Rimon-
dini et al., 2003). Clinical studies have shown that pharmacological
agents acting on glutamatergic signaling, either to antagonize glu-
tamate receptors or to reduce the release of glutamate, tend to
reduce the reinforcing effects of drugs of abuse, and can attenuate
the reinstatement of drug-seeking behavior (Olive et al., 2012).
Better understanding of the long-lasting cellular and molecular
mechanisms involved in alcohol-induced neuroadaptations, such
as demonstrated in the present study, will be helpful in the develop-
ment of innovative effective treatments for alcoholism and other
drugs of abuse.
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