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Abstract

Object—There is increasing interest in deep brain stimulation (DBS) for the treatment of
addiction. Initial testing must be conducted in animals, and the alcohol-preferring (P) rat meets the
criteria for an animal model of alcoholism. This study is composed of 2 experiments designed to
examine the effects of 1) pharmacological inactivation and 2) DBS of the nucleus accumbens shell
(AcbSh) on the consumption of alcohol by P rats.

Methods—In the first experiment, the effects of reversible inactivation of the AcbSh were
investigated by administering intracranial injections of y—aminobutyric acid (GABA) agonists.
Bilateral microinjections of drug were administered to the AcbSh in P rats (8-10 rats/group), after
which the animals were placed in operant chambers containing 2 levers—one used to administer
water and the other to administer 15% EtOH—to examine the acquisition and maintenance of oral
EtOH self-administration. In the second experiment, a DBS electrode was placed in each P rat’s
left AcbSh. The animals then received 100 or 200 pA (3—4 rats/group) of DBS to examine the
effect on daily consumption of oral EtOH in a free-access paradigm.

Results—In the first experiment, pharmacological silencing of the AcbSh with GABA agonists
did not decrease the acquisition of EtOH drinking behavior but did reduce EtOH consumption by
55% in chronically drinking rats. Similarly, in the second experiment, 200 pA of DBS consistently
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reduced EtOH intake by 47% in chronically drinking rats. The amount of EtOH consumption
returned to baseline levels following termination of therapy in both experiments.

Conclusions—Pharmacological silencing and DBS of the AcbSh reduced EtOH intake after
chronic EtOH use had been established in rodents. The AcbSh is a neuroanatomical substrate for
the reinforcing effects of alcohol and may be a target for surgical intervention in cases of
alcoholism.

Keywords

nucleus accumbens; alcoholism; deep brain stimulation; functional neurosurgery; alcohol-
preferring rat

Alcoholism is a global health issue: an estimated 76.3 million people have received the
diagnosis of an alcohol use disorder.58 Alcohol dependence is the third largest contributor to
disease burden in developed countries and leads to significant mental and physical
consequences.>® Mortality rates in alcoholics are 1.8 to 9.5 times higher than those in the
general population,10:12.19.21.28 and death due to unnatural causes, including falls and motor
vehicle accidents, is more common in alcoholics.1222.28 This excess mortality, along with
health care expenses, law enforcement costs, property loss, and reduced productivity,
contribute to the considerable economic burden of alcoholism,8 which is estimated to be
approximately 2% of the United States gross domestic product.>2 Traditional treatments for
alcoholism suffer from high rates of noncompliance, variable effectiveness, and serious side
effects. An estimated 45%-75% of treated alcoholics will relapse within 3 years,1:3.10
indicating that alcoholism can be a chronic and recurring illness, and there is a need for
better therapies.

For the surgical treatment of alcoholism, candidate locations need to be identified by
investigating the neurocircuitry that regulates alcohol intake in animal models. Ethanol, like
many other drugs of abuse, at least partially produces its reinforcing actions through the
midbrain dopaminergic system, which includes mesocorticolimbic projections from
dopaminergic neurons in the ventral tegmental area to the nucleus accumbens, olfactory
tubercle, frontal cortex, and amygdala.2> Dysfunction of this pathway is primarily
implicated in addiction, and a subterritory of the nucleus accumbens, specifically the “shell”
(AcbSh), has been identified as a critical component for the self-administration of
drugs.8:39.48

Pharmacological inactivation, produced with the aid of a neuronal blocking agent, is a fast-
acting but temporary method used to investigate the contribution of a particular structure to
a skilled behavior.29 Although the mechanism of DBS is clearly more complex than that of a
stroke, the ultimate clinical effect of DBS frequently appears similar to that of a lesion,33
and the use of GABA agonists for temporary lesioning of a structure allows us to simulate
the potential effects of DBS in the same region. Using this method, one recent study
demonstrated that oral alcohol consumption in rodents was decreased by an infusion of a
GABA, agonist, specifically muscimol, into the AcbSh just prior to alcohol access.?! In a
previous report, the authors also discussed the effect of intraaccumbal muscimol
administration on alcohol intake and found a similar decrease in operant responding for

J Neurosurg. Author manuscript; available in PMC 2015 July 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilden et al.

Methods

Page 3

alcohol in rodents, although the subregion of the nucleus accumbens was not specified.1” In
our study, a mixture of GABA agonists, specifically baclofen and muscimol (Bac-Mus), was
chosen as an inactivating agent for use on the AcbSh for 3 reasons: 1) the two compounds
do not form an active metabolite, but instead bind to GABAg and GABA receptors,
respectively;2° 2) projection cells originating in the AcbSh are potentially influenced by
both GABAg and GABA receptors;36:41 and 3) Bac-Mus infusion produces a rapid
reduction in local neuronal activity without inhibiting passing fiber tracts.29:32:44

Preclinical research on the effects of DBS on alcoholism is extremely limited. Deep brain
stimulation (150 pA) of the AcbSh reduced EtOH consumption in Long-Evans rats;23
however, these rats did not consume EtOH at a rate that would produce pharmacologically
relevant blood alcohol levels (intake of ~ 0.5 g/kg/day). In a study conducted by Henderson
et al.,1> DBS was also applied to the AcbSh in alcohol-preferring rats (P rats), a breed that is
characterized by unusually intense alcohol-drinking behavior in both free-choice and
operant conditions,3® and that meets the standard criteria for an animal model of
alcoholism.? Deep brain stimulation failed to alter free-choice baseline drinking, but did
reduce the incidence of EtOH relapse. Similarly, the P rats in the Henderson study
consumed unusually low levels of EtOH (0.2 g/kg/day). More work clearly needs to be done
to assess the role of the AcbSh in alcohol use and the efficacy of DBS for the treatment of
alcoholism.

The current study was designed to assess 2 items: 1) the effects of bilateral pharmacological
inactivation of the AcbSh on the self-administration of alcohol in naive and chronically
drinking alcohol-preferring P rats; and 2) the effects of unilateral DBS of the AcbSh on
consumption of EtOH in chronically drinking alcohol-preferring P rats.

Experiment 1

Animals—Experimentally naive adult female alcohol-preferring (P) rats from the 77th
generation, each weighing between 200 and 350 g, were used in the present study. Female
rats were used because they maintain body weight and head size better than male rats; this
allows more accurate stereotactic placement.8 The rats were double-housed on arrival at the
lab and were maintained on a 12-hour reverse light-dark cycle (lights off at 9:00 AM). Food
and water were freely available throughout the experiment, except for periods during which
the animals were in the test chamber. The rats used in this study were maintained in facilities
fully accredited by the Association for the Assessment and Accreditation of Laboratory
Animal Care. All research protocols were approved by the institutional animal care and use
committee and are in accordance with guidelines of the Institutional Care and Use
Committee of the National Institute on Drug Abuse, National Institutes of Health, and the
Guide for the Care and Use of Laboratory Animals (National Research Council, 1996).

Surgical Procedure—One week before operant training commenced, the animals were
given an agent to induce general anesthesia (isoflurane [2%], Webster Veterinary Supply),
after which stereotactic implantation of bilateral 22-gauge microinjection guide cannulae
(Plastics One, Inc.) into the AcbSh was performed. On average, the coordinates for the
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AcbSh were 1.6 mm anterior to the bregma, 2.4 mm lateral to the midline, and 7.5 mm
ventral from the surface of the skull at a 10° angle to the vertical plane.3” The dorsoventral
coordinate was aimed 1 mm above the actual target because the microinjector projected an
additional 1 mm beyond the cannula tip. Guide cannulae were fixed into place with
cranioplastic material (Ortho-Jet, Lang Dental Manufacturing Co.) layered over 4 stainless
steel screws fastened to the skull. After surgery, the rats were housed individually and
allowed to recover for 5 to 7 days. The animals were habituated to the microinjection
chambers and handled for at least 5 minutes daily after the 2nd postoperative day in
preparation for the microinjection procedure.

Pharmacological Silencing—Baclofen and muscimol, GABAg and GABA 5 agonists,
respectively, were used to pharmacologically inactivate the AcbSh. For the infusion, the
drugs were dissolved in aCSF at a dose of 0.3 nmol baclofen and 0.03 nmol muscimol in a
0.3-ml injection volume, as described in previous reports that showed efficacy at this dose
without significant side effects.3244 The aCSF consisted of 120.0 mM NaCl, 4.8 mM KClI,
1.2 mM KH,POy, 1.2 mM MgSQy, 25.0 mM NaHCOs, 2.5-mM CaCl,, and 10.0 mM D-
glucose. When necessary, 0.1 M HCl or 0.1 M NaOH was added to the solutions to adjust
the pH levels to 7.4 £ 0.1. The rats were randomly assigned for the remainder of the
experiment to either the active drug or control group (8 and 10 rats, respectively). Mock
(injection-free) microinjection procedures were performed 1 day before the start of the
experiment to habituate the rats to the process. Microinjectors were constructed using 30-
gauge needles (Plastics One, Inc.); these were connected to PE20 tubing, which was
attached to 10-ml glass syringes controlled by an infusion pump (Hamilton Instruments).
Before each daily operant session during Weeks 2 and 9, each animal received a bilateral
microinjection of either aCSF or active drug. All microinjections (volume 0.3 pl/side) were
administered over a 60-second period. The injectors were left in place for an additional 60
seconds to permit diffusion of active drug or aCSF from the injection site, as previously
described.32 Injectors were then removed, the cannulae stylets were replaced, and the rats
were allowed to recover for approximately 10 minutes prior to entry into the operant
chambers.

Operant EtOH Self-Administration—The EtOH self-administration experiments were
conducted in standard 2-lever operant chambers (30 x 30 x 26 cm [width x height x depth])
contained within ventilated, sound-attenuated enclosures (64 x 60 x 50 cm; Coulbourn
Instruments). Two operant levers—one to dispense water and the other to dispense 15%
EtOH—were located on the same wall and were placed 15 cm above a grid floor and 13 cm
apart. The levers were raised to this level to avoid accidental brushing against a lever and to
reduce responses that would result from general locomotor activation. Directly beneath each
lever was a trough through which a dipper cup (0.1 ml) was raised to deliver response-
contingent fluid. When a lever was pressed, a small cue light illuminated in the
corresponding drinking trough during the 4-second dipper cup access. The assignment of the
water and EtOH levers, with respect to the left or right position, was counterbalanced among
animals but remained the same for each rat. Throughout the experimental sessions, the
operant chambers were illuminated by house lights. Specialized software (Graphic State,
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Coulbourn Instruments) controlled the operant chambers and recorded the data. All sessions
were 60 minutes in duration and were conducted daily during the light period.

We have previously shown that ethanol-naive P rats do not require food/water restrictions or
sucrose-fading procedures to acquire EtOH self-administration under operant
conditions.#647 The P rat learns spontaneously to press the bar for oral alcohol in daily 60-
minute sessions during the first 2—-3 weeks of exposure. This phase of escalating response is
termed “acquisition.” Eventually the animals develop a baseline response for alcohol over
water, which is termed “maintenance.”#546 |n the present study, the rats were not acclimated
to the operant chamber before commencement of acquisition and did not receive any prior
operant training. Both the EtOH (15%) and water levers were maintained on a fixed-ratio
(FR) 1 schedule of reinforcement for the first 3 weeks, which means that the rats received 1
ethanol reward for each bar press. Subsequently, the reinforcement schedule on the EtOH
lever was increased during Weeks 4-6 to FR3 (1 ethanol reward for every 3 bar presses) and
again during Weeks 7 to 9 to FR5 (1 ethanol reward for every 5 bar presses) based on a
well-established paradigm.27:38.:45.46 Even without food or water restriction, P rats show a
consummatory drive to obtain alcohol for its pharmacological effects and will press a lever
up to 6 or 7 times for a single EtOH reward;2” this is the basis of the fixed-ratio paradigm
employed here. Increasing the workload for alcohol increases the sensitivity and specificity
of results that can be obtained from operant self-administration experiments. Water was
always reinforced on an FR1 schedule (1 water reward for every bar press). The FR1
schedule was maintained for water because increasing the work requirement would further
reduce the low level of responding for water. The responses on the water lever were
important during the silencing sessions to help evaluate a nonspecific general reduction in
motor activity from decreased goal-directed responding on the EtOH lever. The number of
responses on both ethanol and water levers was recorded after each session. Presession
microinjections were administered daily for 7 consecutive days during acquisition (Week 2)
and again for only 5 consecutive days during maintenance (Week 9) due to concerns about
the physical integrity and infection rate of 9-week-old surgical sites with further
manipulation.

Histology and Data Analysis—At the completion of the experiment, the rats were killed
by CO, inhalation. A 30-gauge microinjector was substituted for the cannula stylet, and 1%
bromophenol blue was infused into the site. The rat’s brains were then removed and stored
at —70°C. Subsequently, the frozen brains were equilibrated at 15°C in a cryostat microtome
and sliced into 40-pm sections. Slices were then examined for verification of the injection
site by using the rat brain atlas of Paxinos and Watson.3” Only rats in which accurate
placement of cannulae was confirmed were included in the final data analysis.

Analyses for the acquisition and maintenance of operant data consisted of a mixed ANOVA,
with a between-subject variable of group and a repeated measure of session performed on
the number of EtOH lever responses. Lever discrimination was examined by contrasting
EtOH and water lever responses within each group. Data analysis for microinjection days
consisted of a mixed ANOVA with between-subject variables of group and treatment and a
repeated measure of sessions.
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Experiment 2

Animals—Seven adult female alcohol-preferring (P) rats from the 78th generation, each
weighing between 200 and 350 g, were used in this experiment.

Surgical Procedure—The surgical procedure was performed in a manner similar to that
of Experiment 1, except that, instead of guide cannulae, a twisted electrode pair (Plastics
One, Inc.) was implanted into the left AcbSh in each animal. Unilateral, rather than bilateral,
implantation was performed, because this was the first time the procedure had been
performed in our laboratory, and we simplified the technique as much as possible. Left-sided
implantation was chosen based on a previous human study, in which abnormal neural
activity was demonstrated in the left AcbSh only (there was no change in the right AcbSh)
in response to drug-related cues.1* Average coordinates for the AcbSh were 1.6 mm anterior
to the bregma, 2.4 mm lateral to the midline, and 8.5 mm ventral from the surface of the
skull at a 10° angle to the vertical plane. Each electrode terminated in 2 female sockets that
were connected to a multichannel electrode pedestal. The pedestal was secured firmly using
cranioplastic material (Ortho-Jet, Lang Dental Manufacturing Co.), which was layered
around the device and over 3 stainless steel screws fastened to the skull. After surgery, the
rats were individually housed and allowed to recover for at least 2 days before testing was
resumed.

Deep Brain Stimulation Apparatus—The rodent DBS system consisted of an “animal-
proof” stainless steel-shielded 6-channel cable, which attached proximally to the implanted
electrode pedestal and distally to a multichannel electrical swivel (all from Plastics One,
Inc.) to allow free movement within the cage. The electrical swivel was embedded in a
custom-made glass and wood panel that fit over the top of the testing cage. A waveform
generator (Agilent 33522A, Agilent Technologies) was used to design the stimulus
waveform, and a custom-made stimulus isolator was used to convert the voltage waveform
to a constant current waveform. The stimulus parameters were as follows: biphasic, anode-
leading, rectangular pulses with no interphasic delay; pulse frequency 150 Hz; pulse width
100 psec; and current intensities of 100 pA (3 rats) or 200 YA (4 rats).

The functionality of the DBS system was tested by periodically measuring the
electrochemical impedance spectroscopy (EIS) data of the electrodes and by checking the
stimulator output current. The EIS data were measured using a Gamry Reference 600
Potentiostat, and the output current was measured by briefly connecting a digital multimeter
(Agilent 34410A, Agilent Technologies) in series with the stimulator and electrodes. All
measurements were done outside the 60-minute testing session and did not interfere with
animal behavior.

Free-Choice Limited-Access EtOH Administration—We used a free-choice limited-
access paradigm in this experiment, in lieu of an operant paradigm, to keep the equipment
needs and setup simple since this was the lab’s first experience with DBS therapy. Water
and a nonflavored solution of 15% EtOH were made freely available, with no lever pressing
required, via two separate 15-ml tubes embedded in the front panel of a Plexiglas training
box (30 x 30 x 26 cm [w x h x d]). The rats were placed in the training box with access to
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the fluids for 1 hr/day (limited access) each day for 4 weeks to establish baseline alcohol
intake. Alcohol-preferring (P) rats are natural drinkers and do not typically require food/
water restrictions or sucrose-fading procedures?3 to acquire stable daily alcohol intake in a
free-choice limited-access setting. Once chronic drinking levels were established and
remained stable over several days, the rats underwent surgery for DBS lead placement. After
a recovery period of 2 days, the rats resumed the daily 1-hour sessions in the training box.

Deep Brain Stimulation—During the 1st postoperative week, the rats were tethered to
the DBS system but did not receive any active stimulation, a period termed “mock DBS.”
This allowed each rat to acclimate to the new sensation of the DBS cables attached to the
head cap electrode pedestal. In the 2nd postoperative week, once the rats reestablished
baseline levels of alcohol intake, DBS was delivered to the rats, while they were in the
training box, for 5 minutes before and throughout the entire 60-minute drinking session.
Deep brain stimulation therapy occurred each day during the 1-hour session for 5 days at
100 pA in 3 rats and for 6 days at 200 PA in 4 rats. A technical issue in the 100-pA group
caused DBS not to be delivered on Day 1, but this was not identified until after completion
of the experiment, leaving just 5 days of active DBS data for analysis. All 7 rats underwent 3
additional daily sessions after DBS had been administered, during which the animals were
tethered but did not receive stimulation, to assess for any posttreatment effects.

Histology and Data Analysis—At the completion of the experiment, the rats were killed
by CO, inhalation. The animal’s brains were removed, and their brain tissues were
examined for accurate placement of the DBS electrodes in the manner described above.

The analysis of DBS data was simplified since there were not enough values to fulfill the
degrees-of-freedom requirement to perform a mixed-factor ANOVA. Therefore, paired t-
tests were performed to compare baseline EtOH consumption to intake during the test
session. To adjust for multiple comparisons, the p value of significance was lowered to p <
0.01.

Experiment 1

Acquisition—Both groups had similar baseline low levels of EtOH-lever activity during
the 1st week of acquisition and did not display reliable lever discrimination.
Pharmacological inactivation of the AcbSh with Bac-Mus did not significantly affect EtOH-
lever responding in the active drug group compared with the aCSF group (group Fy 11 =
0.008, p = 0.932; group x session interactions term F13 143 = 0.678, p = 0.782) during the 7
injection sessions of Week 2 (Fig. 1). There was a significant effect of the session (F13 143 =
6.357, p < 0.001) on EtOH lever responding. The effect indicated a significant increase in
EtOH responding for both groups, and it was a clear indicator that the rats were acquiring
the expected EtOH self-administration (t-tests, p < 0.01; Fig. 1). Water lever responses per
session were not significantly different between the 2 groups during Weeks 1-3 (p = 0.78;
data not shown). Similarly, there was a significant session effect (p < 0.01), but this effect
was based on a reduction in the number of water responses across the sessions. Statistically,
the reduction (part of the acquisition of the discrimination between EtOH and water) in
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water responding was indicated by significant differences between the number of water
responses during the initial sessions and the number of water responses during the 7-day
injection period in Week 2 (t-test, p < 0.02).

Maintenance—Both groups had similar baseline levels of EtOH-lever activity during the
8th week of maintenance (ANOVA, p = 0.84), with average responding being approximately
150 lever-presses per hour. This level of responding would have produced pharmacological
relevant blood ethanol concentrations (predicted to be 50-70 mg%). Fluid intakes were not
measured in the present experiment but were measured previously*®47 to ensure there was a
relationship between the number of reinforcements presented and the amount of 15% EtOH
consumed. The overall analysis indicated that there was a significant session x group
interaction (F7 186 = 1.65, p < 0.01). Decomposing the interaction term by holding the
session constant (examining the effects of group on each individual injection session)
indicated that a microinjection of Bac-Mus into the AcbSh reduced EtOH self-
administration during the microinjection sessions held on Days 4 and 5 of Week 9 (p < 0.05
for both days; Fig. 2). There was a trend for the Bac-Mus group to respond less frequently
on the EtOH lever than the control group during posttreatment Sessions 1 and 2, but this
finding did not reach statistical significance. Pharmacological silencing of the AcbSh did not
alter water responding during any of the daily sessions of Week 9 (Fig. 3). Statistically,
there were no effects of session (p = 0.45), group (p = 0.61), or a group x session interaction
term (p = 0.35; Fig. 3).

Experiment 2

Deep brain stimulation delivered at 100 pA temporarily reduced EtOH consumption (Fig. 4)
with a 35% decrease on Day 2 and a 43% decrease on Day 3 (p < 0.002 for both days) but
no effect on Days 1, 4, and 5. Deep brain stimulation delivered at 200 pA consistently
reduced EtOH consumption, with a 35% decrease on Day 3, a 42% decrease on Day 4, a
53% decrease on Day 5, and a 59% decrease on Day 6 (p < 0.0018 for all days; Fig. 5).
There was no effect of DBS on water consumption (data not shown), and EtOH
consumption returned to baseline levels following the termination of DBS treatment (Figs. 4
and 5). After a 4-week implantation period, the DBS system displayed impedance within the
functional range, which confirms that the DBS system was still operational. Baseline EtOH
intake levels in both groups would have resulted in blood ethanol concentrations ranging
from 75-125 mg%, based on our previous work.

Discussion

The major findings of the current project are 1) bilateral pharmacological inactivation of the
AcbSh is effective at reducing operant EtOH self-administration; and 2) unilateral DBS of
the AcbSh is capable of reducing alcohol consumption in chronically drinking alcohol-
preferring (P) rats. These suppressive effects were selective for EtOH—there was no
alteration in water responding or intake—and indicate that the AcbSh is not nonspecifically
involved in the regulation of fluid intake or the performance of goal-directed activities. We
can infer from the data that the AcbSh could be a viable target for the neurosurgical
treatment of alcoholism.
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Pathophysiology of Addiction

The clinical characteristics of the P rat may reflect a dysregulation of the mesocorticolimbic
system, including the dopaminergic neurons in the ventral tegmental area, which project to
the nucleus accumbens, the frontal cortex, and the amygdala to facilitate reward.2>
Dysfunction of this pathway may also underlie addiction in humans.26:50 An increase in the
activity of the mesocorticolimbic system has been well documented in response to the acute
administration of multiple drugs of abuse, including alcohol.28 However, chronic drug or
alcohol use decreases functioning within this pathway,26:30:31.55 |eading to long-standing
deficits, particularly in dopamine transmission.3%

Chronic addiction is often a damaging, cyclical process composed of 3 repeated stages: 1)
binge/intoxication; 2) withdrawal/negative affect; and 3) preoccupation/anticipation (that is,
chronic craving and compulsive seeking).28 Each stage is characterized by the involvement
of key anatomical structures, and the AcbSh may play a role in all 3 phases. Preclinical
research has demonstrated enhanced dopaminergic transmission in the AbcSh with both the
administration of drugs39:3:56 and drug-related cues.? A genetic predisposition to
alcoholism in rodents is associated with a “hypersensitive” dopamine system within the
AchSh,”:8 possibly due to a reduction in its baseline dopaminergic innervation.>®
Additionally, pharmacological depletion of dopamine in the AcbSh is associated with
increased alcohol consumption in normal Sprague-Dawley rats.40

Taken together, these findings suggest that end-stage addiction is a disease of decreased
dopaminergic tone, which negatively affects the function of the AbcSh, similar to the effect
of Parkinson disease on the striatum. Deep brain stimulation in Parkinson disease may
partially normalize the deficient dopaminergic system through alterations in dopamine and
dopamine-related enzyme levels, which may be one biological basis for the effects of DBS
on parkinsonian symptoms.1® Deep brain stimulation also alters neurophysiological
interactions, including abnormal neuronal discharge and excessive synchrony, which occur
in and between critical cortical and subcortical sites in diseases due to dopamine
depletion.®57 A cautious but logical conclusion is that DBS mechanistically may also be
able to restore function to patients with severe, medically refractory alcoholism.

Preclinical Data on the Nucleus Accumbens Shell

While many neurotransmitters, receptors, and neuroanatomical regions have been implicated
in the mechanism of alcoholism, the AcbSh has repeatedly emerged as a key structure in the
acquisition,2% maintenance,>18 and relapse!® of high-alcohol drinking behavior. We
demonstrated here that both pharmacological silencing and DBS of the AcbSh were able to
decrease alcohol consumption in operant and free-access settings, respectively, in rats with
established alcoholism. This is in agreement with findings of other studies that have
examined the role of the AcbSh in addiction. Fuchs et al.11 demonstrated a significant
decrease in context-induced reinstatement of cocaine seeking in Sprague-Dawley rats that
received bilateral AcbSh injections of Bac-Mus. In an electrical equivalent, Vassoler and
coauthors® demonstrated that bilateral high-frequency DBS (160 Hz, 150 pA) of the AcbSh
blocked cocaine priming—induced reinstatement of drug seeking. This effect was not seen
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with DBS of the dorsal striatum and did not occur with the reinstatement of food seeking,
suggesting that the positive results were specific to the drug and the location in the AcbSh.

Regarding alcoholism, Hodge and colleagues?’ silenced the bilateral nucleus accumbens
(subterritory not specified) in Long-Evans rats with muscimol alone and found an
approximately 56% decrease in the operant self-administration of ethanol (10% v/v).
Similarly another group demonstrated that bilateral AcbSh muscimol injections dramatically
decreased consumption of ethanol (10% v/v) during a daily 1-hour limited-access session,
while conversely increasing sucrose solution intake—again confirming a drug-specific
effect.>! In 2 studies of the role of DBS in rodent alcohol consumption, researchers found a
reduction in EtOH consumption. In the first study, Long-Evans rats were daily given 30
minutes of limited access to oral ethanol (10% v/v) until stable drinking levels were
established. Bilateral DBS (160 Hz) of the AcbSh was then delivered 5 minutes before and
during the daily sessions and reduced EtOH intake by approximately 60% compared with
baseline levels.23 Findings of this study also defined 150 A as the minimum effective dose
for a DBS-induced treatment effect, which is in agreement with our results, which show that
100 pA variably and transiently reduces EtOH intake. In the second study, the researchers
examined bilateral high-frequency DBS (160 Hz, 200 pA) of the AcbSh in P rats.1® Deep
brain stimulation was effective at decreasing alcohol preference (alcohol consumed/total
fluid consumed) during 1-hour EtOH-drinking sessions conducted daily for 2 consecutive
days after chronic intake had been established. Notably, DBS also significantly reduced total
EtOH intake to approximately 50% of baseline levels during a 24-hour EtOH-drinking
session after a 4- to 6-week period of forced abstinence. The P rat typically demonstrates a
prominent alcohol deprivation effect, which is a temporary, marked increase in EtOH
consumption during reexposure after a period of abstinence.34 The alcohol deprivation effect
is observed in primates as well,*® and potentially reflects drug craving and likelihood of
relapse.3445 Attenuation of the alcohol deprivation effect in the P rat by DBS, shown in the
study by Henderson et al.,1° indicates that neuromodulation may be one approach to relapse
prevention. To our knowledge, the current report discusses the only study in which unilateral
DBS of the AcbSh on alcohol consumption in rodents has been examined. It is interesting to
note that we achieved roughly the same magnitude of treatment effect in our experiments—
not only with bilateral pharmacological silencing but with unilateral DBS as well—
suggesting that unilateral therapy may be sufficient to alter reward-related behavior.

Neuroadaptation to Reward

Neither pharmacological silencing nor DBS of the AcbSh resulted in an immediate decrease
in alcohol consumption. The delayed effect of both therapies indicates that lesioning or
stimulating the AcbSh does not simply impair gross motor function. Rather, these therapies
may reduce the reinforcing properties of EtOH by possibly devaluing the hedonic, or
positive, aspects of alcohol intoxication. Interestingly, in both experiments, a transient
increase in daily consumption directly preceded a significant delayed decrease in alcohol
intake over the following days. One possibility is that rats are increasing intake temporarily
in an attempt to recapture the reward of alcoholic intoxication, but then abruptly decrease
intake when the positive aspects fail to occur. Essentially the rats may be “learning” that
alcohol is no longer rewarding. In support of this idea, in the study by Hodge and
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colleagues,1” a detailed analysis of the session time line revealed that the muscimol injection
did not alter the onset of alcohol responding or the response rate (lever hits/minute) but did
result in premature termination of responding on the active lever compared with responses
by controls. This finding suggests that inactivation of the nucleus accumbens resulted in an
attenuated internal reward response to alcohol and, as such, these animals stopped
responding earlier than sham-injected rats.

Additionally, pharmacological inactivation of the AcbSh with GABA agonists had no effect
on the development, or acquisition, of alcohol-drinking behavior. One explanation for these
findings might be that widespread neuroadaptation must occur in response to chronic drug
use before an intervention can “normalize” functioning. This is the basis of the incentive
sensitization theory,*3 which states that a bias of attentional processing toward drug-
associated stimuli occurs in response to repeated drug use, culminating in a pathological
motivation for drugs, or a compulsive “wanting” for the wrong rewards (drugs) over time.
While indirectly our data support the idea that chronic drug use causes pathological changes
in brain circuitry that were not present initially, the clinical relevance of acquisition is
questionable, because surgical interventions for alcoholism would only be directed at long-
standing severe users. It is also important to note that the rats did not begin to increase lever-
pressing for alcohol exponentially until Week 3, after the microinjections were completed in
Week 2, possibly leading to a false negative result due to the inherent lack of sensitivity in
the operant paradigm at low levels of responding.

The lack of a simple “on-off” response to GABAergic inactivation of the AcbSh and to DBS
of the AcbSh in 2 different experimental paradigms is not surprising. Unlike
psychostimulants,26 the mechanisms underlying alcohol abuse are not well defined.
Alcoholism is not simply explained by changes in dopaminergic activity in the AcbSh.
Multiple studies in which 6-hydroxydopamine injections in the nucleus accumbens were
used to dramatically reduce local dopamine levels have failed to attenuate EtOH intake in
operant*2 and free-access paradigms.®-2% Addiction, including alcoholism, is characterized
by a network of specific regions that show progressive, detrimental neuroplasticity in
response to chronic drug abuse,28 and the AcbSh probably represents a complex intersection
of neural circuits that control the motivational, attentional, impulsive, and compulsive
aspects of alcohol abuse, thus predicting a multidimensional response to any regional
therapy.

Weaknesses of this study include the use of an animal model that does not fully reflect the
complexities of human alcoholism, the lack of measurement of blood alcohol
concentrations, and the use of a genetically selective organism that may not reflect the
mainstream population. As detailed previously, the alcohol-preferring (P) rat is the best
translational model of alcoholism currently available. Blood ethanol concentrations have
been previously measured in similar experiments in our lab3 and, due to practical
considerations, are not reproduced in every subsequent project. While the P rat may not
represent the mainstream population, we believe that it does represent the genetically
predisposed, family history—paositive sub-population of severe alcoholics who could be
candidates for surgical intervention.
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Conclusions

Admittedly, there is a substantial treatment gap between people with alcohol dependence
and currently available therapies.24 Nevertheless, this situation is not likely to improve,
regardless of public health measures, until more effective, longer-lasting therapies become
available, particularly for patients with the most refractory alcoholism. We have
demonstrated two points: 1) pharmacological inactivation of the bilateral AcbSh reduces
EtOH operant responding in the P rat after chronic EtOH use has been established; and 2)
unilateral DBS of the AcbSh is effective at reducing daily EtOH consumption in alcoholic
animals. The AcbSh is a neuroanatomical substrate for the reinforcing effects of alcohol and
may be a target for the neuromodulation of refractory alcoholism. Future work should focus
on the following: 1) translational experiments using multiple therapeutic modalities
including DBS, pharmacological manipulation, and optogenetic activation in animal models
of addiction; 2) the development of a rodent DBS apparatus that minimizes behavioral
artifacts; 3) the continuing investigation of the roles of the subthalamic nucleus, the medial
prefrontal cortex, and the core of the nucleus accumbens with regard to addiction; and 4) the
exploration of DBS treatment on combined nicotine and alcohol abuse, given the impact that
nicotine has on mortality in alcoholic persons.1?
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Line graph showing the average number of EtOH-lever presses per 1-hour session during
Week 2 (acquisition) over 7 days of microinjections. Each session represents 1 day of
testing. The data were collected while the animals were in the operant chambers directly
after microinjections during the first 7 days (Inj1-Inj7), and for 7 days after the last day of
microinjections (Post1-Post7). No difference between groups was indicated using ANOVA
on any day with regard to EtOH self-administration. There were 10 rats in the aCSF group
and 8 rats in the Bac-Mus group.
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Fig. 2.

Li?le graph depicting the average number of EtOH-lever presses per 1-hour session during
Week 9 (maintenance) over 5 days of microinjections. Each session represents 1 day of
testing. Significant effects (noted by asterisks) were identified by ANOVA on Day 4 (p <
0.004) and Day 5 (p < 0.019). There were 10 rats in the aCSF group and 8 rats in the Bac-
Mus group.
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Fig. 3.

Li?le graph showing the average number of water-lever presses per 1-hour session during
Week 9 (maintenance) over 5 days of microinjections. Each session represents 1 day of
testing. No difference between groups was indicated using ANOVA on any day with regard
to water self-administration. There were 10 rats in the aCSF group and 8 rats in the Bac-Mus

group.
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Line graph showing average EtOH intake per 1-hour session over 5 days of 100-pA DBS.
Data were collected each day during DBS delivery (Stim1-Stim5) and for 4 days after the
last day of DBS delivery (Post1-Post4). There was a 35% decrease on Day 2 and a 43%
decrease on Day 3 (both p < 0.002). The EtOH consumption returned to baseline levels
following termination of stimulation. Data obtained using 3 rats.
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