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High-Frequency Stimulation of Nucleus Accumbens
Changes in Dopaminergic Reward Circuit
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Abstract

Deep brain stimulation (DBS) of the nucleus accumbens (NAc) is a potential remedial therapy for drug craving and relapse,
but the mechanism is poorly understood. We investigated changes in neurotransmitter levels during high frequency
stimulation (HFS) of the unilateral NAc on morphine-induced rats. Sixty adult Wistar rats were randomized into five groups:
the control group (administration of saline), the morphine-only group (systematic administration of morphine without
electrode implantation), the morphine-sham-stimulation group (systematic administration of morphine with electrode
implantation but not given stimulation), the morphine-stimulation group (systematic administration of morphine with
electrode implantation and stimulation) and the saline-stimulation group (administration of saline with electrode
implantation and stimulation). The stimulation electrode was stereotaxically implanted into the core of unilateral NAc and
microdialysis probes were unilaterally lowered into the ipsilateral ventral tegmental area (VTA), NAc, and ventral pallidum
(VP). Samples from microdialysis probes in the ipsilateral VTA, NAc, and VP were analyzed for glutamate (Glu) and y-
aminobutyric acid (GABA) by high-performance liquid chromatography (HPLC). The levels of Glu were increased in the
ipsilateral NAc and VP of morphine-only group versus control group, whereas Glu levels were not significantly changed in
the ipsilateral VTA. Furthermore, the levels of GABA decreased significantly in the ipsilateral NAc, VP, and VTA of morphine-
only group when compared with control group. The profiles of increased Glu and reduced GABA in morphine-induced rats
suggest that the presence of increased excitatory neurotransmission in these brain regions. The concentrations of the Glu
significantly decreased while the levels of GABA increased in ipsilateral VTA, NAc, and VP in the morphine-stimulation group
compared with the morphine-only group. No significant changes were seen in the morphine-sham stimulation group
compared with the morphine-only group. These findings indicated that unilateral NAc stimulation inhibits the morphine-
induced rats associated hyperactivation of excitatory neurotransmission in the mesocorticolimbic reward circuit.
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Introduction salience of drugs of abuse [7], and is therefore an attractive target
for treatment. In a clinical study bilateral NAc lesions induced by
stereotactic surgery alleviated opiate drug psychological depen-
dence [8]. However, in view of the invasiveness, irreversibility,
severity of adverse effects, and ethical controversy, ablation

Opiate drugs such as morphine are commonly used to relieve
pain. However, this class of psychoactive agents can also elicit
intense euphoric effects followed by feelings of well-being in the
user, particularly when taken in high doses, and this can lead to
drug abuse and ultimately addiction [1]. Although drug
withdrawal syndrome can be alleviated by means of pharmaco-
therapy and psychotherapy, the effects of such approaches on drug
craving, which induces relapse, are usually minimal. The
mesocorticolimbic dopamine reward circuit, which consists of
the ventral tegmental area (VT'A), nucleus accumbens (NAc), and
ventral pallidum (VP), plays a critical role in drug addiction [2—4].
NAc has a central role in the pathogenesis of drug dependence and
is an important element in the mesocorticolimbic reward circuit
[2,5-6]. NAc is centrally involved in establishing the reward and

surgery cannot be accepted as a routine treatment. Deep brain
stimulation (DBS) has the advantages of being reversible,
adjustable, and minimally invasive, and has become a potential
treatment in neurobiologically-based interventions for addiction.
Xu et al. reported that bilateral NAc-DBS in an opiate drug-
dependent patient had excellent effects and relapse decreased
significantly without significant complications [9].

Nonetheless, the mechanism underlying NAc-DBS treatment of
addiction remains unclear. It was reported that addiction may be
related to an imbalance between the excitatory glutamate (Glu)
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and inhibitory y-aminobutyric acid (GABA) neurotransmitters
[10-12]. Some studies suggested that glutamate release in the NAc
is necessary for heroin and cocaine craving [13,14]. However,
other studies demonstrated that changes in GABA levels might be
linked to the motivational aspects of drug addiction [15]. High
frequency stimulation (HFS) of deep brain regions such as globus
pallidus internus (Gpi) or subthalamic nucleus (STN) can reverse
Parkinson’s  symptoms through the activation of GABAergic
neurotransmission and increased inhibitory neurotransmitter
GABA release, and consequently attenuate dopamine release
[16—-18]. However, it is not known whether NAc stimulation might
operate via similar pathways.

The conditioned place preference (CPP) is one of the most
established experimental protocols which used for measuring drug
reward in laboratory [19]. Based on Pavlovian conditioning
principles, CPP reflects a preference for a context due to the
contiguous association between the context and a drug-associated
stimulus [20]. All drugs of abuse could increase the conditioning
time in this protocol [21]. Therefore this is a simple and effective
method to assess the rewarding properties of drugs [19,21].

The present study aimed to evaluate the effects of NAc-DBS on
changes of Glu and GABA levels in NAc, VTA, and VP of
morphine-induced addiction rats produced by systemic morphine
administration. Intracerebral microdialysis was used to monitor
the extracellular concentrations of Glu and GABA in the
ipsilateral NAc, VTA, and VP.

Materials and Methods

Animals

Sixty adult male Wistar rats weighing 280-320 g were provided
by the Experimental Animal Center of Military Medical Sciences,
Beijing, China. The animals were individually housed in cages
(constant temperature, 22—25°C; humidity, 60—70%; illumination,
12/12 h cycles) with free access to food and water. All experiments
were performed during the light phase of the cycle. These were
randomized into five groups, all of which had intraperitoneal
injections: (1) the control group (n=12), which underwent
administration of saline; (2) the morphine-only group (n=12),
which underwent administration of morphine without electrode
implantation; (3) the morphine-sham-stimulation group (n=12),
which underwent administration of morphine with electrode
implantation but not given stimulation; (4) the morphine-
stimulation group (n=12), which underwent administration of
morphine with electrode implantation and HFS stimulation, (5)
the saline-stimulation-group (n=12),which underwent adminis-
tration of saline with electrode implantation and stimulation. The
experimental procedure is shown in Fig. S1. Care and handling of
animals were conducted in compliance with the Chinese Animal
Welfare Act and the study was approved by the Ethical
Committee of Capital Medical University, Beijing.

Drugs

Rats in the morphine-only, the morphine-sham-stimulation and
the morphine-stimulation groups received intraperitoneal injec-
tions of morphine hydrochloride (lot 080403, Shengyang Phar-
maceutical Factory, China) at increasing doses (10, 20, 30, 40, 50,
60 mg/kg, then fixed at 60 mg in physiological saline once per
day. The injection was applied 10 minutes prior to the start of the
conditioning experiment every day until morphine-seeking
behavior occurred, i.e. rats spent more time in the drug-paired
compartment. Rats in the control group and saline-stimulation
group received the same doses of physiological saline.
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Surgical Procedures

The animals was anesthetized with chloral hydrate (350 mg/kg,
i.p.) and placed in a stereotaxic apparatus. A microdialysis guide
cannula with a stylet (Bioanalytical Systems, USA) was implanted.
The concentric bipolar stimulation electrodes (outer diameter
200 um, inner diameter 50 um, CBBPF50, FHC, USA) were
glued to the guide cannula with a specially made device, and the
electrode tips were 2 mm below the end of the guide cannula.
Four cannulas were implanted in each rat: one unilaterally in the
core of the NAc (for stimulation microelectrode, AP=+1.7 mm,
L=+2.5 mm at an angle of 6°, V=-5.5 mm); one within the
ipsilateral core of NAc (for microdialysis, AP=+1.8 mm,
L=+1.2 mm, V=-6.5 mm); one within the ipsilateral VTA
(AP=-5.2 mm, L=+40.6 mm, V=28.4 mm); and one within the
ipsilateral VP (AP=-0.5 mm, L=+42.8 mm, V=-6.2 mm) ac-
cording to the atlas of Paxinos and Watson [22]. The cannulas
were cemented in place using dental cement to affix them to three
stainless steel screws fastened to the skull. Following surgery,
animals were housed individually in Plexiglas cages immediately.
After a recovery of seven days, continuous unilateral NAc
stimulation was then performed using a stimulator system
(Master-8 and ISO-flex, Israel) while the electrical stimulation
was turned off during both the saline- and morphine-pairings
(Fig. 1). Parameters were: intensity 2 V, pulse width 60 s,
frequency 130 Hz. Only the morphine-stimulation and saline-
stimulation groups received stimulation; the morphine-sham-
stimulation group was manipulated in the same way but without
electrical stimulation.

Conditioned Place Preference (CPP)

CPP apparatus (Tracksys, Nottingham, UK) were three-
chambered shuttle boxes comprising a small central compartment
(10x10 cm) where rats were placed at the start of a test session,
and two larger compartments (40x40 cm), one with horizontal
black and white stripes and one with vertical black and white
stripes. Floors were made of stainless steel sheeting with punched-
out shapes(circles, 12 mm hole and squares, 10 mm hole) resulting
in distinct textures (Novametals, Manchester, UK). Removable
partitions allowed the boxes to be used either to restrict the rats to
a particular compartment for conditioning or to allow the rats to
be ‘free-to-explore’ during a test session. Experiments were
performed between 8:00 am and 6:00 pm under dim white light
(Light intensity approximately 151 ux). During all test sessions, the
time each rat spent in each compartment was recorded using
EthoVision XT (Noldus Information Technology, Utrecht, the
Netherlands) tracking software.

Morphine Conditioning and Behavioral Testing

Conditioned place preference consisted of a 14-day schedule
with three phases: pre-conditioning, conditioning and post-
conditioning. The compartment occupied for the shorter time
was designated as the drug-paired compartment. Previous work in
our laboratory indicated that naive rats tend to display a
preference for the black one. Therefore the white chamber was
designated as the drug-paired compartment that is the site where
morphine would be administered.

Pre-conditioning phase: during this phase, each animal from all
groups was placed in compartment with the guillotine door
removed to allow access apparatus for 900 sec each day for three
consecutive days. On day 3, the time rats spent in each
compartment was recorded.

Conditioning phase: Conditioning sessions were conducted
from day 4 to day 13 with each group receiving 6 hourly
alternating injections of either saline or morphine. Each condi-
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Figure 1. Phograph of an individual rat undergoing NAc-DBS. An Signal Generator connected to a Constant Current Bipolar Stimulus Isolator
that is connected to the concentric bipolar electrode implanted into the rat NAc and secured using dental cement and bone screws. The stimulator
cable is routed through a commutator to allow the rat to move freely during the stimulation phase.

doi:10.1371/journal.pone.0079318.g001

tioning session was 30 minutes in duration, once daily. From 8:00
to 12:00 on the first training day, rats in each group were injected
with saline and immediately confined to the black compartment
(not drug-paired side) of the shuttle box; from 14:00 to 18:00 the
rats were confined to the white compartment (drug-paired side)
after the saline was administered to the control and saline-
stimulation group and morphine to the morphine-only group,
morphine-stimulation group and morphine-sham-stimulation
group. On the second day, the procedure was performed in
reverse order, that is, from 8:00 to 12:00 the rats were confined to
the white one after the saline was administered to the control and
saline-stimulation group and morphine to the morphine-only
group, morphine-stimulation group and morphine-sham-stimula-
tion group; from 14:00 to 18:00 the rats in each group were
injected with saline and confined to the black one.

Post-conditioning or testing phase. This phase was carried out
1 day after the last training in a morphine-free state. On the test
day, the removable wall was raised and the rat could access the
entire apparatus for 900 seconds. Conditioned place preference
was indicated by a preference score, defined as the time spent in
the drug-paired side minus the time spent in the saline-paired
chamber.

Microdialysis

One day after the post-conditioning phase, each rat was lightly
anesthetized with pentobarbital and the three guide stylets were
replaced with the microdialysis probes leaving the stimulation
electrodes in place (CMA12, Sweden). The probes were perfused
with artificial cerebrospinal fluid (NaCl, 145 mM; KCl, 3.8 mM;
MgCly, 1.2 mM; CaCly, 1.2 mM; pH 7.4) at a flow rate of 2 ml/
min through a microsyringe pump (CMA400, Sweden). The
dialysis tubing was connected to a liquid swivel for collection from
the lightly anesthetized animals. A 2-h stabilization period was
allowed before the collection of dialysates for analysis, and
dialysate fractions were then collected at 30 min intervals. The
three fractions were collected during stimulation. Dialysates were
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automatically collected with a refrigerated autosampler and stored
at —80°C until analysis.

Determination of neurotransmitter
Neurotransmitter (Glu and GABA) levels in the dialysate
samples were determined by high-performance liquid chromatog-
raphy (HPLC) with fluorometric detection. Briefly, samples or
standards were derivatized with O-phthaldialdehyde; 20 ul of the
resulting mixture was automatically loaded onto a Novapark Cyg
reverse-phase column (150 x3.9 UM, 4 um particle size; Waters)
using a refrigerated autoinjector. The mobile phase consisted of
NaH,PO, (0.05 M, pH 6.8) with 20% methanol at a flow rate of
1 ml/min delivered by a Waters pump. Glutamate and GABA
were identified through their migration time and spike profiles.
Peaks values were normalized to an internal standard curve for
fluorescein and quantified by comparison with an external
standard curve (analytical software: EMPOWER) (Fig. 2). The
values were corrected for in vitro probe recovery, which was
approximately 10%.

levels.

Histological Examination

After completion of all experiments, the rats were anesthetized
with urethane (1 g/kg) and perfused transcardiac with 0.1 M
phosphate-buffered saline followed by 4% paraformaldehyde.
Brains were removed and coronal sections (30 um) through the
target were prepared and processed by hematoxylin and eosin
(HE) and cresol violet staining to confirm the location of the
stimulating electrode. Only rats with electrode and probe
placements in the areas of interest were included in subsequent
data analysis.

Statistical Analysis

Results were expressed as means =SEM. Repeated measures
were used to determine whether the mean values of Glu and
GABA at the indicated time during the unilateral NAc-DBS
differed significantly from basal wvalues. Statistical analysis
employed one-way analysis of variance (ANOVA) followed by
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Figure 2. The chromatogram of Glu and GABA. a: standard substance; b: sample.

doi:10.1371/journal.pone.0079318.9g002

Tukey test for multiple post hoc comparisons using SPSS 13.0
analytical software for Windows (SPSS Inc., Chicago, IL,USA). A
P value of less than 0.05 was considered statistically significant.

Results

Effect of High-frequency DBS on Morphine-induced CPP

At baseline (pre-conditioning), mice in each group spent a
longer time on the black sides of the chamber than the white sides
of the chamber (F (4 56=0.2134; P>0.05; Fig. 3), reflecting the
usual preference for the black compartment shown by laboratory
naive rats. So we chose their non-preferred chamber (white sides)
as the drug-paired room and the preferred chamber (black sides) as
the saline paired room. In the period of morphine administration,
rats in the morphine-only group and the morphine-sham-
stimulation group spent increasing time in the white compartment.
However, the time that rats in the morphine-stimulation group or
saline-stimulation group spent in the white compartment (drug-
paired) did not increase. Time spent in the white sides of the rats in
the control group (administration of saline only) also did not
increase. Effects of exposure to stimulation on morphine-induced
CPP during the conditioning procedure are shown in Fig. 3.
Results showed that administration of morphine without electrical
stimulation was associated with an increase in time spent in the
drug-paired compartment in the morphine-sham-stimulation
group (187.04%£53.45 seconds) and morphine-only group
(203.92+58.53 seconds), respectively, compared with the control
group (—422.94%59.6 seconds) (F (4 s56=396.1, P<0.05).
However exposure to 130 Hz high frequency stimulation was
not associated with a significant increase in the time spent in the
drug-paired  sides in  the morphine-stimulation group
(—403.28%53.25 seconds) and the saline-stimulation group
(—415.04%57.2 seconds) compared with the control group
(—422.94%£59.6 seconds) (F (4, 56=396.1, P<0.05). Our data
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demonstrated that 130-Hz electrical stimulation of NAc signifi-
cantly blocks morphine-induced CPP.

Neurotransmitter Levels in VTA, NAc, and VP

Significant increases in the levels of Glu in NAc and VP of the
morphine-only groups and morphine-sham-stimulation group
were observed when compared to the control (P<<0.05). No
significant differences were observed in the levels of Glu in the
VTA of the morphine-only, the morphine-sham stimulation group
and the control groups (£>0.05). In the morphine-sham-stimula-
tion group, no significant differences in the extracellular concen-
trations of Glu in NAc, VP and VTA were found compared with
the morphine-only group (P>0.05). However, we observed that
significant decline in the levels of Glu in NAc, VP and VTA in the
morphine-stimulation group when compared with the morphine-
only, morphine-sham-stimulation, saline-stimulation and control
groups (£<<0.05) (Table 1).

In the case of GABA, we observed that significant decline in
NAc, VTA and VP, respectively, of the morphine group and
morphine-sham-stimulation group, respectively, compared to the
control group (P<<0.05). In the morphine-sham-stimulation group,
we did not find statistical significance in the extracellular
concentrations of GABA in NAc, VP and VTA, respectively,
compared with the morphine group (£>0.05). However, we
observed that significant increase in the levels of GABA in NAc,
VP and VTA, respectively in the stimulation group when
compared with the morphine, morphine-sham stimulation,
saline-stimulation and control groups (P<<0.05) (Table 1).

Histology

In total, sixty animals were used. At the end of all behavioral
experiments, the location of the cannula was examined histolog-
ically. Histological analysis demonstrated that the location of the
electrode tips showed an identical pattern of distribution within or
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doi:10.1371/journal.pone.0079318.9g003

close to NAc, VP, and VTA in 56 animals. Another 4 animals
were not included in the statistical analyses due to the mislocation
or misplacement of cannulae. In addition, coronal brain sections
indicated no significant cell necrosis or neuronal loss in the NAc
surrounding the lead contact in the the morphine-stimulation
group (Fig. 4).

Discussion

To address the mechanism underlying the use of DBS as a
potential therapy for morphine induced rats, we investigated the
DBS effects of NAc on GABAergic and glutamatergic activity
within the mesocorticolimbic system. Successful induction of a
state of morphine-conditioned preference in rats treated with
systematic administration of morphine was confirmed in a CPP
test. Using microdialysis probes implanted into the ipsilateral NAc,
VTA, and VP, we then measured levels of the neurotransmitters
Glu and GABA.

The study showed that morphine-conditioned status was
accompanied by a characteristic pattern of changes in the brain
tissue concentrations of these neurotransmitters. The levels of Glu
increased in the NAc and VP of morphine-only group compared
to that of the control group, although the level of Glu in the VTA

did not change significantly. However, levels of GABA decreased
significantly in all three regions (NAc, VP, and VTA) of morphine-
only group versus control group. These results demonstrated that
rats with morphine-conditioned status displayed neurotransmitter
changes associated with heightened activation of excitatory
pathways in mesocorticolimbic structures.

The study also demonstrated that high-frequency electrical
stimulation of the unilateral NAc could substantially reverse these
changes. Compared to the morphine group, the levels of Glu
decreased significantly in NAc, VTA, and VP, whereas GABA
levels increased significantly in all three regions in the morphine-
stimulation group. The result suggested that these changes could
underlie the utility of DBS in the treatment of morphine-induced
rats.

Previous studies indicated that the effects of NAc stimulation on
morphine-induced addiction were frequency-dependent. High-
frequency stimulation (HFS; 130 Hz) of the NAc was more
effective than low-frequency stimulation (LFS; 20 Hz) in treating
morphine induced rats [23]. In the current study we selected
130 Hz for NAc stimulation. The precise region of the NAc for
stimulation has not been rigorously established. NAc comprises
two principal subregions, the central core and peripheral shell. In
general, the former is associated with extrapyramidal motor

Table 1. Levels of Glu and GABA in dialysates in the VTA, NAc and VP collected in each group (Mean £ SEM, nM/ml).

group n NAc vP VTA
Glu GABA Glu GABA Glu GABA
control group 1 1.76+0.37% 1.89+0.45% 1.56+0.35% 2.45+0.33% 1.78+0.31% 1.42+0.32%
Morphine-only group 11 3.54+0.41*" 1.05+0.32%7% 2.92+0.48*" 1.57+0.38%" 1.87+0.29% 1.03+0.27*%
morphine-sham-stimulation group 1 3.47+0.39*% 1.08+0.27*% 2.86+0.34*" 1.69+0.41%% 1.75+0.36" 1.05+0.37%%
morphine-stimulation group 12 1.17£0.29* 3.23+0.35*% 1.07£0.32* 3.07+0.26* 1.23+0.27* 249+0.34*
saline-stimulation group 11 1.63+0.233% 1.98+0.32% 1.49+0.31% 2.56+0.26™ 1.64+0.34" 1.53+0.287%
F 1173 75.87 61.64 40.84 7.428 40.56
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

*P<0.05, compared with control group;
#p<0.05, compared with morphine-stimulation group.
doi:10.1371/journal.pone.0079318.t001

PLOS ONE | www.plosone.org

Statistical analysis was performed by one-way ANOVA followed by post hoc analysis.
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Figure 4. Histological examination in the morphine-stimulation group. a: HE staining(x200); b: Nissl staining(x200).

doi:10.1371/journal.pone.0079318.g004

control, and the latter with the limbic system. Within NAc,
information is transmitted from shell to core. Together with the
ventral striatum, NAc, particularly the shell region, receives a
strong dopaminergic input from VTA. NAc thus attains a central
position between limbic and mesolimbic dopaminergic structures.
It was reported that the core of NAc is necessary for drug-seeking
behavior [24-25]. We therefore implanted stimulation electrodes
into the core region of the NAc. Because that unilateral HFS of
NAc is effective in morphine-induced addiction rats [26], we
performed stimulation on one side and recovered microdialysis
samples from the ipsilateral tissues.

Basal Neurotransmitter Levels in Morphine-induced Rats

An imbalance between GABA and Glu neurotransmission was
hypothesized to produce neuronal hyperexcitability in addiction,
and it was previously suggested that increased levels of extracel-
lular Glu and reduced levels of extracellular GABA are key factors
in drug addiction [27,28]. Our results were consistent with the
above reports. Glu levels were significantly increased in the NAc
and VP of morphine-induced rats, although no significant changes
were seen in VI'A. By contrast, significant decreases in GABA
levels were recorded in all three regions. Together, these data
supported that the contention that morphine-induced addiction
status in these animals was accompanied by a shift in the
excitatory/inhibitory balance and hyperactivation of mesocorti-
colimbic neuronal networks.

Glu is the most prominent excitatory neurotransmitter in the
brain. Following release into the synaptic cleft, Glu binds to and
activates  NMDA- and/or AMPA-type glutamate receptors,
leading to onward propagation of action potentials. It was thought
that excess glutamatergic neuronal activity may underlie drug
addiction [29-30], and previous work demonstrated that opioid
dependence, withdrawal, craving and relapse are associated with
aberrant glutamatergic neurotransmission [31-32]. Specifically,
prelimbic glutamatergic projections to the NAc and VP were
suggested to underlie drug-secking behavior for many classes of
addictive drugs [25,33-34]. Extracellular Glu levels were reported
significant elevated in the NAc of addiction rats [35,36]. An
increase in Glu levels was also reported in rats self-administering
heroin or cocaine [37,38]. However, there was a report that
extracellular Glu levels did not significantly change in the VTA of
rats repeatedly treated with morphine [39]. In this study we
confirmed that Glu was increased markedly in both NAc and VP
of the morphine-addiction rats, but there were no significant
changes in VTA.

PLOS ONE | www.plosone.org

Our study also showed that morphine-addiction status in rats
was accompanied by a significant decrease of extracellular GABA
levels in NAc, VP, and VTA. GABA is the most important
mhibitory neurotransmitter in the brain. According to the
prevailing hypothesis that dopamine released in the NAc inhibits
GABAergic medium spiny neurons projecting to VP, this process
is thought to represent a final common path for drug reward [40].
Depression of the output of medium spiny neurons, in other words
suppression of GABA release, appears to be a common feature of
several drugs of abuse and could be important for their reinforcing
properties [41]. In accord with the hypothesis that morphine
behavioral reinforcement is linked to its suppression of GABA
release, we reported that morphine-addiction status was accom-
panied by significantly reduced levels of GABA in NAc, VP, and
VTA. Others studies demonstrated that amphetamine, cocaine,
and heroin suppressed extracellular GABA levels in VP [37,42—
43]. Klitenick et al. demonstrated that GABA levels fell after
morphine administration directly into VI'A via a dialysis probe
[44]. It was also suggested that activation of p-opioid receptors
located on GABAergic interneurons is the principal mechanism
mediating the actions of morphine and other p-opioids on
dopaminergic transmission in the VI'A [45]. Morphine binding
to receptors on VI'A GABA interneurons is thought to inhibit
GABA release and decrease tonic inhibition of VI'A dopaminergic
neurons, thereby leading to increased firing and increased
dopamine release in NAc, and in turn decreasing GABA release
in the NAc [46]. Our results were in agreement with these views,
as well as with earlier findings which suggested a role for
striatopallidal mechanisms in mediating drug reward and a role for
pallidal GABAergic transmission in the control of morphine
addiction [4].

It was reported that inhibiting extracellular Glu release or
NMDA receptor expression in the NAc of morphine-treated rats,
or increasing GABA concentrations in VT'A or VP, could reduce
opioid dependence [47]. Together, these findings argue that a
therapy of decreasing neuronal excitability in the mesocortico-
limbic dopamine reward circuit may be beneficial in controlling
drug addiction.

Effects of NAc Stimulation on Extracellular
Neurotransmitter Levels

NAc stimulation as a means to control drug addiction has
shown promising results in both animal models and clinical trials.
The reported low incidence of adverse events with this procedure
is also encouraging. However, the mechanism by which NAc
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electrical stimulation might provide a treatment for drug addiction
is not fully understood. Given that drug addiction in several
models has been linked to increased mesolimbic activation, it is
notable that, in morphine-CPP rats, unilateral NAc stimulation led
to significant reductions in extracellular ipsilateral levels of Glu in
NAc, VP, and VTA. Concomitantly, stimulation led to a marked
rise in extracellular GABA concentrations in all three regions in
our study. An obvious interpretation is that NAc stimulation
dampens mesocorticolimbic hyperactivation in morphine-condi-
tioned rats. Indeed, it seems likely that effects on neurotransmitter
release may be one mechanism underlying the addiction-aborting
effects of NAc stimulation.

However, it has been speculated that electrical stimulation of
the NAc might exert its effects by inducing lesions at the point of
implantation that are provoked by the implantation of the
electrode. However, we controlled for this in our study by
employing an implanted electrode without electrical stimulation.
The presence of an electrode implanted into NAc failed to change
extracellular levels of either neurotransmitter. In addition, coronal
brain sections indicated no significant cell necrosis or neuronal loss
in the NAc around the lead contact. These findings, consistent
with experiment [48], indicated that the placement of the
electrode or prolonged low-voltage stimulation caused no perma-
nent marked tissue damage or neuronal loss in the NAc.

Earlier studies showed that HF'S can suppress somatic neuronal
activity [49,50] and block axonal conduction. These inhibitory
effects were associated with reduced neuronal excitability,
increased inhibitory neurotransmission, and depression of excit-
atory neurotransmission [51]. HFS-induced prolonged release of
GABA could result from increased recruitment close to the target
of local GABAergic connections including GABAergic fibers from
other brain regions [52,53]. Alternatively, inhibition of presynaptic
GABA transporters could lead to reduced reuptake of GABA and
increased extracellular GABA levels [54].

Overall, HFS of NAc is thought to inhibit the activity of NAc
neurons, and this could underlie the efficacy of NAc stimulation in
alleviating drug addiction [23]. Nevertheless, i vitro stimulation
affects only local neurons, and not more distal neurons [55] and it
1s possible that local HFS only reduces the activity of a subfraction
of NAc neurons. We suspect that, possibly in addition to local
inhibition, the efficacy of HFS may depend on projections that
leave the area of stimulation and extend to other CNS structures
[23]. The neuronal population in NAc is principally composed of

References
1. Tomkins DM, Sellers EM (2001) Addiction and the brain: the role of

neurotransmittersin the cause and treatment of drug dependence. CMA]J 164:
817-821.

2. Koob GF (1992) Drugs of abuse: anatomy, pharmacology and function of
reward pathways. Trends Pharmacol Sci 13: 177-184.

3. Koob GF (2005) The neurocircuitry of addiction: Implications for treatment.
Clin Neurosci Res 5: 89-101.

4. Koob GF, Volkow ND (2010) Neurocircuitry of addiction.Neuropsychophar-
macology 35: 217-238.

5. Fecteau S, Fregni F, Boggio PS, Camprodon JA, Pascual-Leone A (2010)
Neuromodulation of decision-making in the addictive. Brain 45: 1766-1786.

6. Heimer L, Zahm DS, Churchill L, Kalivas PW, Wohltmann C (1991) Specificity
in the projection patterns of accumbal core and shell in the rat. Neuroscience 41:
89-125.

7. Steketee JD, Sorg BA, Kalivas PW (1992) The role of the nucleus accumbens in
sensitization to drugs of abuse. Prog Neuropsychopharmacol Biol Psychiatry 16:
237-246.

8. Gao G, Wang X, He S, Li W, Wang Q, et al. (2003 ) Clinical study for
alleviating opiate drug psychological dependence by a method of ablating the
nucleus accumbens with stereotactic surgery. Stereotact Funct Neurosurg 81:
96-104.

9. Xu JW, Wang GS, Zhou HY, Tian X, Wang XR, et al. (2005) The clinical
report of alleviating drug psychological dependence by deep brain stimulatio-

PLOS ONE | www.plosone.org

Effects of Stimulation on Morphine Induced Rats

GABAergic projection neurons [56], but accumbal extracellular
GABA levels are predominantly derived from collaterals of the
ventral striatal GABAergic neurons and/or GABAergic afferents
from the VTA which project to VP and could represent a final
common pathway for drug and other rewards [40,57,58].
Therefore, HFS-mediated suppression could operate by increasing
GABA release from NAc to VP, and inhibit VP neuronal
activation. VTA also receives GABAergic efferents from NAc
[59], and NAc HFS could increase GABA release within VTA,
therefore decrease dopamine release. In addition, VT'A, NAc, and
VP receive glutamatergic projections from the prefrontal cortex
[33,34]. We speculate that HFS of NAc may lead to decreased Glu
levels in ipsilateral VT'A, NAc, and VP by inhibiting the neuronal
soma of the associated prefrontal cortex. By this mechanism
unilateral HFS stimulation of the NAc could reduce ipsilateral Glu
output, leading to disruption of the addiction excitatory network.

Microdialysis has been widely used to sample GABA and Glu
from brain. It has, however, been pointed out that there may be
problems in the detecting subtle changes in amino acid levels with
in vivo microdialysis technique, because these differences could be
due to differences in the efficiency of probe recovery between these
groups. Given there are limitations to the microdialysis technique,
the present results of measurements of Glu and GABA should be
interpreted with caution.

In conclusion, morphine-induced CPP in rats was accompanied
by increased Glu and reduced GABA levels in mesocorticolimbic
regions, but NAc stimulation led to reversal, with a significant
decline in Glu levels and increase in GABA levels, that are likely to
reflect inhibition of the mesocorticolimbic reward circuit. These
findings provided new insights into the mechanism that underlie
the efficacy of deep brain stimulation in the treatment of drug
addiction.

Supporting Information

Figure S1 Diagram of the experimental procedure.

(TIF)

Author Contributions

Conceived and designed the experiments: WW YM. Performed the
experiments: NY NC. Analyzed the data: NY NC HZ JZ. Contributed
reagents/materials/analysis tools: JZ WW YM. Wrote the paper: NY MS
NC.

n(initial clinical results after three months follow-up). Chin J Stereotact Funct
Neurosurg 18: 140-144.[Article in Chinese].

10. Noori HR, Spanagel R, Hansson AC (2012) Neurocircuitry for modeling drug
effects. Addict Biol 17: 827-864.

11. Kalivas PW (2009) The glutamate homeostasis hypothesis of addiction. Nat Rev
Neurosci 10: 561-572.

12. Wydra K, Golembiowska K, Zaniewska M, Kaminska K, Ferraro L,et al. (2013)
Accumbal and pallidal dopamine, glutamate and GABA overflow during
cocaine self-administration and its extinction in rats. Addict Biol 18: 307-324.

13. McFarland K, Lapish CC, Kalivas PW (2003) Prefrontal glutamate release into
the core of the nucleus accumbens mediates cocaine-induced reinstatement of
drug-seeking behavior. J Neurosci 23: 3531-7.

14. LaLumiere RT, Kalivas PW (2008) Glutamate release in the nucleus accumbens
core is necessary for heroin seeking. J Neurosci 28: 3170-3177.

15. Kemppainen H, Raivio N, Nurmi H, Kiianmaa K (2010) GABA and glutamate
overflow in the VTA and ventral pallidum of alcohol-preferring AA and alcohol-
avoiding ANA rats after ethanol. Alcohol Alcohol 45: 111-118.

16. Benabid AL (2003) Deep brain stimulation for Parkinson’s disease. Curr Opin
Neurobiol 13: 696-706.

17. Hiller A, Loeffler S, Haupt C, Litza M, Hofmann U, et al. (2007) Electrical high
frequency stimulation of the caudate nucleus induces local GABA outflow in
freely moving rats. J Neurosci Methods 159: 286-290.

November 2013 | Volume 8 | Issue 11 | 79318



21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

34.

36.

38.

39.

. Moser A, Gieselberg A, Ro B, Keller C, Qadri F (2003) Deep brain

stimulation:response to neuronal high frequency stimulation is mediated through
GABA(A) receptor activation in rats. Neurosci Lett 341: 57-60.

. Tzschentke TM (1998) Measuring reward with the conditioned place preference

paradigm: a comprehensive review of drug effects, recent progress and new
issues. Prog Neurobiol 56: 613-672.

. Fattore L, Deiana S, Spano SM, Cossu G, Fadda P, et al. (2005)

Endocannabinoid system and opioid addiction: behavioural aspects. Pharmacol
Biochem Behav 81: 343-359.

Karimi S, Karami M, Sahraei H, Rahimpour M (2011) Reversal effect of intra-
central amygdala microinjection of L-arginine on place aversion induced by
naloxone in morphine conditioned rats. Iran Biomed J 15: 92-99.

Paxions G, Watson C (1997) The rat brain in stereotaxic coordinates. San
Diego: Academic Press.

Hu WH, Bi YF, Zhang K, Meng FG, Zhang JG (2011) High-frequency electrical
stimulation in the nucleus accumbens of morphine-treated rats suppresses
neuronal firing in reward-related brain regions. Med Sci Monit 17: 153-160.
LaLumiere RT, Kalivas PW (2008) Glutamate release in the nucleus accumbens
core is necessary for heroin seeking. J Neurosci 28: 3170-3177.

. Di Ciano P, Everitt BJ (2001) Dissociable effects of antagonism of NMDA and

AMPA/KA receptors in the nucleus accumbens core and shell on cocaine-
seeking behavior. Neuropsychopharmacology 25: 341-360.

Liu HY, Jin J, Tang JS, Sun WX, Jia H,et al. (2008) Chronic deep brain
stimulation in the rat nucleus accumbens and its effect on morphine
reinforcement. Addict Biol 13: 40-46.

Noori HR, Spanagel R, Hansson AC (2012) Neurocircuitry for modeling drug
effects. Addict Biol 17: 827-864.

Kalivas PW(2009)The glutamate homeostasis hypothesis of addiction. Nat Rev
Neurosci 10: 561-572.

Aguilar MA, Manzanedo C, Do Couto BR, Rodriguez-Arias M, Minarro J
(2009) Memantine blocks sensitization to the rewarding effects of morphine.
Brain Res 1288: 95-104.

Comer SD, Sullivan MA (2007) Memantine produces modest reductions in
heroin-induced subjective responses in human research volunteers. Psychophar-
macology 193: 235-245.

Yang TT, Hung CF, Lee YJ, Su MJ, Wang SJ (2004) Morphine inhibits
glutamate exocytosis from rat cerebral cortex nerve terminals (synaptosomes) by
reducing Ca2+ influx. Synapse 51: 83-90.

Hao Y, Yang JY, Guo M, Wu CF, Wu MF (2005) Morphine decreases
extracellular levels of glutamate in the anterior cingulate cortex: an in vivo
microdialysis study in freely moving rats. Brain Res 1040: 191-196.

Cornish JL, Kalivas PW (2000) Glutamate transmission in the nucleus
accumbens mediates relapse in cocaine addiction. J Neurosci 20: RC89.

Park WK, Bari AA, Jey AR, Anderson SM, Spealman RD, et al. (2002 )Cocaine
administered into the medial prefrontal cortex reinstates cocaine-seeking
behavior by increasing AMPA receptor-mediated glutamate transmission in
the nucleus accumbens. J Neurosci 22: 2916-2925.

. Dahchour A, Hoffman A, Deitrich R, de Witte P (2000) Effects of ethanol on

extracellular amino acid levels in high-and low-alcohol sensitive rats: a
microdialysis study. Alcohol Alcohol 35: 548-553.

Tokuyama S, Zhu H, Oh S, Ho IK, Yamamoto T (2001) Further evidence for a
role of NMDA receptors in the locus coeruleus in the expression of withdrawal
syndrome from opioids. Neurochem Int 39: 103-109.

. Caillé S, Parsons LH (2004) Intravenous heroin self-administration decreases

GABA efflux in the ventral pallidum: an in vivo microdialysis study in rats.
Eur ] Neurosci 20: 593-596.

Sizemore GM, Co C, Smith JE (2000) Ventral pallidal extracellular fluid levels
of dopamine, serotonin, gamma amino butyric acid, and glutamate during
cocaine self-administration in rats. Psychopharmacology 150: 391-398.
Ojanen SP, Palmén M, Hyytia P, Kiianmaa K (2007) Extracellular glutamate
and GABA in the ventral tegmental area of alcohol-preferring AA and alcohol-
avoiding ANA rats treated repeatedly with morphine. Eur J Pharmacol 559: 38—
45.

PLOS ONE | www.plosone.org

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

Effects of Stimulation on Morphine Induced Rats

Smith K8, Tindell AJ, Aldridge JW, Berridge KC (2009) Ventral pallidum roles
in reward and motivation. Behav Brain Res 196: 155-167.

Wise RA (2002) Brain reward circuitry: insights from unsensed incentives.
Neuron 36: 229-240.

Tang XC, McFarland K, Cagle S, Kalivas PW (2005) Cocaine-induced
reinstatement requires endogenous stimulation of mu-opioid receptors in the
ventral pallidum. ] Neurosci 25: 4512-4520.

Li X, Li J, Peng XQ, Spiller K, Gardner EL, et al. (2009) Metabotropic
glutamate receptor 7 modulates the rewarding effects of cocaine in rats:
involvement of a ventral pallidal GABAergic mechanism. Neuropsychophar-
macology 34: 1783-1796.

Klitenick MA, DeWitte P, Kalivas PW (1992) Regulation of somatodendritic
dopamine release in the ventral tegmental area by opioids and GABA: an in vivo
microdialysis study. ] Neurosci 12: 2623-2632.

. Leite-Morris KA, Fukudome EY, Shoeb MH, Kaplan GB (2004) GABA(B)

receptor activation in the ventral tegmental area inhibits the acquisition and
expression of opiate-induced motor sensitization. J Pharmacol Exp Ther 308:
667-678.

Johnson SW, North RA(1992) Opioids excite dopamine neurons by hyperpo-
larization of local interneurons. ] Neurosci 12: 483-488.

Wang XF, Wu N, Su RB, Lu XQ, Liu Y, et al. (2011) Agmatine modulates
neuroadaptations of glutamate transmission in the nucleus accumbens of
repeated morphine-treated rats. Eur J Pharmacol 650: 200-205.

Haberler C, Alesch F, Mazal PR, Pilz P, Jellinger K, et al. (2000) No tissue
damage by chronic deep brain stimulation in Parkinson’s disease. Ann Neurol
48: 372-376.

Beurrier C, Bioulac B, Audin J, Hammond C (2001) High-frequency stimulation
produces a transient blockade of voltage-gated currents in subthalamic neurons.
J Neurophysiol 85: 1351-1356.

Lian J, Bikson M, Sciortino C, Stacey WC, Durand DM (2003) Local
suppression of epileptiform activity by electrical stimulation in rat hippocampus
in vitro. J Physiol 547: 427-433.

Boraud T, Bezard E, Bioulac B, Gross C (1996) High frequency stimulation of
the internal Globus Pallidus (GPi) simultaneously improves parkinsonian
symptoms and reduces the firing frequency of GPi neurons in the MPTP-
treated monkey. Neurosci Lett 215: 17-20.

Windels F, Bruet N, Poupard A, Urbain N, Chouvet G,et al. (2000) Effects of
high frequency stimulation of subthalamic nucleus on extracellular glutamate
and GABA in substantia nigra and globus pallidus in the normal rat.
Eur ] Neurosci 12: 4141-4146.

. Windels F, Bruet N, Poupard A, Feuerstein C, Bertrand A,et al. (2003) Influence

of the frequency parameter on extracellular glutamate and gamma-aminobutyric
acid in substantia nigra and globus pallidus during electrical stimulation of
subthalamic nucleus in rats. J Neurosci Res 72: 259-267.

. Li T, Qadri F, Moser A (2004 )Neuronal electrical high frequency stimulation

modulates presynaptic GABAergic physiology. Neurosci Lett 371: 117-121.
Schiller Y, Bankirer Y (2007) Cellular mechanisms underlying antiepileptic
effects of low- and high-frequency electrical stimulation in acute epilepsy in
neocortical brain slices in vitro. J Neurophysiol 97: 1887-1902.

Smith Y, Villalba R (2008) Striatal and extrastriatal dopamine in the basal
ganglia: an overview of its anatomical organization in normal and Parkinsonian
brains. Mov Disord Suppl3:S534-547.

Brog JS, Salyapongse A, Deutch AY, Zahm DS (1993) The patterns of afferent
innervation of the core and shell in the “accumbens” part of the rat ventral
striatum: immunohistochemical detection of retrogradely transported fluoro-
gold. J Comp Neurol 338: 255-278.

Pennartz CM, Groenewegen HJ, Lopes da Silva FH (1994) The nucleus
accumbens as a complex of functionally distinct neuronal ensembles: an
integration of behavioural, electrophysiological and anatomical data. Prog
Neurobiol 42: 719-761.

Mansvelder HD, Keath JR, McGehee DS (2002) Synaptic mechanisms underlie
nicotine-induced excitability of brain reward areas. Neuron 33: 905-919.

November 2013 | Volume 8 | Issue 11 | 79318



	High-frequency stimulation of nucleus accumbens changes in dopaminergic reward circuit
	Authors

	deb_pone.0079318 1..8

