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ABSTRACT

The role of the prelimbic cortex-nucleus accumbens core circuit
in the expression of cocaine sensitization

and decision-making toward risk choice in a rat gambling task

Min Jeong Ku

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jeong-Hoon Kim)

Drug and behavioral addictions share clinical features, such as a craving and
impulsive decision-making, and are highly comorbid. Common neural
substrates may underlie their common characteristics and co-occurrence. The
frontostriatal circuitry has been considered as the primary substrate mediating
cravings and impaired decision-making. Animal models of addiction enable
studying the role of a more specific circuit by allowing genetic or neuronal
modulation. In this study, behavioral sensitization and the rat gambling task
were used as representative animal models of drug and gambling addictions.

Behavioral sensitization has been used to investigate the neural mechanism



underlying drug craving and can be strongly induced by psychomotor
stimulants such as cocaine and amphetamine. The rat gambling task (rGT), a
rat version of the lowa gambling task, enables assessing rats’ impulsive
decision-making and exploring underlying neural mechanisms. Although it has
been reported that some brain regions including the prelimbic cortex (PL) and
the nucleus accumbens core (NAc core) are implicated in both cocaine craving
and impulsive decision-making, the role of the neural circuit between the
PL-NACc core remains unclear. Therefore, this study was designed to examine
whether the PL-NAc core contributed to the modulation of cocaine-induced
behavioral sensitization and impulsive decision-making in the rGT. Wireless
optogenetics was adopted to selectively manipulate the specific neural circuit
and minimize restriction of animals’ movements. In the cocaine sensitization
experiment, optogenetic stimulation of the PL-NAc core significantly inhibited
cocaine-induced locomotor sensitization on day 7 compared to day 1. This
effect was accompanied by attenuation of the increase in c-Fos expression and
mushroom spine density in the NAc core. These results indicate that altered
PL-NACc core activity could contribute to weakening cocaine craving through
altering mushroom spine density. In the rGT experiment, optogenetic
stimulation of the PL-NAc core immediately prior to decision-making
differentially influenced impulsive choice according to risk preference. The
risk-averse rats showed increased impulsive choices with optogenetic
stimulation, which resulted from the decreased P2 and increased P3 choices.
However, the risk-seeking rats did not change their choice preference with the
same optogenetic stimulation, but they showed increased reward collection

latency and food-tray entries. These results imply that the PL-NAc core activity

vi



prior to decision-making may differ according to the risk preference, and the
different neural activities may differentially contribute to impulsive
decision-making or motivation for gambling behavior. Taken together, the
findings of this study suggest that the PL-NAc core circuit may contribute to
the modulation of cocaine craving and differentially mediate impulsive

decision-making or motivation for gambling according to the risk preference.

Key words : prelimbic cortex, nucleus accumebens core, cocaine sensitization,

rat gambling task, wireless optogenetics

vii



The role of the prelimbic cortex-nucleus accumbens core circuit
in the expression of cocaine sensitization

and decision-making toward risk choice in a rat gambling task

Min Jeong Ku

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jeong-Hoon Kim)

I. INTRODUCTION

Drug addiction is a neuropsychiatric disorder characterized by intense drug
craving, loss of control in limiting drug intake, and compulsive use of drugs despite
negative consequences.'? Behavioral addictions such as gambling and internet gaming
disorders share core clinical features with drug addictions, which include cravings and
impaired decision-making.®# In addition, behavioral addictions are highly comorbid
with drug addiction, and this comorbidity is often accompanied with increased

severities of addiction and psychopathological symptoms.>®

These overlapped clinical features and co-occurrence may be caused by common
neural substrates mediating drug and behavioral addictions. Central to drug addiction
is the brain reward pathway, in which addictive drugs can cause structural,
physiological, and functional changes. The brain reward pathway is an interconnected

neural circuitry that comprises the prefrontal cortex (PFC), dorsal and ventral striatum,



ventral tegmental area, and amygdala.®® Among them, the nucleus accumbens (NAc),
a major component of the ventral striatum, plays an essential role in reward processing,
craving, aversion, and reinforcement learning by integrating signals from the limbic
and cortical areas.'''> The NAc receives glutamatergic inputs from the PFC,
amygdala, and hippocampus.* Among these regions, the PFC plays a central role in
reward anticipation, control of craving and inhibition, and decision-making.*
Dysfunction of the frontostriatal circuitry including the PFC-NAc may contribute to
the development of cravings and impaired decision-making in patients with drug
addiction.'**® For example, the frontostriatal activities were found to correlate with the
self-report craving level in cocaine-dependent individuals.’®'” In addition,
methamphetamine users showed stronger activation in the ventral striatum but weaker

activation in the right dorsolateral PFC during a risky decision-making task.

Recently, a growing number of functional neuroimaging studies have reported
that the frontostriatal circuitry is also implicated in behavioral addiction.®?° For
example, abnormal functional connectivity in the frontostriatal circuitry is associated
with the magnitude of cravings in gambling and internet gaming disorders as well as
substance use disorders including cocaine, alcohol, and nicotine addictions.?*? In
addition, altered frontostriatal activities are involved in impaired decision-making,
which involves making a choice that brings an immediate reward effect of the drug
even at the risk of incurring future negative outcomes.?”?® Patients with gambling,
internet gaming, or substance use disorders demonstrate a preference for immediate
rewards, which is an impulsive choice, and show the altered frontostriatal activities

during the decision-making process compared with healthy controls,8.2%-34

Although numerous clinical studies have revealed that the frontostriatal circuitry
is commonly involved in the cravings and impaired decision-making in drug and
behavioral addictions, the role of a more specific pathway within the frontostriatal

circuitry requires further investigation to improve treatment strategies for comorbid



drug and behavioral addictions. In this sense, animal models of addiction can play an
essential role in translational studies by allowing genetic or neuronal modulation while

controlling for environmental factors.®

One of the widely used animal models of drug addiction is behavioral
sensitization, which is used to investigate the neural mechanisms underlying the
intensification of drug cravings observed in human addicts. Behavioral sensitization
refers to the progressive augmentation of behavioral responses by repeated drug
administration, and it is strongly induced by psychomotor stimulants, such as cocaine
and amphetamine. This effect persists even after long periods of drug-free
withdrawal 23" Behavioral sensitization involves structural and functional alterations
in the medial PFC (mPFC) and the NAc.2®%* Administration of cocaine or
amphetamine activates neurons in the mPFC and NAc, which can be measured by
increased mRNA or protein expression of the immediate early genes, such as
c-Fos.*42 Further, both cocaine and amphetamine induce robust increases in the
dendritic spine density in the NAc, and the increased spine density is maintained after

drug withdrawal periods, suggesting its role in the incubation of drug craving.**4

In rodents, the mPFC is subdivided into the prelimbic (PL) and infralimbic (IL)
cortices, with the PL neurons primarily projecting to the NAc core and the IL neurons
to the NAc shell.**#” The distinct roles of those two subdivisions of the mPFC or the
mPFC-NACc circuit in behavioral sensitization have been reported. For example, the
excitability of the PL neurons was significantly increased, whereas that of the IL
neurons was reduced during the extinction after cocaine self-administration.*®
Increased c-Fos expression in the PL neurons specifically innervating the NAc core
was proportional to cocaine-seeking behavior, but this was not the case in the IL
innervating the NAc shell.** Chemogenetic inhibition of the PL-NAc core circuit
suppressed cue-induced cocaine relapse, whereas chemogenetic activation of the

IL-NAc shell circuit reduced it.°%°* These findings suggest the importance of



circuit-specific studies in addiction-related behaviors.

The rat gambling task (rGT) is a distinct and unique animal model of gambling
disorder, which allows us to investigate the neural mechanisms underlying
gambling-related decision-making.>** The rGT was developed based on fundamental
principles of the lowa gambling task (IGT), which is widely adopted to assess human
decision-making in the study of gambling behavior.>%¢ With the IGT, participants play
a gambling game and make a series of card choices from four decks, where each
choice can lead to winning or losing varying amounts of hypothetical money. Two
decks yield immediate large rewards but long-term losses because of the increased
chance of penalties; thus, these are risky options and indicative of an impulsive choice.
The other two decks yield immediate small rewards but long-term gains because of the
low chance of penalties; thus, these are advantageous.>”*® While healthy participants
develop a preference for the advantageous decks, patients with prefrontal damage,
drug addiction, gambling or internet gaming disorders, show a preference for the

disadvantageous options.?%%%62

Like the IGT, the rGT assigns four options with different reward amounts,
punishment time, and reward/punishment probabilities, which enables assessment of
rats’ impulsive choices. Similar to the human studies with the IGT, addictive drugs can
alter rats’ impulsive choices in rGT. For example, rats repeatedly exposed to cocaine
showed increased preferences for impulsive choices.®® Furthermore, it has been
shown that the neuronal activities in the PL and NAc core were positively correlated
with impulsive choices.®*® Conversely, impulsive choices were increased by
excitotoxic lesions of the NAc core or pharmacological inactivation of the PL.%%¢
Since such conflicting results could be due to nonspecific manipulations or detection

of neuronal activities, a more precisely controlled study is required.

Optogenetics allows cell-type or pathway-specific manipulation of brain circuitry

using cell-type-specific promoters or a recombinase-dependent virus or via



illumination of axonal projections. Moreover, this technique enables manipulation of
the neural activity at millisecond timescales. Thus, optogenetics is well-suited to study
neural mechanisms underlying complex cognitive process including cravings and
decision-making.%® A few studies have shown that optogenetic manipulation of the
mMPFC-NAc circuit or the NAc region could regulate drug craving and risky
decision-making. For example, it has been reported that cocaine-induced behavioral
sensitization was abolished by optogenetic stimulation of the IL-NAc shell circuit, and
risky choice could be regulated by optogenetic stimulation of the NAc neurons.®
However, it has not been studied yet, to my knowledge, how the optogenetic
manipulation of PL-NAc core regulates behavioral sensitization and impulsive

decision-making.

To address these issues, the present study is aimed at investigating the roles of the
PL-NAc core circuit in animal models of drug and behavioral addictions. Behavioral
sensitization and the rGT were used as representative animal models of psycho-
stimulant use or gambling disorders, and these animal models could assess drug
craving and impulsive choice, respectively. Optogenetic techniques were used to
selectively manipulate the PL-NAc core circuit during behavioral experiments. In
particular, recently developed wireless techniques combined with optogenetics were
adopted to minimize human intervention and restriction of animals’ movement during
behavioral experiments.’>"> Based on previous findings, | hypothesized that
optogenetic manipulation of the PL-NAc core would influence the expression of
cocaine-induced locomotor sensitization by modulating the neuronal activity and the
dendritic spine density in the NAc core, and further it may alter impulsive

decision-making in the rGT.



Il. MATERIALS AND METHODS
1. Animals

Male Sprague-Dawley rats (9 weeks old for the cocaine sensitization, 3 weeks old
for the rGT) were obtained from Orient Bio Inc. (Seongnam-si, Korea). They were
housed as two per cage in a 12-h light/dark cycle room (lights out at 8:00 pm) and all

experiments were conducted during the daytime.

The rats for sensitization had access to food and water ad libitum, whereas the rats
for rGT received restricted diet that lowered their body weight to 85 % of normal
levels to increase their motivation to the rGT. The restricted diet started 2 days before
the pre-training experiments and were maintained until the end of experimentation. All
experiments were started a week after arrival to allow habituation to a new colony
environment. All animal use procedures were conducted according to an approved
Institutional Animal Care and Use Committee protocol of Yonsei University College

of Medicine.

2. Drugs

Cocaine hydrochloride was purchased from Belgopia (Louvain-La-Neuve,

Belgium). It was dissolved in sterile 0.9% saline to a final concentration of 15 mg/ml.

3. Stereotaxic surgery

Rats were anesthetized with intraperitoneal (IP) ketamine (100 mg/kg) and xylazine
(6 mg/kg), placed on a stereotaxic instrument with the incisor bar at 5.0 mm above the
interaural line. After skull surface were exposed, a pair of bilateral infusion cannulas
(28 gauge; Plastics One, Roanoke, VA) connected to 1 pl syringes (Hamilton, Reno,
NV) via PE-20 tubing was angled at 10° to the vertical and aimed at the NAc core



(A/P,+3.2; L, +2.8; D/V, —7.1 mm from the bregma and skull),”® delivering retrograde
AAV expressing Cre recombinase (AAVrg-hSyn-Cre, viral titer 7 x 10% vg/ml)
(Addgene, Watertown, MA,; the Addgene plasmid #105553 used to prepare this virus
was a gift from Dr. James M. Wilson) and at the PL (A/P +3.2, L £1.3, D/V —4.1 mm
from the bregma and skull),>* delivering Cre-dependent AAV expressing ChR2-EYFP
or EYFP alone (AAV5-EF1a-DIO-hCHR2-(H134R)-EYFP or AAV5-EF1a-DIO-
EYFP, viral titer 1 x 108 vg/ml) (Addgene, Watertown, MA; the Addgene plasmids
#20298 and #27056 used to prepare these viruses were gifts from Dr. Karl Deisseroth).
Then, the syringes were placed on an infusion pump (KD Scientific, Holliston, MA)
and the 0.5 pl of AAV was infused at a rate of 0.1 pl/min for 5 min with an additional

5 min allowed for its diffusion.

For implantation of the opto-device, the incisor bar was lowered to 0.0 mm. The
bilateral microscale inorganic light-emitting diodes (u-ILED) probes were vertically
inserted aiming at the far posterior site of the NAc right below the bregma (A/P +0.5,
L £2.0, D/V —7.5 mm from the bregma and skull),*! and the device was secured with
dental acrylic cement anchored to stainless steel screws fixed to the skull. The rats
were returned to their home cages for 2~3 weeks of recovery and viral expression

period.

4, Cocaine-induced locomotor sensitization
A. Apparatus

Locomotor activity was measured with a bank of nine activity boxes (35 x 25 x
40 cm®) (IWOO Scientific Corporation, Seoul, Korea) made of translucent Plexiglas.
Each box was individually housed in a polyvinyl chloride plastic sound-attenuating
cubicle. The floor of each box consisted of 21 stainless steel rods (5 mm diameter)

spaced 1.2 cm apart center-to-center. Two infrared light photobeams (Med Associates,



St. Albans, VT), positioned 4.5 cm above the floor and spaced evenly along the
longitudinal axis of the box, estimated locomotor activity. Locomotor activity was
counted only when two beams were consecutively interrupted. In this way, any
confounding measures like grooming in a spot covering just a single beam was

avoided from the counts.

B. Basal locomotor activity with optical stimulation

Three weeks after the surgery, on day 0, the rats were randomly assigned to two
groups: 40 Hz optical stimulation and no stimulation, to assess the effect of optical
stimulation on the basal locomotor activity. In a sub-group of optical stimulation, a
wireless module with a rechargeable battery was connected into the opto-device
mounted on the rat skull and a protective cap was placed to cover the module. The set
of the opto-device, the module, and the battery was paired with a smartphone through
Bluetooth and operated using a customized smartphone app. Optical stimulation was
delivered as repeated blue lights (470 nm) for 5 min (40 Hz, 30 s on/off) with an
interval of a light-free period for 10 min throughout the 60 min locomotor activity
measurement. The number of rats used in the experiment were as follows: no

stimulation (22), 40 Hz optical stimulation (23).

C. Cocaine sensitization with optical stimulation

On the next day, the rats were re-assigned to three groups evenly from two
groups on day 0: saline, cocaine only, and cocaine with optical stimulation. They were
administered with saline or cocaine (15 mg/kg, i.p.) once per day for 7 consecutive
days, and their locomotor activities were measured on days 1 and 7. No activities were
measured during home-cage injections for the rest of days. The rats were first

habituated to the activity boxes for 30 min, and their locomotor activities were



measured for 60 min immediately following saline or cocaine injections. This
procedure is well known to produce enduring sensitization of the locomotor response
to cocaine.”™ While measuring locomotor activities on days 1 and 7, only a
sub-group of cocaine with optical stimulation received repeated blue lights as
described above. The number of rats used in the experiment were as follows: saline

(15), cocaine only (14), and cocaine with optical stimulation (16).

5. The rat gambling task (rGT)
A. Apparatus for the rGT

The rGT was conducted in a set of eight identical touchscreen-based automated
operant chambers housed in dense sound- and light-attenuating boxes (68.6 cm high x
60.7 cm long x 53.5 cm wide) (Campden Instruments Ltd., Leics, UK). Each chamber
is equipped with a house light (light-emitting diode), touch-sensitive liquid crystal
display monitor (touchscreen; 15.0 inch, screen resolution 1,024x768), pellet
dispenser, and food magazine unit (with light and infrared beam to detect entries)
facing the touchscreen. Whisker Standard Software (Campden Instruments, Ltd., Leics,
UK) was used as the controlling software, and two computers were used to control the

four chambers each.

B. Pre-training

Rats were trained once daily in a 30 min session, 5 days per week. Sucrose
pellets (45 mg) (Bio-Serve, Flemington, NJ, USA) were used as a reward. In stage 1,
the rats were first habituated to the touchscreen chamber for one session. In stages 2
and 3, which lasted over 4 to 5 daily sessions, rats were trained to learn the
relationship between the light stimulus on the screen and the reward pellet, and to

touch the screen to receive a pellet as a reward. In this stage, the inter trial interval



(IT) of the 5 sec rule was first applied such that rats have to wait for 5 sec after
pushing their noses into the food magazine to start a new trial. In stage 4, which lasted
over 13 to 15 daily sessions, the rats serially learned to touch one of the four windows
which are randomly lit, within different stimulus durations (starting from 40 sec, then
serially reduced to 20, and finally, 10 sec), to receive one pellet. Sessions were
completed within 100 trials or 30 min, whichever comes first. In this stage, the rats
learn for the first time that they are punished with a time-out (i.e., the white
house-light is lit for 5 sec) if they touch the screen without waiting during ITI
(premature response) or if they do not touch the screen within the stimulus duration
(omission). They were also punished if they touched other windows which are not lit
(incorrect). When the accuracy was greater than 80% and omissions was lower than

20%, the rats were considered to have acquired the task successfully.

C. Gambling task

Essentially, during rat gambling task, rats were confronted with four choices
differing in their probability and magnitude of reward (food) and punishment
(time-out), and they had to learn an optimal strategy to determine the choice that
provided the most reward per session. In stage 5 (rGT forced choice), which lasted
over 7 daily sessions, rats learned for the first time the relationship between each
window and the reward/punishment ratio assigned to that window. Touch on the first
window (P1) produced 1 pellet (90%) or 5 sec time-out (10%); the second window
(P2), 2 pellets (80%) or 10 sec time-out (20%); the third window (P3), 3 pellets (50%)
or 30 sec time-out (50%); and the fourth window (P4), 4 pellets (40%) or 40 sec
time-out (60%). In this stage, one of the four windows was randomly lit for 10-sec and
rats are punished (i.e., the white house light is lit for 5 sec) for a premature response.
Additionally, for the first time in this stage, rats were punished (time-out; i.e., the

white house light is lit, and the window on the screen simultaneously flash for 5 to 40
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sec) even on correctly touching the screen according to the pre-designated schedule

for each window.

Unlike stage 5, four windows were simultaneously lit and rats were allowed to
freely choose one of the four windows in stage 6 (rGT free choice). The reward and
punishment settings designated for each window were the same as those introduced in
stage 5, as well as ITI and stimulus duration time. Depending on which window rats
chose, they received either reward (pellet) or punishment (time-out) with differently
programmed probabilities. Once a trial was finished, regardless of the outcome, they
again encountered four different choices in the next trial, and this process was
repeated for 30 min. Hypothetically, if one window is chosen exclusively, the amount
of reward pellets per session that an animal can obtain will be as follows: P1, 295; P2,
411; P3, 135; and P4, 99 pellets. The percentage of choices ([number of choices for a
specific window divided by the total number of choices made]x100) was used to
measure the rats’ preferences for the different windows. After 20 daily sessions were
completed, the average of the last three daily sessions’ choice percentages was
considered as a basal score for the rats’ risk-preference. Rats were categorized as
risk-averse when their basal score for P2 (the best optimal choice) was equal to or
higher than 60%, whereas they were categorized as risk-seeking when it was lower
than 60%. To avoid any location bias, windows were allocated in a counterbalanced
way as follows: for half of the rats, the windows were 1 (P1), 2 (P4), 3 (P2), and 4
(P3); for the other half of the rats, the windows were 1 (P4), 2 (P1), 3 (P3), and 4 (P2).

Choice-related behavioral parameters were also measured during the rGT
sessions. The percentage of premature response, which indicates impulsive action, was
calculated as [premature response / total initiated trials (omission + premature +
choice response)] x 100. Omission percentage, which indicates attention or motivation
to the task, was calculated as [omission / (omission + choice response)] x 100.

Perseverative response ratio, which measures repeated screen touch during
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punishment, was calculated as (total number of screen touches during punishment / the
total number of punishment trials). Food-tray entries during ITI per trial, which
measures repeated entry of the food magazine during ITI, was calculated as [the
number of feed-tray entries during ITI / total initiated trials (omission + premature +
choice response)]. Food-tray entries during stimulus duration per trial was calculated
as [the number of feed-tray entries during stimulus duration / choice response].
Food-tray entry entries during loss timeout per 5 sec was calculated as [the number of
feed-tray entries during ITI / total loss timeout time x 5]. Reward collection latency
(the time required for rats to enter the food magazine to obtain the reward after a
screen touch when it was rewarded) and choice response latency (the time required for
rats to touch one of the four illuminated screens, after the end of the ITI) were also

analyzed.

D. Optical stimulation during ITI

For the automated operation of the opto-device during every inter-trial interval
(ITI), a photodetector-based wireless closed-loop optogenetic system was utilized.
Photodetectors were attached for detecting screen, house, and food-magazine lights,
and electric wires from the photodetectors were connected to a Bluetooth Low Energy
Microcontroller unit (BLE MCU) board (Nordic Semiconductor, Trondheim, Norway).
20 Hz or 40 Hz optical stimulation was programmed to be delivered only when all
lights were detected to turn off during the ITI. When any light was detected to turn on,
the BLE MCU board sent a LED-off signal. During the opto-rGT, the opto-device
mounted on the rat skull was connected with the wireless module with the
rechargeable battery and the protective cap was placed to cover the module. The set of
the opto-device, the module, and the battery was wirelessly paired with the BLE MCU
board and operated automatically during every ITI. The intact wireless and selective

operation of multiple opto-devices was validated before each session begins. The
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numbers of rats for each group were as follows: averse-EYFP (9), averse-ChR2 (11),

seeking-EYFP (17), seeking-ChR2 (32).

6. Tissue preparation and immunostaining

In the cocaine sensitization experiment, perfusion was conducted 30 min and 90
min after saline or cocaine injection on day 7 to analyze dendritic spine morphology
and c-Fos expression in the NAc core, respectively. In the rGT experiment, perfusion

was carried out on the next day after the rGT.

The rats were deeply anesthetized with ketamine (100 mg/kg) and xylazine (6
mg/kg) and then perfused transcardially with 10 mM PBS (pH 7.4) followed by 4 %
paraformaldehyde solution. Brains were removed and post-fixed in ice-cold 4 %
paraformaldehyde solution for 24 hrs, followed by cryoprotection in 30 % sucrose
solution at 4 °C for 3 days, and stored at -80 °C. Free-floating coronal sections (50
um) from frozen tissue blocks were prepared on a freezing microtome (HM 525,
Fisher Scientific, Waltham, MA, USA). Sections were blocked for 1 hr in 10 mM PBS
containing 5 % normal goat serum (Jackson Immunoresearch Laboratories, West
Grove, PA, USA) and 0.3 % triton X-100. Then they were incubated overnight at 4 °C
with anti-c-Fos (1:2000) (Cell Signaling, Beverly, MA, USA) and anti-NeuN
antibodies (Abcam, Cambridge, UK) diluted in 10 mM PBS containing 2 % normal
goat serum and 0.1 % triton X-100. Following overnight incubation, the sections were
rinsed with 0.1 % triton X-100 three times, and then they were incubated with
anti-rabbit secondary antibodies conjugated with Alexa 405 and 594 (1:2000;
Invitrogen, Waltham, MA, USA) for 2 hrs at room temperature. After rinsed with
0.1 % triton X-100 three times, the sections were transferred on slide glasses and then
mounted with Vectashield mounting medium (H1400; Vector Laboratories,

Peterborough, UK).

13



7. c-Fos imaging and cell-counting analysis, and histology

About 10 images co-labelled with c-Fos and NeuN were acquired each from the PL
and the NAc core. The images that had inappropriate signals or damaged regions were
excluded from the final data. All images were acquired under the LSM710 confocal
laser scanning microscope (Carl Zeiss, Oberkochen, Germany) with a 405 nm laser
diode for NeuN, a 488 nm argon laser for EYFP, and a 594 nm HeNe laser for c-Fos.
The thickness of the images was 6 um and obtained using 20x objective (numerical
aperture 0.8) with 0.6x digital zoom. All images were taken with a resolution of 1024

pixels in x-y dimensions.

Cell-counting was performed using Zen desk software (Carl Zeiss) which
semi-automatically counted the number of NeuN cells and a portion of them including
c-Fos expression. Minimum areas of the cells containing c-Fos or NeuN signals were
optimized according to the size of the cells or signals in the PL and NAc core, and
fixed during all analysis. Smooth and Sharpen settings were also optimized and fixed.
Exceptionally, a threshold of each image was manually set up depending on the
quality of the image by two experimenters blind to the experimental groups. The level
of EYFP or ChR2-EYFP expression was also manually assessed. The final data were
obtained by averaging the two experimenters' results. The numbers of rats used for
each group were as follows: saline (7), cocaine only (7), and cocaine with optical

stimulation (8). Six images were used per rat.

8. Golgi-Cox staining and dendritic spine imaging and analysis

The Golgi-Cox staining method previously reported was used.” In brief, brain
tissues were immersed in the Golgi-Cox solution for 2 days in darkness at room
temperature. The tissues were transferred into the fresh Golgi-Cox solution and

incubated for 14 days. The tissues were stored in 30 % sucrose solution for 3 days in
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4 °C. Coronal sections (100 um) from the tissues were prepared on a freezing
microtome (Fisher Scientific) and mounted onto the slide glasses with Permount

mounting medium (Fisher Scientific).

For the analysis of dendritic spine morphology, confocal reflection mode was
used.”” One to three dendrites per neuron and 10 to 15 neurons per sample were
acquired using the LSM710 confocal laser scanning microscope (Carl Zeiss) with a
488 nm argon laser and reflection mode (MBS T80/R20). z-stack images spaced with
0.349 um were obtained using 63x oil-immersion objective (numerical aperture 1.4)
and 3.0x digital zoom. All images were taken with a resolution of 1024 pixels in the x
dimension, and the y dimension within the frame was cropped to ~300 um depending
on the dendritic shape. The final voxel size was 0.044 x 0.044 x 0.349 um? in x-y-z
plane. The analysis of spines was performed using NeuronStudio software which
semi-automatically counts and classifies spines into three types (thin, mushroom,
stubby) according to the classification dimensions (i.e., head to neck ratio, minimum
height.”® The minimum and maximum spine height values were set at 0.5 pm and 3.0
um, respectively. Minimum stubby size was 15 voxels. The miss-counted spines were
manually edited by two experimenters who were blind to the sample group, and the
final data was obtained by averaging the two results. The average head diameter and
length, as well as the density of each spine subtype, were calculated from each image.
The numbers of rats and neurons for each group were as follows: saline (5 rats),
cocaine only (4 rats), and cocaine with optical stimulation (5 rats). 10 to 15 neurons

were used per rat.

9. Statistical analysis

Data were shown as mean + standard error of the mean (SEM), and all data were

analyzed using SigmaPlot (version 12.0) and graphed using Graphpad Prism (version
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7.0) software. T-test was used to compare the mean of two groups. One-way analysis
of variance (ANOVA) was used to compare the ratio of c-Fos+ neurons and the
density, head diameter, and length of dendritic spines. Two-way repeated measures
ANOVA was used when there were two factors (virus x optical stimulation, group x
time, and virus x time) as between-within factors. ANOVAs were followed by post
hoc Tukey or Bonferroni t-test. Differences between experimental conditions were

considered statistically significant when p < 0.05.
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I11. RESULTS

1. The optogenetic stimulation of the PL-NAc core circuit has no effect on basal

locomotor activity

To selectively manipulate the activity of the PL-NAc circuit by light, a viral set
for Cre-dependent channelrhodopsin-2 (ChR2) expression and the wireless
head-mounted opto-device were used. ChR2-EYFP was specifically expressed in the
PL-NAc core circuit by injecting the retrograde adeno-associated virus (AAV)
expressing Cre recombinase into the NAc core and the AAV expressing Cre-dependent
ChR2 into the PL. Simultaneously, the opto-device was implanted on the rat skull,
inserting bilateral probes with u-1LED at the far posterior site of the NAc (Figure 1A).
Schematic diagram of the opto-device (Figure 1B) and a rat image with this device

attached (Figure 1C) are shown.

Three weeks after the surgery of viral infusion and the opto-device implantation,
the PL-NACc core circuit was stimulated by light to examine whether it affects basal
locomotor activity. The wireless module with the rechargeable battery was connected
into the opto-device mounted on the rat skull, which was controlled by the customized
smartphone app. Optical stimulation was delivered as repeated blue lights (470 nm)
for 5 min (40 Hz with 10 ms pulse width, 30 s on/off) (Figure 1D) with an interval of a
light-free period for 10 min throughout the 60 min locomotor activity measurement. It
was revealed that the optogenetic stimulation of the PL-NAc core circuit did not affect
basal locomotor activity. Locomotor activity counts for 60 min were not different
between groups (ts3 = 0.198, p = 0.844) (Figure 1E). Two-way ANOVA conducted on
time-course data shown as locomotor activity counts at 5 min intervals also revealed
no differences in the effects of group [Fi4s = 0.485, p > 0.05] and group x time
interaction [F11473 = 1.669, p > 0.05] (Figure 1F).
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Figure 1. The optogenetic stimulation of the PL-NAc core circuit did not affect
basal locomotor activity. (A) Schematic illustration of viral infusion and p-ILED
probe insertion. Retrograde AAV-Cre virus was injected into the NAc core and
Cre-dependent AAV5-ChR2-EYFP into the PL. Bilateral probes of the opto-device
were inserted at the far posterior site of the NAc. (B) Schematic diagram of the
opto-device connected with a wireless module and rechargeable battery. (C) A photo
image for a rat taken after surgery of the viral infusion and the opto-device
implantation. (D) Optical stimulation was delivered as repeated blue lights (470 nm)
for 5 min (40 Hz with 10-ms pulse width, 30 s on/off) with an interval of a light-free
period for 10 min throughout the 60 min locomotor activity measurement. (E)
Locomotor activity counts for a total of the 60 min test were not changed by 40 Hz
optical stimulation. (F) Time-course data shown as locomotor activity counts at 5 min
intervals during the 60 min test. The light blue bar indicates optical stimulation
delivered (5, 20, 35, and 50 min). Data are shown as mean + SEM. The number of rats

for no stimulation group was 22, and 40 Hz optical stimulation was 23.
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2. The optogenetic stimulation of the PL-NAc core circuit inhibits

cocaine-induced locomotor sensitization

Next, the effects of optogenetic stimulation of PL-NAc core on behavioral
sensitization was examined by adopting a well-known cocaine-induced locomotor
sensitization scheme.”*”™ The day after basal locomotor activity test, the rats were
randomly assigned to three groups: saline, cocaine only, and cocaine with optical
stimulation. They were administered with either saline or cocaine (15 mg/kg, i.p.)
once per day for 7 consecutive days, and their locomotor activities were measured on
days 1 and 7. The rats were first habituated to the activity boxes for 30 min, and their
locomotor activities were measured for 60 min immediately following saline or
cocaine injections. While measuring locomotor activities on days 1 and 7, only one
group (cocaine with optical stimulation) received repeated blue light stimulation
(Figure 2A).

As expected, rats exposed to daily cocaine showed a more profound sensitized
locomotor response on day 7 compared with day 1 (p < 0.001). This effect, however,
was significantly inhibited by concurrent optical stimulation. The two-way ANOVA
indicated that there are multiple significant effects on locomotor activity of groups
[F242 = 25.137, p < 0.001], days [F142 = 6.015, p < 0.05], and interactions between
groups and days [F242 = 14.307, p < 0.001]. Post-hoc Bonferroni t-test revealed that
optical stimulation significantly decreased (p = 0.001) the sensitized locomotor
activity produced by cocaine on day 7 (Figure 2B). In time-course data shown as
locomotor activity counts at 5 min intervals on day 7, the sensitized locomotor activity
persisted for an entire hour of testing, whereas the optical stimulation apparently
inhibited this effect. The two-way ANOVA revealed significant effects on locomotor
activity of groups [F242 = 36.039, p < 0.001] and interactions between groups and
times [Fx42 = 5.006, p < 0.001]. Post-hoc Bonferroni t-test revealed that the

sensitized locomotor activity was significantly decreased by optical stimulation at 5
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through 40, and 50 min time points, compared with that of cocaine only group (Figure
2C). After the experiments, robust expression of ChR2-EYFP in both PL and NAc

core regions and accurate location of probe implantation were confirmed (Figure 2D,
E).
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Figure 2. The optogenetic stimulation of the PL-NAc core circuit inhibits
cocaine-induced locomotor sensitization. (A) Schematic diagram of experimental
procedures of cocaine sensitization with optical stimulation. (B) Total locomotor
activity counts measured during the 60 min test on days 1 and 7 after saline (gray),
cocaine only (red), or cocaine with optical stimulation (blue). The sensitized
locomotor activity by repeated cocaine administration was significantly suppressed by
optical stimulation. *** p < 0.001, cocaine only group on day 7 compared to day 1.
+1p < 0.01, cocaine with optical stimulation group compared with cocaine only group.

(C) Time-course data shown as locomotor activity counts at 5 min intervals during the
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30 min preceding (=30 ~ 0 min) and the 60 min following saline (gray), cocaine only
(red), and cocaine with optical stimulation (blue). The sensitized locomotor activity
was suppressed during optical stimulation delivered at 5, 20, 35, and 50 min (light
blue bar). *** p < 0.001, cocaine only group compared to saline group. Tp < 0.05, Tp
< 0.01, 1ip < 0.001 cocaine with optical stimulation group compared with cocaine
only group. Data are shown as mean + SEM. The numbers of rats for each group were
as follows: saline (15), cocaine only (14), and cocaine with optical stimulation (16).
(D) Epifluorescence image at low magnification (left), demonstrating ChR2-EYFP
expression in both the PL and NAc core regions. At a higher magnification (right), it is
more evident that ChR2-EYFP expressed well in cell body areas in the PL (upper
right) and even at the axon terminal location in the NAc core (bottom right). (E) A
representative bright-field image with probe tracks. Most tracks are found in the area

that was aimed behind the NAc.
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3. The optogenetic stimulation of the PL-NAc circuit suppresses the

cocaine-induced c-Fos expression in the NAc core

Based on the research that c-Fos is crucial in cocaine sensitization,*>"® an
immunofluorescence assay was performed to explore the effect of optical stimulation
on c-Fos expression within the PL and NAc core. One-way ANOVA conducted on
these data showed a significant difference between groups in the PL [F219 = 3.61, p <
0.05] and the NAc core [F219 = 3.59, p < 0.05]. Post-hoc Bonferroni t-test revealed
significant increases in the ratio of c-Fos+ neurons to the total neurons in the PL (p <
0.05) and the NAc core (p < 0.05) by daily cocaine administrations. However, these
increases were not reached to statistical significances in cocaine with optical

stimulation groups (Figure 3A, B).

Because NAc-projecting PL neurons give rise to collaterals to striatum®, c-Fos
expression in the striatum was also analyzed. One-way ANOVA conducted on these
data showed a significant difference between groups [F2,19 = 6.985, p < 0.01]. Post-hoc
Bonferroni t-test revealed significant increases in the c-Fos in both cocaine only (p <

0.01) and cocaine with optical stimulation (p < 0.05) groups (Figure 3C).
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Figure 3. The optogenetic stimulation of the PL-NAc core circuit reduced
cocaine-induced c-Fos expression. (A, B) The ratio of c-Fos+ neurons to the total
neurons in the PL and the NAc core. The c-Fos+ neurons were significantly increased
by seven daily cocaine administrations but these effects lost statistical significances
with optical stimulation. (C) The c-Fos+ neurons in the striatum were also increased
by seven daily cocaine administrations but not changed with optical stimulation. The
numbers of rats used for each group were as follows: saline (7), cocaine only (7), and
cocaine with optical stimulation (8). *p < 0.05, ** p < 0.01, significantly different to

saline group. Data are shown as mean + SEM.
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4. Optogenetic stimulation of the PL-NAc circuit inhibits the increase in

mushroom spine density induced by repeated cocaine exposures

Based on the research that repeated cocaine exposures induce an increase of
dendritic spine density in the NAc core,*® it was examined whether the dendritic spine
density was altered by optical stimulation. Rats were perfused after second optical
stimulation on day 7 and the brain tissues were stained using the Golgi-Cox method to
count dendritic spines in the NAc core (Figure 4, 5). Figure 4A shows a representative
image of the Golgi-Cox-stained neurons and the dendrite in the NAc core obtained

from confocal reflection microscopy.

Total spine density was not significantly different between the groups (Figure 4B).
However, when analyzed by each spine subtype, a significant increase in mushroom
spine density was observed in the cocaine group. One-way ANOVA conducted on
these data showed a significant difference between groups in mushroom spine density
[F211 =5.402, p < 0.05], and post-hoc Bonferroni t-test revealed that the cocaine group
had higher mushroom spine density than saline group (p < 0.05). This increase of the
mushroom spine density was not observed in cocaine with optical stimulation group
(Figure 4E). No significant differences were found in other sub-types of spine

densities (Figure 4C, D).

In addition to the density, head diameters and spine-lengths of each spine were
also measured. One-way ANOVA conducted on these data showed a significant
difference between groups [F211 = 5.268, p < 0.05] in head diameters of thin spines.
Post-hoc Bonferroni t-test revealed that head diameters of thin spine were significantly
decreased in cocaine with optical stimulation group compared with saline group (p <
0.05) (Figure 5A). No statistical significances were found in head diameters in other
sub-types of spine (Figure 5B, C). There were also no significant differences in

spine-length in all sub-types of spine (Figure 5D-F).
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Figure 4. Optogenetic stimulation of the PL-NAc core circuit suppressed the
increase of mushroom spine density by cocaine. (A) Representative images of
confocal microscopy demonstrate Golgi-Cox-stained neurons in the NAc core (top, at
low magnification) and spines on the dendrite marked as a white rectangle (bottom, at
high magnification). (B-E) Mushroom spine density was significantly increased by
repeated cocaine administration, whereas it was disappeared with optical stimulation.
Total and other sub-types of spine densities in the NAc core were not different
between the groups. The numbers of rats and neurons for each group were as follows:
saline (5 rats), cocaine only (4 rats), and cocaine with optical stimulation (5 rats). 10 to
15 neurons were used per rat. *p < 0.05, significantly different to saline group. Data

are shown as mean + SEM.
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Figure 5. Optogenetic stimulation of the PL-NAc core circuit reduced the head
diameter in thin spine. (A) Head diameter of thin spine was significantly decreased
in cocaine with optical stimulation group compared with saline group. Neurons were
10 to 15 per rat and rats were 5 per group. *p < 0.05, significantly different to saline
group. (B, C) No significant differences in head diameters were observed in other

sub-types of spines. (D-F) The lengths of all sub-types of spine were not different
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5. Optogenetic stimulation of the PL-NAc¢ core circuits increases rats’

preference toward risky choice in the risk-averse group

After a completion of rat gambling task (rGT) free choice sessions, rats were
categorized into risk-averse and risk-seeking groups, depending on their stabilized
preference for the P2 choice. They were further divided into EYFP or ChR2-EYFP
subgroups and given bilateral infusions of a virus set. AAV expressing Cre-dependent
EYFP or ChR2-EYFP was infused into the PL and retrograde AAV expressing Cre
recombinase was infused into the NAc core. Simultaneously, the opto-device was also
implanted on the rat skull, inserting the bilateral probes with p-ILED at the far
posterior site of the NAc. Two weeks after the surgery, the rGT free choice sessions
were re-performed to remind rats of their preference and the average choice scores for
the last 3 days were used as a baseline of the preference (Recovery rGT). In the
opto-rGT free choice sessions, optical stimulation was given 20 or 40 Hz blue lights
during 5 sec of every inter-trial interval (ITI) for the first 7 days, and vice versa in a

counter-balanced way for the second 7 days (Figure 6).

Figure 7 shows overall results of risky choice (choice of P3+P4 out of the total as
a percent), which is an indicative of impulsive choice, in the risk-averse and the
risk-seeking groups during the opto-rGT sessions with 20 or 40 Hz optical stimulation.
When the risk-averse rats were given 20 Hz optical stimulation, they showed slight
daily increases in the risky choice preference. Although these daily score data did not
reach statistical significance, average score for the last 3 days showed a significant
increase. Two-way repeated measure ANOVA conducted on these data revealed a
significant effect of optical stimulation [Fi1s = 5.175, p < 0.05] and post-hoc
Bonferroni t-test revealed a significant increase in the risky choice in the ChR2 group
(p < 0.05) (Figure 7A). When the risk-averse rats were given 40 Hz optical stimulation,
they showed a higher magnitude of increase in the risky choice. Two-way ANOVA

conducted on the time-course data showed a significant effect of optical stimulation
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[Fr126 = 3.714, p = 0.001] and post-hoc Bonferroni t-test revealed that 40 Hz optical
stimulation significantly increased (p < 0.05-0.001) daily risky choice scores with
statistical significances on days of 3, 4, 6 and 7 compared to those from the recovery
rGT. Two-way ANOVA conducted on the average score data showed a significant
effect of optical stimulation [F11s = 6.549, p < 0.05] and post-hoc Bonferroni t-test
revealed a significant increase in the risky choice in the ChR2 group (p < 0.01) (Figure
7B). These effects were not observed in risk-seeking rats with any optical stimulations

that were used (Figure 7C, D).

Preference scores (as percent of total) during the recovery rGT and the opto-rGT
with 40 Hz optical stimulation are presented in Figure 8. The risk-averse rats
expressing EYFP showed no difference in the preference scores (Figure 8A). However,
the risk-averse rats expressing ChR2 altered their choice preference. Two-way
ANOVA conducted on these data revealed multiple significant effects on choice [F3 30
= 71.959, p < 0.001] and choice x optical stimulation [Fs3 = 5.049, p < 0.001].
Post-hoc Bonferroni t-test revealed a significant decrease in P2 choice (p < 0.01) and
an increase in P3 choice (p < 0.01) (Figure 8B). The risk-seeking rats expressing
EYFP or ChR2 showed no change in their choice preference (Figure 8C, D). These
results show that optogenetic stimulation of the PL-NAc core circuit altered rats’

preference toward risky options only in the risk-averse group.
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Figure 6. Schematic illustrations of optogenetic experimental procedures in rat

gambling task. (Top) Schematic diagram of the rGT chamber. P1~P4 indicate the
windows on the screen. The number of pellets as rewards and time-outs as
punishments together with their corresponding probabilities are shown on the right. In
addition, the hypothetical calculation of the maximum number of pellets that rats
would obtain during the 30-minute trial is shown. (Middle) Rats were divided into the
risk-averse and the risk-seeking groups according to their preference. Daily choice

scores for 20 days of the rGT and the average scores for the last 3 days are presented.
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(Bottom, left) Schematic illustrations show rat brain where virus and device were
located and the opto-device with p-1LED probe connected with battery. (Bottom, right)
A schematic illustration shows a wireless photodetector-based closed-loop optogenetic
system in the rGT. Photodetectors were installed for detecting lights on the screen,
house, and food-magazine. When all lights are off, a BLE MCU board connected with
the photodetectors sends a LED-on signal to the wireless module. However, when any

light is on, the board sends a LED-off signal.

31



A Averse, 20Hz B Averse, 40Hz
100+ EYFP 1007 = Recovery riGT 1004 EYFP 1007 = Recovery rGT
20H 40H
® ChR2 . 20Hz == 40Hz
X 801 80 * gof @ ChR2 80 o
8 * 8
S 60 60 S &0 60
5 5 ik dede
> 40 40 / >, 404 * g * 7 404 2
= I r . = r T 1 p
£ P DS S ;—_— s P = & 1 ) d 20 :i’j
-+ 0 i T 0 :_‘_‘
p‘ SFPFF PSS EYFP ChR2 653“ I TP ES EYFP ChR2
o 20Hz & 40Hz
< <*
c Seeking, 20Hz D Seeking, 40Hz
=1 Recovery rGT =3 Recovery rGT
100- evrp 100, T 20Hz 100 ovrp 100, T 40Hz
— = 1 1 —
@ ChR2 —— ; ® Chrz = -
R 804 80 » E L 80+ ~,
8 3 - >
é BD‘S—C—J—H"““ 60 sl 'g 60—7--»3----- e e e = 2
:;:. 40 40 2. a0 401 %
X 7 ps
[} w -
i 201 204 < L S 204 Y
S TIPS EYFP ChR2 FPIPIPP S EYFP ChR2
- o
s° 20Hz s° 40Hz
<€ <

Figure 7. The risk-averse rats’ preference for risky choice is increased by optical
stimulation. An average risky choice score for the last 3 days of the recovery rGT and
daily scores during the opto-rGT with either 20 Hz or 40 Hz optical stimulation are
shown in a time-course data. Average risky choice scores for the last 3 days of the
recovery rGT and the opto-rGT are compared in a bar graph. (A) In the risk-averse rats,
the opto-rGT with 20 Hz optical stimulation increased daily risky choice scores, and
the average score for the last 3 days reached statistical significance. (B) When 40 Hz
optical stimulation was delivered to the risk-averse rats, it increased daily risky choice
scores with statistical significances on days of 3, 4, 6 and 7 compared to the those
from the recovery rGT. (C, D). No change of risky choice score was observed for the
risk-seeking rats regardless of the stimulation frequency. *p < 0.05, **p < 0.01, ***p
< 0.001, comparison between the recovery rGT and the opto-rGT with either 20 Hz or
40 Hz optical stimulation. The numbers of rats for each group were as follows:

averse-EYFP (9), averse-ChR2 (11), seeking-EYFP (17), seeking-ChR2 (32).
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Figure 8. The risk-averse rats’ preference is shifted from the P2 to the P3 choice
by 40 Hz optical stimulation. The preference scores for each window (P1~P4) were
obtained during the last 3 days of the recovery rGT and the opto-rGT. (A) Preference
scores in the risk-averse rats expressing EYFP were not changed by 40 Hz optical
stimulation. (B) Significant decrease in the P2 choice and increase in the P3 choice
were observed in the risk-averse rats expressing ChR2-EYFP by 40 Hz optical
stimulation. (C, D) Preference scores were not changed in the risk-seeking rats
expressing either EYFP or ChR2-EYFP. **p < 0.01, compared to the recovery rGT.
The numbers of rats for each group are as follows: averse-EYFP (9), averse-ChR2 (11),

seeking-EYFP (17), seeking-ChR2 (32).
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6. The effects of the optical stimulation on behavioral parameters related with

rGT appeared to vary according to risk preference

Several behavioral parameters related with rGT®®8! during the recovery and 40
Hz optical stimulation were analyzed. Figure 9 shows the behavioral parameters in the
risk-averse group. The number of choice response and the omission score were not
altered by the optical stimulation, indicating that rats’ attention to the task was not
affected by the optical stimulation (Figure 9A, C). The optical stimulation also did not
alter premature score, indicating that impulsive action was not changed (Figure 9B).
Latencies to choice response and reward collection were not changed by optical
stimulation (Figure 9D, E). Among repeated behaviors including perseverative
response and food-tray entries (Figure 9F-I), the perseverative response per loss trial
was significantly decreased during optical stimulation. However, this effect was
observed not only in the ChR2 group but also in the EYFP group, which had no
light-sensitive channel. Two-way ANOVA conducted on these data showed a
significant effect of virus [Fi1s = 10.762, P < 0.01] and post-hoc Bonferroni t-test
revealed a significant decrease in the perseverative response in both the EYFP (p <

0.05) and the ChR2 groups (p < 0.05) (Figure 9F).

Figure 10 demonstrates the behavioral parameters in the risk-seeking group,
which shows a distinct pattern from those in the risk-averse rats. Reward collection
latency and food-tray entries (during both ITI and loss timeout) were increased in the
ChR2 group by optical stimulation. Two-way ANOVA conducted on these data
showed a significant effect of optical stimulation in reward collection latency [F147 =
9.886, p < 0.05], food-tray entry during ITI [F147 = 7.157, p < 0.05], and food-tray
entry during loss timeout time [Fi47 = 7.136, p < 0.05]. Post-hoc Bonferroni t-tests
showed a significant increase in reward collection latency (p < 0.05), food-tray entry
during ITI (p < 0.05) and food-tray entry during loss timeout time (p < 0.01) in the
ChR2 group (Figure 10E, G, I). These results show that the optogenetic stimulation of
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the PL-NAc core circuit differentially affected rGT-related behavioral parameters in

the risk-seeking group from the risk-averse group.
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Figure 9. Comparison of behavioral parameters related with rGT between the
recovery test and the opto-stimulation in the risk-averse rats. (A-C) Trial-related
parameters such as choice response, premature response, and omission, were not
changed by optical stimulation. (D-E) Latencies to choice response and reward
collection were not changed by optical stimulation. (F-1) Among repeated behaviors
including perseverative response per loss trial, food-tray entries during ITI, stimulus
duration and loss timeout time, the perseverative response was significantly decreased
in the risk-averse rats expressing either EYFP or ChR2-EYFP. *p < 0.05, comparison
between the recovery rGT and the opto-rGT. The numbers of rats for each group are as

follows: averse-EYFP (9), averse-ChR2 (11).
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Figure 10. Comparison of behavioral parameters related with rGT between the
recovery test and the opto-stimulation in the risk-seeking rats. (A-C) Trial-related
parameters such as choice response, premature response, and omission, were not
changed by optical stimulation. (D-E) Among latencies to choice response and reward
collection, reward collection latency was significantly increased in the risk-seeking
rats expressing ChR2-EYFP. (F-1) Among repeated behaviors, food-tray entries during
ITI and loss timeout time were significantly increased in the risk-seeking rats
expressing ChR2-EYFP. Perseverative response per loss trial and food-tray entries
during stimulus duration were not changed. *p < 0.05, **<0.01, comparison between
the recovery rGT and the opto-rGT. The numbers of rats for each group are as follows:

seeking-EYFP (17), seeking-ChR2 (32).
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IV. DISCUSSION

In this thesis, | utilized wireless optogenetic techniques to precisely manipulate a
specific neural circuit with high temporal resolution. The neural probes of the
opto-device were coated with polydimethylsiloxane (PDMS) and parylene C bilayer
for biocompatibility, chemical inertness, and waterproofing.82 A wireless operating
system with a customized smartphone app was previously developed,’? and it was
improved to automatically deliver LED on/off signals in this study. A
photodetector-based wireless closed-loop system was also established for automated
delivery of optical stimulation only during decision-making. Using these techniques,
the roles of the PL-NAc core circuit in animal models of drug and gambling addictions

were precisely investigated.

The present findings demonstrated that the optogenetic stimulation of the PL-NAc
core circuit strongly inhibited cocaine-induced locomotor sensitization. As expected,
rats administered cocaine showed sensitized locomotor activity. However, those
concurrently delivered with optical stimulation failed to show sensitized locomotor
activity when comparing day 7 to day 1, and this effect was evident during every time
point of optical stimulation on day 7 (Figure 2B, C). The inhibition of sensitized
locomotor activity was not attributable to decreased basal locomotor activity because
the optogenetic stimulation had no effect on basal locomotor activity without cocaine.
Neuronal activity within the NAc is known to involve mediating many drug-related
behaviors including behavioral sensitization.”® For example, cocaine-induced
locomotor sensitization was accompanied by sensitized c-Fos expression in the NAc.*
In the present study, optogenetic stimulation of the PL-NAc core circuit suppressed
the increase in c-Fos expression induced by cocaine in the PL and NAc core,
suggesting that these effects might contribute to inhibiting the expression of locomotor
sensitization by cocaine. It was confirmed that the optogenetic stimulation selectively

regulated the PL-NAc core activities because the stimulation did not affect c-Fos
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expression in the striatum, to which the NAc-projecting PL neurons give rise to

collaterals.

It is well established that psychoactive stimulants induce structural plasticity of
dendritic spines in the NAc, and this alteration is crucial for development of drug
addiction.*®® For example, repeated administration of cocaine or amphetamine
significantly increased the dendritic spine density in the NAc.**8 Among spine
subtypes, mushroom spines are considered the most stable and functional. Mushroom
spines have more glutamate receptors in larger postsynaptic densities, which make
more functional synapses.?® The present study demonstrated that the increase in
mushroom spine density induced by cocaine was diminished by the optogenetic
stimulation of the PL-NAc core (Figure 4E). The reduced density of mushroom spines
possessing a large head diameter may attenuate the postsynaptic properties of the NAc
because the excitatory glutamatergic projections from the mPFC mainly synapse onto

the heads of dendritic spines in the NAc.%

c-Fos expression and neuronal activation are known to require strong and
persistent synaptic activity.”# Furthermore, while cocaine administration increased
mushroom spine density, a further increase in mushroom spine density was observed
in c-Fos+ neurons.® Thus, it may be possible that the concurrent reduction of
mushroom spine density and c-Fos expression in the NAc core by optogenetic
stimulation of the PL-NAc core circuit contributed to weakening of the neuronal
activity at this site, thereby resulting in the inhibition of the expression of behavioral

sensitization.

How the optogenetic stimulation of the PL-NAc core altered the mushroom spine
density in the NAc core remains unclear. Interestingly, there was a report that
chemically or optogenetically evoked long-term depression (LTD) eliminated the
dendritic spines, particularly the mushroom spines.®®% Furthermore, optogenetic

stimulation of IL-NAc shell was reported to induce robust LTD of dopamine receptor
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type-1 (D1R)-expressing neurons in the NAc shell, thus abolishing the sensitized
locomotor response by cocaine. Even a relatively mild opto-stimulation protocol
(4-ms pulses at 1 Hz or 12 Hz for 10 minutes) was shown to induce LTD of
postsynaptic neurons.”®% Therefore, it may be possible that the opto-stimulation
conditions used in the present study (10-ms pulses at 40 Hz for 5 min stimulation, 30 s
on/off, with a 10-min light free interval throughout 60 min) could induce LTD of the
postsynaptic neurons in the NAc core, which may contribute to eliminating the

mushroom spines increased by cocaine.

In the rGT experiment, optical stimulation was delivered during every ITI, in
which rats may be deliberating about their choices prior to decision-making.
Optogenetic stimulation of the PL-NAc core made a differential effect on the rats’
impulsive choices according to their pre-categorized choice preference; only the
risk-averse group increased impulsive choice with optical stimulation. This effect was
more evident with optical stimulation of 40 Hz than with 20 Hz, indicating that the
higher frequency of optical stimulation was more effective in driving rats’ preferences
toward risky options (Figure 7A, B). This increased preference for a risky choice
resulted mostly from the decreased P2 choice and the increased P3 choice (Figure 8B).
Interestingly, impulsive action (i.e., premature) was not changed by optical stimulation,
suggesting that the PL-NAc core circuit may selectively contribute to mediating
impulsive choice. Most other rGT-related behavioral parameters were not changed by
optical stimulation, but the perseverative response was slightly decreased after
opto-stimulation in both the EYFP and ChR2 groups. There was less chance that this
effect would contribute to the altered preference for the risky choice because the

risk-averse rats expressing EYFP did not shift their choice preference (Figure 9F).

The risk-seeking group, unlike the risk-averse group, did not change their
preference with the same optical stimulation (Figure 7C, D, and Figure 8D).

Interestingly, however, they exhibited changes in some rGT-related behavioral
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parameters (Figure 10E, G and 1). With optical stimulation, they showed higher
reward collection latency compared to the baseline, which is indicative that they had
less interest in the reward. In addition, they showed the increased entries to the food
tray (during both ITI and loss time-out), which may be an indicator that they were
more driven to initiate the next trials. These results suggest that the PL-NAc core in
the risk-seeking rats may contribute to motivation for playing gambling itself rather

than obtaining the reward, which makes them different from risk-averse rats.

These findings imply that the PL-NAc core may have different neuronal properties
that provoke distinct motivation depending on pre-categorized choice preferences. For
example, it is known that impulsive choices were correlated or associated with the
neuronal activity in the PL and NAc core.5“%% Further, it has been recently shown
that transcriptome profiles are differentially expressed in the mPFC and NAc
depending on rats’ choice preference toward risk in the rGT, which may underlie
differential neural properties within the PL-NAc core.®* It would be interesting in the
future to directly compare the neuronal activity within the PL-NAc core during

decision-making in the risk-averse and risk-seeking rats.

Interestingly, there are reports showing that different populations of neurons
encoding reward or punishment distinctively exist in the PL. For example, it has been
reported that NAc-projecting neurons in the mPFC can be separated depending on
their activities responding to a reward or foot-shock punishment, which suggests that
the individual neurons could differentially encode either the reward or the
punishment.®® Further, risky choices are more likely driven by hyposensitivity to
punishment.®® Thus, it is possible that the population of punishment-active neurons in
the PL-NAc core circuit and their activity patterns may differentially exist according
to the risk preference in the rGT, which may contribute to differential responses

between risk-averse and risk-seeking groups.

It is worth mentioning that, in my thesis, the change in the impulsive choice was
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observed by optical stimulation during ITI. It will be interesting to determine what
effects will appear with optical stimulation during other phases of the rGT (e.g.,
reward delivery, timeout punishment, or ITI specifically following either a reward or

punishment).

It has been shown that both cocaine addicts and cocaine-sensitized rats showed a
strong preference for risky options,®°"% and also risk-preferring rats showed
heightened cocaine-seeking responses and greater cue-induced craving.®® The present
study demonstrated that the frontostriatal circuitry, specifically the PL-NAc core
circuit, has a regulatory role in mediating both the craving in cocaine sensitization and
decision-making in the rGT (Figure 11), which suggest that this circuit could be
considered as an important common target mediating two distinctive clinical features.
Further, this study may provide insight into a possible link between drug and

behavioral addictions, thereby lead to a novel treatment strategy in the future.
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Figure 11. An overview of the effects of optogenetic manipulation of the PL-NAc
core circuit on cocaine sensitization and gambling-related behaviors in rGT. It
was examined how the optogenetic modulation of the PL-NAc core circuit influenced
the behavioral sensitization and impulsive decision-making in rGT. Optogenetic
stimulation of the PL-NAc core significantly inhibited cocaine-induced locomotor
sensitization by reducing the increase in c-Fos expression and mushroom spine density
in the NAc core. Further, it also increased impulsive choices in risk-averse group of
rats, whereas it increased reward collection latency and food-tray entries in
risk-seeking group, which may indicate higher motivation for playing gambling.
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V. CONCLUSION

In this study, the roles of the PL-NAc core circuit in animal models of drug and
gambling addictions were examined using wireless optogenetics that minimizes
human intervention and restriction of animals’ movement. This is the first study, to my
knowledge, to demonstrate that optogenetic manipulation of the PL-NAc core circuit
can inhibit the expression of cocaine-induced behavioral sensitization by decreasing
mushroom spine density and c-Fos expression induced by cocaine in the NAc core. In
addition, the present study first time conducted optogenetic manipulation of the
PL-NAc core circuit immediately prior to decision-making behaviors in the rGT. The
PL-NAc core stimulated with light differentially contributed to rats’ impulsive choices
and rGT-related behavioral parameters according to their risk preference. These
findings suggestively place the PL-NAc core circuit as a common neural substrate that
may mediate craving and decision-making characteristically appeared in both drug and

gambling addictions.
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