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Abstract

Cue-induced drug-seeking in rodents progressively increases after withdrawal from cocaine,
suggesting that cue-induced cocaine craving incubates over time. Here, we explored the role of the
medial prefrontal cortex (mPFC, a brain area previously implicated in cue-induced cocaine seeking)
in this incubation. We trained rats to self-administer cocaine for 10 d (6 h/d, infusions were paired
with a tone-light cue), and then assessed after 1 or 30 withdrawal days the effect of exposure to
cocaine cues on lever presses in extinction tests. We found that cue-induced cocaine-seeking in the
extinction tests was higher after 30 withdrawal days than after 1 day. The time-dependent increases
in extinction responding were associated with large (ventral mPFC) or modest (dorsal mPFC)
increases in ERK phosphorylation (a measure of ERK activity and an index of neuronal activation).
After 30 withdrawal days, ventral but not dorsal injections of muscimol+baclofen (GABAa+GABAD
receptor agonists that inhibit neuronal activity) decreased extinction responding. After 1 withdrawal
day, ventral but not dorsal mPFC injections of bicuculline+saclofen (GABAa+GABAD receptor
antagonists that increase neuronal activity) strongly increased extinction responding. Finally,
muscimol+baclofen had minimal effect on extinction responding after 1 day, and in cocaine-
experienced rats, ventral mPFC injections of muscimol+baclofen or bicuculline+saclofen had no
effect on lever presses for an oral sucrose solution. The present results indicate that ventral mPFC
neuronal activity plays an important role in the incubation of cocaine craving.
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Relapse to cocaine use in humans can occur after prolonged abstinence and is often precipitated
by exposure to craving-provoking cocaine-associated cues (O’Brien, 2005). In 1986, Gawin
and Kleber (1986) hypothesized that cue-induced cocaine craving increases over the first
several weeks of abstinence and remains high over extended periods (see (Kosten et al.,
2005) for tentative support for this hypothesis in a clinical trial). We and others identified an
analogous incubation phenomenon in rats: time-dependent increases in cue-induced cocaine-
seeking over the first few months of withdrawal (Grimm et al., 2001; Lu et al., 2004c;
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Neisewander et al., 2000), a phenomenon we termed incubation of cocaine craving. This
incubation was demonstrated in extinction (Hollander and Carelli, 2007; Lee et al., 2006; Lu
etal., 2004b; Sorge and Stewart, 2005), cue-induced reinstatement (Grimm etal., 2001; Grimm
etal., 2003; Mead et al., 2007), and acquisition of a new response (Di Ciano and Everitt,
2004) procedures. Incubation of reward craving was also demonstrated in rats trained to self-
administer heroin (Shalev et al., 2001), methamphetamine (Shepard et al., 2004), alcohol
(Bienkowski et al., 2004), sucrose solution (Grimm et al., 2005; Grimm et al., 2002), and food
(Youtz, 1938).

We previously explored the role of amygdala extracellular signal-regulated kinases (ERK), a
signaling pathway implicated in cocaine’s behavioral effects (Girault et al., 2007; Lu et al.,
2006) in incubation of cocaine craving (Lu et al., 2005). We found that exposure to cocaine
cues in extinction tests increases phosphorylated ERK (p-ERK, a measure of ERK activity) in
central amygdala after 30 days but not 1 day of withdrawal from cocaine. After 30 withdrawal
days, inhibition of central amygdala p-ERK by U0126 decreased cue-induced cocaine-seeking,
while after 1 withdrawal day, stimulation of central amygdala p-ERK by NMDA increased
cocaine-seeking, an effect reversed by U0126. These data indicate that in central amygdala,
ERK activation rapidly induces changes in synaptic transmission events that acutely control
cue-induced cocaine-seeking (Lu et al., 2006).

Here, we assessed whether ERK activity in medial prefrontal cortex (mPFC) plays a role in
incubation of cocaine craving. There is evidence from both humans and animal studies that
mPFC contributes to cocaine addiction (Jentsch and Taylor, 1999; Kalivas et al., 2005). In both
humans (Childress et al., 1999; Maas et al., 1998) and rats (Ciccocioppo et al., 2001;
Neisewander et al., 2000), exposure to cocaine cues increases mPFC neuronal activity. In
studies using a reinstatement model of drug relapse (Epstein et al., 2006; Stewart and de Wit,
1987), acute inactivation of dorsal but not ventral mPFC neurons by tetrodotoxin or GABAa-
GABADb receptor agonists (muscimol+baclofen) attenuates cocaine priming-, cocaine cue-, or
stress-induced reinstatement of cocaine seeking (Capriles et al., 2003; Fuchs et al., 2005;
McFarland and Kalivas, 2001; McLaughlin and See, 2003). Based on these results, and our
findings on the role central amygdala ERK in incubation of cocaine craving (Lu et al., 2005),
we hypothesized that dorsal mPFC ERK activity would contribute to incubation.

However, we found that exposure to cocaine cues in extinction tests increased p-ERK more
strongly in ventral than in dorsal mPFC after 30 withdrawal days. Also, acute inhibition of p-
ERK by U0126 in dorsal or ventral mPFC had no effect on enhanced responding to cocaine
cues after 30 withdrawal days (data not shown) suggesting that acute activation of mPFC ERK
does not mediate the incubation of cocaine craving. Therefore, we used local neuronal
inactivation (the GABAa+GABAD receptor agonists, muscimol+baclofen) (McFarland and
Kalivas, 2001) or activation (that GABAa+GABADb receptor antagonists, bicuculline
+saclofen) procedures to further explore mPFC role in incubation of cocaine craving. In these
experiments, we continued to use p-ERK as a neuronal activity marker (Thomas and Huganir,
2004) in order to verify the effectiveness (and anatomical specificity) of our pharmacological
manipulations that were aimed at inhibiting or activating mPFC neurons. In this regard, results
from several studies indicate that ERK activity controls the induction of commonly used
neuronal activity markers (e.g. Fos, Zif268) that are induced by cocaine or cocaine cues (Girault
etal., 2007; Lu et al., 2006; Mattson et al., 2005; Miller and Marshall, 2005; Valjent et al.,
2000).
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Subjects and apparatus

Intravenous

Male Long-Evans rats (350-400 g, Charles River) were maintained under a reverse 12-h light-
dark-cycle. Food and water were available in the rats” home cage. Procedures followed the
guidelines of the “Principles of Laboratory Care” (NIH publication no. 86-23, 1996) and were
approved by the local Animal Care Committee. Self-administration chambers were located
inside sound-attenuating cabinets and controlled by a Med-Associates system. Each chamber
had two levers located 9 cm above the floor. Presses on one (active, retractable) lever activated
the infusion pump; presses on the other (inactive, stationary) lever were also recorded. Rats’
catheters were connected via a modified cannula (Plastics One) to liquid swivels (Instech) with
PE-50 tubing.

and intracranial surgery

Rats were anesthetized with sodium pentobarbital+chloral hydrate (60+25 mg/kg, i.p.). In Exp.
1 rats were implanted with intravenous catheters using a procedure previously described
(Crombag et al., 2002; Shaham et al., 1996). In Exp. 2—4, rats were implanted with intravenous
catheters+guide cannulae (23-gauge, Plastics One) 1.0-1.5 mm dorsal to the dorsal or ventral
mPFC. Coordinates of the intended infusion sites were AP 2.8 mm, ML 0.6 mm, and DV —3.8
and —5.6 mm for dorsal or ventral PFC, respectively (Swanson, 1998). Cannula placements
are shown in Figures 2—4. The analgesic buprenorphine (NIDA), an opiate, (0.1 mg/kg, s.c.)
was injected after surgery to decrease post-surgical pain. During recovery (7-10 d) and training,
catheters were flushed every 24-48 h with sterile saline+the antibiotic Gentamicin (0.08 mg/
ml) to prevent infections.

Drugs and intracranial injections

Cocaine-HCI (NIDA) was dissolved in saline. Muscimol (Tocris, Ellisville, MO; 0.03 nmol/
side)+baclofen (Tocris, 0.3 nmol/side) or bicuculline methiodide (Sigma, St. Louis, MO; 50/
side)+saclofen (Sigma, 50 ng/side) mixtures were also dissolved in saline. The doses of the
different drugs are based on previous reports (Herremans et al., 1996; Jasmin et al., 2003;
McFarland and Kalivas, 2001). Bicuculline+saclofen and muscimol+baclofen (0.5 pl/side)
were injected within 5-10 min prior to the test sessions with 30 gauge injectors (Plastics One,
Roanoke, VA) over 1 min; injectors were left in place for 1 min after injections. For Exp. 2—
3, injector placements were checked during the analysis of p-ERK immunoreactivity. For Exp.
4, the rats were deeply anesthetized at the end of the experiment, and then they were decapitated
and their brains were removed. Coronal sections (30 um) were sliced on a cryostat and stained
with Cresyl Violet. The brains were then verified for cannulae placement under a light
microscope.

Immunohistochemistry and quantification of p-ERK positive cells

Immediately after the extinction tests, the rats were anesthetized with isoflurane and perfused
transcardially with 4% paraformaldehyde. The brains were removed and post-fixed for 2-h
before being transferred to 30% sucrose in 0.1 m sodium phosphate, pH 7.4, for 48 h at 4°C.
The brains were frozen in powdered dry ice and stored at —80°C. Coronal sections (30 um)
were cut in a cryostat, collected in Tris buffered saline (TBS) (0.025M Tris, 0.5M NaCl, pH
7.5) for slices to be stained immediately or to be placed in cryoprotectant [20% glycerol+2%
dimethylsulfoxide (DMSO) in 0.1 M sodium phosphate, pH 7.4], and stored at —80°C.

Free-floating sections were rinsed 3 times for 10 min each in TBS, incubated for 15 min in

0.2% Triton X-100 in TBS, and then washed 3 times for 10 min each in TBS. Then, sections
were incubated overnight at 4°C in 1:400 dilution of p-ERK rabbit polyclonal antibody (Cell
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Signaling, Beverly, MA) in TBS 0.2% Triton X-100. Sections were washed 3 times for 10 min
each in TBS and incubated with an anti-rabbit polyclonal antibody conjugated to Alexa 488 at
a dilution of 1:200. Sections were washed again 3 times 10 min each with TBS and mounted
on chrom-alum coated slides. After drying, slides were coverslipped using Vectashield
(Vectorlabs, Burlingame, CA).

Images of dorsal and ventral mPFC were captured with a CCD camera (Coolsnap Photometrics,
Tucson, AZ) and Zeiss Axioscop-2 microscope (Zeiss, Jena, Germany) and identified using
the Swanson atlas (Swanson, 1998). The sampling areas (0.38mm? per hemisphere) for dorsal
mPFC consisted of the anterior cingulate and prelimbic dorsal areas, while the sampling area
for ventral mPFC consisted of the ventral prelimbic and infralimbic areas (Fig. 1). Borders of
the anterior cingulate, prelimbic, and infralimbic areas were derived from Van Eden and
Uylings (1985) and personal communication with Dr. Uylings. Both hemispheres were counted
and 1-3 coronal sections per sample were used. p-ERK positive cells (cells containing
dendritic, cell body, and nuclear staining) were manually counted under 20x magnification by
an observer blind to experimental conditions.

Behavioral procedures

The experiments consisted of three phases: self-administration training, withdrawal period (1
or 30 d), and tests for cue-induced cocaine-seeking under extinction conditions.

Training phase

Rats were chronically housed in the self-administration chambers during training. They were
trained to self-administer cocaine (0.75 mg/kg/infusion; 0.10 ml/infusion over 2.3 sec) during
six daily 1-h sessions, separated by 5 min, over 10 d under a fixed-ratio-1 40-sec timeout
reinforcement schedule. These training conditions were based on our previous studies on
incubation of cocaine craving (Grimm et al., 2003; Lu et al., 2004a; Lu et al., 2004b; Lu et al.,
2007). Active lever-presses activated the infusion pump and led to the delivery of a 5-sec tone-
light cue. Sessions started at the onset of the dark cycle and began with insertion of the active
lever and illumination of a red houselight that remained on during the sessions. At the end of
each 1-h session, the houselight turned off and the active lever retracted. To facilitate
acquisition of lever-presses for cocaine, food was removed from the chambers during the 6-h
sessions of the first 3-5 training days. Once acquisition was stable, food was freely available.
Water was freely available for all days of training. The number of cocaine infusions/h was
limited to 20. The groups to be tested in the different experiments were matched for their
cocaine intake.

Withdrawal phase

After the training phase, rats to be tested after 30 withdrawal days were returned to the animal
facility and handled 3 times/week; these rats were brought to the self-administration chambers
1 d prior to the extinction tests. The rats tested after 1 withdrawal day remained in the self-
administration chambers after training.

Extinction tests

The 30-min extinction tests in the presence of the cocaine-associated cues were conducted after
1 or 30 withdrawal days. The experimental conditions were the same as in training except that
active lever-presses were not reinforced with cocaine. Tests started at the onset of the dark
cycle and began with the insertion of the active lever and the illumination of the red houselight
that remained on for the duration of the session. Active lever presses during testing resulted in
contingent presentations of the tone-light cue previously paired with cocaine infusions.

Neuropharmacology. Author manuscript; available in PMC 2010 January 1.
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Exp. 1: Effect of cue-induced cocaine seeking in extinction tests on p-ERK immunoreactivity

The purpose of Exp. 1 was to assess whether exposure to cocaine cues in extinction causes
time-dependent increases in neuronal activity in the dorsal and ventral mPFC, as assessed by
pERK immmunoreactivity. We trained rats to self-administer cocaine and then divided them
into 4 groups (n=10-11 per group) in a 2 (withdrawal day: 1, 30) x 2 (extinction test: no, yes)
factorial design in which the rats either underwent the 30-min extinction test or were left
undisturbed in the self-administration chambers. Immediately after testing (or no testing), the
rats were anesthetized, transcardially perfused, and their brains were collected for
determination of p-ERK levels.

Exp. 2: Effect of mPFC muscimol+baclofen injections on day 30 extinction responding

In Exp. 2 we assessed the role of ventral and dorsal mPFC in the time-dependent increases in
cocaine seeking after withdrawal by determining whether decreasing local neuronal activity
by injections of muscimol+baclofen would decrease cocaine seeking after prolonged
withdrawal from cocaine. We used 4 groups of rats (n=8-10 per group) that were trained to
self-administer cocaine and then underwent 30 min extinction tests after 30 withdrawal days.
For 2 groups, we injected muscimol+baclofen or its vehicle into dorsal mPFC, while for 2 other
groups we injected muscimol+baclofen or vehicle into ventral mPFC. Immediately after
testing, the rats were anesthetized, transcardially perfused, and their brains were collected for
determination of p-ERK levels. In this experiment (and in Exp. 3) we measured p-ERK in order
to verify the effectiveness of our experimental manipulations on neuronal activity in mPFC.

Exp. 3: Effect of mPFC bicuculline+saclofen injections on day 1 extinction responding

In Exp. 2 we found that ventral but not dorsal mPFC muscimol+baclofen injections, which
inhibit neuronal activity, significantly decreased enhanced cocaine-seeking after 30 withdrawal
days. Here, we assessed the role of ventral mPFC in the time-dependent increases in cocaine-
seeking after withdrawal by determining whether increasing neuronal activity using bicuculline
+saclofen in this brain area on day 1 withdrawal will increase cocaine seeking. We used 4
groups of rats (n=5-6 and 12-13 for dorsal and ventral mPFC, respectively) that were trained
to self-administer cocaine and underwent 30 min extinction tests after 1 withdrawal day. For
2 groups, we injected bicuculline+saclofen or its vehicle into ventral mPFC, while for the other
2 groups we injected bicuculline+saclofen or its vehicle into dorsal mPFC. Immediately after
testing, the rats were anesthetized, transcardially perfused, and their brains were collected for
determination of p-ERK levels.

Exp. 4: Effect of ventral mPFC injections of muscimol+baclofen on day 1 extinction
responding and effect of ventral mPFC injections of muscimol+baclofen and bicuculline
+saclofen on sucrose self-administration

The purpose of Exp. 4 was to explore the specificity of the behavioral effects of our drug
injections into ventral mPFC. We first assessed the effect of muscimol+baclofen injections on
day 1 extinction responding. We then assessed the effect of muscimol+baclofen or bicuculline
+saclofen injections on oral sucrose self-administration. We used 2 groups of rats (n=8-11)
that were trained to self-administer cocaine and then underwent 30 min extinction tests after
1 withdrawal day; these rats were injected with muscimol+baclofen or its vehicle into ventral
mPFC prior to the extinction tests. We then trained 5 of these rats, and 2 additional rats that
were trained to self-administer cocaine but were not given an extinction test, to lever press for
10% oral sucrose. For these rats, food was restricted to maintain 85-90% of the rats’ free-
feeding weight (~20 g of food/d) and sucrose self-administration began three days later. The
rats were trained over 8 d (1 h/d) to lever press for 10% sucrose solution (FR-1 reinforcement
schedule, 20 sec time-out, 0.2 ml per reward delivery over 4 sec on days 1-3, 0.4 ml over 8
sec on day 4, and 0.6 ml over 12 sec on days 5-8). After the rats displayed stable lever presses
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(less than 15% of mean responding over 3 d) for 0.6 ml per reward delivery, we examined the
effect of vehicle, muscimol+baclofen, and bicuculline+saclofen injections into ventral mPFC
on sucrose self-administration using a counterbalanced within-subjects design. Injections were
given every 48 h and regular sucrose self-administration sessions (with no injections) occurred
between the test sessions.

The rats demonstrated reliable cocaine self-administration and there were no significant
differences between rats in Exp. 1-4 (p>0.05). Meantsem 10-d daily cocaine intake (infusions/
6 h) for Exp. 1-4 was 63.7+4.0 (n=41), 58.0+2.3 (n=39), 56.2+3.2 (n=36), and 58.4+2.8 (n=19),
respectively. Eighteen rats were excluded because of misplaced cannulae or suspected neuronal
damage near the cannulae; one rat was excluded because unusually high number of lever
responding on day 1 extinction in the vehicle condition (67 lever presses/30 min >3 SD from
its group mean, Exp. 4).

Exp. 1: Effect of cue-induced cocaine seeking in extinction tests on p-ERK immunoreactivity

The number of non-reinforced active lever-presses in the extinction tests (the operational
measure of cue-induced cocaine seeking) was higher after 30 withdrawal days than after 1 day;
this effect was strongly associated with increased p-ERK levels in ventral mPFC and modestly
associated with increased p-ERK levels in dorsal mPFC (Fig. 1). We analyzed lever presses
with ANOVA, using the between-subjects factor of Withdrawal Day (1, 30) and the within-
subjects factor of Lever (active, inactive). This analysis revealed significant effects of
Withdrawal Day (F1 19=43.5, p<0.01), Lever (F1 19=43.5, p<0.01), and Withdrawal Day by
Lever (F1,19=39.9, p<0.01). The analysis of the time course of active lever responding (10 min
intervals) revealed significant effects of Withdrawal day (F1 19=42.1, p<0.01), Session time
(F2,38=57.7, p<0.01), and Withdrawal day by Session time (F; 3s=17.9, p<0.01). The
significant interaction is due to the fact that the slope of the within-session extinction curve
was steeper after 30 withdrawal days than after 1 day. This pattern of results suggests that the
increase in lever presses after 30 days of withdrawal is due to initial increased responsiveness
to cocaine cues rather than increased within-session resistance to extinction.

We analyzed dorsal or ventral p-ERK cell counts (per mm?) with ANOVA, using the factors
of Withdrawal Day and Extinction test (yes, no). Analysis of ventral mPFC revealed significant
effects of Extinction test (F1 37=7.9, p<0.01) and Withdrawal Day by Extinction test
(F1,37=6.8, p<0.05), but not of Withdrawal day (p>0.1). The analysis of dorsal mPFC revealed
significant effects of Withdrawal Day (F1 37=4.6, p<0.05), and Extinction test (F1 37=5.9,
p<0.05), but not Withdrawal Day by Extinction test (p>0.2). Post-hoc (Fisher PLSD tests)
group differences are presented in Fig. 1.

Exp. 2: Effect of mPFC muscimol+baclofen injections on day 30 extinction responding

Ventral but not dorsal mPFC injections of muscimol+baclofen significantly decreased
extinction responding after 30 withdrawal days; both ventral and dorsal mPFC injections of
muscimol-+baclofen significantly decreased local p-ERK levels (Fig. 2). We analyzed lever
presses, using the between-subjects factor of Muscimol+Baclofen (vehicle, drug mixture), and
the within-subjects factor of Lever. Analysis of ventral mPFC injections revealed significant
effects of Lever (F1 19=48.5, p<0.01), Muscimol+Baclofen (F1 19=6.2, p<0.05), and Lever by
Muscimol+Baclofen (F1 19=5.2, p<0.05). Analysis of dorsal mPFC injections revealed a
significant effect of Lever (F1 4=77.6, p<0.01) but not Muscimol+Baclofen or Lever by
Muscimol+Baclofen (p values>0.4). For ventral mPFC, analysis of the time course of active
lever responding (10 min intervals) revealed significant effects of Session time (Fp 35=41.2,
p<0.01), Muscimol+Baclofen (F1 19=5.7, p<0.05), but not Session Time by Muscimol
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+Baclofen (p>0.4). For dorsal mPFC, the time course analysis revealed significant effects of
Session time (F 26=35.3, p<0.01), but not Muscimol+Baclofen or Session Time by Muscimol
+Baclofen (p>0.4). Finally, ventral mPFC muscimol+baclofen injections decreased p-ERK
levels in ventral (F1 19=18.3, p<0.01) but not dorsal (p>0.1) mPFC, while dorsal mPFC
muscimol+baclofen injections decreased p-ERK levels in dorsal (F1 14=9.7, p<0.01) but not
ventral (p>0.1) mPFC.

Exp. 3: Effect of mPFC bicuculline+saclofen injections on day 1 extinction responding

Ventral but not dorsal mPFC injections of bicuculline+saclofen increased extinction
responding after 1 withdrawal day; both ventral and dorsal mPFC injections of bicuculline
+saclofen increased local p-ERK levels (Fig. 3). We analyzed lever presses using the between-
subjects factor of Bicuculline+Saclofen (vehicle, drug mixture) and the within-subjects factor
of Lever. Analysis of ventral mPFC injections revealed significant effects of Lever (F1 53=11.9,
p<0.01), Bicuculline+Saclofen (F1 23=4.4, p<0.05), and Lever by Bicuculline+Saclofen
(F1,23=5.5, p<0.05). The significant interaction is due to the fact that the slope of the within-
session extinction curve was steeper after bicuculline+saclofen injections than after vehicle
injections. Analysis of dorsal mPFC injections revealed a significant effect of Lever (F1 g=13.0,
p<0.01), but not of Bicuculline+Saclofen or Lever by Bicuculline+Saclofen (p values>0.4).
For ventral mPFC, analysis of the time course of active lever responding (10 min intervals)
revealed significant effects of Session time (F, 46=16.4, p<0.01), Bicuculline+Saclofen
(F1,23=6.2,p<0.05), and Session Time by Bicuculline+Saclofen (F 46=4.3, p<0.05). For dorsal
mPFC, the time course analysis of active lever responding revealed significant effects of
Session time (F; 18=5.8, p<0.05), but not Bicuculline+Saclofen or Session Time by Bicuculline
+Saclofen (p>0.4). Finally, ventral mPFC Bicuculline+Saclofen injections increased p-ERK
levels in ventral (F1, 2,=22.7, p<0.01) but not dorsal (p>0.1) mPFC, while dorsal mPFC
Bicuculline+Saclofen injections increased p-ERK levels in dorsal (F1 9=5.6, p<0.05) but not
ventral (p>0.1) mPFC.

Exp. 4: Effect of ventral mPFC injections of muscimol+baclofen on day 1 extinction
responding and effect of ventral mPFC injections of muscimol+baclofen and bicuculline
+saclofen on sucrose self-administration

Day 1 extinction responding—Ventral mPFC injections of muscimol+baclofen had
minimal effect on extinction responding after 1 withdrawal day. The analysis revealed a
significant effect of Lever (F1 17=29.5, p<0.01) but not Muscimol+Baclofen or Lever by
Muscimol+Baclofen (p values>0.4). The mean+SEM number of active and inactive lever
presses in the vehicle and the muscimol+baclofen conditions were 15.5+ 4.6, and 0.1+ 0.1, and
12.8+ 2.8, and 0.3% 0.1, respectively (n=8-11).

Sucrose self-administration—Ventral mPFC injections of muscimol+baclofen or
bicuculline+saclofen had minimal effect on sucrose self-administration (Fig. 4). We analyzed
lever presses using the within-subjects factors of Drug Condition (vehicle, muscimol+baclofen
and bicuculline+saclofen) and Lever. This analysis revealed a significant effect of Lever
(F1,4=52.3, p<0.01) but not Drug Condition or Lever by Drug Condition (p values>0.4).

Discussion

The present results implicate ventral mPFC activity in the incubation of cocaine craving, the
progressive increase in cue-induced cocaine-seeking after withdrawal. Exposure to cocaine
cues in extinction tests increased ventral mPFC p-ERK immunoreactivity (a neuronal activity
marker) after 30 days but not 1 day of withdrawal. Inhibition of ventral mPFC neuronal activity
by muscimol+baclofen decreased cue-induced cocaine-seeking after 30 days but not 1 day of
withdrawal, while local stimulation of neuronal activity by bicuculline+saclofen increased
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cocaine-seeking after 1 day of withdrawal. In contrast, a role of dorsal mPFC in incubation of
cocaine craving has not been established in our study. Exposure to cocaine cues modestly
increased dorsal mPFC p-ERK immunoreactivity after 30 days of withdrawal. However,
inhibition of dorsal mPFC neurons by muscimol+baclofen injections did not significantly
decrease cue-induced cocaine seeking after 30 days of withdrawal, and stimulation of these
neurons by bicuculline+saclofen injections did not increase cocaine seeking after 1 day of
withdrawal.

Ventral mPFC muscimol+baclofen or bicuculline+saclofen injections had no effect on inactive
lever-presses during testing or active lever presses for oral sucrose in rats previously trained
to self-administer cocaine. Thus, itis unlikely that the effect of these injections on lever presses
in the extinction tests is due to non-specific decreases or increases, respectively, in motor
performance. However, this conclusion should be made with caution, because when the
operational measure of drug seeking is lever responding, it is impossible to completely rule
out that the effect of pharmacological manipulations on drug seeking is due to alterations in
motor performance (for a discussion see Shalev et al., 2002). Below, we discuss our findings
in reference to ventral mPFC role in cue-induced relapse to drug seeking and conditioned
responses in extinction, and the brain circuitry of incubation of cocaine craving.

Role of ventral mPFC in cue-induced relapse to drug seeking

In the present study we identified a role of ventral mPFC in cue-induced cocaine seeking, as
assessed in a single extinction test in the presence of discrete (tone-light) and contextual (self-
administration chamber) cues previously associated with cocaine self-administration. These
findings are surprising in view of results from studies using the reinstatement procedure where
cue-induced drug seeking is typically assessed after 1-3 weeks of extinction of lever presses
in the absence of the drug-paired (discrete or contextual) cues (Crombag et al., 2008; See,
2002). Using variations of this procedure, See and colleagues (Fuchs et al., 2005; McLaughlin
and See, 2003) reported that reversible inactivation (muscimol+baclofen or tetrodotoxin) of
dorsal but not ventral mPFC attenuates context-induced and discrete-cue-induced
reinstatement of cocaine seeking. Additionally, in opposite direction to the present results,
Peters et al. (2007) reported that muscimol+baclofen inactivation of the ventral mPFC
potentiates spontaneous recovery of cocaine seeking 4 weeks after termination of extinction
training (see also Rhodes and Kilcross (2004) for similar results in an appetitive (food)
Pavlovian conditioning task). Spontaneous recovery refers to the resumption of the
extinguished conditioned response that occurs after time has passed following the conclusion
of extinction (Bouton and Swartzentruber, 1991). What might account for the different results
between our studies and these previous studies regarding ventral and dorsal mPFC role in cue-
induced cocaine seeking?

One issue to consider is that extinction training can reverse neuroadaptations (hypothesized to
increase drug seeking) that normally occur after cocaine self-administration (Schmidt et al.,
2001; Self et al., 2004; Sutton et al., 2003). Based on the work of Self and colleagues, and the
findings that muscimol+baclofen inhibition of dorsal mPFC and accumbens core (both block
discrete-cue-induced reinstatement after extinction) had no effect on early extinction
responding after 2—3 weeks of withdrawal from cocaine, it has been hypothesized that the
neurocircuitry of reinstatement after extinction is different from that controlling early
extinction responding after withdrawal (Fuchs et al., 2006; Kalivas et al., 2006; Peters et al.,
2007; See et al., 2007). Our negative results with muscimol+baclofen inactivation or
bicuculline+saclofen stimulation of the dorsal mPFC are compatible with this hypothesis and
with these previous results.

However, the degree to which the “differential neurocircuitry hypothesis” is relevant to the
understanding of the neuronal mechanism of incubation of cocaine craving is unknown. As
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mentioned in the Introduction, this incubation has been demonstrated in both extinction (either
in the presence or absence of discrete cues) and cue-induced reinstatement tests (Lu et al.,
2004c). Furthermore, lever presses in extinction (without tone-light cue) and cue-induced
reinstatement tests follow a similar time course after withdrawal and are highly correlated
(Grimm et al., 2001; Lu et al., 2004c). These observations suggest that while different sets of
cues induce cocaine seeking in these tests, they likely provoke a similar motivational state
(craving) that incubates over time. Thus, to the degree that ventral mPFC is critical for
incubation of cocaine craving, we predict that inactivation of this brain area would also decrease
enhanced cue-induced reinstatement of cocaine seeking after prolonged withdrawal. Recent
data of De Vries and colleagues (Van den Oever et al., 2008) tentatively support this prediction.
After 21 withdrawal days, they observed heroin-cue-induced acute synaptic plasticity changes
in ventral mPFC in rats exposed to either a single extinction session or cue-induced
reinstatement tests after extinction. At this withdrawal time point, there is evidence for
incubation of heroin craving (Shalev et al., 2001).

Another issue to consider is that in the reinstatement studies described above from the
laboratories of Kalivas and See, the rats were trained to self-administer cocaine under limited
access (2h/d) conditions, while in our study the duration of training was for 6 h/d (an extended
access condition). There is evidence that limited and extended access to cocaine lead to
different patterns of drug intake (non-escalated versus escalated intake over time) (Ahmed and
Koob, 2005), and neuroadaptations in nucleus accumbens (Ferrario et al., 2005) and lateral
hypothalamus (Ahmed et al., 2005). However, in our opinion it is unlikely that differences in
cocaine intake during training can account for the different roles of ventral mPFC in cue-
induced drug seeking in a single extinction test after prolonged withdrawal versus cue-induced
reinstatement of cocaine seeking after extinction. Both cue-induced reinstatement and
incubation of cocaine craving are reliably observed in rats with a history of limited and extended
cocaine access (Kippin et al., 2006; Sorge and Stewart, 2005), and unlike the nucleus
accumbens and lateral hypothalamus, the amount of cocaine intake during training has a
minimal effect on cocaine-induced neuroadaptations in prefrontal cortex neurons (Ahmed et
al., 2005; Ferrario et al., 2005).

Finally, an impressive body of work from fear conditioning studies of Quirk and colleagues
indicates that ventral mPFC activity controls extinction learning: permanent lesions or
reversible inactivation of ventral mPFC increase resistance to extinction, while electrical
stimulation of ventral mPFC facilitates extinction responding (Milad and Quirk, 2002; Quirk
and Mueller, 2008; Sierra-Mercado et al., 2006). This pattern of results appears contradictory
to our findings where ventral mPFC inactivation decreased extinction responding while local
stimulation increased this responding. In reconciling this apparent contradiction, it is important
to make a distinction between two types of behaviors assessed in extinction studies. In fear
conditioning studies, the ventral mPFC’s role has been primarily assessed in the recall of
extinction learning in subsequent extinction sessions, while in our study the behavior of interest
is the expression of the conditioned response in the initial extinction session. With this
distinction in mind, our findings that inhibition of ventral mPFC decreased the expression of
the response to cocaine cues in an initial extinction session are in agreement with several
previous aversive and appetitive conditioning studies. Petrovich et al. (20073, b) reported that
permanent ventral mPFC lesions decrease initial extinction responding to food cues.
Additionally, Quirk and colleagues, and other investigators, reported that reversible
inactivation of ventral mPFC or local protein kinase A inhibition decrease conditioned freezing
to fear cues in the initial extinction session (Akirav et al., 2006; Corcoran and Quirk, 2007;
Mueller et al., 2008; Sierra-Mercado et al., 2006).
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Implications of the present findings to the neuroanatomy of incubation of cocaine craving

At a circuit level, a question that arises from the present data on ventral mPFC role in the
incubation of cocaine craving is how our findings fit with results from previous studies on the
neuroanatomy of this incubation. As mentioned before, we previously found that incubation
of cocaine craving involves glutamate-mediated increases in ERK activity in central amygdala
(Lu et al., 2005; Lu et al., 2007). Thus, increased neuronal activity in both ventral mPFC
(present study) and central amygdala appears critical for incubation of cocaine craving.
However, while there are excitatory projections from ventral mPFC to central amygdala
(McDonald et al., 1996), electrophysiological studies in anesthetized rats have shown that
ventral mPFC stimulation inhibits central amygdala activity (Quirk et al., 2003). These data
are incongruent with the notion that exposure to cocaine cues can simultaneously increase
neuronal activity in ventral mPFC and central amygdala after prolonged withdrawal. However,
electrophysiological data in anesthetized rats should be interpreted with caution, because brain
neural activity patterns under anesthesia often do not accurately represent neuronal activity in
the awake state (Kiyatkin, 1985; Kiyatkin and Rebec, 2001; Kreuter et al., 2004; Windels and
Kiyatkin, 2006). Thus, the nature of the interaction between cocaine cue-induced increased
activity in ventral mPFC and central amygdala during the tests for incubation of craving is
currently unknown.

Recently, results from two studies implicate nucleus accumbens activity in the incubation of
cocaine craving. Hollander and Carelli (2007) reported that in rats that demonstrated incubation
of cocaine craving, exposure to cocaine cues increased neuronal activity in accumbens core
but not shell after 30 days (but not 1 day) of withdrawal. Conrad et al. (2008) reported that
incubation of cocaine craving is associated with a large increase (180-220%) in GIluR1 AMPA
surface expression in accumbens core and shell, suggesting the formation of calcium permeable
GluR2-lacking receptors that are highly sensitive to excitatory stimulation (Cull-Candy et al.,
2006). They provided electrophysiology evidence suggesting the formation of these receptors,
and also demonstrated that accumbens core injections of NASPM, an antagonist of GIuR2
lacking AMPA receptors (Blaschke et al., 1993), decreased enhanced extinction responding
after 45 days (but not 1 day) of withdrawal. The relationship between these findings (potentially
implicating accumbens core in incubation of cocaine craving) and our data (implicating ventral
mPFC in this incubation) is unknown, because the predominant cortical projections to the core
and shell are from the dorsal mPFC and ventral mPFC, respectively (Berendse et al., 1992;
Voorn et al., 2004). However, critical anatomical experiments to rule out accumbens shell role
in incubation of cocaine craving were not performed. Additionally, the ventral mPFC area
inactivated in our study also partially innervates the medial part of accumbens core (Berendse
etal., 1992; Voorn et al., 2004). Thus, we speculate that an excitatory projection from the
ventral mPFC to the accumbens likely plays a role in the incubation of cocaine craving.

Concluding remarks

Our data indicate that the ventral but not dorsal mPFC plays a role in the incubation of cocaine
craving. The present data are surprising in light of previous studies implicating the dorsal but
not ventral mPFC in cue-induced reinstatement of cocaine seeking after extinction of the drug-
reinforced responding. Interestingly, recent studies implicate the ventral mPFC in cue-induced
relapse to heroin seeking (Rogers et al., 2008; VVan den Oever et al., 2008), suggesting an
important role of this brain area in drug relapse.
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Figure 1. Effect of cue-induced cocaine seeking in extinction tests on p-ERK levels

(A) Outline of experimental timeline. Four groups of rats self-administered cocaine for 6 h/d
for 10 d. On withdrawal days 1 or 30, the rats were either tested or not tested for cocaine seeking
in extinction tests, and their brains were removed for p-ERK analysis. (B) Test for cue-induced
cocaine seeking: data are meanxsem number of lever-presses on the previously active lever
and on the inactive lever during the tests for cocaine seeking performed under extinction
conditions after 1 day or 30 days of withdrawal. During the test sessions, cocaine was not
available and lever presses resulted in the delivery of the tone-light cue previously paired with
cocaine. All rats were chronically housed in the self-administration chambers during training;
the rats in the 30 days withdrawal groups were housed in their home cage in the animal facility
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after the self-administration training. Non-reinforced lever responding after 30 withdrawal
days was higher than after 1 withdrawal day. * Different from Day 1, p<0.01, n = 9-11 per
group). (C-D) p-ERK levels in dorsal or ventral mPFC on day 1 or 30 of withdrawal in the test
or no test conditions; data are depicted as percent of mean Day 1 No Test condition. p-ERK
positive cells are indicated with white arrows. Rats in the Extinction Test condition were trained
to self-administer cocaine and were exposed to the cocaine cues in a 30 min extinction test
after 1 or 30 withdrawal days. Rats in the No Test condition were trained to self-administer
cocaine and were not exposed to the cocaine cues after 1 or 30 withdrawal days. Exposure to
cocaine cues in the extinction tests increased the number of p-ERK positive cells (white arrows)
in both dorsal and ventral mPFC after 30 days but not 1 day of withdrawal; this effect was
more pronounced in ventral mPFC than in dorsal mPFC. Abbreviations: ACg, Anterior
cingulate cortex; PL, Prelimbic cortex; IL, infralimbic cortex. # Different from the other 3
groups, p<0.05.
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Figure 2. Effect of dorsal and ventral mPFC muscimol+baclofen injections on day 30 extinction
responding

(A-B) Test for cocaine seeking after dorsal or ventral mPFC injections of vehicle or a mixture
of muscimol+baclofen (0.03+0.3 nmol/side). Data are mean=SEM number of non-reinforced
presses on the previously active lever and on the inactive lever during the extinction tests. (C-
D) p-ERK levels in the dorsal and ventral mPFC after dorsal or ventral mPFC injections of
vehicle or muscimol+baclofen. Data are depicted as a percent of the meanzsem of the vehicle
condition. Ventral but not dorsal mPFC injections of muscimol-baclofen significantly
decreased extinction responding; both ventral and dorsal mPFC injections of muscimol
+baclofen significantly decreased local p-ERK levels. (E) Approximate anatomical location
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of the injectors for vehicle (open circles) and muscimol+baclofen (closed circles). Numbers

indicate the approximate anterior-posterior distance in mm from Bregma. * Different from
vehicle, p<0.05 (n=8-12 per group).
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Figure 3. Effect of dorsal and ventral mPFC bicuculline+saclofen injections on day 1 extinction
responding

(A-B) Test for cocaine seeking after dorsal or ventral mPFC injections of vehicle or a mixture
of bicuculline+saclofen (50+50 ng/side). Data are mean+SEM number of non-reinforced
presses on the previously active lever and on the inactive lever during the extinction tests. (C-
D) pERK levels in the dorsal and ventral mPFC after dorsal or ventral mPFC injections of
vehicle or bicuculline+saclofen. Data are depicted as a percent of the mean+SEM of the vehicle
condition. Ventral but not dorsal mPFC injections of bicuculline+saclofen increased extinction
responding; both ventral and dorsal mPFC injections of bicuculline+saclofen increased local
p-ERK levels. (E) Approximate anatomical location of the injectors for vehicle (open circles)
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and (closed circles) bicuculline+saclofen. Numbers indicate approximate anterior-posterior

distance in mm from Bregma. * Different from vehicle, p<0.05 (n= n=5-6 and 12-13 for dorsal
and ventral mPFC groups, respectively).
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Figure 4. Effect of ventral mPFC muscimol+baclofen or bicuculline+saclofen injections on sucrose
self-administration

Data are mean=SEM number of responses on the active and inactive levers after bilateral
injections of vehicle, muscimol+baclofen (0.03+0.3 nmol/side), and bicuculline+saclofen (50
+50 ng/side) (n=5). No significant effects were observed.
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