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Abstract

Background: Cocaine addiction is a major public health problem. Despite decades of intense
research, no effective treatments are available. Both preclinical and clinical studies of drug
addiction strongly suggest that the nucleus accumbens (NAcc) is a viable target for deep brain
stimulation (DBS).

Objective: Although previous studies have shown that DBS of the NAcc decreases cocaine
seeking and reinstatement, the effects of DBS on cocaine intake in cocaine-dependent animals
have not yet been investigated.

Methods: Rats were made cocaine-dependent by allowing them to self-administer cocaine in
long-access sessions (6 h, 0.5 mg/kg/infusion). The effects of high-frequency DBS of the NAcc
shell on cocaine intake was then studied. Furthermore, cocaine-induced locomotor activity,
irritability-like behavior during cocaine abstinence and the levels of the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor subunits 1 and 2 (GIuR1/GluAl and
GluR2/GluA2) after DBS were investigated.

Results: Contrary to our expectations, DBS of the NAcc shell induced a slight increase in both
cocaine self-administration and cocaine-induced locomotor activity. In addition, 18 h into
cocaine withdrawal, we found that DBS decreased irritability-like behavior. We also found that
DBS-induced a robust increase in both cytosolic and synaptosomal levels of GIuR1, but not
GluR2, specifically in the central nucleus of the amygdala but not in other brain regions.
Conclusions: These preclinical results with cocaine-dependent animals do not support high-
frequency DBS of the NAcc shell as a therapeutic approach for the treatment of cocaine
addiction in active cocaine users. However, the decrease in irritability-like behavior during

cocaine abstinence, together with previous findings showing that DBS of the NAcc shell reduces
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the reinstatement of cocaine seeking in abstinent animals, warrants future investigations of DBS

as a treatment for negative emotional states and craving during abstinence.

Keywor ds. High-frequency stimulation, cocaine addiction, neuromodulation, glutamate,

amygdala, withdrawal

Highlights:
e High-frequency DBS of the NAcc shell for the treatment of cocaine addiction is proposed
e DBS of the NAcc shell does not decrease cocaine intake in cocaine-dependent rats

e DBS increases the level of GIuR1 specifically in the central nucleus of the amygdala

I ntroduction

Cocaine use disorder is a global public health issue. In 2016 alone, the number of new
cocaine users in the United States increased to 1.1 million [1]. However, despite decades of
intense research, no effective treatments for cocaine addiction are available [2], highlighting the
critical need for effective alternative therapeutic strategies.
Based on its 30-year history of success for the treatment of movement disorders, deep brain
stimulation (DBS) may be a promising strategy for the treatment of severe substance use
disorder. To date, nine clinical studies have been published (with a total of only 25 participants)
that studied the effects of DBS of the nucleus accumbens (NAcc) for the treatment of substance
use disorder. These studies reported a reduction of craving or consumption of alcohol [3-5],
tobacco [6, 7], opioids [8-10], and cocaine [11]. However, given the low number of subjects in

these studies (including a single case study for cocaine) and the well known publication bias
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toward positive results [12-14], the results of these clinical studies need to be interpreted with
caution [15].

In addition to clinical investigations, several animal studies have demonstrated that DBS
of the NAcc decreases addiction-related behaviors [16]. For example, DBS of the NAcc has been
found to prevent morphine-induced conditioned place preference [17], reduce methamphetamine
seeking and intake [18], decrease alcohol drinking [19, 20], and decrease the reinstatement of
cocaine seeking [21, 22]. Although these studies are very promising, they did not directly test the
effects of DBS of the NAcc on excessive cocaine intake in dependent animals. This is a critical
step before considering translating the DBS approach to humans.

In the present study, we investigated the effects of DBS of the NAcc shell on the
escalation of cocaine self-administration, locomotor sensitization, and irritability-like behavior in
cocaine-dependent rats that were given extended access (6 h/day) to cocaine. We further
evaluated the effects of DBS of the NAcc on key brain regions (NAcc shell, NAcc core, dorsal
striatum, ventral prefrontal cortex [VPFC], dorsal PFC [dPFC], central nucleus of the amygdala
[CeA], insular cortex [insula], and ventral tegmental area [VTA]) using the levels of glutamate
receptors GIuR1 and GIuR2 as a proxy for glutamatergic transmission. The dynamic regulation
of GIuR1/GIuR2 during cocaine self-administration has been suggested to be a critical factor in

the transition to cocaine addiction [23-27].

Materialsand Methods
Animals
For the experimental design, see Fig. 1A. Briefly, male Sprague Dawley rats (Charles

River, Wilmington, MA, USA; n = 14) were first trained to self-administer cocaine for 1 h per
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day for 14 sessions. They then underwent daily 6-h sessions for 17 sessions. The effects of DBS
were tested after stabilization of the escalation of cocaine intake. The rats were housed two per
cage under a reverse 12 h/12 h light/dark cycle in a temperature (20-22°C)- and humidity (45-
55%)-controlled animal facility with ad libitumaccess to food and water. All of the procedures
were conducted in adherence to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of

The Scripps Research Institute.

Drugs

Cocaine HCI (National Institute on Drug Abuse, Bethesda, MD, USA) was dissolved in
0.9% saline (Hospira, Lake Forest, IL, USA) at a dose of 0.5 mg/kg/0.1 ml infusion and self-
administered intravenously. For the cocaine challenge experiment, cocaine was dissolved in

0.9% saline at a dose of 10 mg/kg and was injected intraperitoneally (i.p).

Electrode implantation

The animals were anesthetized and mounted on a stereotaxic apparatus (Kopf
Instruments, Tujunga, CA, USA). Bipolar stainless-steel electrodes (MS303/3, Plastics One,
Wallingford, CT, USA) were implanted in the NAcc shell using the following coordinates with
reference to bregma: 17° angle toward midline; anterior/posterior, +1.0 mm; medial/lateral, +3.0
mm; dorsal/ventral, -7.0 mm from dura. The coordinates were selected based on a previous study
[22] using the Paxinos and Watson rat brain atlas [28]. The electrodes were fastened to the skull

with dental acrylic with four stainless-steel screws. The electrode placement was verified from
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fresh-frozen sections. One rat was excluded because of misplaced electrodes, leaving n = 6 rats

in the Sham group and n =7 rats in the DBS group for the final behavioral analysis.

Intravenous catheterization

Once the animals recovered from electrode implantation, they were allowed 1 week to
recover from surgery. They were anesthetized, and intravenous catheters were aseptically
inserted in the right jugular vein using a modified version of a procedure that was described
previously [29, 30]. The catheters were flushed daily with heparinized saline (10 U/ml of heparin
sodium; American Pharmaceutical Partners, Schaumburg, IL, USA) in 0.9% bacteriostatic
sodium chloride that contained 20 mg/0.2 ml of the antibiotic Cefazolin (Hospira, Lake Forest,

IL, USA).

Operant training

Self-administration was performed in operant chambers (Med Associates, St. Albans, VT,
USA). Each chamber was equipped with two retractable levers. Cocaine was delivered through
an infusion pump that was activated by responses on the right (active) lever, resulting in the
delivery of cocaine (0.5 mg/kg/0.1 ml). Responses on the left (inactive) lever were recorded but
had no scheduled consequences. The rats were first trained to self-administer cocaine under a
fixed-ratio 1 (FR1) schedule of reinforcement in daily 1-h sessions until a stable baseline of
reinforcement was achieved (x 10% variation over the last three sessions). A 20-s timeout (TO)
period followed each cocaine infusion. After the acquisition period, the rats were subjected to

daily 6-h cocaine self-administration sessions to allow them to escalate their cocaine intake [31].
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Deep brain stimulation

The DBS and sham treatments were conducted in the operant self-administration
chambers. Before starting the experiments, the rats were habituated to being attached to the
stimulating cables at least five times. A swivel (Plastics One, Roanoke, VA, USA) facilitated the
cable connections between the head cap and stimulation system to allow free movement. A
digital stimulator (model DS8000, World Precision Instruments, (Sarasota, FL, USA) was
connected to a digital stimulus isolator (model DLS100, World Precision Instruments, Sarasota,
FL, USA).The DS8000 stimulator was set to 1.5 V, and the DLS100 stimulus isolator was set to
1 mA to produce 150 pA stimulation. Each stimulator was checked with an oscilloscope to
ensure correct stimulation amplitude and frequency. For DBS, we used bilateral, monophasic (60
us pulse width and 130 Hz frequency) stimulation with a constant current of 150 uA. These
parameters are consistent with previous studies in the field that used high-frequency stimulation
(HFS; [21, 32-34]. After a stable level of self-administration was achieved, the effects of DBS on
cocaine self-administration in cocaine-dependent rats was evaluated for 4 consecutive days, with
2 “ON” and 2 “OFF” sessions on alternate days. During the “ON” session in the DBS group, the
stimulation was turned on 30 min before the levers were extended for self-administration and
lasted 90 min during the self-administration session (total of 2 h). For the remaining 4.5 h of the
6-h self-administration session, the animals were connected to the stimulating cables but not
stimulated. The rats in the Sham group were connected to the stimulating cables during the “ON”
session but were not stimulated. During the “OFF” sessions, the rats were not connected to the
stimulating cables in either the DBS or Sham group. For the subsequent behavioral experiments
(irritability-like behavior and locomotor activity) and before euthanizing the rats to collect

brains, the DBS was “ON” for 60 min.
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Irritability-like behavior

All behavioral testing was conducted during the dark phase. To test irritability-like
behavior, we used the bottle-brush test, based on the experimental method that was designed for
mice [35, 36] and slightly modified by our laboratory [37]. Briefly, the animals were
randomized, and three observers scored the behaviors. Testing consisted of 10 trials with 10-s
intertrial intervals in plastic cages (27 cm x 48 cm x 20 cm). A bottle-brush was rotated rapidly
toward the rat’s whiskers. Both aggressive responses (smelling, biting, boxing, following, and
exploring the brush) and defensive responses (escaping, digging, jumping, climbing, defecation,
vocalization, and grooming) were recorded. The aggressive and defensive responses were chosen
based on the methods of Riittinen et al. (1986) and Lagerspetz and Portin (1968). Both
aggressive and defensive behaviors were summed to calculate the total irritability score.
Irritability-like behavior was assessed 18 h into withdrawal once the rats were made dependent
on cocaine, and the rats were subjected to DBS or sham treatment for 60 min immediately before

testing.

Locomotor activity after cocaine challenge

Seven days after the last cocaine self-administration session, the rats were challenged
with cocaine (10 mg/kg, i.p.), and locomotor activity was measured. The animals were first
allowed to habituate to the test chamber (43.2 cm x 43.2 cm x 30.5 cm, Med Associates, St.
Albans, VT, USA) for 30 min. The rats were then injected with cocaine, and locomotor activity

was monitored for 60 min under red light. Locomotor activity (in centimeters) was recorded
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using a video camera that was connected to the ANY-maze Video Tracking System 5.11 (Wood

Dale, IL, USA).

Tissue preparation

Twenty-four hours after the cocaine challenge, rats were subjected to either DBS or sham
treatment for 60 min immediately before they were euthanized. The brains were removed, frozen
on dry ice, and kept at -80°C until punched. The brains were blocked in the coronal plane and
sectioned at 500 um thickness using a cryostat. The NAcc shell and core, dorsal striatum, vPFC,
dPFC, CeA, insula, and VTA were punched based on a previously described technique [38] with

modifications. The punch sites for each region were determined based on the rat brain atlas [28].

Western blot

a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors exist both at
synapses and in internal stores and undergo trafficking [39-41]. Thus, in the present study, we
measured both synaptosomal and cytosolic levels of GIuR1 and GluR2. Brain samples were
processed using Syn-PER Synaptic Protein Extraction Reagent (ThermoFischer Scientific,
Waltham, MA, USA), which allows the separation of synaptosomal and cytosolic neuronal
fractions from the same samples. Protein concentration measurements were performed using the
Pierce Detergent Compatible Bradford Assay Kit (Thermo Scientific), and equal amounts of
sample were run on 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad Laboratories,
Hercules, CA, USA) and then transferred to Immobilon-FL polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). Following incubation with primary and

secondary antibodies and appropriate washes, protein bands of interest were visualized using a
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fluorescent detection system (Odyssey Classic, LI-COR Biotechnology, Lincoln, NE, USA). The
membranes were stripped and re-probed using Restore Fluorescent Western Blot Stripping
Buffer (Thermo Scientific, Waltham, MA, USA) between target and normalization antibody
incubations. Primary antibodies were used against the AMPA receptor subunits GIuR1/GluAl
(catalog no. ab109450, Abcam, Cambridge, MA, USA) and GIuR2/GIuA2 (catalog no. 13607,
Cell Signaling, Danvers, MA, USA, or catalog no. sc517265, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and the normalization controls synaptophysin (catalog no. 5461, Cell Signaling,
Danvers, MA, USA) and B-actin (catalog no. ab6276, Abcam, Cambridge, MA, USA). Protein
bands were quantified using Image Studio software (LI-COR). Synaptosomal fractions were
normalized to synaptophysin, and cytosolic fractions were normalized to B-actin. The data were

transformed to fold-change differences relative to the control (Sham) group.

Satistical analyses

The escalation of cocaine self-administration was analyzed using one-way repeated-
measures analysis of variance (ANOVA) or Student’s paired t-test (two-tailed). The effect of
DBS and sham treatments on the escalation of cocaine self-administration was analyzed using
either two-way repeated-measures ANOVA or Student’s paired t-test (two-tailed) using the
average intake in the two OFF/ON sessions. The effect of DBS on irritability-like behavior was
analyzed using unpaired t-test (two-tailed). Cocaine-induced locomotor activity was analyzed
using two-way repeated-measures ANOVA. Differences in protein levels of GIuR1 and GIuR2
were analyzed using two-way ANOVA followed by Bonferroni’s multiple-comparison post hoc

test. The Western blot data were analyzed using two-way ANOVA followed by Bonferroni’s

10
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multiple-comparison post hoc test. Values of p < 0.05 were considered statistically significant.

All of the analyses were performed using Prism 7 software (GraphPad, La Jolla, CA, USA).

Results
Escalation of cocaine self-administration

Our experimental design is illustrated in Fig. 1A. The electrode placements are shown in
Fig. 1B. The rats were trained to self-administer cocaine during daily 1-h sessions. After the
acquisition period (Fig. 2A), the rats were allowed to escalate their cocaine intake during daily 6-
h sessions (Fig. 2B). The one-way repeated-measures ANOVA (Fi6 192 = 6.597, p < 0.0001)
showed that the rats significantly increased their intake starting in session 9 (Fig. 2B;
Bonferroni’s post hoc comparison with baseline: p < 0.05 for sessions 9 and 10, p < 0.01 for
session 11, and p < 0.0001 for sessions 12-17). Fig. 2C shows the significant escalation of
cocaine intake during the first hour of the 6-h session (i.e., the loading phase) between session 1
and session 17 (t;, = 4.54, p = 0.0007). For the DBS studies, the animals were divided into two
groups, with no significant difference between the Sham and DBS groups in the average cocaine

intake during the last 5 sessions (t;1 = 0.2983, p = 0.7710, unpaired t-test; Fig. 2D).

Deep brain stimulation of the NAcc induces a modest increase in the escalation of cocaine self-
administration

The rats were habituated by being connected to the stimulating cables for at least five
sessions before being subjected to DBS treatment. After a stable level of self-administration was
achieved (£10% over the last three sessions), the effect of DBS was studied for 4 consecutive

days. The two-way repeated-measures ANOVA revealed a significant effect of treatment (F16=

11


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

9.722, p = 0.0206; Fig. 3A) but no effect of time (F1 6= 3.038, p = 0.1320) and no treatment x
time interaction (F1 6= 0.04698, p = 0.8356). When both sessions were averaged, DBS
significantly increased cocaine self-administration (ts= 3.118, p = 0.0206, paired t-test; Fig. 3B).
Additionally, in the DBS group, a significant effect of treatment (F16=41.11, p = 0.0007; Fig.
3C) was found during the entire 6-h self-administration session but no effect of time (Fy6=
1.726, p = 0.2369) and no treatment x time interaction (F16=1.903, p = 0.2170). When both
sessions where averaged for the entire 6-h session, we found that DBS significantly increased
cocaine self-administration (ts = 6.411, p = 0.0007, paired t-test; Fig. 3D). No significant effect
of treatment (F1 5= 0.8128, p = 0.4086) or time (F15=0.004311, p = 0.9502) was observed in the
Sham group during the first 90 min (Fig. 3E). Neither was there an effect of Sham-treatment
when both sessions were averaged (ts = 0.9015, p = 0.4086; Fig. 3F). No effect of treatment (F1 s
=0.1045, p=0.7596) or time (F1 5= 0.005524, p = 0.9436) was observed during the entire 6-h
self-administration session (Fig. 3G) or the average number of rewards during the 6-h session in

the Sham-group (ts = 0.3232, p = 0.7596; Fig. 3H).

Deep brain stimulation of the NAcc increases cocaine-induced locomotor activity

Rats that received DBS immediately before the locomotor activity test exhibited an
increase in behavioral sensitization to a intraperitoneal cocaine injection compared with the
Sham group, indicated by a significant interaction in the two-way repeated-measures ANOVA
(Fe66=2.645, p=0.0232; Fig. 4A). Bonferroni’s multiple-comparison post hoc test did not

reveal any significantly different time points between groups.

12
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Deep brain stimulation of the NAcc decreases irritability-like behavior during cocaine
withdrawal

Irritability-like behavior, a critical symptom of cocaine withdrawal in humans [42, 43],
was measured 18 h into withdrawal after the escalation of cocaine self-administration. The
correlation coefficient between blinded experimenters was high, ranging from R=0.8845 (p <
0.0001) to R=10.8963 (p < 0.0001). Deep brain stimulation that was applied immediately before
behavioral testing decreased irritability scores (t1; = 2.204, p = 0.0497, Student’s two-tailed

unpaired t-test; Fig. 4B).

Deep brain stimulation of the NAcc shell increases GluRL1 levelsin the CeA

Following 60 min of DBS or sham treatment, we measured the levels of the AMPA
receptor subunits GIuR1/GIluAl and GIuR2/GIuA2 in both synaptosomal and cytosolic fractions
of eight different brain regions: NAcc shell and core, dorsal striatum, vPFC, dPFC, CeA, insula,
and VTA. In the synaptosomal fractions, an increase in GIuR1 levels was found only in the CeA
(p = 0.033, Bonferroni’s post hoc test; Fig. 5A). No significant changes in GIuR2 were found in
the synaptosomal fractions (p > 0.4 for all analyzed regions, Bonferroni’s post hoc test; Fig. 5B).
In the cytosolic fractions, a significant increase in GIuR1 levels was found only in the CeA (p =
0.007, Bonferroni’s post hoc test; Fig. 5C). No significant changes in GIuR2 were found in the
cytosolic fractions, although a trend toward an increase in the CeA was observed in the DBS

group (p = 0.094, Bonferroni’s post hoc test; Fig. 5D).

Discussion

13
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Contrary to our hypothesis, the present study demonstrated that high-frequency DBS of
the NAcc shell did not decrease the escalated cocaine intake but instead actually produced a
slight increase in intake and in cocaine-induced locomotor activity in cocaine-dependent rats,
without affecting baseline exploratory activity during habituation. Interestingly, DBS decreased
rather than increased irritability-like behavior. Finally, DBS of the NAcc shell increased both
synaptosomal and cytosolic levels of GIuR1 specifically in the CeA, with no effect on GluR2.

Previous studies found that DBS of the NAcc shell but not the core attenuated the
reinstatement of cocaine intake in nondependent rats [21, 22]. However, DBS was later found to
also attenuate the reinstatement of sucrose seeking in rats, suggesting that the effect of DBS
generalizes to both drug and natural reinforcers, thus questioning its applicability in the treatment
of addiction [44]. Nonetheless, to our knowledge, only one previous study has investigated the
effect of DBS on cocaine self-administration itself, in which no effect of either low-frequency
(20 Hz) or high-frequency (160 Hz) stimulation on cocaine intake was observed in nondependent
rats during the 90 min self-administration session [45]. In addition, a recent study found that
optogenetic stimulation of the NAcc shell had no effect on the motivation to self-administer
cocaine and reduced cocaine-seeking behavior during extinction [46], which is consistent with
the findings of Vassoler and colleagues. Interestingly, however, the same study also found that
selective optogenetic stimulation of the NAcc shell-to-lateral hypothalamus pathway enhanced
the motivation to self-administer cocaine and increased context-induced cocaine-seeking
behavior. Therefore, the increase in cocaine self-administration that was observed in the present
study may be mediated by the stimulation of this y-aminobutyric acid (GABA)ergic projection
from the NAcc shell to the lateral hypothalamus that mediates motivated behaviors. Consistent

with the increase in cocaine self-administration, the present study also found that DBS of the
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NAcc shell sensitized the rats to the psychostimulant effect of cocaine. In contrast to our results,
high-frequency DBS of the NAcc shell transiently suppressed locomotor sensitization to cocaine
in mice [47]. This discrepancy may be explained by the fact that we used cocaine-dependent rats,
whereas Creed et al (2015) studied cocaine sensitization in mice that received only seven
injections of cocaine. We also found that DBS of the NAcc shell immediately before testing
decreased rather than increased irritability-like behavior during cocaine withdrawal. Together
with anxiety and dysphoria, irritability-like behavior is a key negative emotional state that
characterizes the withdrawal syndrome in humans [48]. Irritability-like behavior is also a critical
symptom of cocaine withdrawal in humans [42, 43]. Such a decrease in irritability-like behavior
may contribute to the lower motivation to seek cocaine that is observed in abstinent rats after
DBS [22]. Thus, DBS of the NAcc may have two opposite effects, depending on whether
cocaine is present or not. Deep brain stimulation of the NAcc shell may decrease craving [44]
and negative affective states (present study) during abstinence when cocaine is unavailable and
may increase the psychostimulant effect of cocaine and amount of cocaine that is self-
administered when cocaine is present (present study).

Glutamate signaling in the brain, especially in the PFC, NAcc, VTA, and amygdala, plays
an important role in molecular and behavioral plasticity that is associated with addictive drugs
[49]. Drugs of abuse, including morphine, cocaine, and alcohol, have been found to elevate
levels of the ionotropic AMPA-selective GIuR1 subunit in the VTA and NAcc [50-54].
Morphine self-administration has been found to increase GIuR1 receptor labeling in the
basolateral amygdala (BLA) but not CeA [55]. Furthermore, the dynamic regulation of AMPA
receptors during cocaine self-administration has been suggested to facilitate subsequent use [23].

Importantly, the incubation of cocaine craving was found to be caused by an increase in GluR1-

15
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containing/GluR2-lacking calcium-permeable AMPA receptors in the NAcc [24]. Additionally,
AMPA receptor blockade has been found to attenuate cocaine-seeking behavior [56-58], whereas
AMPA receptor agonism promotes cocaine reinstatement [25-27]. AMPA receptors exist both at
synapses and in internal stores and undergo trafficking [39-41]. Thus, in the present study, we
measured both synaptosomal and cytosolic levels of GIuR1 and GIuR2. Interestingly, we found
that DBS of the NAcc shell induced a robust increase in both synaptosomal and cytosolic levels
of GIuR1 in the CeA. Although the levels of cytosolic GIuR2 in the CeA showed a similar trend
as GIuR1, these changes were not significant after Bonferroni correction. The fact that DBS
increased GIuR1 levels in both the synaptosomal and cytosolic fractions suggests regulation at
the translational or even transcriptional level rather than at the trafficking level between cytosolic
and synaptic compartments. Interestingly, DBS of the PFC has also been found to increase
GluR1 levels, although these changes were seen in the NAcc core and shell [59], which may be
expected given the glutamatergic projections from the PFC to the NAcc. The present findings
with regard to glutamate receptors suggest that DBS stimulation of the NAcc can affect GIuR1
levels in the amygdala, possibly via antidromic stimulation. The BLA has glutamatergic afferents
to the NAcc, mainly to the core, that are considered key pathways for the expression of
motivated behavior that is driven by emotionally and motivationally relevant stimuli [60, 61].
Nonetheless, the exact role of higher GIUR1 levels in the CeA in the promotion of drug self-
administration remains to be investigated.

It is important to note that in this study rats underwent several stimulating sessions in the
course of the experiment. Therefore, it is possible that there is accumulating effects and/or

gradual adaptation to the effects of DBS. Importantly, however, DBD treatment in humans is
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also given repeatedly and thus, it is also relevant to study the effects of repeated DBS in a
preclinical model of cocaine addition.

Both preclinical and clinical studies that have validated the safety and efficacy of DBS as a
treatment for substance use disorder have to date focused on the NAcc as a therapeutic target.
This therapeutic strategy needs to be optimized, with a better understanding of the specific
mechanisms by which DBS of the NAcc modulates drug craving and possibly intake [15, 16].
Although the attenuation of cocaine-induced reinstatement by DBS of the NAcc shell has been
previously reported, the present study does not support the NAcc shell as a therapeutic target of
high-frequency DBS in the treatment of cocaine addiction. Patients with severe cocaine use
disorder have a high probability of lapses and relapses, and such lapses may be exacerbated by
DBS of the NAcc shell. Thus, investigating other parameters of stimulation (e.g., low-frequency
DBS that is refined by dopamine D1 receptor inhibition) would be worthwhile [47, 62].
Addittionally, the effects of DBS of the NAcc core should be further explored as well as other
target regions of DBS, such as the PFC, habenula, and subthalamic nucleus (STN)[63], for the
treatment of addiction [64, 65] may yield better results. Indeed, converging evidence suggests
that the STN may be a key target for DBS in the treatment of addiction [32, 66, 67].
Additionally, stimulation of the lateral habenula has been shown to decrease cocaine-seeking

behavior [68] and alcohol consumption [69].

Conclusons
In the present study we found that high-frequency DBS of the NAcc shell did not
decrease the escalation of cocaine intake but instead slightly increased cocaine intake and

cocaine-induced locomotion in cocaine-dependent rats accompanied with a robust increase in
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both synaptosomal and cytosolic levels of GIuR1 in the CeA. These preclinical findings do not
support the use of high-frequency DBS of the NAcc shell as a therapeutic approach to decrease
intake in cocaine dependent subjects and therefore questions its suitability for the treatment of
cocaine addiction. However, we confirmed a beneficial effect of DBS of the NAcc on irritability-
like behavior during abstinence, suggesting that DBS may still ease withdrawal and possibly

craving during abstinence.

Funding and Disclosure
This work was supported by National Institutes of Health grant U01 DA043799, the Pearson
Center for Alcoholism and Addiction Research, the Sigrid Juselius Foundation (JK), and the

Emil Aaltonen Foundation (JK). The authors declare no conflict of interest.

Acknowledgements

We thank Gustav Montenegro for proofreading the manuscript and Dr. Fair VVassoler for

technical advice.

References

[1] Lipari RN, Ahrnsbrak RD, Pemberton MR, Porter JD. Risk and Protective Factors and

Estimates of Substance Use Initiation: Results from the 2016 National Survey on Drug Use and

Health. CBHSQ Data Review, Rockville (MD); 2017, p. 1-32.

18


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[2] Pierce RC, Fant B, Swinford-Jackson SE, Heller EA, Berrettini WH, Wimmer ME.
Environmental, genetic and epigenetic contributions to cocaine addiction.
Neuropsychopharmacology 2018.

[3] Muller UJ, Sturm V, Voges J, Heinze HJ, Galazky I, Buntjen L, et al. Nucleus
Accumbens Deep Brain Stimulation for Alcohol Addiction - Safety and Clinical Long-term
Results of a Pilot Trial. Pharmacopsychiatry 2016;49(4):170-3.

[4] Voges J, Muller U, Bogerts B, Munte T, Heinze HJ. Deep brain stimulation surgery for
alcohol addiction. World Neurosurg 2013;80(3-4):S28 e1-31.

[5] Kuhn J, Grundler TO, Bauer R, Huff W, Fischer AG, Lenartz D, et al. Successful deep
brain stimulation of the nucleus accumbens in severe alcohol dependence is associated with
changed performance monitoring. Addict Biol 2011;16(4):620-3.

[6] Mantione M, Nieman D, Figee M, van den Munckhof P, Schuurman R, Denys D.
Cognitive effects of deep brain stimulation in patients with obsessive-compulsive disorder. J
Psychiatry Neurosci 2015;40(6):378-86.

[7] Kuhn J, Bauer R, Pohl S, Lenartz D, Huff W, Kim EH, et al. Observations on unaided
smoking cessation after deep brain stimulation of the nucleus accumbens. Eur Addict Res
2009;15(4):196-201.

[8] Kuhn J, Moller M, Treppmann JF, Bartsch C, Lenartz D, Gruendler TO, et al. Deep brain
stimulation of the nucleus accumbens and its usefulness in severe opioid addiction. Mol
Psychiatry 2014;19(2):145-6.

[9] Valencia-Alfonso CE, Luigjes J, Smolders R, Cohen MX, Levar N, Mazaheri A, et al.
Effective deep brain stimulation in heroin addiction: a case report with complementary

intracranial electroencephalogram. Biol Psychiatry 2012;71(8):e35-7.

19


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[10]  Zhou H, Xu J, Jiang J. Deep brain stimulation of nucleus accumbens on heroin-seeking
behaviors: a case report. Biol Psychiatry 2011;69(11):e41-2.

[11] Goncalves-Ferreira A, do Couto FS, Rainha Campos A, Lucas Neto LP, Goncalves-
Ferreira D, Teixeira J. Deep Brain Stimulation for Refractory Cocaine Dependence. Biol
Psychiatry 2016;79(11):e87-9.

[12] Easterbrook PJ, Berlin JA, Gopalan R, Matthews DR. Publication bias in clinical
research. Lancet 1991;337(8746):867-72.

[13] Joober R, Schmitz N, Annable L, Boksa P. Publication bias: what are the challenges and
can they be overcome? J Psychiatry Neurosci 2012;37(3):149-52.

[14] Dwan K, Altman DG, Arnaiz JA, Bloom J, Chan AW, Cronin E, et al. Systematic review
of the empirical evidence of study publication bias and outcome reporting bias. PLoS One
2008;3(8):e3081.

[15] Coles AS, Kozak K, George TP. A review of brain stimulation methods to treat substance
use disorders. Am J Addict 2018.

[16] Pierce RC, Vassoler FM. Deep brain stimulation for the treatment of addiction: basic and
clinical studies and potential mechanisms of action. Psychopharmacology (Berl)
2013;229(3):487-91.

[17] LiuHY,JinJ, Tang JS, Sun WX, Jia H, Yang XP, et al. Chronic deep brain stimulation
in the rat nucleus accumbens and its effect on morphine reinforcement. Addict Biol
2008;13(1):40-6.

[18] Batra V, Tran TL, Caputo J, Guerin GF, Goeders NE, Wilden J. Intermittent bilateral
deep brain stimulation of the nucleus accumbens shell reduces intravenous methamphetamine

intake and seeking in Wistar rats. J Neurosurg 2017;126(4):1339-50.

20


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[19] Henderson MB, Green Al, Bradford PS, Chau DT, Roberts DW, Leiter JC. Deep brain
stimulation of the nucleus accumbens reduces alcohol intake in alcohol-preferring rats.
Neurosurg Focus 2010;29(2):E12.

[20] Knapp CM, Tozier L, Pak A, Ciraulo DA, Kornetsky C. Deep brain stimulation of the
nucleus accumbens reduces ethanol consumption in rats. Pharmacol Biochem Behav
2009;92(3):474-9.

[21] Vassoler FM, Schmidt HD, Gerard ME, Famous KR, Ciraulo DA, Kornetsky C, et al.
Deep brain stimulation of the nucleus accumbens shell attenuates cocaine priming-induced
reinstatement of drug seeking in rats. J Neurosci 2008;28(35):8735-9.

[22] Vassoler FM, White SL, Hopkins TJ, Guercio LA, Espallergues J, Berton O, et al. Deep
brain stimulation of the nucleus accumbens shell attenuates cocaine reinstatement through local
and antidromic activation. J Neurosci 2013;33(36):14446-54.

[23] Choi KH, Edwards S, Graham DL, Larson EB, Whisler KN, Simmons D, et al.
Reinforcement-related regulation of AMPA glutamate receptor subunits in the ventral tegmental
area enhances motivation for cocaine. J Neurosci 2011;31(21):7927-37.

[24] Conrad KL, Tseng KY, Uejima JL, Reimers JM, Heng LJ, Shaham Y, et al. Formation of
accumbens GluR2-lacking AMPA receptors mediates incubation of cocaine craving. Nature
2008;454(7200):118-21.

[25] Backstrom P, Hyytia P. Involvement of AMPA/kainate, NMDA, and mGIlu5 receptors in
the nucleus accumbens core in cue-induced reinstatement of cocaine seeking in rats.

Psychopharmacology (Berl) 2007;192(4):571-80.

21


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[26] Ping A, Xi J, Prasad BM, Wang MH, Kruzich PJ. Contributions of nucleus accumbens
core and shell GIuR1 containing AMPA receptors in AMPA- and cocaine-primed reinstatement
of cocaine-seeking behavior. Brain Res 2008;1215:173-82.

[27] Cornish JL, Kalivas PW. Glutamate transmission in the nucleus accumbens mediates
relapse in cocaine addiction. J Neurosci 2000;20(15):RC89.

[28] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. San Diego: Elsevier
Academic 2007.

[29] Caine SB, Koob GF. Modulation of cocaine self-administration in the rat through D-3
dopamine receptors. Science 1993;260(5115):1814-6.

[30] de Guglielmo G, Matzeu A, Kononoff J, Mattioni J, Martin-Fardon R, George O.
Cebranopadol Blocks the Escalation of Cocaine Intake and Conditioned Reinstatement of
Cocaine Seeking in Rats. J Pharmacol Exp Ther 2017;362(3):378-84.

[31]] Ahmed SH, Koob GF. Transition from moderate to excessive drug intake: change in
hedonic set point. Science 1998;282(5387):298-300.

[32] Wade CL, Kallupi M, Hernandez DO, Breysse E, de Guglielmo G, Crawford E, et al.
High-Frequency Stimulation of the Subthalamic Nucleus Blocks Compulsive-Like Re-Escalation
of Heroin Taking in Rats. Neuropsychopharmacology 2017;42(9):1850-9.

[33] Schippers MC, Bruinsma B, Gaastra M, Mesman TI, Denys D, De Vries TJ, et al. Deep
Brain Stimulation of the Nucleus Accumbens Core Affects Trait Impulsivity in a Baseline-
Dependent Manner. Front Behav Neurosci 2017;11:52.

[34] Martinez-Rivera FJ, Rodriguez-Romaguera J, Lloret-Torres ME, Do Monte FH, Quirk
GJ, Barreto-Estrada JL. Bidirectional Modulation of Extinction of Drug Seeking by Deep Brain

Stimulation of the Ventral Striatum. Biol Psychiatry 2016;80(9):682-90.

22


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[35] Lagerspetz K, Portin R. Simulation of cues eliciting aggressive responses in mice at two
age levels. J Genet Psychol 1968;113(1st Half):53-63.

[36] Riittinen ML, Lindroos F, Kimanen A, Pieninkeroinen E, Pieninkeroinen 1, Sippola J, et
al. Impoverished rearing conditions increase stress-induced irritability in mice. Dev Psychobiol
1986;19(2):105-11.

[37] Kimbrough A, de Guglielmo G, Kononoff J, Kallupi M, Zorrilla EP, George O. CRF1
Receptor-Dependent Increases in Irritability-Like Behavior During Abstinence from Chronic
Intermittent Ethanol VVapor Exposure. Alcohol Clin Exp Res 2017.

[38] Palkovits M, Brownstein M. Maps and Guide to Microdissection of the Rat Brain.
Elsevier Science Publishing Co, Inc: 1988;New York.

[39] Nicoll RA, Tomita S, Bredt DS. Auxiliary subunits assist AMPA-type glutamate
receptors. Science 2006;311(5765):1253-6.

[40] Derkach VA, Oh MC, Guire ES, Soderling TR. Regulatory mechanisms of AMPA
receptors in synaptic plasticity. Nat Rev Neurosci 2007;8(2):101-13.

[41] Adesnik H, Nicoll RA, England PM. Photoinactivation of native AMPA receptors reveals
their real-time trafficking. Neuron 2005;48(6):977-85.

[42] Newton TF, Kalechstein AD, Tervo KE, Ling W. Irritability following abstinence from
cocaine predicts euphoric effects of cocaine administration. Addict Behav 2003;28(4):817-21.
[43] Walsh SL, Stoops WW, Moody DE, Lin SN, Bigelow GE. Repeated dosing with oral
cocaine in humans: assessment of direct effects, withdrawal, and pharmacokinetics. Exp Clin

Psychopharmacol 2009;17(4):205-16.

23


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[44] Guercio LA, Schmidt HD, Pierce RC. Deep brain stimulation of the nucleus accumbens
shell attenuates cue-induced reinstatement of both cocaine and sucrose seeking in rats. Behav
Brain Res 2015;281:125-30.

[45] Hamilton J, Lee J, Canales JJ. Chronic unilateral stimulation of the nucleus accumbens at
high or low frequencies attenuates relapse to cocaine seeking in an animal model. Brain Stimul
2015:8(1):57-63.

[46] Larson EB, Wissman AM, Loriaux AL, Kourrich S, Self DW. Optogenetic stimulation of
accumbens shell or shell projections to lateral hypothalamus produce differential effects on the
motivation for cocaine. J Neurosci 2015;35(8):3537-43.

[47] Creed M, Pascoli VJ, Luscher C. Addiction therapy. Refining deep brain stimulation to
emulate optogenetic treatment of synaptic pathology. Science 2015;347(6222):659-64.

[48] Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology
2010;35(1):217-38.

[49] Knackstedt LA, Kalivas PW. Glutamate and reinstatement. Curr Opin Pharmacol
2009;9(1):59-64.

[50]  Churchill L, Swanson CJ, Urbina M, Kalivas PW. Repeated cocaine alters glutamate
receptor subunit levels in the nucleus accumbens and ventral tegmental area of rats that develop
behavioral sensitization. J Neurochem 1999;72(6):2397-403.

[51] Ortiz J, Fitzgerald LW, Charlton M, Lane S, Trevisan L, Guitart X, et al. Biochemical
actions of chronic ethanol exposure in the mesolimbic dopamine system. Synapse

1995;21(4):289-98.

24


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[52] Fitzgerald LW, Ortiz J, Hamedani AG, Nestler EJ. Drugs of abuse and stress increase the
expression of GIuR1 and NMDARL1 glutamate receptor subunits in the rat ventral tegmental area:
common adaptations among cross-sensitizing agents. J Neurosci 1996;16(1):274-82.

[53] Carlezon WA, Jr., Nestler EJ. Elevated levels of GIuR1 in the midbrain: a trigger for
sensitization to drugs of abuse? Trends Neurosci 2002;25(12):610-5.

[54] Boudreau AC, Wolf ME. Behavioral sensitization to cocaine is associated with increased
AMPA receptor surface expression in the nucleus accumbens. J Neurosci 2005;25(40):9144-51.
[55] Glass MJ, Kruzich PJ, Colago EE, Kreek MJ, Pickel VM. Increased AMPA GIluR1
receptor subunit labeling on the plasma membrane of dendrites in the basolateral amygdala of
rats self-administering morphine. Synapse 2005;58(1):1-12.

[56] Cornish JL, Duffy P, Kalivas PW. A role for nucleus accumbens glutamate transmission
in the relapse to cocaine-seeking behavior. Neuroscience 1999;93(4):1359-67.

[57] Di Ciano P, Everitt BJ. Dissociable effects of antagonism of NMDA and AMPA/KA
receptors in the nucleus accumbens core and shell on cocaine-seeking behavior.
Neuropsychopharmacology 2001;25(3):341-60.

[58] Backstrom P, Hyytia P. lonotropic and metabotropic glutamate receptor antagonism
attenuates cue-induced cocaine seeking. Neuropsychopharmacology 2006;31(4):778-86.

[59] Levy D, Shabat-Simon M, Shalev U, Barnea-Ygael N, Cooper A, Zangen A. Repeated
electrical stimulation of reward-related brain regions affects cocaine but not "natural
reinforcement. J Neurosci 2007;27(51):14179-89.

[60] Everitt BJ, Cador M, Robbins TW. Interactions between the amygdala and ventral
striatum in stimulus-reward associations: studies using a second-order schedule of sexual

reinforcement. Neuroscience 1989;30(1):63-75.

25


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[61] Cador M, Raobbins TW, Everitt BJ. Involvement of the amygdala in stimulus-reward
associations: interaction with the ventral striatum. Neuroscience 1989;30(1):77-86.

[62] Benabid AL. Neuroscience: spotlight on deep-brain stimulation. Nature
2015;519(7543):299-300.

[63] Pelloux Y, Degoulet M, Tiran-Cappello A, Cohen C, Lardeux S, George O, et al.
Subthalamic nucleus high frequency stimulation prevents and reverses escalated cocaine use.
Mol Psychiatry 2018.

[64] Alba-Ferrara LM, Fernandez F, de Erausquin GA. The Use of Neuromodulation in the
Treatment of Cocaine Dependence. Addict Disord Their Treat 2014;13(1):1-7.

[65] Luigjes J, van den Brink W, Feenstra M, van den Munckhof P, Schuurman PR, Schippers
R, et al. Deep brain stimulation in addiction: a review of potential brain targets. Mol Psychiatry
2012;17(6):572-83.

[66] Baunez C, Dias C, Cador M, Amalric M. The subthalamic nucleus exerts opposite control
on cocaine and 'natural’ rewards. Nat Neurosci 2005;8(4):484-9.

[67] Rouaud T, Lardeux S, Panayotis N, Paleressompoulle D, Cador M, Baunez C. Reducing
the desire for cocaine with subthalamic nucleus deep brain stimulation. Proc Natl Acad Sci U S
A 2010;107(3):1196-200.

[68] Friedman A, Lax E, Dikshtein Y, Abraham L, Flaumenhaft Y, Sudai E, et al. Electrical
stimulation of the lateral habenula produces enduring inhibitory effect on cocaine seeking
behavior. Neuropharmacology 2010;59(6):452-9.

[69] LiJ, ZuoW, FuR, Xie G, Kaur A, Bekker A, et al. High Frequency Electrical
Stimulation of Lateral Habenula Reduces Voluntary Ethanol Consumption in Rats. Int J

Neuropsychopharmacol 2016.

26


https://doi.org/10.1101/438507

bioRxiv preprint doi: https://doi.org/10.1101/438507; this version posted October 8, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure Legends
Figure 1. Experimental design and electrode placements. (A) Timeline of the experiment. (B)
Schematic illustration of electrode placements in the NAcc shell (black dots) and a representative

image of the placement. The gray dots represent misplaced electrodes.

Figure 2. Training and escalation of cocaine self-administration. (A) Rats were first trained
to self-administer cocaine (0.5 mg/kg/infusion) during 1-h sessions (n = 13). (B) The escalation
of cocaine self-administration after seventeen 6-h sessions. *p < 0.05, **p < 0.01, ****p <
0.0001, significantly different from day 1. (C) The first hour (i.e., the loading phase) of the 6-h
self-administration session demonstrated significant escalation of cocaine intake during 17
sessions compared with day 1. ***p < 0.001. (D) The rats were divided into sham and DBS
groups according to equal baseline intake during the 6 h-session for the subsequent studies. n =

6-7. Note that the rats were not stimulated for the group assignment.

Figure 3. Deep brain stimulation of the NAcc shell increases cocaine self-administration.
(A) Deep brain stimulation started 30 min before the self-administration session and remained on
for a total of 2 h. An increase in cocaine intake during the first 90 min of the session was
observed only in the first session of DBS (ON1). *p < 0.05. (B) Deep brain stimulation increased
average cocaine intake (i.e., the average of both ON1 and ON2) during the first 90 min when
DBS was on. *p < 0.05. (C) Deep brain stimulation increased cocaine intake during the entire 6-
h session only in the first session of DBS. *p < 0.05. (D) Deep brain stimulation increased
average cocaine intake (i.e., the average of ON1 and ONZ2) during the entire 6-h session. ***p <

0.001. (E) Sham treatment had no effect on cocaine intake during the first 90 min of the 6-h
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session. (F) Sham treatment had no effect on average cocaine intake (i.e., the average of both
ON1 and ONZ2) during the first 90 min of the self-administration session. (G) Sham treatment
had no effect on cocaine intake during the entire 6-h session. (H) Sham treatment had no effect
on average cocaine intake (i.e., the average of ON1 and ON2) during the entire 6-h session. n =

6-7.

Figure 4. Deep brain stimulation of the NAcc shell increases the psychostimulant effect of
cocaine but decreasesirritability-like behavior. (A) Rats were exposed to DBS or sham
treatment immediately before placing them in the open field. After 30 min of habituation, the rats
were challenged with an acute injection of cocaine (10 mg/kg, i.p.). The DBS group exhibited an
increase in cocaine-induced locomotor activity. *p < 0.05. n= 6-7. (B) Irritability-like behavior
during cocaine withdrawal was decreased by DBS immediately before testing. *p < 0.05. n = 6-

7.

Figure5. Deep brain stimulation increases GIURL/GIuA1l levelsin the central nucleus of the
amygdala (CeA) in both synaptosomal and cytosolic fractions. (A) In the synaptosomal
fractions of eight brain regions, DBS increased the levels of GIuR1 in the CeA (p = 0.033,
Bonferroni post hoc test). (B) No changes in GIuR2/GluA2 were observed in any of the studied
brain regions. (C) In the cytosolic fractions, DBS increased the levels of GIUR1 in the CeA (p =
0.007, Bonferroni post hoc test). (D) No significant changes in GIuUR2 were observed, although a
trend was found in the CeA (p = 0.094, Bonferroni post hoc test). NAcc, nucleus accumbens;
DSTR, dorsal striatum; vPFC, ventral prefrontal cortex; dPFC, dorsal prefrontal cortex; CeA,

central nucleus of the amygdala; INS, insular cortex; VTA, ventral tegmental area. The data are
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expressed as mean + SEM. Representative Western blots are shown below the figures. The
approximate molecular weights of the observed band sizes were ~100 kDa for GIuR1 and
GluR2, ~38 kDa for synaptophysin (Syn), and ~42 kDa for (3-actin (Actin). n = 5-7/group. *p <

0.05, **p < 0.01.
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