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Summary
The capability of cocaine cues to generate craving in cocaine-dependent humans, even after extended
abstinence, is modeled in rats using cue reinstatement of extinguished cocaine-seeking behavior. We
investigated neural activity associated with incentive motivational effects of cocaine cues using c-
fos mRNA and Fos protein expression as markers. Unlike preceding studies, we used response-
contingent presentation of discrete cues to elicit cocaine seeking. Rats were first trained to press a
lever, resulting in cocaine reinforcement and light and tone cues. Rats then underwent extinction
training, during which lever presses decreased. On the test day, rats either received response-
contingent cocaine cues or received no cues. The cues reinstated extinguished cocaine-seeking
behavior on the test day. In general, cue-elicited c-fos mRNA and protein expression were similar
and both were enhanced in the prefrontal cortex, ventral tegmental area (VTA), dorsal striatum and
nucleus accumbens. Cues elicited more widespread Fos protein expression relative to our previous
research in which cues were presented non-contingently without prior extinction training, including
increases in the VTA, substantia nigra, ventral subiculum, and lateral entorhinal cortex. We also
observed a correlation between cocaine-seeking behavior and Fos in the agranular insula (AgI) and
basolateral amygdala (BLA). The findings suggest that connections between BLA and AgI play a
role in cue-elicited incentive motivation for cocaine and that reinstatement of cocaine seeking by
response-contingent cues activates a similar corticolimbic circuit as that observed with other modes
of cue presentation; however, activation of midbrain and ventral hippocampal regions may be unique
to reinstatement by response-contingent cues.
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Introduction
Recidivism, even after an extended period of abstinence, is a hallmark characteristic of cocaine
addiction (Dackis and O’Brien, 2001). The strong desire to take cocaine, known as craving, is
associated with relapse and can persist during abstinence (Markou et al., 1993). Craving is
induced in cocaine addicts by exposure to paraphernalia, drug-related images, or the
environmental context associated with cocaine use (Childress et al., 1988; Grant et al., 1996).
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Repeated exposure to such cues during the initiation and maintenance of cocaine use is
therefore thought to result in these cues acquiring incentive motivational and conditioned
reinforcing value (O’Brien et al., 1992). In animal studies, craving is modeled using the
extinction/reinstatement procedure (Fuchs et al., 1998; Markou et al., 1993). In this model, rats
are first trained to press a lever in an operant conditioning chamber using cocaine reinforcement
paired with delivery of cues. Subsequently, animals undergo extinction training for which they
are placed in the same chambers, but lever-pressing is no longer reinforced by the delivery of
cues or cocaine. This procedure extinguishes drug-seeking behavior that is elicited by the self-
administration environment, but leaves the incentive salience of the cocaine-paired response-
contingent cues intact (Davis and Smith, 1976; de Wit and Stewart, 1981).

The neural circuitry involved in the incentive motivational effects of cocaine-associated stimuli
has been investigated previously using Fos protein expression, which is thought to be a marker
for stimulus-elicited brain activity (Chaudhuri, 1997; Harlan and Garcia, 1998). Fos protein
expression is transiently increased by cocaine (Cohen et al., 1990; Graybiel et al., 1990; Young
et al., 1991), exposure to cocaine-associated environmental cues (Brown et al., 1992; Crawford
et al., 1995; Hotsenpiller et al., 2002; Neisewander et al., 2000) or discriminative stimuli that
signal drug availability (Ciccocioppo et al., 2001). This study is the first to examine Fos protein
expression resulting from cue-elicited reinstatement of extinguished cocaine-seeking behavior.
To further examine induction of the c-fos gene, an additional experiment was conducted in
order to measure c-fos mRNA using in situ hybridization histochemistry.

Materials and Methods
Animals

Male Sprague-Dawley rats weighing 250–300 g were housed individually in a temperature-
controlled colony room with a 12-h reversed light/dark cycle. Animal care and housing
conditions were consistent with the specifications of the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996). Experimental procedures were
approved by the Institutional Care and Use Committee at Arizona State University. Rats were
acclimated to handling for 5 days before surgery.

Catheter construction and surgery
Catheters were constructed from Silastic tubing (10 cm length, 0.012 in inner diameter, 0.025
in outer diameter, Dow Corning, Midland, MI) connected to a 22 gauge nonferrous metal
cannula encased within a plastic screw connector (Plastics One, Roanoke, VA). A small ball
of aquarium sealant was affixed 2.7 cm from the free end of the catheter. Atropine sulfate (10
mg/kg i.p., Sigma, St. Louis, MO) was administered before surgery to reduce bronchial
secretions. The rats were anesthetized with sodium pentobarbital (50 mg/kg i.p., Sigma). A
burrow was then made subcutaneously from an incision on the neck to an incision across the
skull, and the catheter was pulled through the burrow. A small incision was made in the jugular
vein, and the catheter was inserted into the vein and secured with sutures on both sides of the
ball. The cannula end of the catheter was anchored to the skull using dental acrylic cement and
four small anchor screws. The head and neck incisions were then sutured and treated with a
topical antibiotic. A flexible obturator made from Tygon tubing was fitted over the cannula to
protect the catheter. Patency of the catheters was maintained throughout the experiment by
daily flushing with 0.1 ml bacteriostatic saline solution containing heparin (70 U/ml, Elkins-
Sinn, Cherry Hill, NJ) and ticarcillin disodium (20 mg/ml GlaxoSmithKline, Philadelphia, PA).
Rats also received 0.67 mg/ml urokinase (Astra USA, Westerborough, MA) daily for 1 week
after surgery. Catheter patency was tested periodically with 0.8 mg methohexital sodium
(Brevital, Sigma), a dose that has produces loss of muscle tone only when administered i.v.
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Apparatus
Training and testing were conducted in Plexiglas operant conditioning chambers (20 cm × 28
cm × 20 cm) equipped with two levers mounted on the front wall (Med Associates, St Albans,
VT). A cue light was mounted above one lever, a 2.9 kHz tone generator was mounted on the
front wall, and a house light was mounted on the rear wall. The lever below the cue light was
designated as the active lever. Each conditioning chamber was within its own ventilated, sound-
attenuating chamber. An infusion pump contained a 10 mL syringe and was located outside of
the sound-attenuating chamber. Tygon tubing connected to the syringe was attached to a liquid
swivel (Instech, Plymouth Meeting, PA) suspended above the operant conditioning chamber.
The outlet of the swivel was fastened to the catheter via Tygon tubing that ran through a metal
spring leash (Plastics One). The leash fastened onto the plastic screw of the catheter that was
anchored on the animal’s head.

Self-administration training
Starting five days after surgery, self-administration (SA) training was conducted during daily
2-h sessions over a period of 21 consecutive days. Rats were trained to press the active lever
to receive cocaine reinforcement (0.75 mg/kg/0.1 ml, i.v.). Upon completing a schedule of
reinforcement, the cue light, house light and tone were activated, followed after one sec by
activation of the infusion pump for six sec. Following infusion, the cue light and tone were
inactivated. After a 20-s timeout period, the house light was inactivated and active lever presses
were accumulated towards the next reinforcement schedule.

During the initial training phase, the rats were placed on a fixed ratio (FR) 1 schedule of
reinforcement. After the minimum criterion was met of at least seven schedule completions in
an h, the schedule demand was increased from FR 1 to FR 11. Two days prior to the start of
training, rats were food-restricted to 18 g of chow per day to facilitate acquisition of SA (Carroll
et al., 1981). Food rations were gradually increased as rats acquired operant conditioning. All
rats received ad libitum access to food during the last 14 days of SA training and throughout
the rest of the experiment.

Extinction training
Extinction training began the day after SA training was completed. Rats were exposed to the
SA environment for a 2-h session each day across 16–17 consecutive days. During the
extinction sessions, lever presses had no scheduled consequences; the rats were connected to
the swivel but no infusions or light/tone cues were delivered. Responses on the active and
inactive levers were recorded. Since the rats were exposed to the SA environment but not the
discrete cocaine-paired cues, the incentive motivational effects of these stimuli remained intact.
By the end of extinction training, all rats exhibited active lever response rates of less than 20%
of the peak response rates that occurred during extinction training. Responding during the
terminal extinction session was used as a baseline for comparison to responding on the test
day.

Experimental design
Two experiments were conducted. Experiment 1 examined changes in Fos protein, and
Experiment 2 examined changes in c-fos mRNA, associated with cue reinstatement of cocaine-
seeking behavior. For both experiments, rats were assigned to either a Cues group or a No Cues
group with n = 9 and 7, respectively, for Experiment 1 and n = 5 per group for Experiment 2.
The groups were matched to the extent possible for previous cocaine intake and responding
during the terminal extinction session.
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Test for reinstatement of cocaine-seeking behavior
Cocaine-seeking behavior was operationally defined as responses on the active lever in the
absence of cocaine reinforcement. On the day after the final extinction session, rats were placed
into their SA chambers for either 90 min (Experiment 1) or 60 min (Experiment 2), during
which responses on both the active and the inactive lever were recorded. The test session
lengths were chosen for optimal expression of stimulus-induced Fos protein and c-fos mRNA,
respectively (Moratalla et al., 1993). The cocaine-paired stimulus complex (i.e. cue light, tone,
house light and pump motor) was delivered on a FR1 schedule of reinforcement for the Cues
group. Active lever presses had no consequences for rats in the No Cues Group.

Tissue preparation
Experiment 1—Immediately following reinstatement testing, rats were deeply anesthetized
with sodium pentobarbital (100 mg/kg i.p.). Their circulatory system was perfused with 150
ml of ice-cold saline followed by 300 ml of ice-cold 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS, pH 7.4). The brains were removed and post-fixed in 4%
paraformaldehyde for 24 h, and then cryoprotected by submersion in 30% sucrose for at least
24 h. The brains were then sectioned using a sliding microtome (Microm International,
Walldorf, Germany) connected to a freezing stage (Physitemp, Clifton, NJ). Serial coronal 40
μm sections were collected, separated by 120 μm, centered at anatomical locations
corresponding to bregma +3.2, +1.6, −2.56 and −5.8 mm (Paxinos and Watson, 1998). The
tissue sections were then frozen and stored at 4° C in a cryoprotectant solution comprised of
0.02 M PBS (pH 7.2), 30% sucrose, 10% polyvinyl pyrrolidone and 30% ethylene glycol.

Experiment 2—Rats were decapitated immediately following reinstatement testing. Their
brains were removed and immediately frozen in 2-methylbutane (20°C) and stored at −80°C.
Sections (20 μm) were collected at four levels as described above and thaw-mounted onto
ProbeOn Plus pre-cleaned slides. They were placed in 4% formaldehyde for 60 min at 4°C,
rinsed three times in 0.1 M PBS for 5 min and dehydrated in ascending alcohols, ending with
95%. Slides were air-dried completely and again stored at −80°C until processed for in situ
hybridization histochemistry.

Fos protein immunocytochemistry
For Experiment 1, free-floating tissue sections were first washed in 0.02 M PBS (pH 7.2, seven
times for 10 min each), incubated for 1 h in 0.2% Triton X-100 and 3% normal goat serum
(NGS; Vector Laboratories, Burlingame, CA) in 0.02 M PBS. The tissue was then incubated
for 48 h at 4°C with rabbit polyclonal anti-Fos serum (sc-52, Santa Cruz Biotechnology, Santa
Cruz, CA), diluted 1:10,000 in 0.02 M PBS containing 1% NGS and 0.75% Triton X-100.
Following incubation, the sections were washed in 0.02 M PBS (five times for 5 min each)
and then incubated for 1 h at room temperature in biotinylated goat anti-rabbit antibody IgG
(Vector Laboratories) diluted 1:200 in 0.02 M PBS. The tissue was then washed in 0.02 M
PBS (three times for 10 min each) and then incubated for 1 h in avidin-biotinylated horseradish
peroxidase complex (ABC Elite Kit; Vector Laboratories) diluted 1:100 in 0.02 M PBS. The
sections were then washed with 0.05 M Tris buffer, (pH 7.6, three times for 10 min each) and
incubated in 0.05 M Tris buffer containing 0.02% 3,3′-diaminobenzidine (DAB; Sigma), 2.5%
nickel ammonium sulfate and 0.005% H2O2. The DAB reaction was terminated after 6.5 min
by rinsing the tissue three times for 10 min in 0.02 M PBS. All of the washes and incubations
described above were performed on an orbital shaker (Cole-Parmer, Vernon Hills, IL)
operating at 130 rpm. The sections were mounted onto gelatin chromium-coated slides, air-
dried, dehydrated and protected with a coverslip for light-microscopic inspection.
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Fos immunoreactivity analysis
Fos immunoreactivity was examined using a Nikon Eclipse E600 (Nikon Instruments,
Melville, NY) microscope set at 20× magnification and counted by an observer blind to
treatment conditions using the ImageTool software package (Version 3.0, University of Texas
Health Science Center, San Antonio, TX). The anatomical locations and boundaries of each
region were determined using a rat brain atlas (Paxinos and Watson, 1998) and are illustrated
in Fig 1. Sections taken at +3.2 mm from bregma contained the prelimbic (PrL), infralimbic
(IL), orbital (Orb) and agranular insular (AgI) cortices. Sections taken at +1.6 mm from bregma
contained the Cg2 region of the anterior cingulate cortex (Cg2), nucleus accumbens shell
(NAcS), nucleus accumbens core (NAcC) and dorsal caudate-putamen (dCPu). Sections taken
at −2.56 mm from bregma contained the CA1 and CA2 regions of the dorsal hippocampus
(dCA1 and dCA2), basolateral amygdala (BlA), central amygdala (CeA) and lateral amygdala
(LA). Sections taken at −5.8 mm contained the CA1 and CA3 regions of the ventral
hippocampus (vCA1 and vCA3), dentate gyrus (DG), dorsal and ventral subiculum (dS and
vS), lateral entorhinal cortex (LEnt), substantia nigra pars reticulata (SNr) and ventral
tegmental area (VTA). The sections were taken such that the rostral-caudal extent of each
region of interest was sampled (360 μm). Fos immunoreactivity was counted and identified by
a blue-black oval-shaped nucleus (Figs. 2A, 2B). Each region of interest was analyzed in both
hemispheres from three tissue sections/animal. Two samples from each hemisphere were taken
for the Orb and dCPu, and one sample per hemisphere was taken for all of the other regions.
The area of each photographed sample was 0.26 mm2. The counts from all the sample areas
from a given region were averaged and scaled to provide a mean number of Fos-positive cells
per mm2. Analyses were performed blind to group assignment.

c-fos mRNA in situ hybridization histochemistry
For Experiment 2 tissue, slides were placed at −20°C for 30 min, dried on a warming plate and
placed in proteinase K solution [100 mM Tris HCl, 50 mM ethylenediaminetetraacetic acid
(EDTA)], for 10 min at 37°C. Slides were then rinsed once with diethylpyrocarbonate (DEPC)
water and then treated with a solution of 0.1 M triethanolamine and 400:1
triethanolamine:acetic anhydride for 15 min at room temperature. Next, slides were rinsed in
2× sodium chloride/sodium citrate (SSC) at room temperature for 5 min, dehydrated in
ascending alcohols, and air-dried. Sections were hybridized with a [33P]UTP –labeled
riboprobe 2.1 kb c-fos (GenBank accession number U19866)kindly provided by Dr. T. Curran
from NIH. A sense riboprobe was also generated in order to compare labeling to the antisense
probe. Probes were transcribed and diluted in hybridization buffer [78.5% formamide, 52 mM
Tris (pH 7.8), 3× SSC, 1× Denhardt’s, 26 mM dithiothritol (DTT), 2.6 mM EDTA, 0.2 mg/ml
yeast tRNA, 0.2 mg/ml salmon testes DNA and 10% dextran sulfate] and applied to a final
concentration of 3.2 × 106 cpm per slide. Following overnight hybridization at 55°C, slides
were rinsed in 2× SSC for 5 min at room temperature and then treated with RNase A solution
(100 mM Tris, 0.5 M NaCl and 200 μg/ml RNase A) for 1 h at 37°C. Slides were then rinsed
in 2 × SSC for 10 min at room temperature, 1× SSC for 10 min at room temperature, 0.5× SSC
for 1 h at 55°C and ending with 0.05× SSC for 10 min at room temperature. Slides were again
dehydrated in alcohol, air-dried overnight, and apposed to Kodak BioMax film.

c-Fos densitometry
Autoradiographs of brain sections (see Figs. 2C, 2D) were digitally captured using a Nikon
camera (model XC-ST70). c-Fos mRNA was measured as the optical density of the regions of
interest from four tissue sections using ImageJ imaging software (version 1.34s, National
Institute of Health, Bethesda, MD). The boundaries of each region of interest were free-drawn
prior to optical density measurement. Optical density values were converted to dpm/cm2

concentration units using a standard curve obtained from optical density measurements
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of 14C radiolabeled standards calibrated for 33P. The regions and locations analyzed with
densitometry matched those analyzed for Fos ICC in Experiment 1 (Fig. 1). Analyses were
performed blind to the group assignment.

Statistical analysis
Separate ANOVAs were used to analyze active lever presses during extinction and active and
inactive lever presses on test day, with group (i.e. Cues vs. No Cues on test day) as a between-
subjects factor, and day as a repeated measure for the extinction data. Separate ANOVAs were
used to analyze Fos protein and c-fos mRNA expression among regions of the cortex (PrL, IL,
Orb, Cg2, AgI and LEnt), basal ganglia (NAcC, NAcS, dCPu, VTA and SNr), amygdala (BlA,
CeA and LA), dorsal hippocampus (dCA1, dCA2, DG and dS) and ventral hippocampus
(vCA1, vCA3 and vS) with group as a between-subjects factor and brain region as a repeated
measure. Significant interaction effects were further analyzed using post-hoc Newman-Keuls
tests. Main effects of region were not followed up by post-hoc analysis because only the main
effects of group and group × region interactions were relevant to the question of neural circuitry
activated by cues. Based on effects observed in our previous studies in the NAcC, NAcS, Cg2
and BlA (Neisewander et al., 2000; Zavala et al., 2007), planned t-test comparisons were also
made between Cues vs. No Cues groups for Fos expression in these regions, unless they were
redundant with the above analyses. Additionally, the correlation between active lever presses
on the test day and Fos expression in regions with significant group effects was calculated
using the Pearson product-moment correlation (r).

Results
All descriptive statistics are reported as mean ± standard error of the mean.

Cocaine self-administration
The 16 rats in Experiment 1 received a total of 395 ± 6.7 cocaine infusions and the 10 rats in
Experiment 2 received 436 ± 12 cocaine infusions during self-administration training. Cocaine
intake varied by less than 20% throughout the last 10 days of SA training in both experiments,
and there were no group differences in average daily intake or active lever response rates (Table
1).

Extinction and reinstatement of cocaine-seeking behavior
In both experiments, extinction training significantly reduced cocaine-seeking behavior
(F16,224 = 46.4, p < 0.0001 for Experiment 1, F16,120 = 20.0, p < 0.0001 for Experiment 2)
without group differences in response rates (see Table 1). Furthermore, last-day extinction
lever presses were significantly reduced from first-day extinction lever presses for both groups
in Experiment 1 (t14 = 11.4, p < 0.0001 for Cues group; t14 = 5.0, p < 0.0005 for No Cues
group) and Experiment 2 (t8 = 4.8, p < 0.005 for Cues group; t8 = 3.6, p < 0.01 for No Cues
group). No significant changes were observed for inactive lever pressing during extinction.

To illustrate reinstatement of cocaine-seeking behavior, the active lever presses during the last
extinction session (i.e., the baseline) were subtracted from the corresponding test day active
lever presses. The Cues group exhibited a significantly greater increase from baseline in active
lever presses during the test session than the No Cues group in both experiments (t14 = 5.6, p
< 0.0001 for Experiment 1; t8 = 2.8, p < 0.05 for Experiment 2; see Fig. 3). Also in both
experiments, the Cues group exhibited greater active lever-pressing during the test session than
on the final extinction session (t16 = 4.9, p < 0.0005 for Experiment 1; t8 = 2.8, p < 0.05 for
Experiment 2). In contrast, the No Cues group demonstrated no significant change from the
final extinction session in active or inactive lever presses for either experiment, and the Cues
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group exhibited no significant change in inactive lever presses for either experiment (see Table
1).

Fos protein immunoreactivity
Rats in the Cues group exhibited significantly more Fos-immunoreactive nuclei than rats in
the No Cues group in several limbic and cortical brain regions. Analysis of these data in the
cortical regions revealed a main effect for group (F1,80 = 57.2, p < 0.0001) but no group ×
region interaction (Fig. 4A). Analysis of Fos expression in the basal ganglia regions also
revealed a main effect for group (F1,70 = 38.1, p < 0.0001), as well as an interaction (F4,70 =
2.6, p < 0.05; Fig. 5A). Post-hoc tests demonstrated that the Cues group exhibited greater Fos
expression in the NAcC, SNr and VTA (Newman-Keuls tests, p < 0.05), but not NAcS or dCPu,
relative to the No Cues group. However, the planned comparison yielded a significant
difference in Fos expression between groups in the NAcS (t12 = 2.2, p < 0.05). In the amygdala,
the ANOVA indicated a significant main effect for group (F1,42 = 7.9, p < 0.01) and a group
by region interaction (F2,42 = 7.5, p < 0.002). Post-hoc tests demonstrated that the Cues group
exhibited greater Fos expression in the BLA (Newman-Keuls tests, p < 0.05; Fig. 6A), but not
the CeA or LA. In the dorsal hippocampal regions (Fig. 7A), there was a main effects of group
(F1,56 = 14.9, p < 0.005) and a group × region interaction (F3,56 = 2.8, p < 0.05). Post-hoc
analysis showed significantly greater Fos expression in the Cues group compared to the No
Cues group in the DG and dS (Newman-Keuls tests, p < 0.05), but not dCA1 or dCA2. In the
ventral hippocampal regions (Fig. 8A) there was a marginally significant effect of group
(F1,41 = 3.9, p = 0.055) but no interaction. The main effects of group indicate that on average,
the Cues group exhibited higher Fos protein expression than the No Cues group.

c-fos mRNA hybridization
Analysis of c-fos mRNA expression in the cortical regions (Fig. 4B) revealed main effects for
group (F1,48 = 45.9, p < 0.0001), as well as a group × region interaction (F5,48 = 2.8, p < 0.05).
Post-hoc tests found that the Cues group exhibited greater c-fos mRNA expression than the
No Cues group in IL, PrL, AgI and LEnt (Newman-Keuls tests, p < 0.05), but not Orb or Cg2.
The planned comparison for Cues vs. No Cues groups c-fos expression in Cg2 was not
significant. Analysis of c-fos mRNA expression in the basal ganglia (Fig. 5B) revealed main
effects for group (F1,40 = 33.5, p < 0.0001), as well as a group × region interaction (F4,40 =
4.2, p < 0.01). Post-hoc tests demonstrated that the Cues group exhibited greater c-fos mRNA
expression in the SNr and VTA (Newman-Keuls tests, p < 0.05), but not in the NAcC, NAcS
or dCPu, relative to the No Cues group. However, planned comparisons did reveal that the
Cues group exhibited greater c-fos mRNA expression than the No Cues group in NAcC (t8 =
1.9, p < 0.05) but not NAcS. In the amygdala regions (Fig. 6B) there were no significant effects,
and the planned comparison of BlA c-fos mRNA expression was not significant. In the dorsal
hippocampal regions (Fig. 7B), there was a main effect of group (F1,32 = 19.9, p < 0.0001) but
no interaction. Similarly, in the ventral hippocampal regions (Fig. 8B), there was a main effect
of group (F1,24 = 40.4, p < 0.0001) but no interaction. These main effects indicate that on
average, the Cues group exhibited higher c-fos mRNA expression than the No Cues group.

Correlation between Fos expression and cocaine-seeking behavior
Of all the brain regions that demonstrated significant increases in Fos expression in the Cues
group relative to the No Cues group, only BlA and AgI also demonstrated a significant
correlation in the Cues group between Fos counts and active lever presses on the test day (Fig.
9). In the BlA, r = 0.70, which was significant by the Pearson test for correlation (p < 0.02).
In the AgI, r = 0.75, which was also significant (p < 0.02). The regions Orb (r = 0.25), PrL
(r = 0.45), dS (r = 0.46) and LEnt (r = 0.28) demonstrated positive but non-significant
correlations, whereas dCPu (r = −0.14), DG (r = −0.38), NAcC (r = 0.03) and NAcS (r = −0.19)
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exhibited small r values that were mostly negative. c-Fos mRNA expression in the BlA, but
not the AgI, also exhibited a significant correlation to active lever pressing (r = 0.92, p < 0.05).

Discussion
To our knowledge, the present results are the first to demonstrate c-fos induction using the
extinction/reinstatement model, where the rats were exposed to the self-administration
environment but not discrete cues during extinction training. c-Fos was induced in several
limbic and cortical brain regions during the reinstatement test, during which cues were
presented response-contingently. Both an increase in Fos protein expression after a 90-min test
and an increase in c-fos mRNA after a 60-min test were observed in the IL, PrL, AgI, Orb,
NAcC, dCPu, VTA and subregions of the hippocampus. Measuring mRNA and protein allows
for verification of significant gene expression by independent measurements (Rhodes et al.,
1996), which is important given the inherent uncertainties in antibody specificity (Rhodes and
Trimmer, 2006) and the regulation of c-fos gene expression by multiple receptor systems and
signal transduction pathways (Chaudhuri, 1997). Expression of Fos protein was more
widespread than that of c-fos mRNA, with only the former sensitive to cue effects in the NAcS,
BlA and Cg2. The regions exhibiting conditioned expression of c-fos mRNA and Fos are, for
the most part, consistent with our previous findings of Fos protein expression following passive
re-exposure to discrete and contextual cocaine-paired cues (Neisewander et al., 2000; Zavala
et al., 2007; 2008). Exceptions include the present increases in Fos in the VTA, SNr, vCA3
and LEnt, which had not previously exhibited increased Fos expression (Neisewander et al.,
2000), and the negative results in dCA1, CeA and LA, which had exhibited increased Fos
expression in one of our previous studies (Zavala et al., 2007). Additionally, we had not
examined the AgI previously.

Although increases in c-fos induction were observed only in the rats engaged in cocaine seeking
reinforced by cues, it is not likely that the increases were due to either a sensory or locomotor
response. First, all rats in our previous studies (Neisewander et al., 2000; Zavala et al., 2007;
2008), including saline-yoked control rats, were exposed to the same sensory stimuli during
the testing period. Further, rats tested without levers available demonstrated similar Fos
induction patterns as rats tested with available levers, who actively engaged in cocaine-seeking
behavior (Neisewander et al., 2000). Also in the present study, the two activated brain regions
that exhibited a correlation between the degree of Fos expression and active lever presses during
the test period were the BlA and AgI, which are not primarily involved in motor function.

A likely reason for the more widespread Fos protein expression than c-fos mRNA expression
could be the difference in testing periods (90 min for Experiment 1 versus 60 min for
Experiment 2). The 90-min test session for Fos protein expression was chosen based on the
pioneering study of cocaine-conditioned locomotion (Brown et al., 1992) as well as our study
of re-exposure to a cocaine-paired environment (Neisewander et al., 2000). Expression of c-
fos mRNA was expected to peak between 30 to 60 min after presentation of motivationally
salient stimuli (Ennulat et al., 1994; Graybiel et al., 1990; Hearing et al., 2008), but a
preliminary study that we conducted using the exact same procedure except for a 30-min, rather
than 60-min, testing period yielded no significant group effects in c-fos mRNA in any brain
region (unpublished observation). Nevertheless, c-fos mRNA expression is more transient than
Fos protein expression, which may account for differences between these two measures.

Surprisingly, some regions exhibiting Fos expression in response to cue reinstatement in this
study (i.e. VTA, SNr, vS and LEnt) had failed to exhibit increased Fos in our previous study
using exposure to contextual cues plus passive presentation of discrete cues (Neisewander et
al., 2000). It is possible that extinction of the contextual cues in this study may have served to
increase the salience of the discrete cues on the test day, resulting in more widespread
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activation. Alternatively, the use of a different primary anti-fos antibody in the present study
and more recent papers (Zavala et al., 2007; 2008) versus Neisewander et al., 2000 could have
increased the sensitivity to detect changes in Fos expression. Another possibility is that the
additional regions exhibiting c-fos induction in this study may be involved in conditioned
reinforcement, which occurs with response-contingent cue presentations.

The presence of increased c-fos mRNA but not, unequivocally, Fos protein expression in the
dCA1 and dCA2 subregions of hippocampus is unexpected, given past observations of elevated
Fos levels in DG, dCA1 and dCA3 following exposure to a cocaine SA environment (Zavala
et al., 2007). The dorsal hippocampus has been shown to be crucial for context-induced, but
not cue-induced, reinstatement of cocaine-seeking behavior (Fuchs et al., 2005; Rogers and
See, 2007). Furthermore, lesions of the dorsal hippocampus, but not the ventral hippocampus,
disrupt cocaine-conditioned place preference (Meyers et al., 2003). Hence, we expected the
dorsal hippocampus would fail to exhibit c-fos induction as a result of reinstatement by discrete
cues. It is possible that the presentation of discrete cues may have reinstated the incentive
motivational effects of the context to some degree.

Fos expression associated with response-contingent discrete cues in the NAcC, NAcS, PrL, IL
and BlA (Figs. 4–7) overlaps with Fos expression patterns previously observed with cocaine-
paired contextual cues presented alone (Brown et al., 1992;Crawford et al., 1995;Hotsenpiller
et al., 2002) or in conjunction with discrete cues (Neisewander et al., 2000;Zavala et al.,
2007;2008). The NAcC is a principal target of the mesolimbic dopaminergic system and a
critical substrate of cue reinstatement (Fuchs et al., 2004a). NAcC Fos expression has been
found after re-exposure to a cocaine-paired environment (Franklin and Druhan, 2000) as well
as reinstatement of cocaine-conditioned place preference (Miller and Marshall, 2004;2005).
However, a study using reinstatement of cocaine seeking by discriminative cues found no Fos
increases in the nucleus accumbens (Ciccocioppo et al., 2001), possibly reflecting activation
of different neural circuits depending on mode of cue presentation. Additionally, NAcS Fos
expression by cocaine-associated cues appears to depend on the method of conditioning, where
increases occurred in rats that previously underwent SA training (Neisewander et al.,
2000;Zavala et al., 2007), but not in rats conditioned to passive cocaine injections (Brown et
al., 1992;Hotsenpiller et al., 2002;Miller and Marshall, 2005).

Increased Fos expression in the cingulate cortex and subregions of medial PFC in the Cues
group (Fig. 4A) is in agreement with previous Fos studies of incentive motivational effects of
cues in animals following cocaine SA training (Ciccocioppo et al., 2001;Neisewander et al.,
2000;Zavala et al., 2007). Increased c-fos mRNA expression in the medial PFC in the Cues
group (Fig. 4B) is also in agreement with published observations of enhanced c-fos mRNA
after exposure to the SA environment (Hearing et al., 2008). These regions have been cortical
targets of pharmacological and surgical manipulations in the reinstatement model (Shaham et
al., 2003). Inactivation of the medial PFC by tetrodotoxin infusions attenuates cue-induced
reinstatement of cocaine-seeking (Fuchs et al., 2005;See, 2002). Inactivation of the PrL
subregion by lidocaine also attenuates cue-induced reinstatement, but this effect was present
for light/sound and not light/odor cues (Di Pietro et al., 2006). Attenuation of cue reinstatement
by inactivating PrL also was found to require prior extinction training, as opposed to abstinence
in a different environment (Fuchs et al., 2006). Therefore, the roles of these regions in discrete
cue-elicited cocaine-seeking behavior may involve interactions with the neural processing of
contextual information. Neuroimaging studies of cocaine-dependent humans have found that
the anterior cingulate and medial PFC respond to visual cues associated with cocaine use, such
as images of paraphernalia or people using cocaine (Childress et al., 1999;Garavan et al.,
2000;Grant et al., 1996;Kilts et al., 2004;Wexler et al., 2001). Discrepancies in the observed
brain activation patterns among these studies have been associated with differences in subject
drug history and/or expectation of drug reinforcement, indicating the potential complexity of
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interpreting clinical information about the cingulate and PFC (Bonson et al., 2002;Kosten et
al., 2006;Wexler et al., 2001). The present results confirm that the cingulate and medial PFC
are part of the brain circuit engaged by cocaine-paired cues, but their apparent sensitivity to
environmental factors must be accounted for when relating studies of the rat model to clinical
experiments of cocaine craving.

The BlA activation by discrete, response-contingent cue reinstatement is in agreement with
prior Fos research using a variety of methods to reinstate cocaine-seeking behavior, including
a combination of discrete and contextual cues (Neisewander et al., 2000; Zavala et al., 2007),
a cocaine-paired discriminative cue (Ciccocioppo et al., 2001) and re-exposure to a cocaine-
paired environment (Franklin and Druhan, 2000). Studies of BlA lesions or transient
inactivation have demonstrated that this region is essential for extinction and cue-elicited
reinstatement of cocaine-seeking behavior (Fuchs et al., 2005; 2002; McLaughlin and See,
2003; Yun and Fields, 2003). However, Fos expression in BlA by cocaine-conditioned cues
has been inconsistent in experiments that involved no or very limited (3–4 days) abstinence
after passive cocaine administration (Brown et al., 1992; Hotsenpiller et al., 2002). The
accumulated results of BlA Fos expression suggest an important link between cocaine-paired
cues and cocaine seeking, which may depend on a history of both cocaine exposure and either
forced abstinence or extinction.

A novel finding in this study is the correlation of AgI and BlA Fos expression with active lever
pressing exhibited by rats that demonstrated cue-induced reinstatement on the test day (Fig.
9). The AgI is considered to be part of the rat analogue of the primate orbitofrontal cortex
(OFC), a region implicated in clinical studies of visual cue-induced cocaine craving (Bonson
et al., 2002;Kilts et al., 2004;Schoenbaum et al., 2006). The rat AgI shares reciprocal
connections with BlA (Kita and Kitai, 1990;Krettek and Price, 1977), forming a limbic circuit
comparable to the primate lateral OFC (Schoenbaum et al., 2006). Structural and functional
abnormalities within the OFC have been reported in several studies of human cocaine abusers
(Dom et al., 2005;Volkow and Fowler, 2000), and the OFC of these individuals demonstrates
activation by systemic cocaine (Kufahl et al., 2005) as well as cocaine cues (Bonson et al.,
2002;Kilts et al., 2004). The amygdala and lateral OFC are also selectively engaged by the
presentation of i.v. cocaine when unanticipated by the subject, but not when anticipated (Kufahl
et al., 2008). This sensitivity suggests an important role for this circuit in processing the
interaction between craving and cues, but not necessarily the craving itself.

The present findings, as well as published reports in cocaine-craving humans, appear to fit with
current thinking that the BlA communicates with the lateral OFC in the rat during reinforcement
and reversal learning. The firing patterns of OFC neural ensembles in conditioned animals have
been shown to adapt to changes in the reinforcement value of predictive stimuli (Schoenbaum
et al., 2000). Selective damage to the OFC as well as repeated cocaine exposure inhibits this
adaptation (Calu et al., 2007; Schoenbaum and Setlow, 2005). A suggested interpretation of
these findings is that the lateral OFC holds expectancies regarding the outcome of light/tone
cue presentation (Fuchs et al., 2004b), and the BlA resolves these expectancies with the actual
outcome, with BlA neurons becoming cue-selective during training (Pickens et al., 2003;
Schoenbaum et al., 2006). Therefore, the correlation of lever pressing with Fos in the AgI could
reflect the representation of the animal’s expectancy of the drug reward, whereas the correlation
in the BlA could reflect an ongoing modification of the incentive value of the current cue
stimulus (Fuchs et al., 2002), which is then used to adapt behavior.

The present findings are also in line with the view that learning and memory of contextual cues
and discretely presented cues involve different mechanisms (Holland and Bouton, 1999;
Phillips and LeDoux, 1992). Reinstatement of cocaine-seeking behavior has been
accomplished by both passive and response-contingent discrete cues, but the latter method is
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more reliable, unless the cues serve as discriminative stimuli (Alleweireldt et al., 2001; Shalev
et al., 2002; Weiss et al., 2000). Reinstatement by the presentation of response-contingent cues
activated a range of cortical, limbic and hippocampal brain regions, many of which have been
previously associated with cocaine-seeking behavior. The presence of both NAcC and NAcS
increased Fos expression in this study, as opposed to previous studies, is possibly tied to the
pairing of cocaine delivery with active lever pressing (Brown et al., 1992; Hotsenpiller et al.,
2002; Miller and Marshall, 2005). The mode of cue presentation in the present study could also
account for the presence of VTA and SNr Fos effects, which was absent in our previous
investigation (Neisewander et al., 2000).

In conclusion, the results suggest that the neural circuitry activated by cocaine-associated cues
may vary depending on the mode of cue presentation and/or whether animals have undergone
extinction training prior to measuring cocaine-seeking behavior. Furthermore, we suggest that
connections between the BlA and AgI in the rat may be critical for processing incentive value
of cocaine cues and modifying cocaine-seeking behavior as the value changes. This hypothesis
warrants further study.
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Figure 1.
Schematic representation of coronal sections of the rat brain taken at +3.2, +1.6, −2.56, and
−5.8 mm from Bregma (Paxinos and Watson,1998). Encircled numbers in the sections
represent the regions analyzed for Fos as follows: (1) prelimbic cortex (PrL); (2) infralimbic
cortex (IL); (3) orbital cortex (Orb); (4) agranular insular cortex (AgI); (5) Cg2 region of the
anterior cingulate cortex (Cg2); (6) dorsal caudate-putamen (dCPu); (7) nucleus accumbens
core (NAcC); (8) nucleus accumbens shell (NAcS); (9) dorsal CA1 region of the hippocampus
(dCA1); (10) dorsal CA2 region of the hippocampus (dCA2); (11) lateral amygdala (LA); (12)
basolateral amygdala (BlA); (13) central amygdala (CeA); (14) dorsal subiculum (dS); (15)
dentate gyrus (DG); (16) ventral CA1 region of the hippocampus (vCA1); (17) ventral CA3
region of the hippocampus (vCA3); (18) ventral tegmental area (VTA); (19) substantia nigra
pars reticulata (SNr); (20) ventral subiculum (vS); and (21) lateral entorhinal cortex (LEnt).

Kufahl et al. Page 15

Synapse. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Representative photomicrographs of Fos protein and c-fos mRNA expression. A magnified
sample of Fos-labeled IL taken at 20× magnification is shown from a rat in the Cues group (A)
of Experiment 1, demonstrating visible Fos protein expression as dark ovals (highlighted by
arrows), and from a rat in the No Cues group (B), demonstrating sparse Fos protein expression.
Representative autoradiograph of c-fos mRNA expression in sections taken at +3.2 mm relative
to Bregma from a rat in the Cues group (C) and from a rat in the No Cues group (D), with the
latter exhibiting far less c-fos mRNA hybridization signal.
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Figure 3.
Effect of testing conditions on cocaine-seeking behavior, measured on the test day as the change
in active lever presses (± s.e.m.) from baseline that was obtained during the final extinction
session. Inactive lever response rates are also shown as a change from baseline. * represents a
difference from all other groups (Newman-Keuls test, p < 0.05).
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Figure 4.
Number of Fos-positive nuclei/mm (A) and c-fos mRNA hybridization (dpm/cm2) (B) in
cortical regions of rats receiving response-contingent cue presentations (Cues group) and rats
whose lever presses produced no consequences (No Cues group). In A, * represents significant
main effect of group (p < 0.05). In B, * represents a significant difference from the No Cues
group (Newman-Keuls test, p < 0.05).
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Figure 5.
Fos protein (A) and c-fos mRNA (B) expression in basal ganglia regions of rats receiving
response-contingent cue presentations (Cues group) and rats whose lever presses produced no
consequences (No Cues group). A * above the column pair for a region represents a post hoc
significant difference (Newman-Keuls test, p < 0.05) in expression between Cues and No Cues
groups for that region. A + above the column pair denotes a significant difference (t-test, p <
0.05) found by a planned comparison.
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Figure 6.
Fos protein (A) and c-fos mRNA (B) expression in amygdala of rats receiving response-
contingent cue presentations (Cues group) and rats whose lever presses produced no
consequences (No Cues group). In A, a * above the column pair for a region represents a post
hoc significant difference (Newman-Keuls test, p < 0.05) in expression between Cues and No
Cues groups for that region.

Kufahl et al. Page 20

Synapse. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Fos protein (A) and c-fos mRNA (B) expression in dorsal hippocampal regions of rats receiving
response-contingent cue presentations (Cues group) and rats whose lever presses produced no
consequences (No Cues group). In A, a * above the column pair for a region represents a post
hoc significant difference (Newman-Keuls test, p < 0.05) in expression between Cues and No
Cues groups for that region. In B, the * represents significant main effect of group (p < 0.05).
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Figure 8.
Fos protein (A) and c-fos mRNA (B) expression in ventral hippocampal regions of rats
receiving response-contingent cue presentations (Cues group) and rats whose lever presses
produced no consequences (No Cues group). * represents significant main effect of group (p
< 0.05).
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Figure 9.
Scatter plot of BlA (A) and AgI (B) Fos expression versus test session cocaine-seeking behavior
exhibited by Experiment 1 rats. The closed circles represent rats in the Cues group and open
circles represent the No Cues group. The line indicates significant linear correlation (p < 0.05)
among the active-lever presses and number of Fos-labeled cells for the Cues group.
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