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Enhancement of Extinction Learning Attenuates Ethanol-
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Addiction is a chronic relapsing disorder in which relapse is often initiated by exposure to drug-related cues. The present study examined
the effects of mGluR5 activation on extinction of ethanol-cue-maintained responding, relapse-like behavior, and neuronal plasticity. Rats
were trained to self-administer ethanol and then exposed to extinction training during which they were administered either vehicle or the
mGluR5 positive allosteric modulator 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) or CDPPB. CDPPB treatment reduced active lever re-
sponding during extinction, decreased the total number of extinction sessions required to meet criteria, and attenuated cue-induced
reinstatement of ethanol seeking. CDPPB facilitation of extinction was blocked by the local infusion of the mGluR5 antagonist 3-((2-
methyl-4-thiazolyl)ethynyl) pyridine into the infralimbic (IfL) cortex, but had no effect when infused into the prelimbic (PrL) cortex.
Analysis of dendritic spines revealed alterations in structural plasticity, whereas electrophysiological recordings demonstrated differen-
tial alterations in glutamatergic neurotransmission in the PrL and IfL cortex. Extinction was associated with increased amplitude of
evoked synaptic PrL and IfL NMDA currents but reduced amplitude of PrL AMPA currents. Treatment with CDPPB prevented the
extinction-induced enhancement of NMDA currents in PrL without affecting NMDA currents in the IfL. Whereas CDPPB treatment did
not alter the amplitude of PrL or IfL AMPA currents, it did promote the expression of IfL calcium-permeable GluR2-lacking receptors in
both abstinence- and extinction-trained rats, but had no effect in ethanol-naive rats. These results confirm changes in the PrL and IfL
cortex in glutamatergic neurotransmission during extinction learning and demonstrate that manipulation of mGluR5 facilitates extinc-
tion of ethanol cues in association with neuronal plasticity.
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Introduction
The goal of extinction-based therapies is to suppress drug seeking
elicited by drug-associated memories. The neurocircuitry that
underlies extinction of conditioned behaviors includes many of
the same brain regions that are involved in normal learning and
memory processes. For example, areas of prefrontal cortex (PFC)
that are involved in fear conditioning are also implicated in drug
conditioning (Millan et al., 2011; Milad and Quirk, 2012). Ani-
mal studies have shown the prelimbic (PrL) cortex is a critical
component in the circuitry of cocaine-seeking behavior (McFar-
land and Kalivas, 2001; Capriles et al., 2003; See, 2005; Di Pietro et

al., 2006) and heroin-seeking behavior (LaLumiere and Kalivas,
2008; Rogers et al., 2008), whereas the infralimbic (IfL) cortex
appears necessary for the expression of extinction behavior
(Ovari and Leri, 2008; Peters et al., 2008a; Peters et al., 2008b).
These converging lines of evidence suggest that the PrL cortex
serves as an on switch for conditioned reward seeking, whereas
the IfL cortex functions as an off switch for the expression of
extinction behavior (Peters et al., 2009).

Extinction training also involves a number of neurochemical
and molecular processes within the striatum (Schmidt et al.,
2001; Self et al., 2004; Fuchs et al., 2006). Glutamatergic projec-
tions from the PrL cortex to the nucleus accumbens (NAc; Kali-
vas et al., 2006) core subregion may regulate drug seeking while
glutamatergic projections from the IfL cortex to the NAc shell
subregion are suggested to mediate extinction behavior (LaLumi-
ere and Kalivas, 2008; Peters et al., 2008a; Peters et al., 2009;
LaLumiere et al., 2010). It should be noted, however, that the
orbitofrontal cortex has been shown to be involved in heroin-
seeking behavior (Fanous et al., 2012) and pathways shown to
inhibit cocaine seeking may actually promote heroin-seeking be-
havior (Bossert et al., 2011; Bossert et al., 2012).
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Current implementations of exposure therapy have proven
ineffective (Childress et al., 1993; Conklin and Tiffany, 2002).
Therefore, the facilitation of extinction could serve as a novel
therapeutic approach to increase the effectiveness of this inhibi-
tory learning on relapse behavior. Extinction of conditioned fear
(Kaplan and Moore, 2011) and cocaine-seeking (Botreau et al.,
2006) behavior can be facilitated by the NMDA receptor partial
agonist D-cycloserine (DCS). It has also been shown that the
mGluR5 positive allosteric modulator (PAM) 3-cyano-N-(1,3-
diphenyl-1H-pyrazol-5-yl)) (CDPPB) enhances the extinction of
cocaine memories (Gass and Olive, 2009; Cleva et al., 2011).
These findings suggest that facilitating glutamatergic transmis-
sion during extinction training strengthens the acquisition of
new memories formed during extinction training. The purpose
of the present study was to determine whether CDPPB can facil-
itate the extinction of ethanol-cue-maintained responding in an
operant paradigm and to assess the influence of facilitated extinc-
tion learning on cue-induced ethanol-seeking behavior. In addi-
tion, because extinction is a form of new and active learning and
not the simple forgetting of previously learned contingencies, we
also investigated the impact of extinction learning on glutama-
tergic transmission and structural plasticity in areas of the PFC.

Materials and Methods
Animals
Male Wistar rats (250 –275 g upon arrival; Harlan Laboratories) were
housed individually in standard polycarbonate cages. Access to food and
water in the home cage was continuous throughout the experiment ex-
cept during behavioral testing. The animal colony room was maintained
on a 12:12 reverse light-dark cycle with lights off at 09:00 A.M. and
experimental testing was performed during the dark portion of the cycle.
All experimental procedures were conducted with the approval of the
Institutional Animal Care and Use Committee at the Medical University
of South Carolina within the guidelines set forth by the National Re-
search Council’s Guideline for the Care and Use of Mammals in Neurosci-
ence and Behavioral Research (2003).

Of the 60 rats trained to self-administer ethanol in an operant task
and then subsequently exposed to extinction training, nine were re-
moved from the study before the commencement of extinction train-
ing or abstinence because they failed to successfully acquire ethanol
self-administration. The criteria for successful acquisition of ethanol
self-administration was �20% variation in the number of active lever
presses across three consecutive sessions. A minimum of 30 reinforc-
ers per session and at least 12 sessions with 10% ethanol as the rein-
forcer were also required. A subset of rats that successfully acquired
self-administration of ethanol was used for dendritic spines and elec-
trophysiology experiments. Rats used in the dendritic spines experi-
ment were trained to self-administer ethanol using the sucrose-fading
paradigm, whereas rats in the electrophysiological experiments were
trained using the pre-ethanol exposure technique. Due to modifica-
tions in the extinction procedures involved in the cue-induced
ethanol-seeking experiments, an additional group of 12 rats was trained to
self-administer ethanol (using the sucrose-fading paradigm) before being
exposed to the extinction and reinstatement procedures. All rats in this
group successfully acquired ethanol self-administration. An additional 24
rats were trained in the ethanol self-administration procedure (using the
ethanol pre-exposure technique) for the microinjection experiments. All
24 of these rats successfully acquired the operant task.

Self-administration apparatus
Ethanol self-administration, extinction, and reinstatement test sessions
were conducted in Plexiglas chambers (32 cm W � 25 cm D � 11 cm H,
model ENV-008; Med Associates) located in melamine sound-
attenuating cubicles. Each cubicle was equipped with an exhaust fan to
provide air circulation and to mask external noise. Mounted on one wall
of the self-administration chamber were two response levers that flanked
a liquid receptacle connected to a single-speed syringe infusion pump

with polyethylene tubing. Responses on one lever, designated the active
lever, resulted in delivery of the liquid reinforcer (see Self-administration
procedures section), whereas responses on the other (designated inac-
tive) lever had no programmed consequences. Located above the active
lever was a 2.5-cm-diameter stimulus light that was illuminated for 1.5 s
during each reinforcer delivery. Located atop the chambers was a house
light to provide general illumination and a Sonalert speaker that emitted a
tone (2900 Hz, �65 dB) for 1.5 s during each reinforcer delivery. Chambers
were interfaced to a PC that controlled experimental sessions and recorded
data using commercially available software (MED Associates).

Self-administration procedures
Rats were trained to lever press on the active lever to receive a reinforcer
on an FR1 schedule of reinforcement. Each active lever press activated the
syringe pump to deliver �45 �l of a liquid solution over a 1.5 s period.
During reinforcer delivery, the stimulus light above the active lever was
illuminated and the tone was presented. After each reinforcer delivery, a
4 s timeout period was initiated during which additional active lever
presses were recorded but had no programmed consequences. In the
experiments that assessed changes in dendritic spines, daily 30 min ses-
sions were first conducted with sucrose (10% w/v) as the reinforcer 5 d
per week. When response patterns stabilized (i.e., when the number of
active lever presses per 30 min session varied �15% across two consec-
utive sessions), the rats were trained to self-administer ethanol 10% v/v
using a modified sucrose-fading procedure (Samson, 1986) that has been
used previously in our laboratory (Gass et al., 2011; Sinclair et al., 2012).
Briefly, ethanol was gradually added to the sucrose solution (2%, 5%, and
then 10%, with 1 week at each concentration) while sucrose was concur-
rently faded out of the solution (10%, 5%, 2%, then 0%) until rats were
self-administering 10% ethanol in 30 min daily sessions conducted Mon-
day through Friday. In the experiments that involved electrophysiology,
rats were trained to self-administer ethanol by first exposing them to an
intermittent 2-bottle choice drinking initiation paradigm for a period of
2 weeks. Three days per week, two bottles— one containing water and the
other containing 20% ethanol—were placed on the cage. Twenty-four
hours later, the bottles and the rats were weighed and the grams per
kilogram bodyweight of ethanol consumed were calculated. The day after
the last two-bottle choice session, the rats were placed in operant cham-
bers and trained to self-administer a 20% ethanol solution in 30 min daily
sessions. After stable responding for 20% ethanol (�10 –12 sessions) was
reached, the concentration of ethanol was reduced to 10% for the re-
maining sessions (12–16 sessions) to remain consistent with drinking
using the sucrose-fading procedure. After stabilization of responding for
10% ethanol, blood samples (20 �l) were taken from the tail vein using
heparin-coated borosilicate capillary tubes immediately after a 30 min
self-administration session for subsequent analysis of blood ethanol lev-
els (see Blood ethanol level determination section). After an additional
week of daily self-administration sessions, extinction training procedures
commenced.

Blood ethanol level determination
Immediately after blood sample collection, samples were centrifuged at
10000 � g for 10 min to obtain a plasma supernatant, which was then
stored at 4°C for a maximum of 24 h. Next, 5 �l of plasma was used for
determination of blood ethanol levels using an Analox AM-1 analyzer.

Extinction procedures
Extinction procedures and treatment with the mGluR5 PAM CDPPB
commenced after maintenance criteria for the ethanol-only solution was
reached. Extinction training was conducted in 30 min daily sessions in
the presence of ethanol-associated cues (e.g., presentation of the light/
tone stimulus complex for 1.5 s after each active lever press, followed by
a 4 s timeout), because it has been observed that such procedures produce
drug-seeking behavior that is more resistant to extinction than that ob-
served during extinction in the absence of drug-associated cues (Ranaldi
and Roberts, 1996; Feltenstein and See, 2006). No liquid solution was
given during extinction sessions and presses on the inactive lever during
extinction were recorded but produced no programmed consequences.

In the experiments that examined dendritic spines, rats were randomly
assigned to one of the following groups: extinction training with CDPPB
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treatment (Ext/CDPPB), extinction training without CDPPB treatment
(Ext/Vehicle), forced abstinence with CDPPB treatment (Abst/CDPPB),
and forced abstinence without CDPPB treatment (Abst/Vehicle). The
days of forced abstinence were equal to the number of days of the
extinction-training period. Rats used in the electrophysiological studies
received the same group assignments.

For groups exposed to extinction training, 20 min before each extinc-
tion training session, rats were administered vehicle (10% Tween 80) or
CDPPB (30 mg/kg, s.c.) according to their group assignment and re-
turned to their home cages. The dose of CDPPB was based on our previ-
ous studies showing facilitation of extinction learning (Gass and Olive,
2009; Cleva et al., 2011). Rats were placed in the self-administration
apparatus 20 min after treatment and lever-pressing behavior was re-
corded. Extinction criteria were considered to have been met when the
number of active lever presses exhibited by an individual rat was �20%
(for 2 consecutive days) of those observed on the average of the last 2 d of
active drug self-administration for that particular rat. Rats in the forced
abstinence groups were brought into the testing area, given injections
based on their group assignment, and then placed back into their home
cages.

Cue-induced reinstatement procedures
Rats assigned to the cue-induced reinstatement condition were trained to
self-administer ethanol using the sucrose-fading procedure. However, to
reinstate ethanol seeking by ethanol cues, rats in this group were
exposed to an extinction training procedure in which the cues re-
mained off during sessions. Rats in this condition were assigned to
either the Ext/CDPPB or Ext/Vehicle group. Twenty minutes before
each session of extinction training, rats were administered vehicle (10%
Tween 80) or CDPPB (30 mg/kg, s.c.) according to their group assign-
ment and returned to their home cages. All conditions and criteria for
extinction remained the same except that the ethanol cues were not
presented. During reinstatement test sessions, rats were placed in the
operant chamber, the test session began, and the ethanol cue was pre-
sented one time. Lever presses were recorded and each press on the active
lever resulted in a 1.5 s presentation of the light-tone stimulus that was
previously paired with ethanol delivery followed by a 4 s timeout, but no
ethanol was delivered. Reinstatement test sessions were 30 min in length
and were conducted in the same operant self-administration chamber
that was used during the maintenance and extinction phases.

Electrophysiological recordings
Acute brain slices containing PrL and IfL mPFC were prepared from rats
that were anesthetized with isoflurane (Piramal Healthcare) 1 d after
their final extinction session. The rat was decapitated, the brain was
rapidly removed, and coronal slices were cut at 350 �m thickness in
ice-cold dissection ACSF solution containing the following (in mM): 200
sucrose, 1.9 potassium chloride (KCl), 1.2 dibasic sodium phosphate
(Na2HPO4), 33 sodium bicarbonate (NaHCO3), 6 magnesium chloride
hexahydrate (MgCl2), 0.5 calcium chloride dihydrate (CaCl2), 10
D-glucose, and 0.4 ascorbic acid. Slices were incubated at 34°C for at least
1 h before recordings in incubation ACSF containing the following (in
mM): 125 sodium chloride (NaCl), 2.5 KCl, 1.25 monobasic sodium
phosphate (NaHPO4), 25 NaHCO3, 4 MgCl, 1 CaCl2, 10 D-glucose, 15
sucrose, and 0.4 ascorbic acid, continuously aerated with 5% carbon
dioxide/95% oxygen. After incubation, slices were transferred to a sub-
merged recording chamber, held at 34°C, and bathed with oxygenated
recording ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 25
NaHCO3, 2 CaCl2, 1.3 MgCl2, 10 D-glucose, and 0.4 ascorbic acid. The
pH of all solutions listed above was adjusted to 7.3 using NaOH and
osmolarity was measured to be �300 mOsm.

Recordings were made with a Multiclamp 700B amplifier (Molecular
Devices), connected to a computer running Windows XP and Axograph
X software, and later analyzed offline. All recordings were obtained from
pyramidal neurons in layer V of the PrL or IfL cortex (Paxinos and
Watson, 2005) identified with infrared-differential interference contrast
optics and videomicroscopy. EPSCs were evoked using a tungsten bipo-
lar stimulating electrode placed in layer V within 200 �m of the cell being
recorded. The stimulating electrode was connected to a Grass S88 stim-
ulator and stimulus isolation unit.

For voltage-clamp experiments, recording electrodes (4 – 6 M� resis-
tance) were filled with a solution containing the following (in mM): 135
CsCl, 2 MgCl2, 10 HEPES, 1 EGTA, 4 NaCl, 2 NaATP, 0.3 Tris-GTP, and
10 phosphocreatine. 1 mM QX-314 Cl- was added to pipettes to block
voltage-sensitive sodium channels from generating action potentials.
The pH was adjusted to 7.3 using KOH and osmolarity was measured to
be �285 mOsm. Series resistances (�20 M�) and input resistances were
continually monitored throughout the experiment via a 1 mV (100 ms)
hyperpolarizing pulse. All experiments were performed in the presence
of 100 �M picrotoxin. Evoked NMDA (eNMDA) and evoked AMPA
(eAMPA) currents were elicited by focal electrical stimulation in the
presence of CNQX (10 �M) or dl-APV (50 �M), respectively. First, an
input-output relationship was obtained by varying the intensity of stim-
ulation from an amount that produced no response up to an amount that
produced a response of maximal amplitude regardless of further in-
creases in stimulus intensity. Then, the intensity was dialed down to
generate a response that was �75% of the maximal amplitude. Next,
evoked responses were measured at holding potentials from �80 mV to
�40 mV in 10 mV increments to construct an I–V plot for the peak
amplitude of the evoked currents. The eAMPA rectification index was
obtained by calculating the slope of the I–V relationship for each cell at
negative holding potentials (�80 to 0 mV) and dividing that by the slope
of the IV plot at positive holding potentials (0 to �40 mV).

Diolistic loading of dendritic spines
Dendritic spine labeling followed previously reported methods (Kroener
et al., 2012). Rats were anesthetized the day after the final extinction
session and perfused with 0.1 M phosphate buffer followed by 1.5% para-
formaldehyde (PFA) in phosphate buffer. Brains were postfixed in 1.5%
PFA for 30 min before coronal sections (150 �m) were prepared on a
vibratome. Tungsten particles (1.3 �m diameter) were coated with DiI
and delivered diolistically using a Helios Gene Gun (Bio-Rad) fitted with
a polycarbonate filter (3.0 �m pore size; BD Biosciences). DiI was al-
lowed to diffuse overnight at 4°C and sections were postfixed in 4% PFA
for 1 h. Confocal images (LSM 510; Zeiss) of first- and second-order basal
dendrites of layer V pyramidal neurons in the PrL and IfL cortex were
collected and a filament of the dendritic shaft and spines was created
using Imaris XT (Bitplane) from deconvolved images. Dendritic spines
were classified into four classes, long, mushroom, stubby, or filopodia,
based on spine length (L), spine neck width (WN), and spine head width
(WH). Long spines were identified as having L � 0.5 �m and � 3.0 �m;
mushroom spines had L � 3.5 �m, WH � 0.35 �m, and WH � WN;
stubby spines had L � 0.5 �m; and filopodia were identified as having
L � 3 �m. Analysis was performed on dendrites beginning �75 �m
distal to the soma; the length of each quantified dendrite was 50 – 60 �m.
A total of 23 rats were used for dendritic spine analysis (Ext/CDPPB, n 	
6; Ext/Vehicle, n 	 6; Abst/CDPPB, n 	 6; Abst/Vehicle, n 	 5). A range
of three to five neurons were analyzed from each brain region of each rat.
For each neuron, three to five dendrites were analyzed and averaged for
each neuron. Therefore, there was a range of 45–54 images analyzed for
each experimental group. This method of analyzing dendritic spines is
consistent with previously published studies (Shen et al., 2009; Kroener
et al., 2012). From 3D confocal images of dye-filled dendritic processes,
we analyzed the following parameters: dendritic length, dendritic mean
diameter, total spine density, spine class density, spine class length, spine
class terminal point diameter, spine class volume, and the terminal point
volume (mushroom spines only).

Microinjection cannula implantation
A separate group of 24 rats were assigned to a microinjection experiment
to test the ability of local administration of MTEP (an mGluR5 antago-
nist) in the IfL or PrL cortex to prevent the facilitating effects of CDPPB
on the extinction of ethanol-seeking behavior. Rats were anesthetized
with isoflurane vaporized in medical grade breathing air at a flow rate of
0.4 L/min and placed in a stereotaxic instrument (Kopf Instruments).
Bilateral microinjection guide cannulae [26 ga outer diameter (OD)
(Plastics One) were aimed to terminate 1 mm dorsal to the IfL or PrL
cortex. The stereotaxic coordinates used (in millimeters from bregma
and skull surface) were as follows: for the IfL cortex: anterior/poste-
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rior �3.24, medial/lateral 
0.6, and dorsal/ventral �3.8; for the PrL
cortex: anterior/posterior �3.24, medial/lateral 
0.6, and dorsal/
ventral �2.2 (Paxinos and Watson, 2005). Microinjection cannulae
were secured to the skull with stainless steel screws and dental cement.
Removable obturators (33 ga OD) were inserted in the full length of the
guide cannulae to limit obstruction by tissue and contamination by ex-
ternal debris. The wound was treated with topical 2% xylocaine and 2%
triple antibiotic ointments and sutured closed using 3– 0 Vicryl sutures.
After surgery, all rats were given carprofen (2.5 mg/kg, s.c., daily for 5 d)
for postoperative pain management. After recovery from surgery, rats
were trained to self-administer ethanol as described in the Self-
administration procedures section.

Microinjection procedures
After successful acquisition of ethanol self-administration, rats were as-
signed to either an MTEP (5 �g/�l) or vehicle [artificial CSF (aCSF)
group (n 	 6 for each brain region/treatment; 24 rats total]. This dose of
MTEP was chosen to maximize blockade of mGluR5 receptor activity
and because we have shown previously that a 3 �g/�l dose can block the

cue induced reinstatement of ethanol-seeking
behavior (Sinclair et al., 2012). Bilateral micro-
injections were performed 25 min before each
extinction session. Rats were lightly restrained
and obturators were removed. Sterile 33 ga mi-
croinjection needles (Plastics One) were con-
nected via microbore tubing to two 100 �l
syringes (Hamilton). Syringes were mounted
on a micro-infusion pump (Harvard Appara-
tus) set to deliver fluids at a flow rate of 0.5
�l/min. Microinjection needles were inserted
bilaterally to a depth 1 mm beyond the ventral
tip of the guide cannula. Drug solutions were
infused in a volume of 0.5 �l/side over a 1 min
period. Microinjection needles were left in
place for an additional 60 s period to allow drug
diffusion. Next, injectors were removed and
obturators were replaced. Immediately after
the microinjection, each rat received an injec-
tion of CDPPB (30 mg/kg, s.c.). After 20 min,
rats were placed in the operant chamber and
the extinction session began. All conditions in
the extinction session remained the same.

Histological verification of
microinjection sites
Verification of cannula placement was deter-
mined using previously published methods
(Gass et al., 2011). After behavioral proce-
dures, rats were anesthetized with isoflurane
and killed by decapitation. Brains were then
removed, immersed in 10% v/v formalin for at
least 1 week at 4°C, and then immersed in a
30% (w/v) sucrose solution for at least 72 h at
4°C, followed by immersion in 15% (w/v) su-
crose for at least 72 h at 4°C. Brains were then
cut into 40 mm coronal sections on a cryostat
(CM1900; Leica Microsystems), mounted onto
microscope slides, and stained with cresyl vio-
let for histological verification of cannula
placement under light microscopy.

Drugs
CDPPB was custom synthesized by Chemir
Analytical Services according to previously
published methods (Lindsley et al., 2004; Kin-
ney et al., 2005), purified to �95% purity by
liquid chromatography-mass spectrometry,
and suspended in 10% v/v Tween 80 (Sigma-
Aldrich). MTEP hydrochloride was purchased
from Abcam and dissolved in sterile aCSF at a
concentration of 5 �g/�l.

Statistical analyses
Behavioral data from this study were analyzed based on the stage of the
experiment using SPSS version 21.0 software and Prism version 6 soft-
ware (GraphPad).

Extinction learning experiments. For experiments involving analysis of
extinction behavior, lever presses on the last 2 d of active self-administration
of 10% ethanol (i.e., maintenance) were averaged and compared with each
day of extinction training using a mixed two-way repeated-measures
ANOVA with treatment (control/CDPPB) as the between-subjects factor
and experimental phase (maintenance/extinction session) as the within-
subjects factor. An independent-samples t test was used to analyze the num-
ber of sessions required to reach extinction criteria. Separate ANOVAs were
performed on the number of both active and inactive lever presses. Results
from these analyses provided a statistical basis for determination of extin-
guished responding.

Cue-induced alcohol-seeking behavior experiment. For the analysis of
reinstatement behavior, the number of lever presses recorded during

A B

C D

E

Figure 1. Treatment with CDPPB during extinction training facilitates the acquisition of extinction learning. Rats were trained
to self-administer ethanol using a sucrose-fading technique (average ethanol consumption in 30 min was 1.18 g/kg; A and B; n 	
11). A separate group of rats were trained to self-administer ethanol using a 2-bottle intermittent access initiation procedure
(average consumption in 30 min was 1.11 g/kg; C and D; n 	 10). CDPPB resulted in a significant reduction in active lever
responding on multiple days during extinction training and significantly decreased the number of sessions required to reach
extinction criteria. *p 	 0.001. E, In rats trained to self-administer ethanol, reducing the concentration of ethanol in the operant
session from 20% to 10% resulted in a significant increase in both active lever responses (*p 	 0.001) and number of reinforce-
ments received (*p 	 0.002; n 	 10).
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ethanol self-administration, the last day of the extinction training, and
during the reinstatement test were compared using a mixed two-way
ANOVA with treatment (control/CDPPB) as the between-subjects factor
and experimental phase (self-administration, extinction, reinstatement)
as the within-subjects factor. Separate ANOVAs were performed on the
number of both active and inactive lever presses. Results from this anal-
ysis provided indication of successful reinstatement of ethanol-seeking
behavior.

Electrophysiological experiments. Two-way (2 � 2; treatment vs train-
ing) ANOVAs with corrections for multiple post hoc comparisons were
used to test for significant effects of CDPPB and extinction learning on
NMDA current peak amplitude, AMPA current peak amplitude, and
AMPA current rectification index. For all experiments except the den-
dritic spine analysis, Holm–Sidak multiple-comparisons post hoc tests
followed all ANOVAs.

Dendritic spine experiments. Data obtained from dendritic spine mea-
surements were analyzed using SAS (SAS Institute Inc.) using a previ-
ously published statistical technique (Kroener et al., 2012). The dendritic
spine data were analyzed as a mixed model (SAS Proc Mixed) with a
first-order autoregressive covariance matrix across the sequential slices
within rats. This type of analysis allowed us to make statistical comparisons
among the four groups in this experiment. Because no differences in spine
density were observed between first- and second-order basal dendrites, the
data were collapsed for subsequent analyses. All p-values �0.05 were con-
sidered statistically significant and all data are presented as mean 
 SEM. All
p-values were given in exact numbers except for situations in which multiple
comparisons resulted in several significant changes.

Results
Behavioral studies
In the first set of experiments, we investigated the effect of CD-
PPB administration on the extinction of ethanol cues in rats that

A

B

C

Figure 2. mGluR5-mediated facilitation of the extinction of ethanol self-administration rep-
resents new learning. A, Analysis of within-session responding during the first day of extinction
revealed a treatment � time period interaction (n 	 11). B, Comparison of the binned re-
sponses revealed that CDPPB did not alter responding on the previously active lever during the
initial 3 min of the extinction session, but did significantly reduce responding on this lever
during the remainder of the extinction session (*p 	 0.005). C, In contrast, analysis of the
second day of extinction training revealed a significant group difference during the first 3 min of
the extinction session, with CDPPB-treated animals responding significantly less during this
time period. *p 	 0.013.

A

B

Figure 3. Treatment with CDPPB during extinction training attenuates cue-induced rein-
statement of ethanol-seeking behavior. Rats from this experiment were trained to self-
administer ethanol using the sucrose-fading paradigm (average ethanol consumption in a 30
min session was 0.95 g/kg). On the day after the final day of extinction, rats were exposed to a
session of cue-induced reinstatement of ethanol-seeking behavior by placing them in the op-
erant chamber and exposing them to the ethanol cue. A, Whereas the number of extinction
sessions were truncated due to the absence of ethanol cues during extinction training, CDPPB
significantly reduced active lever responding on multiple days. *p�0.02. B, Extinction training
resulted in a significant reduction in active lever responding in both groups compared with
self-administration levels. *p � 0.001. Rats that displayed CDPPB-facilitated extinction learn-
ing exhibited significant attenuation of cue-induced reinstatement when exposed to ethanol-
associated cues. #p 	 0.001; n 	 6.

7566 • J. Neurosci., May 28, 2014 • 34(22):7562–7574 Gass et al. • Enhancement of Extinction Learning Attenuates Ethanol Seeking



had been trained to self-administer ethanol using a sucrose-
fading procedure. As shown in Figure 1A, administration of CD-
PPB 20 min before each daily extinction session resulted in a
significant treatment � session interaction (F(10,200) 	 2.3, p 	
0.015; n 	 11). Post hoc analyses further revealed that rats treated
with CDPPB had significantly fewer responses on the previously
active lever compared with vehicle-treated rats on multiple ex-
tinction sessions (p � 0.001). Rats treated with CDPPB also re-
quired significantly fewer extinction sessions to reach extinction
criteria compared with vehicle-treated rats (t(20) 	 6.4, p 	 0.001;
Fig. 1B).

A potential concern with the sucrose-fading procedure is that
initial responding for sucrose during the training period may
produce a lasting memory trace for sucrose reward that could
confound interpretation of the results. Therefore, in the next set

of experiments, we used a two-bottle
choice intermittent ethanol access proce-
dure that does not involve sucrose to ini-
tiate drinking before training of operant
ethanol self-administration. As was ob-
served with rats that had been trained us-
ing the sucrose-fading procedure,
analysis of extinction behavior using the
intermittent access initiation procedure
revealed a significant treatment � session
interaction (F(10, 170) 	 4.5, p 	 0.023; n 	
10 vehicle; n 	 9 CDPPB; Fig. 1C). Post
hoc analyses again showed that rats treated
with CDPPB had significantly fewer re-
sponses on the previously active lever
compared with vehicle-treated rats on
multiple extinction sessions (p � 0.001).
CDPPB also significantly reduced the
number of extinction sessions needed to
reach criteria compared with vehicle-
treated rats (t(17) 	 7.2, p 	 0.001; Fig.
1D). There was no effect of treatment, ses-
sion, or a treatment � session interaction
with regard to inactive lever responding
during the last 2 d of self-administration
or extinction sessions. Together, these re-
sults demonstrate that positive allosteric
modulation of mGluR5 facilitates the ex-
tinction of ethanol seeking. In addition,
differences in the initial ethanol-training
experience (i.e., sucrose versus intermit-
tent) did not have any impact on either
the rate of extinction of ethanol self-
administration (p � 0.05) or the effect of
CDPPB (p � 0.05).

Additional analyses of the drinking be-
havior within the two-bottle intermittent
access groups revealed that the concentra-
tion of ethanol significantly altered the
rats’ responding rates. There was a signif-
icant main effect of ethanol concentration
(F(1,36) 	 40.8, p 	 0.001), but no signifi-
cant interaction between ethanol concen-
tration and type of responding (lever
presses or number of reinforcements).
When the concentration of ethanol was
reduced from 20% to 10%, there was a
significant increase in the number of ac-

tive lever presses (p 	 0.001) and the number of reinforcers (p 	
0.002; n 	 10; Fig. 1E). This suggests that the rats adjusted their
level of ethanol self-administration based upon its behavior-
ally reinforcing effects.

To determine whether the CDPPB-induced increase in the
rate of extinction of ethanol self-administration reflected new
learning as a function of the failure to receive ethanol in response
to pressing the previously active lever, we next investigated the
within-session time course of responding in 3 min time bins
during the first day of extinction. As shown in Figure 2A, CDPPB
reduced active lever responding throughout the extinction ses-
sion. Statistical analysis revealed a significant treatment � time
period interaction (F(1,38) 	 4.3, p 	 0.046; n 	 11). Importantly,
whereas CDPPB did not alter responding on the previously active

A

B

C D

E F

Figure 4. Facilitated extinction learning is associated with changes in dendritic spines in PrL and IfL cortex. Rats from this
experiment were trained to self-administer ethanol using the sucrose-fading paradigm and were killed immediately after the final
day of extinction. A, Representative image of a dendrite of a layer 5 pyramidal neuron in the IfL cortex. B, Color-coded image of the
dendrite in A showing spine classification based on morphology. C, Extinction training alone was associated with a significant
increase in IfL spine density. #p 	 0.039. CDPPB treatment further increased spine density during extinction training. *p � 0.038.
D, The increase in overall spine density in the IfL cortex resulted from an increase in the density of mushroom shaped spines. *p �
0.03. E, Facilitated extinction learning was also associated with a significant increase in total spine density in the PrL. *p � 0.02.
F, The increase in total spine density in the PrL cortex was the result of an increase in the density of immature, long type spines.
*p � 0.02. For the Ext/CDPPB (n 	 6), Ext/Vehicle (n 	 6), Abst/CDPPB (n 	 6), and Abst/Vehicle (n 	 5) groups, 3–5 neurons
were analyzed from the IfL cortex and PrL cortex for each rat and 3–5 dendrites were analyzed and averaged for each neuron.
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lever during the initial 3 min of the extinc-
tion session, there was a significant reduc-
tion of responding on the previously
active lever during the remainder of the
extinction session (p 	 0.005; Fig. 2B). In
addition, analysis of the second day of ex-
tinction training revealed a main effect of
time period (F(1,38) 	 28.9, p 	 0.001).
During the first 3 min of the extinction
session, CDPPB-treated rats responded
significantly less during this time period
(p 	 0.013) and during the remainder of
the session (p 	 0.045; Fig. 2C). These
results are consistent with the suggestion
that CDPPB enhancement of extinction
responding reflects new learning in re-
sponse to the lack of reward delivery dur-
ing the initial period of lever pressing.
They also show that the CDPPB-induced
reduction in active lever responding was
not due to nonspecific motor effects,
which is in agreement with previous stud-
ies investigating the effect of CDPPB on
extinction of cocaine-seeking behavior
(Cleva et al., 2011) and memory (Reichel
et al., 2011).

In the next set of experiments, we in-
vestigated whether CDPPB enhancement
of extinction learning alters subsequent
cue-induced reinstatement of ethanol-
seeking behavior. For these experiments,
the discrete cues (light and tone) were left
off during the extinction period so that
they could be used for cue-induced rein-
statement. As expected, the number of
sessions required for rats to reach extinc-
tion criteria when the discrete cues were
not extinguished was reduced from 10
(Fig. 1A,C) to five sessions (Fig. 3A). Sta-
tistical analysis revealed a significant ses-
sion � group interaction (F(5,50) 	 6.9,
p 	 0.018; n 	 6). Consistent with results
obtained when the discrete cues were ex-
tinguished, CDPPB again was observed to
significantly reduce responding on the
previously active lever during extinction
sessions 3 and 4 (p � 0.02; Fig. 3A). Anal-
ysis of the reinstatement data indicated a
significant treatment � phase interaction
(F(2,30) 	 5.9, p 	 0.007). Specifically, whereas the groups did not
differ during self-administration or after extinction training (p �
0.05), exposure to the discrete cues after extinction training re-
sulted in a significant increase in responding on the previously
active lever (p 	 0.001; Fig. 3B). However, this increase was not
present in rats that had received CDPPB during extinction train-
ing. This suggests that CDPPB enhancement of extinction learn-
ing results in reduced sensitivity to subsequent cue-induced
reinstatement of ethanol-seeking behavior.

Dendritic spine studies
For analysis of dendritic spines in the PrL and IfL cortex, we
limited our analysis to the basal dendrites of layer 5 pyramidal

neurons. For the Ext/CDPPB (n 	 6), Ext/Vehicle (n 	 6), Abst/
CDPPB (n 	 6), and Abst/Vehicle (n 	 5) groups, 3–5 neurons
were analyzed from each rat and 3–5 dendrites were analyzed and
averaged for each neuron. Statistical analyses of the results re-
vealed that, within the IfL cortex, there were significant differ-
ences among the four treatment groups in overall spine density
(F(3,17) 	 6.1, p 	 0.005). Post hoc analyses showed that rats that
underwent extinction training in combination with the vehicle
treatment (Ext/Vehicle) had a significant increase in IfL cortex
spine density compared with the forced abstinence (Abst/Vehi-
cle) group (p 	 0.039; Fig. 4C). This extinction-associated in-
crease in spine density was further enhanced in rats that had
undergone CDPPB-facilitated extinction learning. Specifically,

Figure 5. CDPPB reversed extinction-induced enhancement of eNMDA currents in the PrL but not the IfL cortex. Rats were
trained to self-administer ethanol using an ethanol pre-exposure paradigm and then administered vehicle or CDPPB during
abstinence (ABST) or extinction training (EXT). A, CDPPB did not significantly alter the amplitude of eNMDA currents in the PrL
cortex of ABST rats. However, EXT enhanced eNMDA currents in Vehicle treated animals (#, p 	 0.033) and this increase was
prevented by CDPPB treatment (*p	0.037). B, Input-output curves for vehicle versus CDPPB from ABST rats were not significantly
different. C, In contrast, the input-output curves for EXT where significantly different at higher stimulation intensity. Symbols
indicate significant difference from respective controls. *p � 0.033; #p � 0.008. D, In the IfL cortex, there was a main effect of
extinction training (indicated by an asterisk above the bar; p 	 0.035), but this increase as not altered by CDPPB treatment. E, F,
There were no significant differences in the input-output relationship of eNMDA currents between any of the drug treatment and
training conditions in IfL cortex (n 	 6 for all groups except EXT/CDPPB, for which n 	 7).

7568 • J. Neurosci., May 28, 2014 • 34(22):7562–7574 Gass et al. • Enhancement of Extinction Learning Attenuates Ethanol Seeking



rats in the Ext/CDPPB group had a significant increase in overall
IfL spine density compared with the Abst/Vehicle (p 	 0.001),
Abst/CDPPB (p 	 0.011), and Ext/Vehicle (p 	 0.037) groups
(Fig. 4C). In contrast, there was a slight but nonsignificant in-
crease in the total density of dendritic spines in the IfL cortex
in the Abst/CDDPB group versus the Abst/Vehicle group ( p 	
0.14).

To expand the analysis of structural plasticity, we next mea-
sured changes in spine morphology and classified the density of
spines based upon their morphological classification. This
analysis revealed that the increase in overall spine density in the
IfL cortex of rats that displayed facilitated extinction was due in
large part to an increase in the number of mature, mushroom
spines (F(3,17) 	 5.7, p 	 0.007; p � 0.03; Fig. 4D). There were no
other significant differences among the groups in density of the
other spine classes.

Within the PrL cortex, there were also significant differences
among the four groups in overall spine density (F(3,17) 	 3.6, p 	
0.039). Post hoc analyses showed that facilitated extinction was
associated with a significant increase in PrL cortex spine density

compared with the other groups (p �
0.02; Fig. 4E), an effect that appeared to
result from a significant increase in long
spine density (F(3,17) 	 3.6, p 	 0.035; Fig.
4F). Together, these results demonstrate
the facilitated extinction learning is asso-
ciated with structural plasticity in both the
IfL and PrL cortex.

Electrophysiology studies
Based on our observation that CDPPB
enhanced extinction learning and atten-
uated cue-induced reinstatement of
responding and on the observation of al-
terations of dendritic spines in the PrL and
IfL cortex, we next performed whole-cell
patch-clamp recordings in layer V pyrami-
dal neurons in the PrL and IfL cortex to de-
termine whether CDPPB facilitation of
extinction was associated with changes in
AMPA and NMDA currents. For these
studies, acute mPFC slices were obtained
from saline- and CDPPB-treated rats ei-
ther 1 d after the last extinction session or
after 8 –10 d of abstinence. As shown in
Figure 5A, recording of eNMDA currents
(measured at a holding potential of �40
mV) in the PrL cortex revealed a signifi-
cant treatment � training interaction
(F(1,19) 	 7.0, p 	 0.016; Abst/Vehicle,
n 	 6; Ext/Vehicle, n 	 6; Abst/CDPPB,
n 	 6; Ext/CDPPB, n 	 7). Post hoc anal-
ysis further revealed that extinction train-
ing alone significantly increased the mean
peak amplitude of the eNMDA current
(Abst/Vehicle vs Ext/Vehicle; p 	 0.033).
Interestingly, administration of CDPPB
completely prevented this extinction-
induced increase in eNMDA currents. This
was observed as a significant reduction in
the amplitude of the eNMDA current in the
Ext/CDPPB group compared with the Ext/
Vehicle group (p 	 0.036). As expected, the

input-output curves for stimulation intensity in abstinent rats were
not significantly different between the Abst/Vehicle and Abst/CD-
PPB groups (Fig. 5B; F(9,80) 	 0.2, p � 0.05). However, there was a
significant treatment � stimulus intensity interaction (F(9,100)

	 2.0, p 	 0.049) in the input/output recording obtained from
rats exposed to extinction training (Ext/Vehicle vs Ext/
CDPPB; Fig. 5C). This was observed as significantly higher
amplitude at higher stimulus intensities (70 �A: p 	 0.033,
t(100) 	 2.9; 80 �A: p 	 0.013, t(100) 	 3.2; 90 �A: p 	 0.007,
t(100) 	 3.5; and 100 �A: p � 0.007, t(100) 	 3.5).

In the IfL cortex, analysis of eNMDA currents obtained from
the same treatment groups (Abst/Vehicle, n 	 6; Ext/Vehicle, n 	
6; Abst/CDPPB, n 	 6; Ext/CDPPB, n 	 7; Fig. 5D) again
revealed a main treatment effect of extinction (F(1,19) 	 5.2, p 	
0.035). However, post hoc comparison of the individual group did
not reveal any significant group differences. Consistent with this,
there were no significant differences in the input-output relation-
ships for vehicle compared with CDPPB in either the Abst (F(9,80) 	
0.7, p � 0.05; Fig. 5E) or Ext groups (F(9,110) 	 0.1, p � 0.05; Fig. 5F).

Figure 6. CDPPB did not alter extinction-induced decreases in eAMPA currents in PrL slices. Rats were trained to self-administer
ethanol using an ethanol pre-exposure paradigm and then administered vehicle or CDPPB during abstinence (ABST) or extinction
training (EXT). A, Whereas extinction training significantly decreased the amplitude of eAMPA currents in the PrL cortex when
measured at a holding potential of �80 mV ( p 	 0.011; indicated by an asterisk above the bar), daily injections of CDPPB did not
alter evoked AMPA currents in either the ABST or EXT groups (n 	 6). B, C, In the PrL cortex, there were no differences between
vehicle and CDPPB in the input-output relationship of eAMPA currents in either the ABST or EXT groups. D, In the IfL cortex, neither
extinction training nor CDPPB altered the amplitude of eAMPA currents measured at a holding potential of �80 mV (n 	 6). E, F,
The input-output relationships of eAMPA currents were not significantly different between vehicle and CDPPB in either the ABST or
EXT groups.
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The next set of analyses examined
changes in eAMPA currents measured at a
holding potential of �80 mV. As shown in
Figure 6A, there was a significant main ef-
fect of training (F(1,16) 	 8.4, p 	 0.011) in
the PrL cortex, but no main effect of treat-
ment (F(1,16) 	 0.5, p � 0.05) or a train-
ing � treatment interaction (F(1,16) 	 0.0,
p � 0.05; n 	 6 for all groups). Post hoc
analysis of the individual groups indicated
that there were no significant differences.
Consistent with this, there were no signif-
icant differences in the input-output rela-
tionships for eAMPA currents for vehicle
compared with CDPPB in either the Abst
(F(9,50) 	 0.4, p � 0.05) or Ext F(9,50) 	
0.1, p � 0.05) groups in the PrL cortex
(Fig. 6B,C). In the IfL cortex, neither
training (F(1,19) 	 0.2, p � 0.05) nor treat-
ment (F(1,19) 	 0.4, p � 0.05) had an effect
on the amplitude of eAMPA currents (n 	
6 for all groups; Fig. 6D). Similarly, no
differences were observed in the input-
output relationships for IfL eAMPA cur-
rents in slices from Abst (F(9,90) 	 0.1, p �
0.05) or Ext rats (F(9,90) 	 0.1, p � 0.05;
Fig. 6E,F).

To determine whether the amplitude
of eAMPA currents recorded in PrL and
IfL were significantly different, we com-
pared the size of the eAMPA currents ob-
tained from ethanol-naive rats with the
amplitude of currents of the Abst/Vehicle
and Ext/Vehicle groups shown in Figure
6, A and B. This analysis revealed that
there were no significant differences in the
amplitude of eAMPA currents in PrL cor-
tex compared with IfL cortex for any of
these groups (F(2,25) 	 2.044, p � 0.05). In
addition, as a complementary measure to
the analysis of the amplitude of the isolated eNMDA and eAMPA
currents, we also calculated the AMPA/NMDA current ratio for
the four experimental groups in Figures 5 and 6 (data not shown).
In the PrL cortex, there was a significant reduction in the AMPA/
NMDA ratio for the Ext/Vehicle (1.9 
 0.40) compared with
Abst/Vehicle (3.9 
 0.69) groups (t(14) 	 2.661, p 	 0.009). The
AMPA/NMDA current ratio for Ext/Vehicle (1.9 
 0.40) com-
pared with Ext/CDPPB was higher for Ext/CDPPB (3.4 
 0.84),
as expected, but did not quite reach statistical significance (t(19) 	
1.603, p 	 0.06). There were no significant differences observed
in the AMPA/NMDA ratio for any other group mean compari-
sons in either the PrL or IfL cortex.

It is well known that AMPA currents of receptors that contain
the GluR2 subunit are nonrectifying and impermeable to cal-
cium, whereas currents from AMPA receptors that lack GluR2
subunits are rectifying and calcium permeable. Therefore, in the
next set of studies, we investigated whether either extinction or
CDPPB altered AMPA current rectification. Consistent with
GluR2 containing AMPA receptors, eAMPA currents recorded in
the IfL cortex of vehicle-treated control slices were nonrectifying
and exhibited a near linear I–V relationship (Fig. 7A). However,
eAMPA currents recording from the CDPPB-treated rats were
rectifying and exhibited a nonlinear I–V relationship, indicating

that CDPPB treatment resulted in formation of calcium-
permeable, GluR2-lacking AMPA receptors in IfL pyramidal
neurons. To provide a quantitative measure of the changes in the
kinetics of the AMPA currents in the different treatment groups,
a rectification index (RI) was calculated as the ratio of the slope of
the IV curve at negative and positive holding potentials for both
the IfL (Fig. 7B) and the PrL (Fig. 7C) cortex. In the IfL cortex,
CDPPB treatment resulted in a significant increase (F(2,29) 	 3.9,
p 	 0.032; n 	 6 for all groups) in the RI in rats that had experi-
enced either abstinence (p 	 0.002) or extinction (p 	 0.043). In
a follow-up set of experiments, we investigated the effects CDPPB
treatment in a group of naive rats that had no previous experience
with operant self-administration of ethanol (Fig. 7B). In these
rats, CDPPB had no effect on the RI (p � 0.05; n 	 8), indicating
that CDPPB promoted the formation of calcium-permeable
AMPA receptors in the IfL cortex only in rats that had a previous
history of ethanol self-administration. In contrast to CDPPB-
induced expression of calcium-permeable AMPA receptors in the
IfL cortex, there was no effect of treatment (F(1,16) 	 0.0, p �
0.05), training (F(1,16) 	 0.3, p � 0.05), or a treatment � training
interaction (F(1,16) 	 0.1, p � 0.05; n 	 6 for all groups) on the RI
in pyramidal neurons of the PrL cortex (Fig. 7C).

Figure 7. CDPPB induces the formation of calcium-permeable AMPA receptors in the IfL only in rats with a history of ethanol
self-administration. Rats were trained to self-administer ethanol using an ethanol pre-exposure paradigm and then administered
vehicle or CDPPB during abstinence (ABST) or extinction training (EXT). A, When the holding potential was stepped from �80 to
�40 mV, the I–V plots for eAMPA currents revealed that CDPPB treatment with and without extinction training shifted the AMPA
currents from nonrectifying (calcium-impermeable) to rectifying (calcium-permeable) only in the IfL cortex. The insets represent
traces of evoked AMPA currents at holding potentials of �80, 0, and �40 mV. B, C, Comparison of the AMPA current RI revealed
that, in the IfL cortex, CDPPB treatment increased rectification ( p 	 0.001) in both the ABST and EXT groups, but had no effect
when administered to ethanol-naive rats. Neither CDBBP nor extinction training altered AMPA current rectification in the PrL
cortex. Asterisk indicates significant difference from the respective vehicle control for ABST ( p 	 0.004) and EXT ( p 	 0.048)
groups (n 	 6 for all groups except CDPPB/Naive, n 	 8).
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Microinjection studies
The preceding studies showed that CDPPB facilitation of extinc-
tion was associated with the formation of calcium-permeable
AMPA receptors specifically in the IfL cortex. Therefore, in the
next set of studies, we investigated whether CDPPB facilitation of
extinction was dependent upon activation of mGluR5 receptors
selectively in this brain area. For these experiments, we perfused
the mGluR5 antagonist MTEP locally within the IfL cortex im-
mediately before CDPPB administration during each daily ex-
tinction session. As shown in Figure 8A, there were no differences
in the number of active lever represses or total number of ethanol
reinforcements between the two groups of rats before extinction
training. However, local administration of MTEP into the IfL
cortex before CDPPB resulted in a significant treatment � ses-
sion interaction (F(10,100) 	 2.5, p 	 0.011; n 	 6; Fig. 8B). Post
hoc analyses further revealed that rats treated with MTEP had

significantly more responses on the previ-
ously active lever compared with vehicle-
treated rats on multiple extinction
sessions (p � 0.006). Rats treated with
MTEP also required significantly more
extinction sessions to reach extinction cri-
teria compared with vehicle-treated rats
(t(39) 	 9.7, p 	 0.001; Fig. 8C). Histolog-
ical examination of the site of the injection
revealed that all injections were within the
IfL cortex or its boundary regions (Fig.
8D) and did not result in any visible signs
of tissue damage (Fig. 8E).

In a separate set of rats, we next exam-
ined the effect of local administration of
MTEP into the PrL cortex during
CDPPB-facilitated extinction training.
Again, there were no differences in etha-
nol self-administration or number of eth-
anol reinforcements before extinction
training (Fig. 9A). However, unlike the ef-
fects observed in the IfL cortex, microin-
jection of MTEP into the PrL cortex had
no effect on CDPPB facilitation of extinc-
tion (Fig. 9B). Specifically, there was no
treatment � session interaction (F(4,40) 	
0.3, p � 0.05; n 	 6). Rats microinjected
with MTEP before CDPPB administra-
tion did not differ from the Vehicle/CD-
PPB group in the number of extinction
sessions to reach extinction criteria (t(10)

	 0.5, p � 0.05; Fig. 9C). Histological ex-
amination of the site of the injection dem-
onstrated that all injections were within
the PrL cortex or its boundary regions
(Fig. 9D). Together, these results provide
strong support for a critical role of
mGluR5 receptor activity in the IfL cortex
in the facilitating actions of CDPPB on the
extinction of ethanol-seeking behavior.

Discussion
These findings demonstrate that modu-
lation of mGluR5 by CDPPB facilitates
the extinction of ethanol-seeking be-
havior, as indicated by a reduction in
active lever responding during extinction,

fewer required extinction sessions, and attenuation of cue-
induced reinstatement. Extinction learning was associated with
changes in structural and functional plasticity of glutamatergic
neurotransmission in the PrL and IfL cortex, consistent with pre-
vious studies implicating these subregions in the extinction of
conditioned behavior (Quirk et al., 2006; Peters et al., 2009). A
particularly interesting observation was that daily administration
of CDPPB resulted in the conversion of AMPA currents from
nonrectifying (calcium-impermeable) to rectifying (calcium-
permeable) in the IfL cortex, but was without effect on AMPA
current rectification in the PrL cortex. Therefore, mGluR5-
mediated formation of calcium-permeable AMPA receptors in
the IfL cortex may promote plasticity processes that enhance ex-
tinction learning. This is consistent with a recent report that the
extinction of fear behavior is also associated with the formation of

Figure 8. Local administration of MTEP into the IfL cortex during extinction training prevented the facilitating effects of CDPPB
on extinction learning. Rats from this experiment were trained to self-administer ethanol using the ethanol pre-exposure tech-
nique (the average ethanol consumption for a 30 min session was 0.94 g/kg). A, Before extinction training, there were no
differences between the two groups in ethanol self-administration ( p � 0.05). B, Treatment with MTEP before each daily
extinction session resulted in a significant treatment � session interaction ( p 	 0.011; n 	 6). Post hoc analyses revealed that
rats treated with MTEP had significantly more responses on the previously active lever compared with vehicle-treated rats on
multiple extinction sessions. *p � 0.006. B, C, Rats treated with MTEP before CDPPB administration also required significantly
more extinction sessions to reach extinction criteria compared with vehicle-treated rats ( p 	 0.002). D, Diagram of coronal rat
brain sections showing the location of microinjector tips (dark circles) in the IfL cortex. Illustrations were adapted from the atlas of
Paxinos and Watson (2005). The numbers along the left side of each section represent the distance (in millimeters of that section
from bregma. E, Representative photomicrograph showing the injection site into the IfL cortex.
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calcium-permeable AMPA receptors in
the IfL cortex (Sepulveda-Orengo et al.,
2013).

Extinction creates a new inhibitory
memory trace that is different from the
original association memory (Rescorla,
2004). The result is competition between
this newly acquired memory and the orig-
inal association for control of behavior. As
extinction training progresses, strength-
ening of this new inhibitory association is
observed as a reduction in conditioned re-
sponding. Our observation that potentia-
tion of mGluR5 enhanced extinction of
ethanol seeking, together with our previ-
ous studies showing that CDPPB en-
hanced extinction of cocaine-seeking
behavior (Gass and Olive, 2009; Cleva et
al., 2011), are consistent with an enhance-
ment of a new competing extinction
memory trace. In addition, CDPPB facili-
tation of extinction responding is
experience-dependent learning. We show
that responding during the initial period
of the extinction session (when the ex-
pected reinforcer is not received) was not
altered by CDPPB on day 1 of extinction,
but initial responding was decreased on
day 2 of extinction, suggesting an inhibi-
tion of responding due to lack of ethanol
delivery. In agreement with a previous
study involving extinction of cocaine self-
administration (Cleva et al., 2011), these
data also indicated that CDPPB facilita-
tion of extinction learning is not the result
of altered locomotor activity.

Electrophysiological studies in acute
slice preparations suggested that both ex-
tinction learning and mGluR5-mediated
facilitation of extinction are associated
with differential changes in glutamate re-
ceptor signaling within the PrL and IfL
cortex. These observations are consistent
with studies demonstrating that modu-
lation of glutamatergic transmission can
facilitate extinction learning of drug-related memories
(Botreau et al., 2006; Leslie et al., 2012, but see Lu et al., 2011).
Furthermore, we observed that CDPPB facilitation of extinc-
tion of ethanol self-administration was associated with atten-
uation of NMDA receptor currents in the PrL cortex, consistent
with the observation that inactivation of the PrL cortex sup-
presses cocaine seeking (LaLumiere and Kalivas, 2008). One pos-
sible mechanism by which CDPPB facilitates extinction learning
is through indirect stimulation of NMDA receptors (Marino and
Conn, 2002). However, because activation of mGluR5 is associ-
ated with enhanced NMDA receptor signaling, it is unclear why
CDPPB-facilitated extinction would promote attenuation of
NMDA currents in the PrL cortex. Although speculative, this may
have involved a compensatory downregulation of mGluR5 re-
ceptors or uncoupling of their signaling, because repeated activa-
tion of mGluR5 in the frontal cortex has been reported to
decrease the density of mGluR5 receptors and to alter their ability
to promote NMDA receptor expression (Parmentier-Batteur et

al., 2012). Why this would occur in the PrL and not IfL cortex
could relate to the differential roles of these two regions in extinc-
tion learning.

In contrast to the PrL cortex, inactivation of the IfL cortex has
been shown to promote reinstatement of drug seeking (Ovari and
Leri, 2008; Peters et al., 2008a). Whereas CDPPB-facilitated ex-
tinction was not associated with changes in the amplitude of
AMPA receptor-mediated currents in either the PrL or IfL cortex,
there was a change in the rectification properties of AMPA cur-
rents in the IfL cortex only. This change in kinetic properties of
the AMPA channels is consistent with a shift from calcium-
impermeable, GluR2-containing AMPA receptors to calcium-
permeable, GluR2-lacking receptors (or a change in editing of the
Q/R site for GluR2). Removal of the GluR2 subunit from the
synaptic membrane promotes enhanced synaptic plasticity as a
result of an increase in calcium influx through the channels
(Man, 2011) and it is likely that the CDPPB-induced shift in the
calcium permeability of AMPA receptors in the IfL cortex may

Figure 9. Local administration of MTEP into the PrL cortex during extinction training did not block the facilitating effects of
CDPPB on extinction learning. Rats from this experiment were trained to self-administer ethanol using the ethanol pre-exposure
technique (the average ethanol consumption for 30 min was 0.96 g/kg). A, Before extinction training, there were no differences
between the two groups in ethanol self-administration ( p � 0.05). B, Treatment with MTEP before each daily extinction session
resulted in a significant main effect of session ( p 	 0.001; n 	 6), but no treatment � session interaction ( p � 0.05). C, Rats
treated with MTEP before CDPPB administration did not differ from controls in the number of extinction sessions to reach extinction
criteria ( p � 0.05). D, Diagram of coronal rat brain sections showing the location of microinjector tips (dark circles) in the PrL
cortex.
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facilitate the formation of an extinction memory trace. Extinc-
tion of fear increases the AMPA RI, and this effect is prevented
with mGluR5 blockade (Sepulveda-Orengo et al., 2013). The role
of mGluR5 and the IfL cortex in the extinction of conditioned
ethanol-seeking behavior is further supported by the results of
our microinjection studies using an mGluR5 antagonist. Local
administration of MTEP into the IfL cortex blocked the facilitat-
ing actions of CDPPB, but had no effect on CDPPB facilitation of
extinction when injected into the PrL cortex.

Changes in the morphology and density of dendritic spines
reflect alterations in plasticity and synaptic transmission (Chan-
dler, 2003; Mulholland and Chandler, 2007). Dendritic spines are
also mediators of synaptic stability underlying learning and
memory processes and spine changes have been observed after
extinction learning. Consistent with this, we observed that ex-
tinction training and CDPPB facilitation of extinction was not
only associated with functional alterations in NMDA and AMPA
receptors in the PrL and IfL cortex, but also with differential
changes in structural plasticity in these regions. There was an
increase in mushroom spine density in the IfL cortex and long
spines in the PrL cortex. Morphological changes in dendritic
spines occur through experience-dependent processes and
growth/retraction of dendritic spines with synapse formation and
elimination could contribute to and/or reflect alterations in plas-
ticity during extinction learning (Holtmaat et al., 2006). Al-
though the contribution of these spine changes to extinction
learning is unknown, they indicate that CDPPB-facilitated ex-
tinction is associated with alterations in plasticity within brain
regions implicated in extinction learning. It is of interest that
LTP-inducing protocols have been shown to result in the initial
insertion and perisynaptic localization of calcium-permeable
GluR2-lacking AMPA receptors that promote a labile increase in
spine size (Yang et al., 2010). As LTP proceeds, the GluR2-lacking
receptors are trafficked to the synapse and then replaced by
GluR2-containing receptors that stabilize spine enlargement.
Our observation of CDPPB-induced formation of GluR2-lacking
receptors in the IfL cortex is generally consistent with this model.
We suggest that CDPPB produces a permissive state of synaptic plas-
ticity that is engaged during extinction learning, leading to increased
formation of larger and more stable mushroom spines in association
with extinction-specific synaptic inputs in the IfL cortex.

A challenge in successful intervention of addiction is the high
incidence of relapse. Therefore, it is highly desirable that newly
identified therapeutic targets also reduce relapse-like behavior.
Previous studies examining the effectiveness of DCS in reducing
reinstatement of drug seeking have yielded mixed results
(Paolone et al., 2009; Torregrossa et al., 2010; Lu et al., 2011). This
is the first study to demonstrate that targeting mGluR5 with a
PAM both facilitated extinction of ethanol seeking and attenu-
ated cue-induced reinstatement of ethanol seeking. Together,
these results provide strong preclinical support for the therapeu-
tic potential of PAMs of mGluR5 in the treatment of alcoholism.
Future studies are needed to further characterize the effect of
CDPPB on ethanol seeking, including an examination of its effect
on contextual reinstatement and spontaneous recovery.

An alternative explanation to CDPPB-facilitated extinction
learning is that it instead disrupted reconsolidation memory
(Sorg, 2012). Conditioned stimulus presentation initiates a
temporary labile state during which changes to the original
association with the unconditioned stimulus can occur. Phar-
macological actions of CDPPB during this state may have dis-
rupted the original memory and ultimately affected conditioned
behavior. However, we think this is unlikely because reconsoli-

dation studies typically require short presentations of the condi-
tioned stimulus (Nader and Hardt, 2009) and CDPPB has
mnemonic benefits (Ayala et al., 2009). In addition, CDPPB
treatment may have promoted the “forgetting” of the previously
learned memory. We again feel that this is unlikely because
CDPPB and other mGluR5 PAMs produce procognitive effects
and enhanced plasticity (Gass and Olive, 2009; Kroker et al.,
2011; Fowler et al., 2013; Xu et al., 2013). However, the possibility
that a combination of these processes contributed to the effects of
CDPPB on extinction of ethanol seeking cannot be excluded. In
addition, further studies are required to determine whether
CDPPB administration is effective in the absence of extinction
(abstinence). Similar studies have shown that DCS is effective
only when combined with extinction (Torregrossa et al., 2010);
however, other studies have shown that the peptide ZIP results in
memory erasure without extinction training (Shema et al., 2007).

In summary, the results of the present study demonstrated
that PAM of mGluR5 with CDPPB facilitates the acquisition of
extinction learning after ethanol self-administration. In addition,
extinction was associated with differential changes in the struc-
ture and function of glutamatergic-based plasticity in the PrL and
IfL cortices. Given the ineffectiveness of exposure therapy, these
findings suggest that mGluR5 PAMs such as CDPPB may serve as
a pharmacological enhancement to exposure therapy, possibly
through actions within PFC, and ultimately reduce relapse in
alcoholics.
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