
Changes in Expression of c-Fos Protein following Cocaine-Cue
Extinction Learning

BÁ Nic Dhonnchadha1, BF Lovascio1, N Shrestha1, A Lin2, KA Leite-Morris3,4, HY Man2,
GB Kaplan3,4, and KM Kantak1

1Department of Psychology, Boston University, Boston, MA, USA
2Department of Biology, Boston University, Boston, MA, USA
3Research and Mental Health Services, VA Boston Healthcare, Boston, MA, USA
4Departments of Psychiatry and Pharmacology and Experimental Therapeutics, Boston University
School of Medicine, Boston, MA, USA

Abstract
Extinguishing abnormally strengthened learned responses to cues associated with drugs of abuse
remains a key tactic for alleviating addiction. To assist in developing pharmacotherapies to
augment exposure therapy for relapse prevention, investigation into neurobiological underpinnings
of drug-cue extinction learning is needed. We used regional analyses of c-Fos and GluR2 protein
expression to delineate neural activity and plasticity that may be associated with cocaine-cue
extinction learning. Rats were trained to self-administer cocaine paired with a light cue, and later
underwent a single 2hr extinction session for which cocaine was withheld but response-contingent
cues were presented (cocaine-cue extinction). Control groups consisted of rats yoked to animals
self-administering cocaine and receiving saline non-contingently followed by an extinction
session, or rats trained to self-administer cocaine followed by a no-extinction session for which
levers were retracted, and cocaine and cues were withheld. Among 11 brain sites examined,
extinction training increased c-Fos expression in basolateral amygdala and prelimbic prefrontal
cortex of cocaine-cue extinguished rats relative to both control conditions. In dorsal subiculum
and infralimbic prefrontal cortex, extinction training increased c-Fos expression in both cocaine-
cue and saline-cue extinguished rats relative to the no-extinction control condition. GluR2 protein
expression was not altered in any site examined after extinction or control training. Findings
suggest that basolateral amygdala and prelimbic prefrontal cortex neurons are activated during
acquisition of cocaine-cue extinction learning, a process that is independent of changes in GluR2
abundance. Other sites are implicated in processing the significance of cues that are present early
in extinction training.
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1. Introduction
Through the process of associative learning, cues paired with drugs of abuse gain enhanced
salience to exert long-lasting and powerful influences over the behavior of individuals
abusing drugs [1]. Extinguishing abnormally strengthened learned responses to cues
associated with drugs of abuse remains a key tactic for alleviating addiction. Exposure-based
behavioral therapies make use of an extinction strategy whereby individuals are confronted
repeatedly with cues in a controlled setting in an effort to reduce cue salience [2]. In animal
models of exposure therapy for cocaine addiction, cocaine-paired stimuli are presented
repeatedly during extinction training without the delivery of cocaine [3–6]. These studies
suggest that the combination of extinction training with cognitive enhancing
pharmacotherapy facilitates extinction learning and deters relapse behavior in rats and
monkeys trained to self-administer cocaine. These encouraging preclinical findings prompt
investigation into the neurobiological underpinnings of cocaine-cue extinction learning. This
knowledge may assist in the development of improved pharmacotherapies to use in
conjunction with exposure therapy for relapse prevention in addicts. While current
knowledge of substrates and mechanisms of cocaine-cue extinction learning is limited [7], it
is likely that this form of extinction learning involves neurosubstrates that are similar to
those involved in extinction of conditioned fear [8]. Brain regions such as the ventromedial
prefrontal cortex (vmPFC) and basolateral amygdala (BLA) may have a prominent role in
this regard.

In the present investigation, expression of c-Fos protein, a member of the Fos family of
proteins and a product of the immediate early gene c-fos, was measured to determine which
brain sites may become acutely active during acquisition of cocaine-cue extinction learning.
Previous studies in rats have shown increased c-Fos protein expression within striatum,
hippocampus, prefrontal cortex and/or amygdala after cocaine-cue reinstatement tests that
followed a period of abstinence [9] and [10] or response extinction training for which both
cocaine and response-contingent cocaine-paired cues were withheld [11] and [12]. Our cue
exposure paradigm, in which response-contingent cues are presented in the absence of
cocaine injections, differs significantly from other extinction training paradigms in which
both cocaine and cues are withheld. This is an important distinction because clinical
treatment protocols utilize cue exposure as a means to extinguish conditioned responses
[13].

While the design of the present investigation was optimized for measuring c-Fos protein
acutely expressed in response to cocaine-cue extinction learning (see Section 2), the
expression of GluR2-containing AMPA receptors also was evaluated. AMPA receptors
containing the GluR2 subunit predominate in principal neurons throughout the adult brain
[14] and co-express with c-Fos protein in larger numbers than other subunits [10]. GluR2-
containing AMPA receptors within the amygdala may play a crucial role in the formation
extinction memory that leads to reduction in previously established conditioned fear
responses [15]. Previous studies in cocaine-trained rats have shown that intracellular, surface
and/or total GluR2 subunit expression is not altered in nucleus accumbens (NAc) after
response extinction training or cocaine-cue reinstatement tests following a period of
abstinence [16] and [17]. In the present study, we determined if GluR2 subunit expression in
several brain sites was altered after cocaine-cue extinction training.
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2 Material and methods
2.1 Subjects

Male Wistar rats (Crl(WI)BR; 275–300 g) were housed individually in a temperature- (21–
23 °C) and light- (08:00 h on, 20:00 h off) controlled facility. Rats were maintained in
accordance with the 1996 NIH Guide for Care and Use of Laboratory Animals. The Boston
University Institutional Animal Care and Use Committee approved research protocols.
Animals were implanted with indwelling venous catheters using the surgical procedures
described previously [3].

2.2 Drugs
Cocaine HCl (gift from NIDA, Bethesda, MD) was dissolved in sterile 0.9% saline
containing 3 IU heparin/ml to a concentration of 1.6 mg/ml. For intravenous (i.v.) self-
administration of cocaine, a 0.3 mg/kg unit dose was delivered at a rate of 0.03 ml/sec. For
yoked-control rats, saline vehicle was infused at the same rate as cocaine.

2.3 Behavioral Procedures
The experimental design is outlined in Table 1. During daily 1hr cocaine self-administration
sessions, rats that later underwent cocaine-cue extinction training (Group 1) were initially
trained to press a lever designated as active to obtain 0.3 mg/kg i.v. injections of cocaine
paired with the simultaneous presentation of a distinctive visual stimulus (2-sec light) under
a fixed-ratio (FR) 1 schedule of reinforcement. Responses on a second inactive lever had no
scheduled consequences. Training continued until rats self-administered cocaine under a
second-order reinforcement schedule. A second-order schedule was used because it exposes
animals to a greater number of response-contingent drug-paired cues during sessions
compared to a fixed ratio schedule. A high cue exposure baseline provides a stringent test of
how well drug-seeking responses are reduced in later extinction tests. For this schedule, the
2-sec cue light was presented under an FR5 contingency during the entire session. The
delivery of cocaine co-occurred with cue light presentation upon completion of the first FR5
after each 5-min fixed interval (FI) of time elapsed. After cocaine was delivered, the FI
component was again in effect. This schedule is specified as an FI 5-min [FR5:S] second-
order schedule, where the S refers to the 2-sec light cue. During 1 hr daily sessions, rats
could self-administer a maximum 11 cocaine injections.

Training continued for a minimum of 30 sessions until rats self-administered cocaine
reliably. After baseline cocaine self-administration was stable (i.e., the absence of increasing
or decreasing trends and ≤ 10% individual variability day-to-day), rats underwent 2 weeks
of abstinence prior to the extinction test session. During the abstinence period, rats received
ten 1hr sessions in operant chambers for which levers were retracted, and without
presentation of either the cocaine-paired stimulus or the delivery of cocaine. The multiple
abstinence sessions were included to dampen the ability of the contextual cues in the test
environment to acutely express c-Fos protein on test day [18–20]. In addition, multiple
abstinence sessions were used to restore the ability of discrete cue presentations and lever
pressing to acutely express c-Fos protein on test day [11] as well as to reveal neural
activation patterns associated with the novel cocaine-cue extinction learning. Following the
abstinence period, rats underwent a single 2hr cocaine-cue extinction test session. During
the extinction test, an FI 5-min [FR5:S] second-order schedule also was used whereby the 2-
sec cue light was presented under an FR5 contingency during the entire session. In addition,
saline was substituted for cocaine and the delivery of saline co-occurred with cue light
presentation upon completion of the first FR5 after each FI 5-min elapsed.
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Several control groups were included in this experiment to evaluate the extent to which the
molecular changes were selectively associated with cocaine-cue extinction learning (Table
1). Rats receiving saline (Groups 2 and 3) were yoked to rats self-administering cocaine
(Group 1) and received saline infusions non-contingently. One group had infusions paired
with the 2-sec light cue (Group 2), whereas the other group did not (Group 3). Following the
2-week abstinence period as described above, rats in Groups 2 and 3 were given a yoked-
extinction test, which was identical to their yoked-training sessions. Additional control
groups were trained to self-administer cocaine. One group was trained to self-administer
cocaine in the usual manner (Group 4) and the other group was trained to self-administer
cocaine with cues presented in a random non-contingent manner (Group 5). Following the 2-
week abstinence period as described above, rats in Groups 4 and 5 were given an additional
abstinence session rather than an extinction session as the test (No-EXT session). With this
design, it was possible to determine if changes in c-Fos or GluR2 protein expression on test
day were associated specifically with cocaine-cue extinction learning (Group 1), or if
changes also were evident simply as a matter of lever pressing and receiving an i.v. injection
of saline following paired or unpaired discrete cue presentation (Groups 2 and 3) or of
chronic exposure to the cocaine context following a history of paired or unpaired discrete
cue presentation during cocaine self-administration training (Groups 4 and 5). A home cage
control group was not evaluated because our primary interest was in determining which
brain sites exhibited enhanced neural activity while rats underwent extinction to the discrete
cues paired with cocaine. The appropriate controls for this precise question were groups 2–5.

2.4 Neurochemical procedures
Expression of c-Fos and GluR2 proteins were measured immunohistochemically. As c-Fos
protein has been shown to peak in neural expression 60–120min after exposure to an acute
stimulus or novel event [21], rats were sacrificed by an overdose of sodium pentobarbital
60min following completion of the 2hr test session. This time-point was selected for
sacrifice because it corresponds to the time c-Fos protein would hypothetically reach peak
expression following extinction learning, an event that occurred during the last 30min of the
2hr extinction session (90min before sacrifice). Rats were perfused with 4%
paraformaldehyde solution and the brains were extracted, flash frozen in isopentane and
stored at −80°C. Different sets of 40μm coronal brain slices were collected and stored in
ethylene glycol solution at −20°C for the assays. One set of these brain slices was used for c-
Fos detection and another set for GluR2 detection. Sections taken at +3.72 to +2.52 mm
contained the prelimbic and infralimbic prefrontal cortices (PL and IL), the anterior
cingulate (ACC) and M1 motor cortices (M1); sections taken at +2.76 to −1.20 mm
contained the nucleus accumbens core and shell (NAc core and NAc shell); sections taken at
+2.50 to −0.48 mm contained the caudate putamen (CPu); sections taken at −1.5 to −3.48
mm contained the basolateral amygdala (BlA); sections taken at −3.00 to −5.50 mm
contained dorsal hippocampal subiculum (dSUB); sections taken at −4.50 to −6.50mm
contained the ventral hippocampal subiculum (vSUB) and paraventricular thalamic nucleus
(PVN). These sites previously have been shown to be relevant for extinction learning and
addiction [22], [23] and [24]. The M1 motor cortex (M1) served as a control site.

2.4.1 Fos Immunohistochemistry—Methods for processing c-Fos protein expression
were adapted from published reports [25] and [26]. To control for methodologically induced
variability, sections from each behavioral group were processed at the same time, such that
each immunocytochemical batch contained tissue from each experimental group. Free-
floating sections (40μm) were washed (3 times for 10min each) in PBS, incubated for 1hr in
3% normal goat serum (NGS) in PBS with 0.20% Triton X-100 (PBS-Tx), and incubated
overnight at 4°C with rabbit anti-c-Fos primary antibody (c-Fos sc-52, Santa Cruz
Biotechnology, Santa Cruz, CA) and diluted 1:4000 in 1% NGS in PBS-Tx. Sections were
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then washed in PBS and incubated for 1hr with biotinylated anti-rabbit IgG secondary
antibody (BA-1000, Vector Laboratories, Burlingame, CA) diluted 1:600 in 1% NGS in
PBS-Tx. Sections were again washed in PBS and incubated in avidin-biotin-peroxidase
complex (ABC Elite kit, PK-6100, Vector Laboratories) in PBS containing 0.5% Triton
X-100 for 45min. Sections were then rinsed three times in PBS for 10min each and reacted
with 0.025% 3,3′-diaminobenzidine with nickel intensification (DAB kit) for 5min and
finally rinsed three times for 10min in PBS. Sections were then mounted on slides,
dehydrated, and coverslipped with Permount (Fisher Scientific, Springfield, NJ). Images
were captured using a 40X objective microscope and a Nikon DXM 1200 digital camera
using Image Pro Plus 4.5 Software Media Cybernetics, Silver Spring, MD. Fos
immunoreactivity was identified as a blue-black oval-shaped nucleus distinguishable from
background (see Fig. 2a). The number of c-Fos-immunoreactive (Fos-IR) cells was counted
manually by a reviewer blind to the status of the animal. The c-Fos-IR staining was
quantified using the mean positive counts of left and right hemispheres within a sampling
area of 0.1 mm2 and analyzing 2–3 coronal sections from each brain region of individual
subjects. Brain regions were identified using the Paxinos and Watson atlas [27].

2.4.2 GluR2 Immunohistochemistry—Coronal brain sections (40μm) were processed
using a free-floating method [28]. As above, to control for methodologically induced
variability, sections from each behavioral group were processed at the same time, such that
each immunocytochemical batch contained tissue from each experimental group. Brain
sections were first washed 3 times in ice-cold phosphate buffer (PBS, pH 7.4) and then
washed overnight at 4°C. Sections were transferred to 1.5% normal goat serum from the
ABC kit (Santa Cruz Biotechnology) diluted in PBS for 1 hour at room temperature, then
incubated overnight at 4°C in rabbit GluR2 affinity-purified polyclonal antibody 1:1000
(AB9209) in 1.5% goat serum (Millipore, Billerica, MA). Sections were washed 3 times in
PBS and incubated in biotinylated secondary antibody, goat anti-rabbit IgG 1:2000 ABC kit
(Santa Cruz Biotechnology). Immunoreactivity was visualized by the biotin-streptavidin
ABC Staining System (Santa Cruz Biotechnology) using DAB (Thermo Scientific, Malvern,
PA) as the chromagen. Brain sections were washed in PBS, mounted on chrome alum
subbed slides, and coverslipped with Permount (Fisher Scientific). Images were obtained at
10X magnification and quantitative measurement was performed by a blind reviewer using a
computer-assisted image analysis system, consisting of an Olympus BX51 bright field
microscope interfaced with a color digital camera (MicroFire; Optronics, Goletta, CA), and
a computer with Image-Pro Plus image processing and analysis software (Version 6.3;
Media Cybernetics, Silver Spring, USA). GluR2 staining was quantified using the mean
GluR2 positive counts of left and right hemispheres within a sampling area of 0.2 mm2 and
analyzing 3–4 coronal sections from each brain region of individual subjects. GluR2
immunoreactivity was identified as signals showing grayscale contrast levels over 100 (see
Fig. 2b). Brain regions were identified using the Paxinos and Watson atlas [29].

3 Results
3.1 Evidence of cocaine-cue extinction learning in animals with history of cocaine self-
administration

The last five cocaine self-administration or yoked-saline sessions were used to establish
baseline behavior, which is presented as the mean total number of responses per 1hr (Table
1). One-factor ANOVA across groups revealed significant differences in active lever
responding at baseline [F(4,28)=16.6, p = 0.001]. Post-hoc tests (Holm-Sidak) indicated
greater responding (p ≤ 0.01) in groups receiving cocaine paired with discrete cues (Groups
1 and 4) than groups receiving yoked-saline (Groups 2 and 3). In addition, active lever
responding was higher (p ≤ 0.01) if a discrete cue was paired with cocaine delivery than if
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unpaired (Group 1 vs. Group 5), suggesting that paired cues are motivationally salient.
Infusions were not significantly different among the cocaine groups, and their inactive lever
responses were ≤ 24% of active lever responses.

Prior to analysis of extinction responding in 30-min bins, data were expressed as the percent
of the individual subject’s baseline responses due to the 5-fold difference in baseline
responses of individual rats in Group 1 (COC EXT group). Responses per 30 min were first
computed for baseline sessions prior to calculating the percent of baseline measure. In
addition, values from each rat in the saline group were expressed as a percentage of the
cocaine self-administration baseline, using the rat to which it was yoked to calculate this
number. The two yoked-saline groups were combined for this analysis (SAL EXT group)
because they exhibited similar levels of responding during the 2-hr extinction test session.
The percent of baseline active lever responses was analyzed by ANOVA using the between-
subjects factor of drug (cocaine, saline) and the repeated measures factor of time (four 30-
min bins). The Holm-Sidak test was used for post-hoc analysis. Drug [F(1,23)=19.6, p ≤
0.001] and time [F(3,69)=2.8, p ≤ 0.05] were significant factors. As expected, the COC EXT
group exhibited significantly more active lever responding than the SAL EXT group
throughout extinction training (p ≤ 0.001; Fig. 1). The SAL EXT group had low levels of
responding during the entire 2hr session. Importantly, responding was significantly lower
during the last 30-min bin compared to the first 30-min bin in the COC EXT group (p ≤
0.05; Fig. 1). This suggests that cocaine-trained rats learned to attenuate lever pressing for
the motivationally salient response-contingent cues over the course of the 2hr session and
showed evidence of extinction learning by the last 30min of extinction training. Inactive
lever responses were ≤ 11 % of active lever responses for cocaine-trained animals (not
shown).

3.2 Extinction-related neuronal activity as measured by c-Fos protein expression
For each of the 11 brain sites examined, similar levels of c-Fos protein expression were
observed in the two yoked-saline groups that had received extinction training (t(14) = 0.04 to
1.87; p>0.05) and in the two cocaine-trained groups that had received no extinction training
(t(6) = 0.02 to 0.90; p>0.05). Therefore, data were combined from each of the two groups to
represent the saline (SAL EXT) and cocaine (COC No-EXT) control groups, respectively.
For each brain site, these groups were compared by one-factor ANOVA to the cocaine-
trained group that had received extinction training (COC EXT). The Holm-Sidak test was
used for post-hoc analysis. Representative images of c-Fos protein staining in the BLA are
shown in Fig. 2A.

Two different patterns of change in c-Fos expression were observed. For the first change, c-
Fos protein expression was significantly greater in the COC EXT group compared to the
SAL EXT and COC No-EXT groups (p ≤ 0.05; Fig. 3). This type of change was found in the
PL [F(2, 31) = 5.6; p ≤ 0.05] and BLA [F(2, 31) = 3.8; p ≤ 0.05]. For the second change, c-Fos
protein expression was significantly greater in the COC EXT and SAL EXT groups
compared to the COC No-EXT group (p ≤ 0.05; Fig. 3). This type of change was found in
the IL [F(2, 31) = 5.2; p ≤ 0.05] and dSUB [F(2, 31) = 3.3; p ≤ 0.05]. For the remaining brain
sites, c-Fos protein expression did not differ significantly among the three groups (Table 2).

To determine if the magnitude of c-Fos protein expression were simply a reflection of the
number of active lever responses emitted during the last 30 min of the extinction session,
correlation analyses were conducted in the different brain sites. Using data from COC EXT
and SAL EXT groups, we observed significant positive correlations only for the NAc core
(Pearson’s r = 0.431; p ≤ 0.05) and CPu (Pearson’s r = 0.556; p ≤ 0.05). These analyses
showed no significant correlations for brain sites in which c-Fos protein expression was
enhanced after extinction training (BLA, PL, IL and dSUB).
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3.3 Extinction-related changes in GluR2 protein expression
For each brain site examined for GluR2, the control groups were combined as in the c-Fos
analysis above (SAL EXT and COC No-EXT). Data were analyzed by one-factor ANOVA
to measure changes in these groups relative to the COC EXT group. Representative images
of GluR2 staining in the BLA are shown in Fig. 2B. ANOVA analyses revealed that GluR2
protein expression did not significantly differ among the COC EXT, SAL EXT and COC
No-EXT groups for any of the 7 brain sites examined, including the BLA, PL, IL and dSUB
(Table 3).

4. Discussion
The results of this investigation suggest that sites within amygdala, prefrontal cortex,
hippocampus and striatum are actively engaged during cocaine-cue extinction training.
Based on the patterns and correlations of c-Fos protein expression, however, the different
sites may mediate distinct processes during extinction training. Expression of c-Fos protein
was selectively increased in BLA and PL by cocaine-cue extinction training. These findings
suggest that these brain areas are associated with cocaine-cue extinction learning.
Importantly, c-Fos protein expression within the BLA and PL did not correlate with the
number of lever presses emitted during the last 30min of extinction training, suggesting that
c-Fos was activated by cocaine-cue extinction learning and not by motor performance.

Association of the BLA with cocaine-cue extinction learning is not entirely surprising given
the wealth of evidence implicating learning mechanisms in BLA for acquisition and
reinstatement of cocaine-seeking responses [30–35]. Studies showing a disruption of the
acquisition and consolidation of cocaine-cue extinction learning after pre-session neuronal
inactivation [36] and post-session protein synthesis inhibition [37] of BLA, respectively,
strengthen this conclusion. These findings provide functional evidence that the BLA is
critically involved in mediating cocaine-cue extinction learning and are consistent with the
present findings establishing enhanced c-Fos expression in BLA as a neural correlate of
cocaine-cue extinction learning. In PL and IL, an increase in c-Fos protein expression was
observed in rats undergoing cocaine-cue extinction training relative to abstinence control
training, However, in IL, c-Fos protein expression also was increased in yoked-saline
controls undergoing yoked-extinction training relative to cocaine controls receiving
abstinence training. These patterns of change suggest that IL may be involved in processing
the significance of cues present early in the acquisition phase of extinction training, whereas
PL may be involved in mediating cocaine-cue extinction learning. These conclusions are
difficult to reconcile in light of previous reports that used site-selective inactivation
procedures and found that IL, as opposed to PL, regulated consolidation of extinction [38]
and [24]. As extinction in these reports took place in a fear context or a cocaine self-
administration context, the different effects in our study regarding prefrontal cortex control
of extinction may relate to use of discrete vs. context cues during extinction training, or to
examination of acquisition vs. consolidation of extinction. Consistent with our findings,
others reported an increase in c-Fos protein expression in PL after presentation of a cocaine-
paired, but not saline-paired, discrete stimulus in rats [12], whereas there was no difference
in c-Fos protein expression in IL after presentation of cocaine-paired vs. saline-paired
discrete stimuli [39].

Past studies show that neuronal inactivation of the dSUB disrupts acquisition of cocaine-cue
extinction learning [36]. Similar disruptive effects on acquisition of fear extinction were
observed after neuronal inactivation of DH [40]. However, the pattern of change in c-Fos
protein expression in dSUB (enhanced expression after both cocaine-cue and yoked-saline
extinction training) suggest a role for the hippocampus in processing the significance of cues
that are present early in extinction training rather than mediating cocaine-cue extinction
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learning per se. Notably, c-Fos protein expression in dSUB was independent of the rate of
responding during the last 30min of the test session, suggesting that changes in c-Fos protein
were not simply a reflection of motor behavior. One function of the hippocampal system is
to process the significance of a cue in relation to other cues present in the environment and
store the relations among them to support declarative memory [41]. This aspect of
hippocampal system function may account for the elevated c-Fos protein expression in
dSUB following both cocaine-cue and yoked-saline extinction training as well as for a
deficit in cocaine-cue extinction learning following neuronal inactivation of the dSUB [36].

Expression of c-Fos protein after cocaine-cue extinction training did not differ from
abstinence control training or yoked-extinction training in yoked-saline controls in NAc
core, NAc shell or CPu. These findings differ to some degree from Zavala et al. [10] who
showed increased c-Fos expression in these sites in rats given a cue test after undergoing
abstinence control training relative to rats given a cue test after undergoing cocaine-cue or
yoked-saline extinction training. Differences in time of sacrifice after the test session
coupled with the degree of cue exposure prior to sacrifice may account for these different
effects. In the current study, cues were restored on test day under the cocaine-cue and
yoked-saline extinction training conditions after a 2-week drug-free period consisting of
abstinence (no-extinction) training in the operant chambers. This design was used to
optimize measurement of c-Fos protein acutely expressed in response to cocaine-cue
extinction learning, the most salient event experienced 90–120 min prior to sacrifice in the
COC EXT group. We used this time course for sacrifice because any expression of c-Fos
protein associated with cue exposure, lever pressing or i.v. saline injection experienced at
the start of the test session would have dissipated by the time of sacrifice 3hr later. In Zavala
et al. [10], the cues were novel only in the abstinence-training group on test day, as rats from
the cocaine-cue and yoked-saline extinction conditions had experienced cues for 22
consecutive days just prior to test day. Rats from these training conditions would have been
tolerant to any c-Fos protein induction by cues on test day. Since their rats were sacrificed
immediately after the 90min test session, the enhanced expression of c-Fos protein only in
the abstinence-training group is likely associated with cocaine-seeking responses on test day
rather than cocaine-cue extinction learning. The fact that c-Fos protein expression in NAc
core, NAc shell and CPu did not differ between training conditions in the present study
suggests these sites are not associated with cocaine-cue extinction learning. However,
positive correlations between c-Fos expression in NAc core and CPu and the rate of
responding during the last 30min of the test session were found. These findings suggest that
NAc core and CPu may mediate motor behavior during extinction training. As the NAc core
is the gateway from the ventral to the dorsal striatum, both sites do have the capacity to
influence motor outcome [42].

Regarding AMPA receptor subunit expression, GluR2 protein expression after cocaine-cue
extinction training did not differ from abstinence control training or extinction training in
yoked-saline controls in any of the brain sites examined in the present study. These findings
replicate previous observations of no changes in GluR2 protein expression in the PFC, NAc,
CPu and DH of rats undergoing cocaine-cue extinction training [10]. In another study that
used a model of extinction training for which both cocaine delivery and cue presentation
were withheld (response extinction training in a cocaine self-administration context), a
significant increase in GluR2 protein expression was observed in CPu after response
extinction training compared to extinction training in yoked-saline controls [43]. Others
report that the level of GluR2 protein expression was greater in the NAc shell of rats
receiving response extinction vs. abstinence training [16]. While many differences exist
between our study and these previous studies, including the duration of the withdrawal
period, single versus multiple extinction tests and GluR2 detection methods, these results
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highlight further the marked neurobiological changes in the brain following response vs. cue
extinction training [44], [16] and [45].

Regulation of c-Fos protein expression in the amygdala following exposure to cocaine-
paired cues has been shown to involve stimulation of D1 receptors [12] and activation of
members of the ERK pathway [9] and [48]. The co-expression of c-Fos and GluR2 proteins
in cortical brain areas following cocaine cue extinction training [10] in addition to the
reciprocal relationship between c-Fos and GluR2 expression in the hippocampus following
contextual fear extinction [49] support the candidacy of GluR2 as a potential partner
regulating c-Fos protein expression. In the present study, enhanced c-Fos protein expression
in the BLA and PL following cocaine-cue extinction training and the lack of a concomitant
effect on GluR2 protein expression, would suggest that changes in GluR2 abundance does
not drive the increased c-Fos expression under these conditions, although co-expression of
GluR2 and c-Fos was not determined in this study. An additional limitation relates to the
fact that immunocytochemistry was performed under permeabilized conditions; the results
represent an overall level of GluR2 subunits of both the cell surface and intracellular
compartments. The abundance of AMPA receptors at the cell surface is dynamically
regulated by vesicle-mediated trafficking processes and is not always proportional to total
AMPA receptor amount [48]. It is possible that during cocaine-cue extinction learning,
changes occur only in AMPA receptor distribution between cell surface vs. cytosol, or
synaptic vs. extrasynaptic domains. This change in receptor distribution may not be detected
by monitoring total AMPA receptor amount. Unraveling the amount, activity, and
subcellular targeting contribution of these trafficking pathways in cocaine-cue extinction
learning may require detection based on other methods such as western blotting of
subfractionated (synaptic versus non-synaptic vs. intracellular) tissue or biotinylation
processes. Alternatively, it may be that other AMPA receptors, potentially the GluR1
subunit, is implicated in cue extinction learning following cocaine self-administration, as
past research has shown that rapid loss of calcium permeable AMPA receptors (GluR1-
containing) in BLA is associated with fear extinction learning [49] and [50].

There is a general assumption that cocaine-cue extinction may involve circuits and use
mechanisms of synaptic plasticity similar to those of fear extinction. Even though the areas
and, to an extent, the molecular mechanisms involved in fear extinction learning vary with
the task employed, research in rats using pharmacological manipulations, correlative
molecular studies and electrophysiology emphasize interactions among several brain
regions, most notably the amygdala and IL in fear extinction learning [51]. The fact that
cocaine-cue extinction training did not selectively enhance c-Fos protein expression in the
IL in the present study suggests that the circuitry for fear extinction and cocaine-cue
extinction may differ to some degree. This may be related to the use of aversive stimulation
in the case of fear conditioning, which recruits the central amygdala that is densely
connected to the IL [52], and the use of positive reinforcement in the case of cocaine
conditioning, which recruits the PL [53]. Moreover, it is highly likely that the substrates
identified as important for cocaine-cue extinction would extend to other drugs of abuse,
particularly other psychostimulants, but future work is needed to confirm this point. In
conclusion, further understanding of BLA and PL mechanisms underlying cocaine-cue
extinction learning may assist in establishing viable strategies to increase the efficacy of
exposure therapy for cocaine addiction, which contrary to expectation, is minimally
effective as a stand-alone treatment modality [54].
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Research Highlights

• Cocaine-cue extinction increased c-Fos expression in BLA and PL

• Cocaine-cue and saline-cue extinction increased c-Fos expression in dSUB and
IL

• Number of lever responses correlated with c-Fos expression in NAc core and
CPu

• GluR2 expression was not altered after cocaine-cue extinction or control
training

• Understanding extinction mechanisms may improve exposure therapy in cocaine
addicts
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Figure 1.
Time course of cocaine-cue extinction learning in animals previously trained to self-
administer cocaine (COC EXT) or receiving yoked-saline (SAL EXT) under a second-order
schedule of reinforcement. Mean ± SEM values are expressed as the percentage of cocaine
self-administration baseline responses (per 30min) for each group. Sequential 30min bins
over the 2hr extinction training session were examined. * p<0.05 compared to the first
30min of extinction training.
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Figure 2.
Photomicrographs of representative BLA images for (A) c-Fos and (B) GluR2 staining at 2×
and 40× magnification. Examples of staining after cocaine-cue extinction (COC EXT) and
control training (SAL EXT or COC No-EXT) are included.
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Figure 3.
Expression of c-Fos protein after cocaine-cue extinction (COC EXT) and control training
(SAL EXT or COC No-EXT). Values are the mean ± SEM number of c-Fos-positive cell
counts per 0.1 mm2 in brain regions where significant differences were found. * p<0.05
compared to SAL EXT and COC No-EXT control groups; ^ p<0.05 compared to the COC
No-EXT control group.
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Table 2

Expression of c-Fos protein (mean ± SEM) in brain sites where no significant group differences were detected
after cocaine-cue extinction (COC EXT) and control training (SAL EXT or COC No-EXT). Values are the
mean ± SEM number of c-Fos-positive cell counts per 0.1 mm2.

Brain Site Group

COC EXT SAL EXT COC No-EXT

M1 12.6 ± 2.7 15.6 ± 2.5 10.4 ± 1.7

NAc Core 15.0 ± 3.8 14.8 ± 1.5 13.8 ± 2.4

NAc Shell 11.1 ± 2.2 10.0 ± 1.0 7.5 ± 1.1

CPu 10.1 ± 3.6 6.6 ± 1.1 8.8 ± 2.6

vSUB 10.1 ± 3.3 8.0 ± 1.0 8.5 ± 2.0

PVN 24.3 ± 7.1 21.6 ± 2.6 16.6 ± 2.6
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Table 3

Expression of GluR2 protein (mean ± SEM) in brain sites where no significant group differences were
detected after cocaine-cue extinction (COC EXT) and control training (SAL EXT or COC No-EXT). Values
are the mean ± SEM number of GluR2-positive counts per 0.2mm2.

Brain Site Group

COC EXT SAL EXT COC No-EXT

PL 17.0 ± 2.7 16.1 ± 1.8 21.0 ± 2.7

IL 16.8 ± 1.3 17.4 ± 1.7 18.8 ± 1.6

NAc Core 17.8 ± 3.6 20.9 ± 2.7 21.5 ± 2.8

NAc Shell 14.9 ± 2.2 20.6 ± 2.5 21.4 ± 4.0

CPu 27.3 ± 3.7 28.4 ± 2.4 21.3 ± 1.7

BLA 14.2 ± 2.6 16.2 ± 2.7 15.7 ± 2.9

dSUB 27.3 ± 3.5 25.4 ± 4.0 24.5 ± 3.4
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