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Attenuates Cocaine Reinstatement through Local and
Antidromic Activation
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Accumbal deep brain stimulation (DBS) is a promising therapeutic modality for the treatment of addiction. Here, we demonstrate that
DBS in the nucleus accumbens shell, but not the core, attenuates cocaine priming-induced reinstatement of drug seeking, an animal
model of relapse, in male Sprague Dawley rats. Next, we compared DBS of the shell with pharmacological inactivation. Results indicated
that inactivation using reagents that influenced (lidocaine) or spared (GABA receptor agonists) fibers of passage blocked cocaine rein-
statement when administered into the core but not the shell. It seems unlikely, therefore, that intrashell DBS influences cocaine rein-
statement by inactivating this nucleus or the fibers coursing through it. To examine potential circuit-wide changes, c-Fos
immunohistochemistry was used to examine neuronal activation following DBS of the nucleus accumbens shell. Intrashell DBS increased
c-Fos induction at the site of stimulation as well as in the infralimbic cortex, but had no effect on the dorsal striatum, prelimbic cortex, or
ventral pallidum. Recent evidence indicates that accumbens DBS antidromically stimulates axon terminals, which ultimately activates
GABAergic interneurons in cortical areas that send afferents to the shell. To test this hypothesis, GABA receptor agonists (baclofen/
muscimol) were microinjected into the anterior cingulate, and prelimbic or infralimbic cortices before cocaine reinstatement. Pharma-
cological inactivation of all three medial prefrontal cortical subregions attenuated the reinstatement of cocaine seeking. These results are
consistent with DBS of the accumbens shell attenuating cocaine reinstatement via local activation and/or activation of GABAergic
interneurons in the medial prefrontal cortex via antidromic stimulation of cortico-accumbal afferents.

Introduction
Despite decades of research, there are currently no effective phar-
macologic treatments for cocaine addiction or the prevention of
cocaine relapse. Emerging preclinical evidence indicates that
deep brain stimulation (DBS) of the nucleus accumbens, a limbic
structure that plays an important role in the reinforcing effects of
drugs of abuse, may be a therapeutic option in the treatment of
addiction. Thus, DBS of the nucleus accumbens prevented
morphine-conditioned place preference (Liu et al., 2008), atten-
uated cocaine priming-induced reinstatement of drug seeking
(Vassoler et al., 2008), and decreased alcohol preference and/or
intake in rats (Knapp et al., 2009; Henderson et al., 2010). There
are two main subregions of the nucleus accumbens, the core and
shell, which can be differentiated both functionally and anatom-
ically. As one example, the infralimbic and ventral prelimbic cor-

tices preferentially innervate the shell, whereas the anterior
cingulate and dorsal prelimbic cortices project mainly to the core
(Heimer et al., 1997; Zahm, 2000). Although DBS of the medial
accumbens shell attenuated cocaine priming-induced reinstate-
ment of drug seeking (Vassoler et al., 2008), the influence of core
DBS has not yet been examined.

Surprisingly, the mechanism of action of DBS remains
unclear. There are several general hypotheses regarding the
therapeutic effects of DBS, which typically involves constant
high-frequency (130 –160 Hz) stimulation. For instance, some
evidence indicates that DBS increases neuronal activity within the
stimulated nucleus (McIntyre et al., 2004; Montgomery and Gale,
2008). In contrast, other results suggest that DBS produces inhi-
bition either through depolarization blockade or activation of
inhibitory neurons (Boraud et al., 1996; Benazzouz and Hallett,
2000; Kiss et al., 2002). DBS also was shown to preferentially
stimulate axon terminals and axons of passage relative to cell
bodies (Nowak and Bullier, 1998), which results in broader,
circuit-wide influences (Windels et al., 2000; Vitek, 2002; Mc-
Cracken and Grace, 2007; Gradinaru et al., 2009). These mecha-
nisms are not necessarily mutually exclusive since activation of
GABAergic cell bodies in the nucleus accumbens produces local
inhibition through recurrent collaterals (Taverna et al., 2004).
Moreover, DBS may inhibit the accumbens through the activa-
tion of GABAergic interneuron axon terminals.
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Recent evidence indicated that DBS of the nucleus accumbens
has complex effects on afferent brain regions. Thus, accumbens
DBS of urethane-anesthetized rats increased spontaneous
gamma power at the site of stimulation as well as in the orbito-
frontal cortex (OFC) and medial prefrontal cortex (mPFC; Mc-
Cracken and Grace, 2009). These results suggest that the
therapeutic effects of DBS may be due to enhanced rhythmicity
and synchronous inhibition at the site of stimulation as well as in
brain regions sending afferents to the nucleus accumbens (Mc-
Cracken and Grace, 2009). Accumbens DBS reduced spontane-
ous activity of OFC-accumbal glutamatergic neurons but
activated OFC interneurons, which is consistent with accumbens
DBS producing recurrent inhibition in the OFC following anti-
dromic stimulation of OFC-accumbal neurons (McCracken and
Grace, 2007).

In the current study, we used pharmacological inactivation of
specific nuclei coupled with c-Fos immunoreactivity to examine
potential mechanisms underlying the effects of accumbens shell
DBS on the reinstatement of cocaine-seeking behavior. Our re-
sults are consonant with accumbens shell DBS attenuating co-
caine reinstatement by antidromically activating inhibitory
interneurons in the infralimbic cortex.

Materials and Methods
Animals and housing. Male Sprague Dawley rats (Rattus norvegicus)
weighing 250 –300 g were obtained from Taconic Laboratories. Animals
were individually housed with food and water available ad libitum. A 12 h
light/dark cycle was used with the lights on at 7:00 A.M. All experimental
procedures were performed during the light cycle.

Materials. All experiments used Med Associates instrumentation en-
closed within ventilated, sound-attenuating chambers. The apparatus
was equipped with response levers, stimulus lights, food pellet dispens-
ers, and injection pumps for injecting drugs intravenously.

Surgery. Before surgery, the rats were anesthetized with 80 mg/kg ket-
amine and 12 mg/kg xylazine (intraperitoneally injected). An indwelling
Silastic catheter was placed into the right jugular vein (side opposite the
heart) and sutured into place. The catheter was then threaded subcuta-
neously over the shoulder blade and was routed to a mesh backmount
platform (CamCaths) that was sutured below the skin dorsal to the
shoulder blades. Catheters were flushed daily with 0.3 ml of an antibiotic
(Timentin, 0.93 mg/ml) dissolved in heparinized saline. The catheters
were sealed with plastic obturators when not in use.

Following catheter implantation, the rats were mounted in a stereo-
taxic apparatus (Kopf Instruments), and bipolar stainless steel electrodes
(Plastics One) or stainless steel guide cannulae (14 mm for accumbens or
10 mm for mPFC, 24 gauge; Small Parts Inc.) were implanted into the
nucleus accumbens shell, nucleus accumbens core, infralimbic prefron-
tal cortex, prelimbic prefrontal cortex, or anterior cingulate prefrontal
cortex according to the following coordinates, relative to bregma (Paxi-
nos and Watson, 1997): electrodes: nucleus accumbens shell: �1.0 mm
anteroposterior (A/P), �3.0 mm mediolateral (M/L), �7.3 mm dorso-
ventral (D/V), 17° angle; nucleus accumbens core: �1.0 mm A/P, �3.0
mm M/L, �7.07 mm D/V, 8.13° angle; guide cannulae: nucleus accum-
bens shell: �1.0 mm A/P, �1.0 mm M/L, �5.0 mm D/V; nucleus accum-
bens core: �1.0 mm A/P, �2.5 mm M/L, �5.0 mm D/V; infralimbic
prefrontal cortex: �2.5 mm A/P, �0.5 mm M/L, �3.0 mm D/V; prelim-
bic prefrontal cortex: �2.5 mm A/P, �0.5 mm M/L, �2.0 mm D/V;
anterior cingulate prefrontal cortex: �2.5 mm A/P, �0.5 mm M/L, �1.0
mm D/V. Electrodes and cannulae were cemented in place by affixing
dental acrylic to three stainless steel screws fastened to the skull.
Stainless steel obturators (14 mm, 33 gauge) were inserted into the
guide cannulae, where they remained until the microinjections were
performed.

Cocaine self-administration, extinction, and reinstatement. Following a
7 d period for recovery from surgery, the rats were placed in operant
chambers and were allowed to press a lever for intravenous cocaine in-
fusions (0.25 mg of cocaine, 56 �l of saline, infusion over 5 s). Rats

initially were trained using a fixed ratio 1 (FR1) schedule of reinforce-
ment. When the animals achieved a stable response with the FR1 sched-
ule (i.e., �15% variation in response rates over 3 consecutive days), they
were switched to an FR5 schedule. A 20 s timeout period during which
responses have no scheduled consequences followed each cocaine infu-
sion. The rats were limited to a maximum of 30 cocaine infusions per
daily 2 h self-administration session.

After 21 d of total cocaine self-administration, the animals underwent
an extinction phase during which cocaine was replaced with saline. Daily
2 h extinction sessions were conducted until responding was �15% of
the response rate maintained by cocaine self-administration. Following
the extinction phase, the ability of an acute priming injection of cocaine
(10 mg/kg, i.p.) to reinstate drug-seeking behavior was assessed. For the
reinstatement sessions, the FR5 schedule was used. Satisfaction of the
response requirements for each component resulted in a saline infusion
rather than a cocaine infusion. Each reinstatement session was followed
by extinction sessions until responding was �15% of the response rate
maintained by cocaine self-administration.

Using this experimental design, the rats underwent a series of extinc-
tion and reinstatement sessions that lasted �16 d. During this period,
extinction of the ability of cocaine to induce reinstatement is a concern.
However, we have previously shown that reinstatement of cocaine seek-
ing persists for at least 20 d after the initial extinction of cocaine self-
administration (Park et al., 2002; Anderson et al., 2003). Moreover, since
the drug treatments were counterbalanced across reinstatement days, in
the current experiments we were able to assess the magnitude of rein-
statement across sessions. Thus, reinstatement of cocaine seeking was
assessed at the beginning, middle, and end of the reinstatement phase. All
subjects demonstrated stable drug seeking throughout the reinstatement
phase of these experiments.

Deep brain stimulation. In most DBS experiments (both clinical and
preclinical), many parameters are fixed and uniform across studies. We
used alternating current with biphasic symmetrical pulses (60 �s pulse
width and a 160 Hz frequency), parameters that are consistent with pre-
vious work in this field (Chang et al., 2003; Mayberg et al., 2005). Stim-
ulation intensities, in contrast, are often varied within and between
studies, usually in the range of 50 –200 �A (Benazzouz and Hallett, 2000;
Chang et al., 2003; Mayberg et al., 2005). We previously reported that 150
�A of current is an effective stimulation intensity in our reinstatement
paradigm (Vassoler et al., 2008). Immediately before the start of a rein-
statement session, 0 or 150 �A current was delivered continuously to the
bipolar electrodes. The stimulation continued until the end of the rein-
statement session. Throughout the 0 �A condition, the stimulation teth-
ers were attached in the exact same manner as the 150 �A condition. The
0 and 150 �A currents were administered in a counterbalanced fashion
across the multiple reinstatement test days.

Microinjections. Before a reinstatement test session, obturators were
removed from the guide cannulae, and 33 gauge stainless steel micro-
injectors (Small Parts Inc.) were inserted. These microinjectors were
cut to a length that extended 2 mm below the ventral end of the guide
cannulae and into the brain region of interest. Bilateral infusions were
performed simultaneously over a 2 min time period in a total volume
of 0.5 �l per hemisphere. The microinjectors were left in place for 1
min to allow the solution to diffuse away from the tips of the micro-
injectors before they were removed. A systemic priming injection of
cocaine (10 mg/kg, i.p.) was administered 10 min following microin-
jections, and animals were then placed into the operant chambers and
the reinstatement session began immediately. Each animal served as
its own control and received two microinjections per brain region
(i.e., one drug and one vehicle injection per region). To control for
potential order effects of drug and vehicle administrations, all drug
and vehicle treatments were counterbalanced across reinstatement
sessions.

Drugs. Cocaine was obtained from the National Institute on Drug
Abuse and dissolved in bacteriostatic 0.9% saline solution. Baclofen (0.3
nmol), muscimol (0.03 nmol), saclofen (50 and 100 ng), bicuculline (50
and 100 ng), and lidocaine (100 �g/side; Sigma-Aldrich) were dissolved
in sterile 0.9% saline. Drug doses were based on similar previous studies
(Peters et al., 2008; Kantak et al., 2009; Koya et al., 2009).
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Verification of electrode and cannulae placements. Following the com-
pletion of all experiments, the animals were given an overdose of pento-
barbital (100 mg/kg) and perfused intracardially with 0.9% saline
followed by 10% formalin. The brain was removed, and coronal sections
(100 �m) were taken at the level of the nucleus accumbens or prefrontal
cortex with a vibratome (Amphenol Technical Products International).
An investigator who was unaware of the animals’ behavioral responses
determined electrode and cannulae placements, as well as potential
electrode-induced neuronal damage. Animals with electrode or cannulae
placements outside of the areas of interest, or with excessive mechanical
damage, were excluded from subsequent data analysis.

c-Fos Immunohistochemistry. For the c-Fos staining experiments, rats
were implanted with electrodes in the nucleus accumbens shell as de-
scribed above. Following 7 d of recovery, animals began a habituation
process in which they were attached to the stimulation tethers during
daily 1 h sessions for a total of 7 d. On the eighth day, animals received
either 30 min of stimulation (160 Hz, 150 �A) followed by 30 min of no
stimulation or 1 h of no stimulation (attached to the tethers in the same
manner as those animals that received stimulation). c-Fos expression is
known to peak �60 min following a stimulus. Therefore, we stimulated
animals for 30 min and looked for c-Fos expression 30 min later to
capture peak activation resulting from stimulation. All animals were per-
fused 70 min after the onset of stimulation. Animals were deeply anes-
thetized with sodium pentobarbital (100 mg/kg) and perfused with 200
ml of ice-cold PBS followed by 200 ml of ice-cold 4% paraformaldehyde
(PFA). The brains were subsequently removed and stored in 4% PFA for
24 h, at which point the brains were switched to a 30% sucrose solution in
PBS for 72 h. Coronal sections (30 �m) were taken using a vibratome in
1% Na azide in PBS and then processed for immunohistochemistry.

c-Fos immunoreactivity was detected using a rabbit polyclonal anti-
body (1:1000; SC-52, Santa Cruz Biotechnology). Slices were mounted
on electrostatic slides (both conditions, stimulated and not stimulated,
were mounted on the same slide) and allowed to dry. They were then
washed with PBS and blocked for 1 h in PBS with 0.1% Triton X-100 and
3% normal donkey serum. Following the blocking step, slides were incu-
bated overnight in primary antibody, 0.1% Triton X-100, and 3% normal
donkey serum at 4°C. The following day, the slides were washed in PBS
and incubated for 2 h at room temperature in a fluorescent secondary

antibody (CY-3 anti-rabbit, 1:500) and 3% normal donkey serum. The
slides were washed for a final time, dehydrated in increasing EtOH con-
centrations, and coverslipped using DPX mountant. Staining was visual-
ized with a fluorescence microscope.

Statistics. All reinstatement experiments were analyzed with mixed-
factors ANOVAs with repeated measures over reinstatement days. Pair-
wise analyses were made with Bonferroni post-tests ( p � 0.05).

Results
DBS of the nucleus accumbens shell, but not the core,
attenuated cocaine priming-induced reinstatement of drug
seeking
Following cocaine self-administration and extinction, deep brain
stimulation of the nucleus accumbens shell (0 or 150 �A) was
administered throughout a 2 h cocaine-primed reinstatement
session. Total active and inactive lever responding from the rein-
statement session during which DBS was delivered to the accum-
bens shell are presented in Figure 1A. These data were analyzed
with a two-way mixed-factors ANOVA (repeated measures over
lever press), which revealed significant main effects of treatment
(F(1,8) � 10.21, p � 0.0127) and lever response (F(1,8) � 14.64,
p � 0.005), as well as a marginally significant interaction between
these factors (F(1,8) � 4.589, p � 0.0646). Subsequent pairwise
analyses (Bonferroni’s correction, p � 0.01) showed that the total
active lever responses were significantly different between 0 and
150 �A treatments. The time course of the active lever respond-
ing is shown in Figure 1B. These data were analyzed with a mixed-
factors ANOVA (repeated measures over time), the results of
which revealed significant main effects of treatment (F(1,8) �
8.613, p � 0.0189) and time (F(11,88) � 6.004, p � 0.0001), as well
as a significant interaction between these factors (F(11,88) � 3.306,
p � 0.0008). Subsequent pairwise analyses showed that the active
lever responses were significantly different between the 0 and 150
�A treatments over the first 20 min of the reinstatement session
(Bonferroni’s correction, p � 0.001). There were five subjects per

Figure 1. Deep brain stimulation of the nucleus accumbens shell, but not core, attenuates cocaine priming-induced reinstatement. A, C, Mean (�SEM) active and inactive lever responses from
reinstatement sessions with 0 or 150 �A of stimulation aimed at the shell (A) or core (C). DBS began immediately following administration of 10 mg/kg (i.p.) cocaine and continued throughout the
2 h reinstatement session. B, Time course of active lever responding from 0 or 150 �A stimulation of the accumbens shell. D, Electrode placements from both the shell (closed circles) and core (open
circles). The values are in millimeters, relative to bregma. *p � 0.05 0 �amps compared with 150 �amps. There were five to eight animals per group.
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treatment. Previous results indicated that this effect is reinforce
specific in that DBS of the accumbens shell had no influence on
the reinstatement of sucrose seeking (Vassoler et al., 2008).

In contrast, DBS of the accumbens core (Fig. 1C) had no effect
on the reinstatement of cocaine seeking. Total lever presses were
analyzed with a two-way repeated-measures ANOVA (repeated
measures over lever press), which revealed a significant main
effect of lever response (F(1,14) � 16.99, p � 0.001), but no main
effect of treatment and no significant interaction. There were
eight subjects per treatment. The electrode placements are shown
in Figure 1D. The open circles represent core placements, which
were all clustered around the anterior commissure. The shell
placements are depicted by closed circles, and were in the medial
portion of the shell and on the border between the shell and the
olfactory tubercles.

Pharmacological inactivation of the accumbens core, but not
the shell, impairs the reinstatement of cocaine seeking
Some evidence indicates that DBS produces therapeutic effects by
inhibiting cell bodies in the region of stimulation via depolariza-
tion inactivation (Beurrier et al., 2001; Anderson et al., 2004). To
test this hypothesis, we inactivated the core or shell of the nucleus
accumbens by microinjecting a cocktail of a GABAA agonist
(muscimol, 0.03 mmol per side) and a GABAB agonist (baclofen,
0.3 mmol per side) into these structures before a priming injec-
tion of cocaine. Total active and inactive lever responding during
the reinstatement test session following administration of
baclofen/muscimol into the shell or core are presented in Figure
2, A and B, respectively. The shell data were analyzed with a
two-way repeated-measures ANOVA (repeated measures over
lever response), which showed a significant main effect of lever
response (F(1,12) � 9.767, p � 0.0088), but no effect of treatment
and no significant interaction (n � 7). Analysis of the core data
revealed significant main effects of lever response (F(1,12) � 11.04,
p � 0.0061) and treatment (F(1,12) � 7.014, p � 0.0212), as well as

a significant interaction between these factors (F(1,12) � 5.38, p �
0.0388). Subsequent pairwise analyses (Bonferroni’s correction,
p � 0.05) indicated that total active lever responses were signifi-
cantly different between treatments (n � 7).

Lidocaine administration into the accumbens core, but not
the shell, attenuates the reinstatement of cocaine seeking
Baclofen/muscimol administration inhibits neuronal activity but
has no effect on fibers of passage, which could be influenced by
DBS. To assess the role of fibers of passage in the behavioral
effects of DBS, a sodium channel blocker (lidocaine, 100 �g/side)
was microinjected into the shell or core of the nucleus accumbens
immediately before cocaine priming-induced reinstatement, as
the effect of lidocaine is very rapid (Kantak et al., 2002). Total
active and inactive lever responses from the reinstatement session
are presented in Figure 2, C (shell) and D (core). The shell data
were analyzed with a two-way mixed-factors ANOVA (repeated
measures over lever response), which revealed a significant main
effect of lever response (F(1,12) � 31.15, p � 0.001), but no main
effect of lidocaine treatment and no significant interaction (Fig.
3A). Analysis of the core data showed a significant main effect of
lever response (F(1,19) � 25.91, p � 0.0001) and lidocaine treat-
ment (F(1,19) � 14.71, p � 0.0011), as well as a significant inter-
action between these factors (F(1,19) � 11.79, p � 0.0028).
Subsequent pairwise analyses (Bonferroni post-tests, p � 0.001)
indicated that the total active lever responses were significantly
different between the lidocaine and vehicle treatments. There
were 9 –12 subjects per group.

GABA antagonists administered into the accumbens core
have no effect on the reinstatement of cocaine seeking
Since intracore microinjection of GABA agonists attenuated re-
instatement, we postulated that GABA antagonists might pro-
mote reinstatement, which would suggest that a decrease in
accumbens GABAergic transmission promotes cocaine reinstate-

Figure 2. Baclofen-muscimol or lidocaine microinjected into the core but not the shell of the nucleus accumbens attenuated cocaine priming-induced reinstatement. A–D, Mean (�SEM) active
and inactive lever responses from reinstatement sessions with saline or baclofen and muscimol microinjected into the nucleus accumbens shell (A) or core (B) and lidocaine microinjected into the
shell (C) or core (D). Cocaine (10 mg/kg, i.p.) was administered 10 min following the baclofen and muscimol microinjection or immediately following the lidocaine injection. *p � 0.05 compared
to saline microinjections. There were 7–12 animals per group.
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ment. Therefore, we administered a cocktail of a GABAA antag-
onist (bicuculline, 50 or 100 ng/side) and a GABAB antagonist
(saclofen, 50 or 100 ng/side) into the nucleus accumbens core in
the absence of an intraperitoneal cocaine priming injection. Our
results indicated that intracore saclofen/bicuculline injection
failed to promote the reinstatement of cocaine seeking (mean �
SEM active lever responses: bicuculline-saclofen, 3.833 � 1.195,
n � 6).

DBS of the shell produced local activation and antidromic
stimulation of the infralimbic prefrontal cortex
The results summarized above are not consistent with DBS atten-
uating the reinstatement of cocaine seeking by either suppressing
local (within the nucleus accumbens) neuronal activity or inhib-
iting fibers of passage in the accumbens shell. It has been shown
that DBS activates afferent axons (Gradinaru et al., 2009). Specif-
ically, DBS of the accumbens shell produces antidromic stimula-

tion of afferent structures like the mPFC (McCracken and Grace,
2007, 2009). To examine the activating effects of DBS, we used
immunohistochemistry to determine the levels of the immediate
early gene c-fos following DBS. Animals were implanted with
bilateral electrodes aimed at the nucleus accumbens shell and
were administered either 0 or 150 �A of stimulation for 30 min
(n � 5). c-Fos immunoreactivity was subsequently examined in a
number of relevant brain regions. These data were analyzed with
a mixed-factors ANOVA (repeated measures over brain region),
which revealed significant main effects of DBS (F(1,8) � 7.748,
p � 0.0238) and brain region (F(4,32) � 11.45, p � 0.0001), as well
as a significant interaction between these factors (F(4,32) � 6.957,
p � 0.0004). Subsequent pairwise analyses indicated significant
differences between 0 or 150 �A stimulation in the accumbens
shell and infralimbic cortex (Bonferroni’s correction, p � 0.05).
Thus, DBS of the nucleus accumbens shell induced c-Fos expres-
sion both at the site of stimulation (locally) and in the infralimbic

Figure 3. DBS of the nucleus accumbens shell induces c-Fos expression in the nucleus accumbens shell and the infralimbic prefrontal cortex. All animals received bilateral nucleus accumbens shell
DBS (0 or 150 �A) for 30 min. Animals were perfused 70 min from the start of stimulation, and c-Fos immunoreactivity was measured to assess neuronal activation following accumbens DBS. Figure
3 shows a representative cartoon depicting the area of c-Fos staining quantification from the five brain regions where c-Fos was counted (nucleus accumbens shell, dorsal striatum, prelimbic cortex,
infralimbic cortex, and ventral pallidum), a representative image from both the 0 and 150 �A condition, and the quantification (mean � SEM c-Fos-positive cells per square millimeter). *p � 0.05
0 �amps compared with 150 �amps. There were five animals per group.
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subregion of the mPFC, but did not induce c-Fos expression in
the prelimbic cortex, dorsal striatum, ventral pallidum (Fig. 3),
hippocampus, or dorsal raphe nucleus (data not shown). We also
examined the influence of the same DBS stimulation of the nu-
cleus accumbens core. Results indicated that core DBS produced
significant c-Fos immunoreactivity in the core (mean � SEM: 0
�A � 5.66 � 3.18; 150 �A � 103.5 � 10.12; t(5) � 7.976, p �
0.005) but had no significant effect in the infralimbic cortex,
prelimbic cortex, dorsolateral striatum, or ventral pallidum.
These results indicate that DBS of the shell and core produce very
similar effects in the stimulated region but drastically different
circuit-wide influences, which likely accounts for the divergent
effects of core and shell DBS on the reinstatement of cocaine
seeking.

Baclofen and muscimol microinjected into the mPFC
attenuated priming-induced reinstatement of cocaine seeking
Our c-Fos data agree with recent electrophysiological findings
indicating that DBS of the shell produces antidromic stimulation
that ultimately activates inhibitory interneurons in afferent cor-
tical structures (McCracken and Grace, 2007, 2009). To examine
this hypothesis, we again used microinjections of baclofen and
muscimol to inhibit the three subregions of the mPFC (i.e., an-
terior cingulate, and prelimbic and infralimbic cortices). Our
results, shown in Figure 4, revealed that baclofen and muscimol
administration into each of these cortical subregions attenuated
the reinstatement of cocaine seeking. Each dataset was analyzed
with a mixed-factors ANOVA (repeated measures over lever re-
sponse). The results of the cingulate cortex analyses showed a
significant main effect of treatment (F(1,18) � 9.169; p � 0.0072)
and lever response (F(1,18) � 62.91; p � 0.0001), as well as a
significant treatment � lever response interaction (F(1,18) �
8.161; p � 0.0105). Bonferroni post-tests revealed a significant
active lever responding difference between treatments (p �
0.001). There were 11 saline values and 9 baclofen-muscimol data
points. In the prelimbic cortex, there was a significant main effect
of treatment (F(1,17) � 9.962; p � 0.0058) and lever response

(F(1,17) � 29.58; p � 0.0001), and a significant interaction be-
tween these factors (F(1,17) � 9.345; p � 0.0071). Pairwise com-
parisons showed a significant difference in active lever
responding between the baclofen-muscimol and saline treat-
ments (Bonferroni’s correction, p � 0.001). There were 9 –10
animals per treatment. In the infralimbic cortex, there was a mar-
ginally significant main effect of treatment (F(1,20) � 4.298; p �
0.0513), a significant main effect of lever response (F(1,20) �
29.37; p � 0.0001), and no significant interaction between these
factors (n � 11). Nonetheless, planned comparisons revealed a
significant difference between treatments in terms of active lever
responding (Bonferroni’s correction, p � 0.05).

Discussion
The present results showed that DBS of the shell, but not the core,
of the nucleus accumbens attenuated cocaine priming-induced
reinstatement of drug seeking. This effect does not appear to be
due to inactivation of the target nuclei or fibers of passage since
GABA agonists or a sodium channel blocker microinjected into
the accumbens shell did not mimic the effects of DBS. Our results
also revealed that intrashell DBS increased c-Fos immunoreactiv-
ity at both the site of stimulation (locally) as well as in the infra-
limbic prefrontal cortex, which indicates that DBS is producing
antidromic activation of afferent structures. Consistent with the
hypothesis that accumbens DBS activates inhibitory interneu-
rons in afferent structures antidromically (McCracken and
Grace, 2007, 2009), GABA agonists microinjected into the subre-
gions of the prefrontal cortex attenuated the reinstatement of
cocaine seeking.

Pharmacological inactivation of accumbens subregions has
differential effects on the reinstatement of cocaine seeking
We previously showed that DBS of the shell, but not the dorsal
striatum, attenuated the reinstatement of cocaine seeking (Vas-
soler et al., 2008). The current findings replicate the effect of DBS
in the shell and show further anatomical specificity in that DBS of
the other major accumbens subregion, the core, had no effect on

Figure 4. Baclofen and muscimol microinjected into the infralimbic, prelimbic, and cingulate cortex attenuates cocaine priming-induced reinstatement. A–C, Mean (�SEM) active and inactive
lever responding from a reinstatement session in which baclofen and muscimol or saline was microinjected 10 min before a 10 mg/kg cocaine priming injection into the cingulate cortex (A), the
prelimbic cortex (B), or the infralimbic cortex (C). D, Cannulae placements from infrlimbic (open circles), prelimbic (gray circles), and cingulate (black circles). The values are in mm relative to bregma.
*p � 0.05 Baclofen and muscimol compared to saline microinjections. There were 9 –11 animals per group.
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cocaine reinstatement. In contrast, administration of a cocktail of
GABA agonists or lidocaine into the core, but not the shell, re-
duced cocaine reinstatement. These results suggest that the effect
of shell DBS on cocaine reinstatement is not due to inactivation of
presynaptic or postsynaptic neuronal transmission induced by
GABA receptor agonists or lidocaine. Moreover, since lidocaine
inhibits neuronal activity in axons of passage, this effect also can-
not account for the influence of shell DBS on the reinstatement of
cocaine seeking.

These baclofen/muscimol and lidocaine data are similar to the
results of comparable experiments and suggest that the core, but
not the shell, is the critical subregion involved in modulating
priming-induced reinstatement of cocaine seeking (McFarland
and Kalivas, 2001). However, when specific neurotransmitter
systems are targeted, different effects have been observed. For
example, administration of dopamine receptor agonists into the
shell, but not the core, reinstate cocaine seeking (Schmidt and
Pierce, 2006; Schmidt et al., 2006). Administration of D1-like or
D2-like dopamine receptor antagonists into the shell, and not the
core, attenuated cocaine reinstatement (Anderson et al., 2003,
2006). Together, these findings indicate that caution should be
used when drawing definitive conclusions regarding the role of
brain region in a specific behavior based on a single pharmaco-
logical manipulation.

Mechanism of DBS
Although some results indicate that DBS inhibits neuronal activ-
ity via depolarization blockade and/or activation of inhibitory
neurons (Boraud et al., 1996; Benazzouz and Hallett, 2000; Kiss et
al., 2002), the present results suggest that local inhibitory effects
are unlikely to underlie the influence of accumbens DBS on co-
caine reinstatement. Other credible findings indicate that DBS
produces local neuronal activation (McIntyre et al., 2004; Mont-
gomery and Gale, 2008). Consistent with these findings, our re-
sults showed that shell DBS increased c-Fos immunoreactivity in
this nucleus. However, previous work demonstrated that increas-
ing neuronal activation in the nucleus accumbens promoted co-
caine seeking (Cornish et al., 1999; Ping et al., 2008). Therefore, it
seems unlikely that DBS-induced activation of the nucleus ac-
cumbens alone would attenuate the reinstatement of cocaine
seeking.

A growing body of evidence indicates that the effects of DBS
are much more complex than local excitation or inhibition. In-
deed, it is becoming clear that DBS produces circuit-wide influ-
ences (Windels et al., 2000; Vitek, 2002; McCracken and Grace,
2007; Gradinaru et al., 2009). Specifically, electrophysiological
results suggest that accumbens DBS inhibits spontaneous activity
of cortico-accumbal glutamatergic neurons while also stimulat-
ing cortical interneurons, apparently via recurrent inhibition fol-
lowing antidromic stimulation (McCracken and Grace, 2007).
The current results support this hypothesis in that shell DBS
produced pronounced activation of the infralimbic cortex as
measured by c-Fos immunoreactivity. Furthermore, pharmaco-
logical inactivation of the infralimbic cortex with GABA agonists
attenuated cocaine priming-induced reinstatement of drug seek-
ing. These c-Fos and behavioral data, collectively, are consistent
with shell DBS influencing cocaine reinstatement by antidromi-
cally activating inhibitory interneurons in the prefrontal cortex,
thereby normalizing addiction-related aberrant activity in the
cortico-accumbal system.

The role of cortico-accumbal projections in the reinstatement
of cocaine seeking
There is general agreement that activation of the prefrontal
cortico-accumbal glutamatergic pathway plays a critical role in
the reinstatement of cocaine seeking (Kalivas et al., 2005; Schmidt
and Pierce, 2010). There are, however, conflicting views on the
specific roles of the infralimbic cortex–shell and prelimbic cor-
tex– core projections on cocaine seeking. Recent findings indi-
cated that administration of baclofen/muscimol into the
infralimbic cortex promoted cocaine seeking, and microinjection
of AMPA into this nucleus attenuated the reinstatement of co-
caine seeking (Peters et al., 2008). These and similar results sug-
gested that the infralimbic cortex plays an important role in the
consolidation of information related to the extinction of cocaine
seeking (LaLumiere et al., 2010). These findings are the opposite
of what was observed in the present report, which is perplexing
since the behavioral paradigms were quite similar. Recent work
demonstrated that activation of the glutamatergic pathway from
the ventral mPFC to the accumbens shell promotes the reinstate-
ment of heroin seeking (Bossert et al., 2012), which is consistent
with the present results as well as results from experiments exam-
ining alcohol reinstatement (Willcocks and McNally, 2013).

It also was shown that baclofen/muscimol injected into the
shell reinstated cocaine seeking (Peters et al., 2008). This finding
is in direct disagreement with the current results as well as previ-
ous work indicating that administration of an AMPA receptor
antagonist or suppression of AMPA receptor transcription in the
accumbens shell attenuated the reinstatement of cocaine seeking
(Famous et al., 2008; Ping et al., 2008), and manipulations that
reduced AMPA receptor-mediated synaptic strength in the shell
blocked cocaine seeking (Anderson et al., 2008; Famous et al.,
2008). Moreover, activation of AMPA receptors in the shell pro-
moted cocaine seeking in the absence of a cocaine priming injec-
tion (Ping et al., 2008). These conflicting results make it difficult
to draw conclusions about the role of the infralimbic cortex–
accumbens shell glutamatergic transmission in the reinstatement
of cocaine seeking. However, recent findings with the cue-
induced reinstatement paradigm suggest that the manner in
which the shell processes information received from the infralim-
bic cortex is complex and critically dependent on the interplay of
glutamate and other neurotransmitters, particularly dopamine
(LaLumiere et al., 2012).

The results of experiments focusing on the prelimbic cortex–
accumbens core glutamatergic pathway in the reinstatement of
cocaine seeking are much more cohesive. Thus, previous work
showed that inactivation of the prelimbic cortex and the accum-
bens core attenuated the reinstatement of cocaine seeking (Mc-
Farland and Kalivas, 2001; Capriles et al., 2003), which is
consonant with the current results. Moreover, optogenetic inhi-
bition of the prelimbic cortex or accumbens core impaired the
reinstatement of cocaine seeking (Stefanik et al., 2013). The rein-
statement of cocaine seeking also is associated with increased
glutamate release in the accumbens core (McFarland et al., 2003)
and enhanced surface expression of GluA2-lacking AMPA recep-
tors in the core (Conrad et al., 2008; McCutcheon et al., 2011).
Importantly, attenuation of AMPA-mediated transmission in the
core attenuated the reinstatement of cocaine seeking (Conrad et
al., 2008; Famous et al., 2008).

Summary and Conclusions
Clinical experiments are beginning to validate the safety and ef-
ficacy of DBS of the nucleus accumbens as a treatment for mul-
tiple forms of drug addiction (Mantione et al., 2010; Kuhn et al.,
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2011; Zhou et al., 2011). Importantly, clinical studies report that
DBS of the nucleus accumbens is neither reinforcing nor aversive
(Sturm et al., 2003; Kuhn et al., 2007a,b; Okun et al., 2007; Sch-
laepfer et al., 2008). We previously showed that shell DBS alone
failed to promote drug seeking in rats, which suggests that DBS is
unlikely to promote drug craving (Vassoler et al., 2008). We also
found that DBS of the nucleus accumbens shell does not attenu-
ate food-seeking behavior (Vassoler et al., 2008). These basic and
clinical results indicate that DBS does not disrupt normal behav-
ior, is not aversive, and does not cause a generalized disorganiza-
tion of cognitive function. Although it is unclear exactly why DBS
is reinforcer specific, it is likely that the neuronal circuits subserv-
ing cocaine- and food-seeking behaviors are at least partially seg-
regated (Carelli et al., 2000; Horvath and Diano, 2004).

To optimize this therapeutic strategy, it is important to better
understand the specific mechanisms whereby shell DBS modu-
lates drug craving and intake. Although there is some disagree-
ment over the specific roles of cortico-accumbal pathways, the
preponderance of evidence indicates that increased activity in at
least some pathways from the mPFC to the nucleus accumbens
plays a critical role in promoting the reinstatement of drug seek-
ing induced by a cocaine priming injection. The present work
suggests that DBS of the accumbens shell attenuated the rein-
statement of cocaine seeking by normalizing activity in the
cortico-accumbal pathway. Specifically, the results reported here
support the notion that shell DBS antidromically activates affer-
ent fibers and stimulates GABAergic interneurons in the prefron-
tal cortex (McCracken and Grace, 2007).
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