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Abstract
Human cocaine addicts show altered function within the basal ganglia and the medial prefrontal
cortex (mPFC) and altered glutamate function within these areas is postulated to be critical for
cocaine addiction. The present project utilized a highly valid animal model of cocaine addiction, to
test whether excessive use of cocaine alters glutamate function within these brain areas. Rats were
trained to lever-press for IV saline vehicle or cocaine (0.25 mg/infusion) over seven 1-hr daily
sessions, after which, saline controls and half of cocaine self-administering animals (brief access
condition) received 10 more 1-hr daily sessions, while the remaining cocaine animals received 10
additional 6-hrs daily sessions (extended access condition). One, 14, or 60 days after the last self-
administration session, animals were sacrificed. Tissue samples from the ventral tegmental area
(VTA), nucleus accumbens (N.Acc) core and shell, and mPFC were analyzed by immunoblotting
for expression of Homer1b/c, Homer2a/b, mGluR1, mGluR5, NR2a, and NR2b subunits of the
NMDA receptor. Brief and extended access to cocaine failed to alter protein levels within the
VTA, and produced transient and similar changes in N.Acc protein expression, which were more
pronounced in the core subregion. In contrast, extended access to cocaine resulted in distinct and
long lasting alterations of protein expression within the mPFC that included: increased levels of
Homer1b/c at 1 day, NR2b at 14 days, and NR2a at 60 days, of withdrawal. These data support the
notion that altered NMDA function within the mPFC may contribute, in part, to the transition to
excessive uncontrolled consumption of cocaine.
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Introduction
In humans, the transition from recreational use of cocaine to addiction involves extended
sessions of cocaine self-administration, the subsequent consumption of high doses of
cocaine, and loss of control over drug intake (Gawin & Kleber, 1985, 1988; Gawin, 1991).
Rats given extended (6 hrs) daily access to cocaine self-administration will also consume
high doses of the drug. Moreover, these extended access rats will escalate their drug
consumption over days and exhibit heightened motivation to seek cocaine, consistent with
the expression of loss of control over drug use observed in humans (Ahmed & Koob, 1998;
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Ahmed & Cador, 2006; Ben-Shahar et al., 2008; Kippin et al. 2006; Mantsch et al. 2004;
Paterson & Markou, 2003). Thus, the extended access condition models critical aspects of
cocaine addiction as defined for humans. Importantly, rats given extended access to cocaine
show a distinct profile of neural adaptations, as well as distinct neural responses to a cocaine
challenge, compared to rats given limited access to self-administered cocaine or
experimenter-administered cocaine (Ahmed & Koob, 2004; Ben-Shahar et al., 2004, 2005,
2006, 2007; Ferrario et al., 2005; Mantsch et al., 2007; O'Dell et al., 2006; Seiwell et al.,
2007). What then are the neuroadaptations that underlie the transition from controlled drug
use to addiction?

The human literature points to altered function within the nucleus accumbens (N.Acc) and
medial prefrontal cortex (mPFC) and to a dysregulation in glutamate transmission as critical
mediators the transition to cocaine addiction (Dackis & O'Brien, 2003, 2005; Volkow, 2004;
Volkow et al., 1992, 1997; Volkow & Li, 2005). Indeed, glutamate in the N.Acc and mPFC
is critical for cocaine-induced reinforcement and neuronal adaptations associated with
repeated experimenter-administered cocaine (Kalivas & Volkow, 2005; Pierce et al., 1997;
Pulvirenti et al., 1992; White et al., 1995). We reported previously that brief (1-hr) and
extended (6 hrs) cocaine-access subjects differ in both their c-Fos immunoreactive response
to a cocaine challenge and DAT binding within the N.Acc and the mPFC (Ben-Shahar et al.
2004, 2006). Moreover, cocaine-stimulated locomotor behavior that is tied to glutamate
function within these brain regions (for reviews see: Pierce & Kalivas, 1997; Robinson &
Kolb, 2004; Steketee, 2005; Vanderschuren & Kalivas, 2000; Wolf, 1998), is differentially
altered in extended access animals, as compared to both saline controls and limited/short
access subjects (Ben-Shahar et al., 2004, 2005). These data suggest that altered glutamate
function within the N.Acc and mPFC may underlie the transition from stable to compulsive
cocaine-use.

The ionotropic NMDA glutamate receptors are critical for bursting activity in mPFC
neurons in response to reinforcing stimuli (Zhang & Shi, 1999). Furthermore, dopamine
projections from the ventral tegmental area (VTA) inhibit input to the mPFC projecting onto
NMDA receptors (Pirot et al., 1996), while chronic administration of cocaine resulted in
decreased binding of NMDA receptors in the cortex (Bhargava & Kumar, 1999). Thus,
NMDA receptors seem to be critical for both cocaine reinforcement and cocaine-induced
neuronal adaptations. However, it is important to note that the data pertaining to alterations
in NMDA receptor function were collected primarily from subjects receiving experimenter-
administered cocaine and very little is known about such alterations in animals with cocaine
self-administration experience, particularly under extended access conditions.

NMDA receptor are connected via PSD-95, GKAP, and the scaffold protein Shank to
Homer proteins, that in turn bind to the cytoplasmic end of Group 1 metabotropic glutamate
receptors (mGluRs; i.e. mGluR1 and mGluR5; Kennedy, 2000; Sheng & Kim, 2002).
Evidence suggests that mGluR5 and Homer proteins also play an important role in cocaine
reinforcement as mGluR5 knock-out mice do not self-administer cocaine (Chiamulera et al.,
2001), and blockade of mGluR5 receptors attenuates cocaine self-administration (Tessari et
al., 2004) and decreases breakpoints for cocaine in the progressive-ratio procedure (Paterson
& Markou, 2005). Additionally, while the deletion of Homer1 or Homer2 in mice facilitates
the acquisition of cocaine self-administration and cocaine-conditioned place preference
(Szumlinski et al., 2004), studies of Homer mutant mice indicated that these proteins
regulate not only Group1 mGluR, but also NMDA receptor function or expression in vivo
(Szumlinski et al., 2004, 2005a) and repeated, experimenter-injected cocaine co-regulates
the protein expression of Homers and these glutamate receptors within the N.Acc and mPFC
(Ary & Szumlinski, 2007). We therefore sought to examine the expression of these
glutamate receptors (i.e. the NR2a & NR2b subunits of the NMDA receptor and mGluR1
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and mGluR5) and Homer proteins in animals self-administering cocaine under short- and
long-access conditions to assess whether cocaine-induced changes in these receptors and
proteins might relate to the development of addictive behaviors.

Materials and Methods
Subjects

The subjects (n=89) were male albino Sprague-Dawley rats weighing 275-325g at the
beginning of each experiment and obtained from Charles River Laboratories (Hollister, CA).
The animals were housed in pairs in plastic hanging cages located within a temperature-
controlled (22°C), 12/12 h light/dark cycle (lights on at 2000) environment in the
Psychology Department vivarium at UCSB. Subjects had ad libitum access to food and
water, except during operant training for food reinforcement (see Food Training below).

Surgery
Rats were implanted with a chronic silastic catheter (13.5 cm long; 0.3 mm inner diameter,
0.64mm outer diameter; Dow Corning Corporation, Midland, MI) into the right jugular vein
under isoflurane gas anesthesia (Abbott Laboratories, North Chicago, IL; 4% for induction;
2.0 - 2.5% for maintenance) as previously described (Ben-Shahar et al., 2004). Atropine
(0.04 mg/kg IM) was administered to minimize respiratory congestion during anesthesia and
banamine (2 mg/kg SC; a non-opiate analgesic) was provided to treat post-surgical pain.
Each catheter ran subcutaneously around the shoulder to back where it was secured to a
threaded 22 gauge metal guide cannula (Plastics One, Roanoke, VA), which emerged from
the midline of the animal's back perpendicular to the dorsal surface. An obdurator covered
the open end of the cannula to protect from contamination and the cannula was held in place
via a small swatch of Bard Mesh (C.R. Bard Inc., Cranston, RI) to which it was cemented.
The mesh was in turn laid flat subcutaneously on the animal's back. Animals were allowed 7
days for recovery and catheter patency was maintained by flushing the IV system with 0.1
ml of sterile heparin+timentin/saline (60 IU/ml and 100mg/ml, respectively) solution each
day.

Apparatus
Eleven (29 cm wide × 25 cm long × 30 cm high) operant chambers (Med Associates Inc., St.
Albans, VT) were used for all behavioral training and testing. Each chamber was equipped
with two retractable levers, each positioned 7.0 cm above the grid floor on either side of a
food pellet trough situated 2 cm above the grid floor. Food dispensers and syringe pumps
were located outside the chambers. A center house light (2.8 W) was situated 28 cm above
the grid floor in the center of the back panel. Two cue lights (2.8 W) were located 6-7 cm
above each lever. In the current study, only the right cue light was used. All behavioral
testing equipment and data acquisition were controlled by a desktop personal computer
running Med Associates software (MED-PC for Windows, Version 1.17). A liquid swivel
(375-22PS, Instech Laboratories Inc.) was located above the center of each operant chamber
permitting the animals to freely move about the chamber during testing. The inlet of the
liquid swivel was connected with polyethylene tubing (Plastics One; outer diameter 0.127
cm, inner diameter 0.058 cm) to a 10-ml syringe containing the self-administered solutions
and seated in a syringe pump (Med Associates Inc., St. Albans, VT). An additional length of
tubing passed through a cannula connector (C313CT Plastic One) from the swivel overhead
to the animal where it was connected to the external cannula on the animal's back.
Intravenous infusions were administered by activation of the syringe pump upon the
pressing of the active lever.
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Procedure
The training and testing procedures employed in this study were similar to those described
previously (Ben-Shahar et al., 2008) and occurred during the dark phase of the light/dark
cycle at the same time each day. To facilitate acquisition of the lever press response, rats
were initially trained to lever press the right lever on a continuous reinforcement schedule
for 45mg food pellet during 1-hour test sessions. For this, rats were food deprived for 24h
before the initiation of training and maintained on a restricted diet for the duration of food
training (one week on average). Once the lever-press operant was acquired (i.e. 100
reinforcements earned per session) food was again made available ad libitum in the animal's
home cage. Surgical implantation of catheters was performed one to two days after a rat
completed the food-training regimen.

Seven days after surgery, rats were divided into two self-administration (SA) training
groups. One group of rats was trained to press the right lever for an infusion of 0.1 ml
physiological saline, while the other group of rats was trained to press the right lever for a
0.25 mg cocaine HCl dissolved in 0.1 ml physiological saline. Training consisted of 1-h
daily sessions each of which was initiated by the extension of the levers into the operant
chamber and terminated by their subsequent withdrawal. Regardless of treatment, each
right-lever press resulted in the 0.1 ml infusion over a 4 s period, which was accompanied
by the illumination of the right cue light for 20s. During the presentation of the cue light,
additional right-lever presses were recorded but produced no scheduled consequences and
throughout the 1-h session, responses at the left lever were recorded but had no programmed
effects. After seven days of training, cocaine self-administering rats were assigned to either
a “brief access group” (1hr) or an “extended access group” (6hrs). Cocaine rats were
matched for drug intake per session, such that the mean overall drug intake per session was
the same in the 1h and 6h conditions prior to testing. The brief access groups experienced
ten additional daily self-administration sessions during which saline (Saline group) or
cocaine (Coc1h group) self-administering animals continued to earned IV infusions on a
continuous reinforcement schedule over the course of 1 hr. Extended access animals
experienced ten additional daily cocaine self-administration sessions but were allowed to
earn their IV infusions over the course of a 6 hr session (Coc6h group). At the end of this
10-day period, rats were left alone in their home cages for the duration of the withdrawal
period (i.e. 1, 14, or 60 days), and had no exposure to the operant boxes. At the end of the
withdrawal period, subjects were given the fast-acting anesthetic brevital (2 mg/kg IV) via
their catheters and decapitated immediately. The brains were removed, rapidly frozen in
isopentane on dry ice, and then transferred to dry ice. Brains were then stored at -80°C until
processing by immunoblotting.

Immunoblotting
Brains were sliced in 500 micron sections through the mPFC, the N.Acc, and the ventral
tegmental area (VTA). As illustrated in Figure 1, tissue punches were obtained from the
mPFC at 3.20-2.20 mm anterior to Bregma (corresponding to Figures 8-10 in the rat brain
atlas of Paxinos and Watson, 1998); from the N.Acc core and shell using a 16 G tissue
punch at 1.70-0.70 mm anterior to Bregma (corresponding to Figures 11-15 in the rat brain
atlas of Paxinos and Watson, 1998); and from the VTA using a 16 G tissue punch at
4.80-5.30 mm posterior to Bregma (corresponding to Figures 39-41 in the rat brain atlas of
Paxinos & Watson, 1998). Dissected brain punches were homogenized with a glass hand-
held tissue grinder in homogenization medium consisting of 0.32 M sucrose, 2 mM EDTA,
1% w/v sodium dodecyl sulfate, 50 μM phenyl methyl sulfonyl fluoride and 1 μg/ml
leupeptin (pH=7.2), while 50 mM sodium fluoride, 50 mM sodium pyrophosphate, 20 mM
2-glycerol phosphate, 1 mM p-nitrophenyl phosphate and 2 μM microcystin LR was also
included to inhibit phosphatases. Samples were then subjected to low-speed centrifugation at
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10,000 g for 20 min. Protein determinations of samples from the mPFC were performed
using the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA), according to the
manufacturer's instructions and homogenates were stored at -80°C until immunoblotting. As
insufficient tissue was collected from the N.Acc subregions and the VTA, protein
determinations were not performed for these regions prior to electrophoresis. The
procedures employed to quantify Homer2, Homer1b/c, mGluR1, mGluR5, NR2a, and NR2b
protein content in brain samples were similar to those described recently (Ary and
Szumlinski, 2007;Szumlinski et al., 2008). Samples (30 μg for mPFC and 10μl of brain
sample for N.Acc subregions and VTA) were subjected to a SDS-polyacrylamide gel
electrophoresis using Tris-Acetate gradient gels (4-8%; Invitrogen, Carlsbad, CA). Proteins
were then transferred to PVDF membranes, preblocked with phosphate-buffered saline
containing 0.1% (v/v) Tween-20 and 5% (w/v) nonfat dried milk powder for 1 hr before
overnight incubation with primary antibodies. The following rabbit polyclonal antibodies
were used: anti-Homer2a/b and anti-Homer1b/c (P.F. Worley, Johns Hopkins University
School of Medicine; 1:1000 dilution), anti-mGluR1a (Upstate, 1:1000 dilution), anti-
mGluR5 (Upstate; 1:1000 dilution), anti-NR2a (Calbiochem, San Diego, CA; 1:1000), and
anti-NR2b (Calbiochem; 1:1000). An anti-calnexin primary antibody (Stressgen, Victoria
BC; 1:1000) was employed as a loading control throughout. Membranes were then washed
and incubated with horseradish peroxidase-conjugated goat anti-rabbit (Jackson
ImmunoResearch Laboratories Inc., West Grove PA; 1:20,000-40,000 dilution) for 90 min,
and immunoreactive bands were detected by enhanced chemiluminescence (SuperSignal
West Femto; Fisher Scientific, Pittsburgh, PA). Immunoreactive levels for the proteins of
interest and for calnexin were quantified by integrating band density X area using computer-
assisted densitometry (Image J, NIH). Visual inspection of the mPFC blots verified even
loading and transfer and thus, it was not necessary to normalize the band densities for the
proteins of interest within the mPFC (30 μg total protein/lane) to their corresponding
calnexin signals. To control for even loading (10 μl/lane) in the N.Acc and VTA studies, the
density X area measurements for the proteins of interest were normalized to that of their
corresponding calnexin measurements. The density X area measurements (for mPFC) or the
calnexin-normalized data (for N.Acc and VTA) were averaged over control samples for each
gel and all bands were expressed as a percent of the mean saline control value per gel.

Statistical analysis
Self-administration data was analyzed by 3 (groups: Saline, Coc1h, Coc6h) × 10 (days)
ANOVA, followed by simple effect analyses and post-hoc tests. Protein expression was
analyzed by One Way ANOVA with main factor for group: Saline control, Coc1h, and
Coc6h, followed by LSD Post Hoc Test. α=0.05 for all analyses, two-tailed.

Results
Extended access to IV cocaine produces an escalation in cocaine intake

Analysis of self-administration data yielded a significant effect for Day [F(9,558)=4.647,
p<0.001], a significant effect for Group [F(2,62)=52.994, p<0.001], and a significant Group
x Day interaction [F(18,558)=6.341, p<0.001]. Further analysis revealed that, as expected,
saline control animals exhibited low levels of self-administration that decreased significantly
over time [F(1,29)=8.278, p<.007]. Brief access animals exhibited stable levels of cocaine
self-administration (as can be seen in Figure 2 and confirmed by non-significant effect for
days in a One Way ANOVA with repeated measurements p>0.3); and these levels were
significantly lower than those exhibited by the extended access animals during the first hour
of the session [F(1,39)=6.601, p<0.014]. Finally, extended access animals escalated their
cocaine intake over days, an effect that was apparent both during the first hour of the session
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[F(9,189)=10.108, p<0.001], and over the entire session [F(9,153)=5.859, p<0.001; see
Figure 2].

Extended access to IV cocaine produces enduring changes in mPFC NR2 subunit
expression

Within the mPFC of only the brief access condition there was a significant or nearly
significant reduction in the expression of mGluR1 (see Figure 3) and mGluR5 (See Table 1),
respectively, at 1 day withdrawal. In addition, at 14 days withdrawal there was a reduction
of Homer1b/c (see Figure 3). This was evidenced by the following statistical analyses: For
mGluR1 1 day withdrawal, One Way ANOVA yielded significant main effect for Group
F(2,27)=5.80, p<0.01, and Post-hoc analysis yielded significant differences between the
brief access condition and both the saline control (p<0.01) and extended access (p<0.01)
conditions; For mGluR5 1 day withdrawal, One Way ANOVA yielded significant main
effect for Group F(2,27)=3.32, p<.053, and Post-hoc analysis yielded a significant difference
between the brief access and the saline control groups (p<0.02); For Homer1b/c 14 days
withdrawal, One Way ANOVA yielded significant main effect for Group F(2,32)=3.66,
p<0.04, and Post-hoc analysis yielded significant difference between the brief access and
control animals (p<0.01).

In contrast, in the extended access condition, there was a significant increase in the
expression of Homer1b/c at 1 day withdrawal, NR2b at 14 days withdrawal, and NR2a at 60
days withdrawal (see Figure 3). This was evidenced by the following analyses: For
Homer1b/c 1 day withdrawal, One Way ANOVA yielded significant main effect for Group
F(2,23)=4.01, p<0.03, and Post-hoc analysis yielded significant differences between the
extended access condition and both the saline control (p<0.02) and brief access (p<0.04)
conditions; For NR2b 14 days withdrawal, One Way ANOVA yielded significant main
effect for Group F(2,29)= 4.89, p<0.02, and Post-hoc analysis yielded significant differences
between the extended access condition and both the saline control (p<0.01) and brief access
(p<0.01) conditions; For NR2a 60 days withdrawal, One Way ANOVA yielded significant
main effect for Group F(2,23)=3.63, p<0.04, and Post-hoc analysis yielded a significant
difference between the extended access and control animals (p<0.02).

As summarized in Table 1, we failed to detect group differences in the mPFC expression of:
mGluR1 and mGluR5 at 14 or 60 days withdrawal; Homer1b/c at 60 days withdrawal;
NR2b at 1 or 60 days withdrawal; NR2a at 14 and 60 days withdrawal; and Homer2a/b after
any of the withdrawal periods (1, 14, or 60 days), within the mPFC between groups
(p>0.12).

Daily access to IV cocaine results in transient changes in N.Acc Shell mGluR1 and NR2b
expression

At 14, but not 1 or 60 days withdrawal, there was a significant increase in the N.Acc shell
expression of mGluR1 receptors in both the brief access and extended access animals (see
Figure 4 and Table 2). In addition, there was an increase that approached significance in
N.Acc shell NR2b expression observed only in brief access animals. This was evidenced by
the following analyses: For mGluR1, a One Way ANOVA yielded significant main effect
for Group F(2,31)=3.58, p<0.04, while Post-hoc analysis yielded significant differences
between saline control and both brief access animals (p< 0.04), and extended access animals
(p< 0.04); For NR2b, a One Way ANOVA yielded significant main effect for Group
F(2,32)=3.28, p<.052, while Post-hoc analysis yielded significant differences between brief
access and both saline controls (p<0.02), extended-access animals (p<0.04). As summarized
in Table 2, there was no significant difference in the expression of mGluR5, Homer 1b/c,
Homer 2, NR2a, or NR2b, after any of the withdrawal periods (1, 14, or 60 days) in the
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N.Acc Shell between groups. Thus, in contrast to recent data for experimenter-injected
cocaine (Ary and Szumlinski, 2007), these data demonstrate very few and modest effects of
IV cocaine self-administration history upon glutamate receptor/Homer expression within the
N.Acc shell.

Cocaine self-administration significantly reduces N.Acc Core levels of Homer proteins and
mGluR5 during short-term withdrawal

In the N.Acc core there was a significant reduction in the expression of Homer1b/c at 1 day
withdrawal, and of Homer2a/b and mGluR5 at 14 days withdrawal, in both the brief access
and extended access animals (see Figure 5). This was evidenced by the following analyses:
For Homer1b/c 1 day withdrawal, One Way ANOVA yielded significant main effect for
Group F(2,23)=6.41, p<0.01, and Post-hoc analysis yielded significant different between
saline control and both the brief access (p< 0.01) and extended access (p< 0.02) conditions;
For mGluR5 14 days withdrawal, One Way ANOVA yielded significant main effect for
Group F(2,28)=4.23, p<0.03, and Post-hoc analysis yielded significant different between
saline control and both the brief access (p<0.02) and extended access (p<0.03) conditions;
For Homer2a/b 14 days withdrawal One Way ANOVA yielded significant main effect for
Group F(2,33)=3.61, p<0.04, and Post-hoc analysis yielded significant different between
saline control and both the brief access (p<0.03) and extended access (p<0.03) conditions.
As summarized in Table 3, there was no significant difference in the expression of
Homer1b/c in the N.Acc core at 14 or 60 days withdrawal or Homer2a/b and mGluR5 at 1
and 60 days withdrawal. Likewise, there were no significant differences in the expression of
mGluR1, NR2a, or NR2b, after any of the withdrawal periods (1, 14, or 60 days) in the
N.Acc Core between groups (p>0.09). These data for the N.Acc Core are also in contrast to
a recent report for experimenter-injected cocaine (Ary and Szumlinski, 2007) and indicate
that a history of IV cocaine self-administration produces short-term (1 to 14 days) reductions
in mGluR5/Homer expression within the N.Acc Core, regardless of the length of the daily
session.

Neither brief nor extended daily access to cocaine alters glutamate receptor/Homer protein
expression in the VTA

Table 4 summarizes the effects of cocaine self-administration upon VTA protein expression.
As indicated in the table, neither brief nor extended access to cocaine significantly affected
protein expression at any of the withdrawal time points (p>0.2). However, it should be noted
that at 1 day withdrawal, Homer1b/c expression was marginally reduced in both brief and
extended access animals, compared to controls [F(2,22)=2.989 p<.073; saline vs. Coc1h p<.
042, saline vs. Coc6h p<.057.

Discussion
Extended access to cocaine resulted in escalated cocaine consumption while brief access
animals maintained stable levels of self-administration, as we and others have shown
previously (Ahmed & Koob, 1998; Ben-Shahar et al., 2004, 2005, 2006, 2007, 2008).
Moreover, alterations in protein expression within the mPFC dramatically differed between
the extended and brief access conditions. Thus, at 1 day withdrawal mGluR1 expression was
significantly reduced only in the brief access condition, while Homer1b/c expression was
significantly increased only in the extended access condition. At 14 days withdrawal,
Homer1b/c expression was significantly reduced only in the brief access condition, while
NR2b expression was significantly increased only in the extended access condition. Finally,
at 60 days withdrawal NR2a expression was significantly increased only in the extended
access condition. Protein expression within the N.Acc was similarly altered after brief or
extended access to cocaine. Within the N.Acc core of both brief and extended access
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animals, Homer1b/c expression was significantly decreased at 1 day withdrawal, Homer2a/b
and mGluR5 expression was reduced at 14 days withdrawal, while in the N.Acc shell of
brief and extended access animals mGluR1 expression was significantly elevated, however,
at this withdrawal period NR2b was only elevated in the N.Acc shell of brief access animals.
Finally, in the VTA, neither brief nor extended access to cocaine altered expression of any
of the proteins assessed (i.e. mGluR1, mGluR5, Homer1b/c, Homer2a/b, NR2a, and NR2b)
at any withdrawal period examined. In short, only within the mPFC altered proteins
expression paralleled the behavioral differences observed between the brief and extended
access conditions.

As stated above, protein alterations within the mPFC were significantly different in the brief
and extended access conditions. Moreover, only in the extended access condition and only
within the mPFC were alterations in proteins expression present for up to 60 days of
withdrawal. Our data is consistent with other reports showing increased expression of NR2b
proteins in the mPFC of animals self-administering cocaine under extended access
conditions (i.e. 8 -24 hrs/day) after 2 weeks (Tang et al., 2004), but not at 15-16 hrs (Hemby
et al., 2005a), of withdrawal. Changes in the subunit composition of NMDA receptors result
in altered function of these receptors (Loftis & Janowsky, 2003; Paoletti & Neyton, 2007;
Tang et al., 2004). These data are therefore consistent with the notion that changes in the
composition of NMDA receptors (i.e. increased expression of either NR2a or NR2b) and
therefore in NMDA receptor function, within the mPFC may be involved in the transition to
escalated cocaine use. We opted not to employ a yoked control group, as previous research
suggest that the levels of self-administration exhibited by our extended access animals will
be lethal for a yoked control animals (Dworkin et al., 1995). It is therefore possible that the
changes we observed in the expression of Homer1b/c and NMDA subunits in the mPFC
resulted from mere exposure to higher doses of cocaine. Additional studies are needed to
confirm that alterations in NMDA receptor function within the mPFC mediate the transition
to compulsive consumption of cocaine. Finally, Homer proteins link to NR2 subunits via a
Shank-GKAP-PSD95 scaffold (Tu et al. 1999; Lim et al. 1999) and regulate the expression
of NR2a/b subunits, at least within the N.Acc (Szumlinski et al., 2005b). Thus, it is tempting
to speculate that the latent and enduring rise in mPFC NR2a/b expression might relate to the
transient increase in mPFC Homer1b/c expression observed during early withdrawal from
cocaine self-administration in extended access animals.

The mPFC is especially important for the inhibition of impulses or inappropriate behavior
(Clark et al., 2004; Clarke et al., 2004, 2005; Damasio, 1996; Kawashima et al., 1996;
Konishi et al., 1998; Rolls et at., 1994). Interestingly, one persistent neuronal abnormality
found in human cocaine addicts is decreased function in this area (Fein et al., 2002; Franklin
et al., 2002; Lim et al., 2002; Matochik et al., 2003; Volkow et al., 1992, 1993). It was
therefore suggested that the observed inability of cocaine addicts to inhibit drug-taking
behavior stems at least in part from deterioration in the function of this brain area, or more
specifically from glutamatergic dysfunction in the mPFC (Dackis & O'brien 2003; Jentch &
Taylor, 1999; Kelley et al., 2004; Kalivas & Volkow, 2005). Consistent with this hypothesis
are the numerous studies showing that the specific aspects of impulsive behavior shown
after damage to the mPFC are also exhibited by cocaine addicts (e.g. Bechara et al., 2001,
2002; Bechara & Damasio, 2002; Bornovalova et al., 2005; Coffey et al., 2003; Grant et al.,
2000; Monterosso et al., 2001). Our data, though correlational in nature, suggest that shifts
in NR2a/b subunit content and consequent effects upon NMDA receptor function may be
critical for the loss of control over cocaine-taking observed in the extended access condition.

Cocaine self-administration also caused several changes in Homer/glutamate receptor
expression within the core and shell subregions of the N.Acc; however, in contrast to the
mPFC, neither the direction nor the magnitude of the observed effects differed as a function
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of cocaine access (with the exception of the increase of NR2b expression within the N.Acc
shell of brief access animals at 14 days of withdrawal). As cocaine-induced neuronal
adaptation within the N.Acc core (i.e. c-Fos response to self-administered cocaine challenge,
and binding of the dopaminergic transporter; Ben-Shahar et al., 2004 and 2006, respectively)
differ between brief and extended access animals, and as the motivation to administer
cocaine is much greater in the extended access animals (Ahmed & Cador, 2006; Ben-Shahar
et al., 2008; Kippin et al. 2006; Mantsch et al. 2004; Paterson & Markou, 2003), these data
for Homer/glutamate receptors protein expression suggest that alterations in these proteins
within the N.Acc are involved in cocaine reinforcement, rather than the transition from
stable to escalated cocaine self-administration. Consistent with this are the data of Kenny et
al. (2005) showing that blockade of mGluR5 by systemic injections of antagonist to these
receptors affected cocaine self-administration equally in brief and extended access animals.

Interestingly, the present data for animals self-administering cocaine as pertains to changes
in N.Acc protein expression are not entirely consistent with the changes in N.Acc Homer/
glutamate receptor protein expression reported previously for animals injected repeatedly
with IP cocaine. More specifically, following cocaine self-administration, alterations in
protein expression were found mainly in the N.Acc core, while following experimenter-
administered IP cocaine, reductions in protein expression were observed exclusively in the
N.Acc shell. Thus, following three weeks withdrawal from five or seven daily IP injections
of 30 mg/kg cocaine resulted in reduced levels of Homer1b/c (Swanson et al., 2001; Ary &
Szumlinski, 2007), mGluR5 (Swanson et al., 2001), or mGluR1 (Ary & Szumlinski, 2007),
and Homer 2a/b, NR2a, and NR2b (Ary & Szumlinski, 2007) in the N.Acc Shell, but no
alterations in the N.Acc Core. However, two other studies (Loftis & Janowsky, 2000; Zhang
et al., 2007) using slightly different regimens of injections (i.e. 7 daily injections of 20mg/kg
and 4 daily injections of 40 mg/kg, respectively) found increases rather than decreases in
protein expression of NR2b within the N.Acc Shell, at 2 or 3 weeks of withdrawal,
respectively. Such data suggests that differences in the number of daily injections and the
dose of cocaine used, as well as in length of the withdrawal period, results in differential
changes in protein expression of mGluR1, mGluR5, and NR2b. Nevertheless, altered
expression of mGluR1, mGluR5, Homer1b/c, Homer 2a/b, NR2a, and NR2b in any of the
studies using daily IP injections of cocaine were found mostly or only in the N.Acc shell. In
contrast, cocaine self-administration altered protein expression mainly in the N.Acc core.
The subregional differences in the effects of passive experimenter-administered vs. self-
administered cocaine are very intriguing. Indeed, it was suggested that cocaine-induced
changes in the N.Acc shell are associated with alterations related to classical or Pavlovian
conditioning, alterations that are more likely to occur during passive exposure to cocaine,
while cocaine-induced changes in the N.Acc core are associated with alterations related to
operant conditioning that are more likely to occur during active self-administration (Di
Chiara, 2002). Consistent with such an explanation are the demonstrations that: (1)
inactivation of the N.Acc core, but not shell, blocked CS-induced reinstatement of lever-
pressing for food (Floresco et al., 2008); (2) cocaine prime-induced reinstatement of self-
administration is blocked by reversible lesion of the N.Acc core but not shell (McFarland &
Kalivas, 2001, McFarland et al., 2003); and (3) that it is the N.Acc core and not shell that is
the final common pathway for reinstatement of cocaine-seeking behavior by stress, cocaine-
paired cue, or cocaine prime (Kalivas & McFarland, 2003).

Finally, the lack of changes in protein expression of group I mGluRs-Homers-NMDA
subunits within the VTA after brief or extended access to self-administered IV cocaine is
consistent with previous reports. Although repeated IP cocaine administration protocols that
are known to induce behavioral sensitization result in increased responsiveness of VTA
neurons to glutamate administration, this increased responsiveness was mediated via AMPA
receptors (White et at., 1995; Zhang et at., 1997), and such cocaine administration protocols
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fail to alter NR2a, NR2b (Fitzgerald et al., 1996), mGluR1, mGluR5, or Homer1b/c
(Swanson et al., 2001) protein expression within the VTA. More relevant to the current
study, Hemby et al. (2005a) demonstrated that prolonged access to cocaine self-
administration (i.e., 8 hrs a day, up to 60 infusions of 0.5 mg/kg) also failed to alter NR2a or
NR2b expression within the VTA. While increases in NMDA receptor mRNA in the VTA
were reported in human cocaine addicts that died from overdose of cocaine (Hemby et al.,
2005b; Tang et al., 2003), no studies explored specific changes in subunits of the NMDA
receptor in human cocaine addicts. Moreover, neuroadaptations found after lethal overdose
of cocaine might be specific to this condition and different than those resulting from non-
lethal, binge cocaine-use. Together, these data suggest that cocaine-induced changes in the
VTA expression of NR2a, NR2b, mGluR1, mGluR5, or Homer proteins mediate neither the
stable pattern of self-administration exhibited by brief access animals nor the escalation in
cocaine intake exhibited by animals with extended access to cocaine.

In summary, cocaine self-administration caused no observable changes in protein expression
within the VTA. In the N.Acc, the brief and extended access conditions altered protein
expression similarly and these changes were apparent mostly within the core subregion,
implicating Homer-Group1 mGluRs within the N.Acc core in cocaine reinforcement.
Finally, extended access to self-administered cocaine resulted in distinct changes in
Homer1b/c and NR2a/b within the mPFC, suggesting that NMDA function within the mPFC
may be involved in the transition to compulsive and excessive cocaine use. Additional
studies are needed to confirm such a role for NMDA receptors within the mPFC.
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Figure 1.
Representation of the various brain areas from which punches were taken (identified as
either a closed black circle on the middle and right panels, or as open rectangle on the left
panel). Numbers represent mm posterior or anterior to Bregma. mPFC = medial prefrontal
cortex; NAccC = nucleus accumbens core; NAccS = nucleus accumbens shell; VTA =
ventral tegmental area.
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Figure 2.
Mean (+SEM) number of saline or cocaine self-administered infusions over days are
depicted in the main graph. Significant increases in number of self-administered cocaine
infusions in the first hour and over the whole session were observed in the Coc6h group by
the third day. * Represents significant difference from the first day of testing (p < 0.01).
Mean (+SEM) number of self-administered infusions on the first (open bars) and tenth
(striped bars) day of testing for the saline, Coc1h, and Coc6h (first hour and whole session)
is depicted in the inset graph. * Represents significant difference between first and tenth day
of testing (p < 0.007).
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Figure 3.
Mean (+ SEM) % of Saline optical density of mGluR1, Homer1b/c, NR2a, and NR2b in the
mPFC of control, brief access and extended access animals at 1, 14, and 60 days of
withdrawal. * Represents significant difference from saline control (p<.05).
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Figure 4.
Mean (+ SEM) % of Saline optical density of mGluR1 in the N.Acc shell of control, brief
access and extended access animals at 14 days of withdrawal. * Represents significant
difference from saline control (p<.05).
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Figure 5.
Mean (+ SEM) % of Saline optical density of mGluR5, Homer1b/c, and Homer2a/b in the
N.Acc core of control, brief access and extended access animals at 1 and 14 days of
withdrawal. * Represents significant difference from saline control (p<.05).
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Table 1

Protein expression in the mPFC

One Day 14 Days 60 Days

mGluR1 See Figure 3 Sal - 100 ± 6.6 Sal - 100 ± 14

Coc1h - 89.7 ± 11 Coc1h - 100 ± 20.6

Coc6h - 86.6 ± 14.6 Coc6h - 101.8 ± 10.4

mGluR5 Sal - 100 ± 11 Sal - 100 ± 10 Sal - 100 ± 9.6

Coc1h - 63 ± 6.5 Coc1h - 75.8 ± 13.5 Coc1h - 79 ± 3.3

Coc6h - 76.5 ± 12 Coc6h - 94 ± 22.4 Coc6h - 76 ± 10

Homer1b/c See Figure 3 See Figure 3 Sal - 100 ± 8

Coc1h - 93 ± 10

Coc6h - 113.5 ± 14

Homer2a/b Sal - 100 ± 13.5 Sal - 100 ± 8.4 Sal - 100 ± 9.8

Coc1h - 117 ± 20 Coc1h - 131.6 ± 17 Coc1h - 99 ± 7.7

Coc6h - 106 ± 17 Coc6h - 130.6 ± 12.7 Coc6h - 95.3 ± 7

NR2a Sal - 100 ± 15 Sal - 100 ± 11 See Figure 3

Coc1h - 75 ± 8.7 Coc1h - 103.4 ± 15.5

Coc6h - 99.7 ± 9.7 Coc6h - 85 ± 17

NR2b Sal - 100 ± 12 See Figure 3 Sal - 100 ± 22.5

Coc1h - 118 ± 26 Coc1h - 122.7 ± 24

Coc6h - 90 ± 20 Coc6h - 97 ± 14.5
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Table 2

Protein expression in the N.Acc Shell.

One Day 14 Days 60 Days

mGluR1 Sal - 100 ± 25.7 See Figure 4 Sal - 100 ± 14

Coc1h - 105 ± 41.5 Coc1h - 93.4 ± 9.4

Coc6h - 77.9 ± 28.9 Coc6h - 113 ± 14.5

mGluR5 Sal - 100 ± 4.3 Sal - 100 ± 15 Sal - 100 ± 14.6

Coc1h - 84 ± 10 Coc1h - 83.8 ± 11.4 Coc1h - 113 ± 22

Coc6h - 76.4 ± 11 Coc6h - 113.4 ± 26.8 Coc6h - 104.8 ± 19

Homer1b/c Sal - 100 ± 7 Sal - 100 ± 6.2 Sal - 100 ± 16.4

Coc1h - 97.6 ± 12.8 Coc1h - 123.8 ± 12.3 Coc1h - 110.9 ± 19

Coc6h - 84 ± 18 Coc6h - 99 ± 12.7 Coc6h - 110.5 ± 20

Homer2a/b Sal - 100 ± 12.5 Sal - 100 ± 16.2 Sal - 100 ± 25

Coc1h - 77.6 ± 10 Coc1h - 113 ± 29 Coc1h - 138.5 ± 21

Coc6h - 98.6 ± 9.3 Coc6h - 125.6 ± 42.5 Coc6h - 117 ± 15.6

NR2a Sal - 100 ± 13.4 Sal - 100 ± 17 Sal - 100 ± 14.6

Coc1h - 86.4 ± 14 Coc1h - 141 ± 30 Coc1h - 165.6 ± 46.6

Coc6h - 81 ± 17 Coc6h - 102.5 ± 15 Coc6h - 149.4 ± 48.8

NR2b Sal - 100 ± 12 Sal - 100 ± 11 Sal - 100 ± 10

Coc1h - 78 ± 9 Coc1h - 137 ± 7* Coc1h - 109 ± 21.9

Coc6h - 65 ± 10 Coc6h - 99 ± 14 Coc6h - 159.8 ± 38.5

*
signify difference from Saline controls p<0.05 - Main effect for group p < 0.052
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Table 3

Protein expression in the N.Acc Core

One Day 14 Days 60 Days

mGluR1 Sal - 100 ± 27.4 Sal - 100 ± 13.7 Sal - 100 ± 14.9

Coc1h - 194.5 ± 152.3 Coc1h - 59.7 ± 10.7 Coc1h - 100 ± 9.9

Coc6h - 56.7 ± 15 Coc6h - 151.4 ± 42.4 Coc6h - 93.8 ± 8

mGluR5 Sal - 100 ± 21.5 See Figure 5 Sal - 100 ± 14

Coc1h - 157 ± 45.9 Coc1h - 89.5 ± 12

Coc6h - 98.3 ± 32.6 Coc6h - 103.8 ± 16

Homer1b/c See Figure 5 Sal - 100 ± 7.9 Sal - 100 ± 12.6

Coc1h - 86.4 ± 10 Coc1h - 83.3 ± 14

Coc6h - 87.8 ± 11 Coc6h - 84.6 ± 5

Homer2a/b Sal - 100 ± 24.9 See Figure 5 Sal - 100 ± 14

Coc1h - 63.8 ± 14 Coc1h - 72.9 ± 10.4

Coc6h - 55.7 ± 10.7 Coc6h - 75 ± 4.5

NR2a Sal - 100 ± 15.8 Sal - 100 ± 11.4 Sal - 100 ± 16.5

Coc1h - 99.8 ± 26 Coc1h - 200.7 ± 55 Coc1h - 97.8 ± 14

Coc6h - 59.5 ± 11 Coc6h - 95.9 ± 21.7 Coc6h - 117.6 ± 14.6

NR2b Sal - 100 ± 27.7 Sal - 100 ± 7.6 Sal - 100 ± 14

Coc1h - 72.4 ± 19.9 Coc1h - 108 ± 20.7 Coc1h - 72.9 ± 10.4

Coc6h - 57.4 ± 8 Coc6h - 64 ± 7 Coc6h - 80.8 ± 6.7
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Table 4

Protein expression in the VTA

One Day 14 Days 60 Days

mGluR1 Sal - 100 ± 17.3 Sal - 100 ± 12.9 Sal - 100 ± 25.5

Coc1h - 69.5 ± 16 Coc1h - 117.4 ± 22.8 Coc1h - 69.6 ± 12.4

Coc6h - 87.6 ± 17 Coc6h - 83 ± 7.8 Coc6h - 75 ± 11

mGluR5 Sal - 100 ± 22 Sal - 100 ± 9.7 Sal - 100 ± 13.5

Coc1h - 62.8 ± 3 Coc1h - 101.6 ± 11 Coc1h - 102 ± 10.5

Coc6h - 72.5 ± 12.5 Coc6h - 99 ± 13 Coc6h - 99.7 ± 13.4

Homer1b/c Sal - 100 ± 17.2 Sal - 100 ± 7.4 Sal - 100 ± 19.4

Coc1h - 61 ± 3.7 Coc1h - 111 ± 15 Coc1h - 79.9 ± 15

Coc6h - 70.1 ± 7.9 Coc6h - 86 ± 24 Coc6h - 108.6 ± 18.4

Homer2a/b Sal - 100 ± 28.3 Sal - 100 ± 11 Sal - 100 ± 18

Coc1h - 138.9 ± 48.6 Coc1h - 144 ± 23 Coc1h - 118.6 ± 16

Coc6h - 73.6 ± 15.8 Coc6h - 113 ± 13 Coc6h - 120 ± 12

NR2a Sal - 100 ± 15.7 Sal - 100 ± 11 Sal - 100 ± 9

Coc1h - 92.5 ± 38.4 Coc1h - 115 ± 15 Coc1h - 104 ± 15

Coc6h - 105.8 ± 17.7 Coc6h - 99 ± 21.6 Coc6h - 104 ± 11.7

NR2b Sal - 100 ± 13.5 Sal - 100 ± 4.8 Sal - 100 ± 24

Coc1h - 183.1 ± 41.5 Coc1h - 122 ± 26 Coc1h - 96.7 ± 13

Coc6h - 186.8 ± 52.3 Coc6h - 137 ± 23 Coc6h - 106.6 ± 26.7
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