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Evidence suggests that cocaine addiction may involve progressive neuroadaptive changes in the dorsolateral
caudate putamen (dlCPu). While cocaine seeking following abstinence from chronic self-administration re-
quires intact dlCPu function, in vivo neurotransmitter release in the dlCPu has not been investigated. The cur-
rent study measured dlCPu dopamine (DA) and glutamate (GLU) release during drug seeking following
limited or extended abstinence, as well as in response to a cocaine priming injection alone. Male, Sprague–
Dawley rats self-administered cocaine (0.2 mg/50 μl infusion, i.v.) for 10 days (2 h/day). In vivo microdialy-
sis occurred in the self-administration chamber after 1 and 14 days of abstinence (Experiment 1). A separate
set of animals that completed self-administration as well as drug naïve controls received a cocaine priming
injection (20 mg/kg) during concurrent microdialysis (Experiment 2). DA release increased during drug
seeking in the self-administration context at both 1 and 14 days post abstinence. In contrast, GLU release
only increased after 1 day of abstinence. Furthermore, animals with a cocaine self-administration history
showed enhanced DA and GLU release following cocaine challenge as compared to drug naïve controls.
These results indicate that chronic cocaine self-administration enhances dlCPu DA and GLU under both
drug-paired context and drug-primed conditions.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Drug addiction can be characterized as a chronic relapsing disor-
der that involves the progression from initial reward driven drug
use to habitual and compulsive drug taking. Understanding the neural
mechanisms underlying relapse to drug use is imperative in order to
develop effective treatments. The dorsolateral striatum (i.e., caudate
putamen) has been extensively implicated in habitual stimulus–
response (S–R) learning (Graybiel, 2008; Packard and Knowlton,
2002), and has been of growing interest as a key substrate in cocaine
addiction.

Neuroimaging studies in cocaine dependent humans have demon-
strated increased metabolic activity (Garavan et al., 2000) and dopa-
mine (DA) release (Volkow et al., 2006) in the dorsal striatum in
response to cocaine associated cues. Non-human primate studies
have demonstrated changes in glucose utilization that progressively
shift from the ventral striatum to regions of the dorsal striatum
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following extensive cocaine self-administration (Porrino et al.,
2004). Rodent studies have shown increases in DA release in the
dorsolateral striatum in response to cocaine contingent cues (Ito et
al., 2002) and blockade of DA receptors in the dorsolateral striatum
impaired cocaine self-administration under a second order schedule
of reinforcement (Vanderschuren et al., 2005). Additionally, electro-
lytic lesions (Suto et al., 2011) and dopamine receptor antagonism
(Veeneman et al., 2012) in the dorsal striatum reduced responding
for cocaine under a progressive ratio schedule of reinforcement. In
previous studies, we found that the dorsolateral caudate putamen
(dlCPu) is necessary for cocaine seeking when rats are returned to
the drug taking environment following abstinence from daily cocaine
self-administration (Fuchs et al., 2006; See et al., 2007), as well
as cue-induced and cocaine-primed reinstatement following daily
extinction (Gabriele and See, 2011; See et al., 2007).

A number of studies have indicated that dysregulation of
corticostriatal glutamatergic systems may be critical in the transition
to addiction. Specifically, altered glutamate (GLU) homeostasis in the
prefrontal cortex to NAc pathway may lead to reduced cortical control
of striatal processes, causing increased involvement of motor output
circuits (Kalivas, 2009). Similar to the ventral striatum, the dorsal
striatum also consists primarily of medium spiny GABA neurons
(Kemp and Powell, 1971; Wilson and Groves, 1980) that receive
glutamatergic input from the prefrontal cortex and dopaminergic
input from the midbrain (Bolam and Smith, 1990; Sesack et al.,
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2003). Furthermore, DA receptors on corticostriatal terminals regu-
late GLU release (Bamford et al., 2004a, 2004b) and long term synap-
tic changes in the dorsal striatum arise largely from DA and GLU
co-activation of these medium spiny neurons (Centonze et al., 2001).

While pharmacological inactivation studies have demonstrated a
clear role for the dlCPu in cocaine seeking following abstinence
(Fuchs et al., 2006; Pacchioni et al., 2011; See et al., 2007), no studies
to date have examined neurochemical adaptations in DA and GLU re-
lease in the dorsolateral striatum after cocaine self-administration
and abstinence. Therefore, the present study investigated changes in
extracellular DA and GLU release in the dlCPu during drug seeking
when subjects were returned to the cocaine-taking environment fol-
lowing differing periods of abstinence. Additionally, in order to inves-
tigate changes in dlCPu responses to cocaine upon initial exposure as
compared to exposure following a cocaine self-administration histo-
ry, we also assessed changes in DA and GLU release after acute
cocaine challenge in drug naïve and cocaine experienced animals.

2. Materials and methods

2.1. Subjects

Male, Sprague–Dawley rats (Charles-River; 250–275 g) were indi-
vidually housed on a 12:12 h reverse light–dark cycle, with lights off
from 6:00 a.m. to 6:00 p.m. All animals received standard rat chow
(Harlan, Indianapolis, IN) and water ad libitum for the duration of
the experiment. Housing and care of the rats were carried out in ac-
cordance with the “Guide for the Care and Use of Laboratory Rats”
(Institute of Laboratory Animal Resources on Life Sciences, National
Research Council) and the MUSC IACUC approved all experimental
procedures.

2.2. Apparatus

Testing was conducted in standard self-administration chambers
(30×20×20 cm, Med-Associates, St Albans, VT) linked to a computer-
ized data collection program (MED PC). Each chamber was equipped
with two retractable levers, a white stimulus light, a tone generator
(ENV-223HAM,Med Associates), and a house light on thewall opposite
the levers. Each chamber was contained within a sound-attenuating
cubicle equipped with a ventilation fan.

2.3. Surgery

Animals were anesthetized using a mixture of ketamine hydro-
chloride and xylazine (66 and 1.33 mg/kg, respectively, i.p.), followed
by equithesin (0.5 ml/kg with a solution of 9.72 mg/ml pentobarbital
sodium, 42.5 mg/ml chloral hydrate, and 21.3 mg/ml magnesium sul-
fate heptahydrate dissolved in a 44% propylene glycol, 10% ethanol
solution, i.p.). Ketorolac (2.0 mg/kg, i.p.) was administered immedi-
ately prior to surgery for analgesia. For jugular catheter implantation,
an indwelling catheter (Silastic tubing; 0.51 mm i.d. and 0.94 mm
o.d.; Dow Corning, Midland, MI) was inserted into the right jugular
vein and securely sutured. The other end was led subcutaneously to
a back incision, where it was connected to an external silicone har-
ness (Plastics One, Roanoke, VA). Stylets were inserted into the
catheters when the rats were not connected to infusion pumps. Im-
mediately following catheter surgery, animals were placed into a ste-
reotaxic frame (Stoelting, Wood Dale, IL) for microdialysis guide
cannulae implantation. For cannulae implantation, bilateral stainless
steel guide cannulae (20 gauge; Plastics One, Roanoke, VA) were di-
rected towards the dlCPu using the appropriate coordinates in mm
(dlCPu: AP=+1.2, ML=±3.4, DV=−3.6). Guide cannulae were
secured to the skull using steel jeweler's screws and dental acrylic.
Following surgery, stylets were placed into the guide cannulae to
prevent blockage.
For five days following surgery, catheters were flushed daily with
0.1 ml each of 70 U/ml heparinized saline (Elkins-Sinn, Cherry Hill, NJ)
and an antibiotic solution of cefazolin (10 mg/0.1 ml, Schein Pharmaceu-
ticals, Florham Park, NJ) to maintain catheter patency. During the entire
period, rats received an infusion of 10 U heparinized saline immediately
prior to each session, and the cefazolin and 70 U/ml heparinized saline
regimen following the session. Catheter patency was occasionally
assessed by administration of 2% methohexital sodium (10.0 mg/ml
i.v.; Eli Lilly and Co., Indianapolis, IN), a short-acting barbiturate that pro-
duces rapid and reversible muscle flaccidity.

2.4. Cocaine self-administration

Five days following surgery, rats began cocaine self-administration.
Infusion tubing for cocaine administration was enclosed in a wire coil
and screwed to the external catheter mount on the rat's back. Aweight-
ed swivel apparatus (Instech, Plymouth Meeting, PA) allowed for free
movement within the chamber. Cocaine hydrochloride (National Insti-
tute on Drug Abuse, Research Triangle Park, NC)wasmixed in 0.9% ster-
ile saline and filtered (0.45 μm) prior to self-administration, with
infusions (0.2 mg/50 μl bolus, i.v.) delivered by syringe pumps located
outside the cubicle. The house light signaled the initiation of the session
and remained illuminated throughout the session. Cocaine reinforce-
ment was available along a fixed-ratio 1 (FR-1) schedule for daily 2 h
sessions. During each session, a response on the active lever resulted
in a 2 s cocaine infusion. Responding during the time-out or on the in-
active lever was recorded, but resulted in no programmed conse-
quences. Animals in both Experiments 1 and 2 received identical
self-administration experience, during which daily self-administration
sessions progressed until animals reached a criterion of 10 sessions
with at least 10 cocaine infusions per session. Cocaine naïve animals
in Experiment 2 underwent jugular catheterization, but remained in
their home cage with the exception of daily handling and weighing
throughout the study, without any exposure to cocaine or the self-
administration chamber until testing.

2.5. Experiment 1: abstinence tests

24 h following completion of cocaine self-administration, animals
returned to the self-administration chamber for a single 2 h session
(T1) for microdialysis sampling (see below), with levers present, how-
ever responding had no programmed consequences (i.e., no cocaine in-
fusions or cocaine-paired cues). Following this first test, animals
underwent a 13-day abstinence period during which animals remained
in their home cages after self-administration for days 1–7. Daily han-
dling and placement in an alternate environment were conducted on
days 8–13, whereby rats were placed for 2 h/day in a room distinctly
different from the self-administration testing room (alternate environ-
ment) in plastic holding chambers (27×16×20 cm high, Allentown
Caging, Allentown, PA). This alternate environment procedure is identi-
cal to that utilized in previous studies (Fuchs et al., 2006; Pacchioni et
al., 2011; See et al., 2007) and was developed to minimize effects of
dishabituation on testing without interfering with associations formed
in the cocaine-paired self-administration chamber. On day 14, animals
underwent a second 2 h session (T14) identical to T1.

2.6. Experiment 2: acute cocaine challenge

In order to test the effects of an acute cocaine challenge, a separate
experiment was conducted at 24 h following completion of cocaine
self-administration. Cocaine experienced and cocaine naïve animals
were placed in the self-administration chamber for microdialysis sam-
pling with no levers present. Levers were not available during the test
in order to isolate the effects of the cocaine challenge on DA and GLU ef-
flux without the confounding effects of operant behavior. After 1 h, all
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animals received a cocaine-priming injection (20 mg/kg, i.p.) and
remained in the chamber for an additional hour.

2.7. Microdialysis

Concurrent microdialysis was conducted during both abstinence
tests (Experiment 1) and the cocaine challenge test (Experiment 2).
Dialysis probes were constructed with dialysis membrane (250 μm
outer diameter; 3 mm length), based on previously described
methods (Robinson et al., 1988). The probe was inserted 16–18 h
prior to beginning sample collection. Dialysis probes were perfused
with modified Ringer's solution (NaCl, 147 mM; CaCl2, 1.8 mM; KCl,
2.7 mM; MgCl2, 1.2 mM; Na2HPO4, 0.5 mM; adjusted to pH 7.4) at a
rate of 2 μl/min. Perfusate samples were collected in 10 μl of 0.05 N
HCl. Three consecutive samples were collected at 20 min intervals
and served as the baseline, which was collected in a chamber adjacent
to the self-administration chamber. Samples were collected every
20 min during the 2 h test session.

2.8. High K+ stimulation

A nonspecific, but common test for the neuronal origin of microdi-
alysis analytes is to measure increases after exposure to depolarizing
K+ concentrations. High K+-stimulated neurotransmitter increases
occur via K+-induced channel opening by depolarization, vesicular
emptying, Ca++ influx, and neurotransmitter reuptake. In order to
assess K+-stimulated release, rats in Experiment 1 were removed at
the end of the 2 h session in the self-administration chamber and
placed back into the adjacent chamber for K+-stimulation. Following
collection of three consecutive baseline samples at 20 min intervals, a
high K+ solution (100 mM KCl, 49.7 mM NaCl) was perfused through
the microdialysis probe for 20 min. Samples were collected during
the K+ infusion and for 60 min after termination of the K+ infusion.

2.9. HPLC

Microdialysis samples were stored at−80 °C before being analyzed
by HPLC. For analysis of DA, samples were injected by an autosampler
(ESA model 542, Chelmsford, MA) onto a reverse-phase column (ESA
3 μm, 3.2×150 mm, MD-150) maintained at 30 °C. Mobile phase
consisted of 50 mMcitric acid, 90 mMNaH2PO4, 1.7 mMoctanesulfonic
acid, 0.05 mM ethylenediamine-tetraacetic acid, 9% MeOH, and 13%
acetonitrile (pH=5.6). An HPLC pump was utilized at a flow rate of
0.6 ml/min. DA was detected by using coulometric detection
(Coulochem Detector III, Microdialysis cell 5014B, ESA). Three elec-
trodes were used: a guard cell (350 mV), a reduction analytical elec-
trode (−150 mV), and an oxidation analytical electrode (200 mV).
Dialysate concentrations were determined by comparing peak areas
with that of a standard curve and data analyzed by a computerized chro-
matography analysis system (ESA). For analysis of GLU, precolumn de-
rivatization of GLU with O-phthalaldehyde was performed using a
Shimadzu Autosampler (Model SIL-10AXL). Mobile phase consisted of
25% methanol (v/v), 100 mM Na2HPO4, pH 6.75. GLU was separated
using a reversed phase column (3.0 μm, 100×4.6 mm, Prevail C18,
Alltech), and detected by a fluorescence detector (Shimadzu) with an
excitation wavelength of 320 nm and emission wavelength of 400 nm.
Dialysate concentrations were determined by comparing peak areas
with that of a standard curve. Data was analyzed by a computerized
chromatography analysis system (Shimadzu).

2.10. Histology and data analysis

Following testing, animals were anesthetized and transcardially
perfused with PBS and 10% formaldehyde solution. Brains were sec-
tioned at a thickness of 75 μm, and stained with cresyl violet. The sec-
tions were examined under light microscopy to determine cannula
placement and the most ventral point of each cannula track was
mapped onto schematics from a rat brain atlas (Paxinos and
Watson, 1997). Data were analyzed using one- or two-way analysis
of variance (ANOVA) or t tests, where appropriate. The alpha level
for all analyses was set at pb0.05. Data points that were two standard
deviations above the mean were excluded from the analyses. All data
were analyzed using GraphPad Prism 5 (GraphPad Software Inc. La
Jolla, CA).
3. Results

3.1. Histology

Schematic representations of the dlCPu microdialysis probe place-
ments are indicated in Fig. 1. Probe locations within the dlCPu ranged
from +1.00 to +1.60 mm anterior from bregma. Animals with one or
both microdialysis cannulae tracks located outside of the target region
were not included in the data analyses (n=2). The final n/group for
each analyte in Experiment 1 was: DA T1, n=11; GLU T1, n=12; DA
T14, n=9; and GLU T14, n=10. For Experiment 2, the final n=6/
group (cocaine self-administration and cocaine naïve).
3.2. Experiment 1

3.2.1. Self-administration and cocaine seeking
All animals readily acquired cocaine self-administration and showed

stable responding (mean±SEM for active lever responses/day across
the last 5 days of self-administration=44.15±7.36) and cocaine intake
(mean±SEM in mg/kg across the last 5 days of self-administration=
14.10±0.88) during the self-administration period. Inactive lever
responding across all sessions was routinely very low and did not
show any apparent trends (mean±SEM for inactive lever responses/
day across the last 5 days of self-administration=1.63±0.72). Follow-
ing both 1 and 14 days of abstinence, animals showed similar levels of
responding when returned to the self-administration chamber, even in
the absence of cocaine reinforcement (mean±SEM for active lever re-
sponses during the test: T1=55.29±12.41, T14=33.82±5.35). Al-
though responding decreased between trials, there were no significant
differences between the two tests.
3.2.2. DA and GLU release
There were no differences between basal DA levels prior to either test

(mean±SEM of basal DA in nM: T1=1.32±0.39, T14=0.87±0.23). A
two-way time×test ANOVA conducted on DA levels expressed as a per-
cent of the baseline values indicated no significant interaction ormain ef-
fect for test. A main effect for time (F8,144=2.19, pb0.05) indicated DA
release increased during drug seeking on both withdrawal days (Fig. 2).
As with DA, were no differences between basal GLU levels prior to either
abstinence test (mean±SEMof basal GLU in μM:T1=1.53±1.00, T14=
1.66±0.79). A two-way time×test ANOVA conducted on GLU levels
expressed as percent of the baseline values indicated a significant interac-
tion (F8,160=2.03, pb0.05). Additional analyses indicated that while GLU
release increased at T1 (F8,88=2.19, pb0.05), no significant changes in
GLU release from baseline were apparent at T14 (Fig. 2).
3.2.3. K+ stimulation
A two-way time×test ANOVA conducted on DA levels expressed

as percent of the baseline indicated no significant interaction or
main effect for test. A main effect for time (F6,78=11.45, pb0.001)
showed predictably robust increases in DA release in response to
high K+ stimulation at both test sessions (Fig. 3). Likewise for GLU re-
lease, there was a main effect for time (F6,78=8.16, pb0.001), but no
significant interaction or main effect for test (Fig. 3).
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Fig. 1.Microdialysis probe placements. Schematic diagrams (Paxinos andWatson, 1997) of coronal sections (anterior in mm from bregma) of microdialysis cannulae placements for
the dorsolateral caudate putamen (dlCPu) in: A) Experiment 1 and B) Experiment 2.
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3.3. Experiment 2

3.3.1. Self-administration and cocaine seeking
All animals readily acquired cocaine self-administration and showed

stable responding (mean±SEM for active lever responses/day across
the last 5 days of self-administration=28.72±1.86) and cocaine intake
(mean±SEM in mg/kg across the last 5 days of self-administration=
13.67±0.49) during the self-administration period. Inactive lever
responding across all sessions was routinely very low and did not
show any apparent trends (mean±SEM for inactive lever responses/
day across the last 5 days of self-administration=0.31±0.11).

3.3.2. DA and GLU release
There were no differences between basal DA levels prior to

the cocaine challenge (mean±SEM of basal DA in nM: cocaine
experienced=0.48±0.08, cocaine naive=0.85±0.18). A two-
way group×time ANOVA conducted on DA levels in rats that had un-
dergone cocaine self-administration as compared to cocaine naïve rats
after administration of a cocaine challenge injection (Fig. 4) indicated
a significantmain effect for time (F8,80=4.42, pb0.001), a significant in-
teraction effect between time and group (F8,80=2.16, pb0.05), and a
non-significant effect for group. No differences in DA efflux were seen
between cocaine experienced and cocaine naïve animals in response
to exposure to the cocaine self-administration chamber alone without
levers present. However, post-hoc analyses (Bonferroni post test) re-
vealed significant differences in DA efflux between cocaine experienced
and cocaine naïve animals during the time point immediately following
the cocaine injection (t=3.55, pb0.01).

Analyses conduced on basal GLU levels prior to the cocaine chal-
lenge (mean±SEM of basal GLU in μM: cocaine experienced=
1.61±0.33, cocaine naive=0.83±0.09) indicated that basal GLU
levels were significantly higher in animals that had experienced co-
caine self-administration (t=2.24, pb0.05). A two-way group×time
ANOVA indicated a significant interaction effect between time and
group (F8,80=2.09, pb0.05), but no significant main effects for
group and time (Fig. 4). No differences in GLU efflux were seen be-
tween cocaine experienced and cocaine naïve animals in response
to exposure to the cocaine self-administration chamber alone without
levers present. However, post-hoc analyses (Bonferroni post test) re-
vealed significant differences in GLU efflux between cocaine experi-
enced and cocaine naïve animals immediately following the cocaine
injection (t=3.17, pb0.05).

4. Discussion

The current study demonstrated that following both 1 and 14 days
of abstinence, drug seeking after returning to the cocaine self-
administration context caused similar increases in dlCPu extracellular
DA. In contrast, while GLU release increased following 1 day of absti-
nence, no changes in GLU release occurred following 14 days of absti-
nence. These results demonstrate that release of DA and GLU in the
dlCPu do not proceed in tandem and that time dependent differences
may play a role in withdrawal emergent changes after cocaine
self-administration. Furthermore, the increased efflux of both DA
and GLU after an acute injection of cocaine in drug experienced rats
suggests that a history of cocaine self-administration can produce en-
hanced DA and GLU release in the dlCPu in a manner akin to that pre-
viously seen in the NAc (Baker et al., 2003; McFarland et al., 2003).

While very few studies have used in vivo methodology to examine
DA release in the dorsal striatum after cocaine self-administration,
extensive work has focused on the NAc. Both microdialysis and
voltammetry studies have demonstrated increases in NAc DA efflux
in response to ongoing cocaine self-administration (Ahmed et al.,
2003; Gratton and Wise, 1994; Kiyatkin and Stein, 1995; Pettit and
Justice, 1989) and cocaine associated cues (Ito et al., 2000; Weiss et
al., 2000). NAc neurons also demonstrated patterned firing in re-
sponse to reinforced drug seeking behavior (Carelli and Ijames,
2000), which was associated with phasic DA release at these same
sites (Owesson-White et al., 2009). NAc neurons that fired directly
following a drug seeking response showed attenuated firing at the
time of non-reinforced drug seeking, with increases after a cocaine
priming injection (Carelli and Ijames, 2000). Additionally, DA release
in the NAc showed a small, yet significant increase during initial ex-
tinction training (Suto et al., 2010), as well as during cocaine associ-
ated cue-induced reinstatement (Weiss et al., 2000). Given that
interactions between the NAc and dlCPu are critical for drug seeking
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(Belin and Everitt, 2008), it is not surprising that drug seeking in the
cocaine-associated context led to increased DA release in the dlCPu.
Furthermore, inactivation of the substantia nigra impaired contextual
drug seeking following abstinence, indicating the necessity of DA in-
puts to the dlCPu for cocaine seeking (See et al., 2007). Drug associat-
ed cues similarly caused increases in dlCPu DA release (Ito et al.,
2002). Recent evidence has shown that repeated cocaine exposure
led to increased spine density and dendritic branching in dorsal
striatal medium spiny neurons, both of which were attenuated by
DA D1 antagonism, while increases in spine density were partially re-
duced by DA D2 antagonism (Ren et al., 2010). These findings support
possible cocaine-induced DA mediated morphological changes in
dorsal striatal neurons that may impact release patterns of DA.

Various neuroadaptations in the dorsal striatum have been exam-
ined after repeated cocaine self-administration at both early and late ab-
stinence time points. In cases where comparisons have been made,
some evidence suggests similar changes occur at both early and late
time points. For example, a significant increase in the proportion of
high affinity DA D2 receptors in the dorsal striatum was seen at both 3
and 30 days of abstinence after cocaine self-administration (Briand et
al., 2008). Further, increased DA transporter (DAT) binding in the dorsal
striatum has been demonstrated following cocaine self-administration
after 4 h (Wilson et al., 1994) or 14 days of abstinence (Ben-Shahar et
al., 2006) as well as increased DAT surface expression in the dorsal stri-
atum following three weeks of abstinence (Samuvel et al., 2008). Such
changes in D2 receptor affinity states andDAT binding following cocaine
self-administration and abstinence may impact dorsal striatum DA re-
lease in the presence of cocaine or cocaine associated cues. Notably,
our results showed that DA increases were similar at both time points
Fig. 2. DA and GLU efflux during contextual drug seeking. Extracellular release of dlCPu
DA (top) and GLU (bottom) expressed as percent of basal levels at days 1 and 14 of ab-
stinence. Samples were first collected for 1 h outside of the self-administration (SA)
context for baseline measures immediately before placement into the SA chamber
for 2 h.
in response to high K+ stimulation, suggesting that extended abstinence
does not significantly alter DA vesicular stores.

In contrast to DA, dlCPu GLU only showed a significant increase at
1 day of abstinence, with no changes from baseline seen at 14 days.
This was somewhat surprising, given the reported role of GLU release
in the NAc following chronic cocaine self-administration (Knackstedt
and Kalivas, 2009), whereby GLU release increases upon acute cocaine
challenge in rats with a history of cocaine self-administration
(McFarland et al., 2003; Miguens et al., 2008), an effect also seen in
the dlCPu in the current study. However, while NAc GLU has been
reported to increase in response to cues associated with prior
noncontingent cocaine administration (Hotsenpiller et al., 2001), GLU
release after cocaine self-administration has not been assessed in any
brain region in the presence of drug-paired cues or context. Our results
show that context activated GLU release, at least in the dlCPu, is poten-
tiated during early, but not late withdrawal. High K+ stimulation did
not reveal differences between the two abstinence test days, suggesting
that the differences in release during context exposure are not likely
due to presynaptic GLU storage or capacity for release. While few stud-
ies have examined striatal GLU function at the same time points as the
current study, previous evidence has demonstrated differences in
striatal GLU receptor subtype function,with patterns emerging at differ-
ing periods of abstinence. Following cocaine self-administration, sur-
face expression of AMPA type glutamate receptor (AMPAR) GluR1
subunit was decreased and surface expression of AMPAR GluR2 subunit
was increased in the dorsal striatum at two weeks of abstinence
(Hearing et al., 2011). Further, at early (16–18 h)withdrawal following
cocaine self-administration, an increase in GluR1 subunits was seen in
the dorsal striatum (Hemby et al., 2005). Similarly, following self-
administration and binge access, decreased dorsal striatal GluR2/3 ex-
pression was seen immediately following the binge, but increases in
Fig. 3. K+-stimulated DA and GLU efflux. High K+-stimulated release of dlCPu DA (top)
and GLU (bottom) expressed as percent of basal levels at days 1 and 14 of abstinence.
All samples were collected outside of the self-administration (SA) context. High K+

(100 mM) was infused for 20 min as indicated by the bar.

image of Fig.�3


Fig. 4. DA and GLU efflux in response to cocaine challenge. Extracellular release of
dlCPu DA (top) and GLU (bottom) expressed as percent of basal levels before and
after a challenge injection of cocaine (20 mg/kg, i.p.) in cocaine naive and
cocaine-experienced rats. Samples were collected for 1 h outside of and 1 h within
the self-administration context prior to cocaine injection. Significant differences be-
tween groups are indicated (Bonferroni post test, *pb0.05; **pb0.01).
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GluR1, GluR2/3 and GluR4 expression were seen at extended with-
drawal relative to controls (Tang et al., 2004). As calcium permeability
in AMPARs can regulate synaptic plasticity (Cull-Candy et al., 2006;
Liu and Zukin, 2007), fluctuations in striatal AMPAR subunits at differ-
ing periods of abstinence may indicate changes in striatal responsive-
ness to glutamatergic inputs that direct drug seeking. Interestingly,
BDNF infusions into the medial prefrontal cortex at this early time
point of one day after cocaine self-administration (but not later) have
been found to attenuate subsequent cocaine seeking and cocaine-
stimulated GLU release (Berglind et al., 2007, 2009).

Recent evidence has indicated that the shift from goal directed to ha-
bitual drug seeking reflects in part a transition from ventral tomore dor-
sal striatum mediated behavior (Belin et al., 2009). The results from
Experiment 2 demonstrate that cocaine induces robust increases in
both DA and GLU efflux in animals with a cocaine self-administration
history as compared to drug naïve controls, supporting the progressive
changes in the dorsal striatum as a result of cocaine self-administration
experience. Further, we found that cocaine-experienced animals had
higher basal levels of GLU (but not DA) when compared to cocaine-
naive rats. These results must be viewed with some caution, as we did
not conduct any no net flux experiments for assessment of basal levels.
However, the increased GLU in the dlCPu is of interest, as previous stud-
ies (McFarland et al., 2003; Berglind et al., 2009) have reported de-
creased NAc GLU levels after chronic cocaine self-administration. These
differences in basal GLU may reflect a regionally selective difference in
cocaine induced dorsal vs. ventral tonic regulation of GLU. Additionally,
24 h following a single cocaine exposure, dorsal striatal GLU levels
have been demonstrated to initially increase, and then decrease over
time (McKee andMeshul, 2005). It is possible that this transient increase
in basal GLU may be further impacted by an extensive cocaine
self-administration history.

Importantly, during the acute cocaine priming test in Experiment 2,
animals with cocaine self-administration experience only showed in-
creased DA and GLU efflux following the cocaine injection and not in re-
sponse to the self-administration chamber prior to the injection when
levers were retracted, despite being familiar with the cocaine context.
These results fromExperiment 2 suggest that the increases in neurotrans-
mitter efflux seen during drug seeking examined in Experiment 1 can be
attributed, at least in part, to active drug seeking (i.e., lever pressing) in
the absence of drug reinforcement in the self-administration chamber
as opposed to simply the associations with the self-administration con-
text. While animals in Experiment 1 displayed robust lever responding
during the cocaine seeking tests, the magnitude of responding was less
than seen in previous studies from our laboratory utilizing this paradigm
of testing after abstinence (Fuchs et al., 2006; See et al., 2007). This atten-
uationmay have been due in part to the attachedmicrodialysis tether ap-
paratus inhibiting lever responding.

Previous studies (Barrot et al., 2001; Maisonneuve and Kreek,
1994) have reported modest increases in dorsal striatal DA in re-
sponse to cocaine in drug naïve animals not tested in an operant test-
ing chamber. We did not see this effect, perhaps due in part to
transfer of the drug naïve rats to the novel environment of the cham-
ber just prior to cocaine injection. The modest DA increases in re-
sponse to the self-administration chamber prior to the cocaine
injection may have masked any effects of cocaine itself in that novel
environments have been shown to mask and/or dampen the response
to cocaine (Rebec et al., 1997; Saigusa et al., 1999). While this drug
naïve group is comparable to experimental groups used in studies
that do not involve daily exposure to an operant setting, future stud-
ies are warranted to further examine the role of novelty as well as the
possible effects of varying the visual and spatial characteristics of the
self-administration context.

5. Conclusions

In summary, these data demonstrate that drug seeking in the co-
caine associated environment results in increased dlCPu DA following
both limited and extended abstinence, but increased dlCPu GLU release
only following limited abstinence, suggesting that GLU release changes
as a function of abstinence length. While these data implicate changes
in DA and GLU release in the dlCPu during drug seeking following absti-
nence from chronic cocaine self-administration, further research is nec-
essary to investigate how these neurotransmitter systems interact to
affect dorsal striatal mediated cocaine seeking behavior. Finally, the en-
hanced response of dorsal striatal DA and GLU release to acute cocaine
challenge following cocaine self-administration provides further evi-
dence of the engagement of dorsal striatum neuroplasticity following
a history of chronic cocaine.
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