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Decision-making impairments are a core symptom of several psychiatric disorders, including gambling and substance use disorders
(SUD). These disorders frequently co-occur, suggesting shared neurobiological mechanisms underlying dysfunctional decision-
making. We previously demonstrated that chronic cocaine exposure increases risk preference in a rat gambling task (rGT). Given
that the prelimbic cortex (PrL) to the nucleus accumbens (NAc) core pathway plays a crucial role in regulating risk-based decision-
making, we further explored how chemogenetic modulation of this pathway alters cocaine-induced increase in risky decision-
making in the rGT. Notably, activation of Gi, but not Gq, designer receptors exclusively activated by designer drugs (DREADD) in the
PrL attenuated the cocaine-induced increase of risk preference in risk-averse rats, while simultaneously reducing cocaine-induced
attentional deficits measured by task omissions. Subsequent molecular analyses revealed that cocaine significantly induced
changes in the expression levels of calcium channel alpha 1 C subunit (CaV1.2) and in the ratio of phosphorylation at serine 97 of
total dopamine- and cAMP-regulated phosphoprotein, 32 kDa (DARPP-32) in the PrL region of these rats, which returned to basal
levels with concurrent Gi-DREADD activation. No significant behavioral or molecular changes were observed in risk-seeking rats.
These results suggest that modulating the PrL-NAc core pathway can selectively control risk-based decision-making behavior and
attentional processes affected by cocaine exposure, offering therapeutic potential for addressing decision-making impairments in

dual diagnoses of gambling and SUD.
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INTRODUCTION

Decision-making impairments are a defining feature of various
psychiatric disorders, including gambling disorder (GD) and
substance use disorder (SUD) [1]. GD and SUD frequently co-
occur, worsening cognitive and behavioral deficits, particularly
those associated with impulsivity and risk-taking behavior [2, 3].
For instance, individuals with GD often show higher rates of
nicotine dependence and alcohol use disorder, along with greater
gambling severity, compared to the general population [4-6].
Additionally, cocaine and amphetamine use are associated with
GD, reinforcing the connection between substance use and
gambling [7, 8]. To investigate the neurobiological basis of these
decision-making impairments, researchers utilize standardized
behavioral paradigms. The lowa Gambling Task (IGT) is a widely
used neuropsychological tool for assessing such deficits in
humans by evaluating choices under uncertainty, reward, and
punishment [9, 10]. Translating these concepts into animal
research, a rat gambling task (rGT) which utilizes sucrose pellets
(reward) and timeouts (punishment) with varying probabilities
was developed, allowing researchers to investigate the underlying
neural mechanisms [11-14].

Neuroimaging studies of the human brain have demonstrated
that frontostriatal pathways, particularly those connecting the
prefrontal cortex (PFC) and nucleus accumbens (NAc), are crucial
in regulating decision-making [15, 16]. Impaired decision-making,
in turn, is associated with disruptions such as diminished
frontostriatal activity and altered prefrontal dopamine levels
[15-17], with cocaine abusers showing persistent functional
abnormalities in these crucial neural networks [16-19]. In rodent
studies, chronic cocaine exposure is known to reliably alter
decision-making processes. This is characterized by a dose-
dependent increase in impulsive choice in delay-discounting
tasks, leading to a preference shift toward immediate small
rewards over delayed larger ones [20, 21]. A similar shift toward
risky decision-making has also been observed in the rGT in
previous studies, including our own [22-24]. Notably, Ferland and
Winstanley (2017) demonstrated that the interaction between
cocaine exposure and decision-making in the rGT may be
influenced by factors such as baseline risk preference, the timing
of assessment, and the presence of reward-paired cues, which can
enhance both risk-preferring behavior and behavioral responses
to cocaine [23].
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These behavioral shifts result from profound neuroadaptations
within the PFC-NAc circuitry [25, 26]. Among these neuroadapta-
tions, chronic cocaine induces long-lasting changes in dopami-
nergic signaling [27], which plays a central regulatory role in risky
decision-making. Chemogenetic inhibition of VTA dopamine
neurons reduces risk preference in the rGT [28], while dopamine
D1 and D2 receptors in the medial PFC exert distinct modulatory
effects. D1 receptor overexpression induces maladaptive risk-
taking [29], whereas D2 receptor modulation primarily facilitates
flexible adjustments in choice behavior [30]. As a key target of
neural projections from the mPFC, the NAc integrates cortical and
limbic information to guide goal-directed behavior in a dopamine-
dependent manner [31]. In particular, the prelimbic (PrL)
subregion of the mPFC is vital for maintaining an optimal choice
strategy, as its temporary inactivation impairs decision-making in
the rGT [30], and the NAc core region contributes to the
motivational aspects of decision-making [32, 33]. This PrL-NAc
core pathway mediates cocaine-seeking behaviors, with c-Fos
expression in this circuit correlating with cocaine seeking [34], and
both optogenetic and chemogenetic inhibition of this pathway
block this behavior [35, 36]. However, whether manipulating this
pathway can reverse cocaine-induced risky decision-making
remains unexplored.

To address this gap, we employed the rGT to assess decision-
making while using designer receptors exclusively activated by
designer drugs (DREADD) to selectively modulate PrL-NAc core
pathway activity [37] with the potent agonist JHU37160 (J60) [38].
We examined the molecular mechanisms underlying these effects
by analyzing DARPP-32, a key signaling hub where the D1
receptor pathway (activated by cocaine) and Gi-coupled pathway
(activated by inhibitory DREADD) converge [37, 39, 40]. Our
analysis focused on DARPP-32 phosphorylation at T34 and S97,
along with PKA, GSK3f (a D2-pathway marker) [41, 42], and the
L-type calcium channel CaV1.2, which is implicated in cocaine-
induced plasticity [43-45].

MATERIALS AND METHODS

Experimental design

This study was conducted in a sequential manner to investigate the role of
the prelimbic cortex (PrL) to nucleus accumbens (NAc) core pathway in
cocaine-induced risky decision-making. First, we performed a functional
validation experiment using c-Fos immunohistochemistry to confirm that
our chemogenetic (DREADD) manipulation could effectively modulate
cocaine-induced neuronal activity in the target pathway under a
behaviorally relevant timeline (Fig. 1). Following this validation, we
conducted the main behavioral experiments (Fig. 2), where rats were
trained on the rat gambling task (rGT) before undergoing either cocaine or
no-cocaine exposure protocols combined with DREADD manipulations to
assess changes in choice behavior (Fig. 2D). Finally, to explore the
underlying molecular mechanisms, a subset of rats from the behavioral
experiments underwent molecular analysis via Western blotting to
examine protein expression changes in the PrL (Fig. 5A). Animals were
randomly allocated to each experimental condition (e.g., DREADD virus
type and cocaine/no-cocaine).

Animals

Male Sprague-Dawley rats (6 weeks old) were obtained from Orient Bio Inc.
(Seongnam-si, Korea). They were housed 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. To increase their motivation for the task, rats received
a restricted diet that lowered their body weight to 85% of normal levels,
which started 2 days before the pre-training experiments and was
maintained until the end of the experimentation.

Drugs

Cocaine hydrochloride (Belgopia, Louvain-La-Neuve, Belgium) and
JHU37160 (Hellobio, Bristol, UK) were dissolved in sterile 0.9% saline to a
final concentration of 15 and 0.5 mg/kg, respectively.

SPRINGER NATURE

Virus

Adeno-associated viruses (AAVs) (0.5 pl; viral titer 7x10A12 vg/ml)
encoding either Cre-dependent hM4Di (pAAV-hSyn-DIO-hM4D(Gi)-
mCherry) (Addgene, Watertown, MA, USA; the Addgene plasmid #44362
used to prepare this virus was a gift from Dr. Bryan Roth) or Cre-dependent
hM3Dq (pAAV-hSyn-DIO-hM3D(Gq)-mCherry) (Addgene, Watertown, MA,
USA; the Addgene plasmid #44361 used to prepare this virus was a gift
from Dr. Bryan Roth) were infused bilaterally into the PrL for 5min.
Additionally, AAV (0.5pl; 7x10A12 vg/ml) encoding retrograde Cre
recombinase (pENN-AAV-hSyn-Cre-WPRE-hGH) (Addgene, Watertown,
MA, USA; the Addgene plasmid #105553 used to prepare this virus was
a gift from Dr. James M. Wilson) was infused bilaterally into the NAc core.
The complete experimental schemes are illustrated in Fig. 1A.

Stereotaxic surgery for virus infusion

Rats were anesthetized with intraperitoneal (IP) ketamine (100 mg/kg)
and xylazine (6 mg/kg) and placed in a stereotaxic instrument with
the incisor bar at 5.0 mm above the interaural line. After making an
incision on the skin, the skull surface was exposed and infusion
cannulas (28 gauge, Plastics One, Roanoke, VA, USA) connected to 1 ul
Hamilton syringes (Reno, NV, USA) via PE-20 tubing were angled at 10 ° to
the vertical line and aimed at the PrL (A/P, +3.2; L, +1.3; D/V, —4.0 mm
from bregma and skull) and the NAc core (A/P, +3.2; L, +2.8; D/V, —7.1 mm
from bregma and skull). Virus infusions were conducted by an
infusion pump at a rate of 0.1 pyl/min. The infusion cannulas were slowly
removed after an additional 5min to allow for viral diffusion. After
viral injection, rats were returned to their home cages for a 2-week
recovery period.

Animal treatment and tissue collection for c-Fos analysis

Rats received viral injections of Cre-dependent Gi or Gq-DREADD on the
PrL and retrograde Cre recombinase on the NAc core. After 6 weeks, rats
were administered with saline or cocaine (15 mg/kg, IP) followed by saline
or J60 (0.5 mg/kg) injection with 45 min interval. After another 45 min, the
rats were deeply anesthetized with ketamine (100 mg/kg) and xylazine
(6mg/kg) and then perfused transcardially with 10mM PBS (pH 7.4)
followed by 4% paraformaldehyde solution. Further details regarding
tissue processing and immunostaining are described in the Supplementary
Information.

c-Fos cell-counting analysis and histology

About 10 images co-labeled with c-Fos and NeuN were acquired each
from the PrL 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, and a
488 nm argon laser for c-Fos. The thickness of the images was 6 um and
obtained using a 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 PrL and NAc core and fixed during all analyses.
A threshold of each image was manually set up depending on the quality
of the image. The level of NeuN or c-Fos expression was manually
assessed. All analysis was conducted by an experimenter blind to the
experimental groups.

Behavioral procedures

Pre-training. The detailed procedure for rGT training was described in our
previous work [46] and data collection was automated using touchscreen
operant chambers (Campden Instruments Ltd., Leics, UK). Detailed
description about apparatus can be found in Supplementary Information.
Briefly, animals were trained once daily in 30 min sessions, five days per
week. Sucrose pellets (45 mg) (Bio-Serv, Flemington, NJ, USA) were used as
rewards. During the pre-training period (stages 1-4), rats learned to
associate touching a lit window with reward delivery and to recognize
punishment (time-out) for inaccurate, omitted, or premature (impulsive)
responses. Rats that achieved >80% accuracy and <20% omissions were
considered to have acquired the task successfully, and they underwent
DREADD virus insertion surgery (see Fig. 2A).
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Fig. 1 Functional validation of DREADD-mediated modulation of neuronal activity in the PrL-NAc core pathway using c-Fos expression.
A The schematic illustration of the overall experimental workflow, beginning with the functional validation of DREADD activity (c-Fos
counting) shown in this figure, which preceded the main behavioral experiments. To selectively express DREADDs in the PrL-NAc core
pathway, Cre-dependent mCherry-tagged DREADDs (hM4Di-Gi or hM3Dg-Gq) were injected into the prelimbic cortex (PrL), while a retrograde
Cre virus was injected into the nucleus accumbens (NAc) core. The representative image shows mCherry-tagged DREADD expression (red
fluorescence) localized within the PrL, confirming expression in projection-specific neurons. B Representative confocal images from the PrL
and NAc core show NeuN-positive neurons (blue) and c-Fos expression (green). The merged [c-Fos | NeuN] image demonstrates that c-Fos was
quantified only within neurons (white arrows). The [c-Fos | NeuN | mcherry]l merge displays DREADD-expressing neurons in relation to the
other markers. Images were captured at 20x magnification. Scale bar = 100 um. € The graphs in C and D represent the ratio of c-Fos to NeuN,
normalized to the Saline-saline control group. In Gi-DREADD expressing rats, cocaine administration significantly increased c-Fos levels in the
PrL (**P < 0.01). Subsequent activation with J60 significantly attenuated this cocaine-induced increase (1P <0.01). In the NAc core, cocaine
also induced a significant increase in c-Fos (*P < 0.05), which remained unaffected by J60. D Consistent with the excitatory function of Gg-
DREADD, cocaine-induced elevation of c-Fos in the PrL (*P < 0.05) was further enhanced by J60 administration (t11P < 0.001). In the NAc core,
cocaine induced a significant increase in c-Fos (***P < 0.001), which remained unaffected by J60. Data are presented as mean + SEM. The
numbers of rats are as follows: Gi-sal-sal (n = 10), Gi-coc-sal (n = 9), Gi-coc-J60 (n = 10), Gg-sal-sal (n = 6), Gg-coc-sal (n = 8), Gg-coc-J60 (n =9).
Created with Biorender.com.
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Fig. 2 Schematic illustration of the behavioral experiment procedures and groupings by choice preference after rGT. A Schematic
illustration of the pre-training and surgery. Following pre-training to perform a correct touch for sucrose pellet rewards, rats underwent viral
insertion surgery for projection-specific DREADD expression in the PrL-NAc core pathway. B lllustration of the rGT. During 30 min free-choice,
rats freely select among P1-P4 options, each associated with different amounts of reward (1-4 sucrose pellets) and punishments (timeout
durations). P2 is considered as an optimal choice because it yields the maximum number of pellets when only P2 choice was selected during
the rGT. C Displayed are representative combined data of the choice preference scores obtained during the 18 consecutive days (even days
only; mean + S.E.M.) of rGT (stage 6) from Experiment 1 (Gi-DREADD only). Rats were categorized as risk-averse (left) when their basal score for
P2 was equal to or higher than 60%, whereas they were categorized as risk-seeking (right) when their basal score for P2 was lower than 60%.
The number of rats was 32 for the risk-averse group and 31 for the risk-seeking group. D Schematic illustration depicts the whole behavioral
experiment. After the categorization of rats as risk-averse or risk-seeking was completed, the rats underwent cocaine sensitization + rGT
(Experiment 1), or No cocaine + rGT (Experiment 2). In Experiment 1, the effect of cocaine and subsequent modulation of PrL-NAc core activity
on rGT performance was evaluated in a counterbalanced manner. In Experiment 2, the effect of PrL-NAc core activity modulation during rGT
was assessed without prior cocaine treatment. Immediately after the final rGT session, the rats were sacrificed, and brain tissue from a subset
of them was collected for western blot analysis. Created with Biorender.com.

rGT counterbalanced way as follows: for half of the animals, the windows
After two-weeks of recovery period, the rats were introduced to stage 5, were 1 (P1), 2 (P4), 3 (P2), and 4 (P3); for the other half of the animals, the
where they learned that each of the four windows was associated with windows were 1 (P4), 2 (P1), 3 (P3), and 4 (P2).

distinct reward and punishment probabilities: window P1 (1 pellet with
90% or 5 s time-out with 10%); window P2 (2 pellets with 80% or 10 s time-
out with 20%); window P3 (3 pellets with 50% or 30 s time-out with 50%);
and window P4 (4 pellets with 30% or 40 s time-out with 70%). In Stage 6,
all four windows were simultaneously lit, allowing the rats to make free
choices among them. The reward and punishment settings for each
window in this stage were consistent with those introduced in stage 5,
along with the ITl and stimulus duration time. Depending on the window
they chose, rats received reward (pellets) or punishment (time-out) with
differently programmed probabilities. Stage 6 continued until 18 daily
sessions. To avoid any location bias, windows were allocated in a

Categorization of groups according to the choice preference
Hypothetically, if one window is chosen exclusively, the amount of reward
pellets per session that an animal can obtain is as follows: P1, 295; P2, 411;
P3, 135; and P4, 65 pellets. Among these options, P2 was considered the
most optimal for maximizing overall rewards. After 18 daily sessions were
completed, the average of the last three daily sessions’ P2 choice
percentages ([the number of P2 choices divided by the total number of
choices] x 100) was considered a basal score for the risk preference. Rats
were categorized as risk-averse when their basal score for P2 was equal to

SPRINGER NATURE Translational Psychiatry (2026)16:245



or higher than 60%, whereas they were categorized as risk-seeking when
their basal score for P2 was lower than 60%.

Design and procedures of behavioral experiments

Experiment 1 (effects of neuronal activity modulation on choice
preference in the rGT with cocaine sensitization): After rGT stage 6, rats
underwent a 7-day cocaine pre-exposure phase (15 mg/kg, IP, daily). This
regimen was chosen for its proven efficacy in inducing neuroplasticity
and behavioral sensitization [22, 47], which we further validated via
plasticity-related molecules (e.g., CaV1.2 and DARPP-32) in the PrL (see
Results). On Days 1 and 7, they received a cocaine injection in a cage
outside the colony room, followed by the rGT session 60 min later. The
60-min interval was chosen to minimize high omission rates and task
failure associated with the peak psychomotor effects of cocaine, ensuring
reliable task performance while preserving the drug’s effect on decision
making [22]. On Days 2-6, they only received cocaine injections in their
home cages. Upon completing cocaine pre-exposure, five to seven days
of reminder rGT sessions were performed during the 2 weeks of
withdrawal phase. This withdrawal period allows for the development of
cocaine-induced metaplasticity, whereby synaptic adaptations remain
functionally latent during abstinence but are primed for behavioral
expression upon subsequent challenge [26]. After the withdrawal period,
a challenge rGT session was conducted. During this session, cocaine was
administered first, followed by the DREADD agonist J60 (0.5 mg/kg, IP) or
saline administration 45 min later; the rGT session was conducted 15 min
after the second injection (totaling 60 min post-cocaine). After seven
days, J60 or saline injection following cocaine challenge was switched in
a counterbalanced manner, and rGT was performed again (see Fig. 3A for
the whole scheme).

Experiment 2 (effects of neuronal activity modulation on choice
preference in the rGT with no cocaine): After completing stage six of the
rGT, the J60 pre-exposure period began. This period followed a cocaine
sensitization schedule, where the rats received a daily injection of J60
(0.5mg/kg, IP) for seven consecutive days. On Days 1 and 7, the rats
received a J60 injection 15 min before the rGT session, whereas on the
remaining days, they only received J60 injections in their home cages.
Once the J60 pre-exposure period was completed, five to seven days of
reminder rGT sessions were conducted during the 2 weeks of the
withdrawal phase. After the withdrawal period ended, challenge rGT was
administered. During this session, the rats received saline first; a J60 or
saline injection 45 min later; an rGT session was conducted 15 min later.
Three days later, a counterbalanced challenge session was held in the
same manner (see Fig. 3C for the whole scheme).

Western blot analysis

Some Gi-DREADD expressed rats used in Experiment 1 were decapitated
right after the last counterbalanced rGT was completed. Additional rats
separately trained and completed stage 6 of rGT were also decapitated.
Brains were rapidly removed, and coronal sections were obtained with an
ice-cold brain slicer (1 mm thick extending 1.60-2.60 mm from bregma).
The Dual Fluorescent Protein (DFP) flashlight from NIGHTSEA (1560
Industry Rd, Hatfield, PA 19440, USA) was used for histological analysis
detecting mCherry red fluorescent expressed rats in PrL region, after which
the fluorescent-positive tissues were obtained bilaterally. Further details
are provided in the Supplementary Information.

Statistical analysis

Data were shown as mean + standard error of the mean (SEM), and they
were analyzed using GraphPad Prism (version 10.3) and R. Sample sizes
were based on previous studies [22, 46]. While no a priori power analysis
was performed, effect size calculations confirmed the adequacy of the
sample size to detect the medium-to-large effects (Cohen'’s f > 0.25-0.28)
observed in our main experimental groups. Unpaired t-test was used to
compare the mean basal level expression of risk-averse and risk-seeking
rats in western blot analysis. One-way analysis of variance (ANOVA) was
used to compare the c-Fos+ neurons in cell counting or molecular
expressions following cocaine and J60 administration in western blot. One-
way repeated ANOVA measure was used to analyze the preference change
within a single group across experimental phases (e.g., Basal, Pre-exposure,
Challenge). Two-way repeated ANOVA measure was used to compare the
preference scores following cocaine and subsequent DREADD agonist (J60)
injection. This analysis was also applied to the delta-from-basal. ANOVAs
were followed by post hoc Tukey or Bonferroni multiple comparison test.

Translational Psychiatry (2026)16:245
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Differences between experimental conditions were considered statistically
significant when p < 0.05.

RESULTS
All statistical details analyzed for the results are summarized in
Supplemental Tables.

Validation of projection-specific chemogenetic modulation in
the PrL-NAc core pathway

To selectively manipulate the PrL-NAc core pathway, we employed
a dual-viral approach combining Cre-dependent DREADD expres-
sion in the PrL with retrograde Cre delivery from the NAc core (Fig.
1A). This strategy enabled projection-specific expression of either
inhibitory (hM4Di-Gi) or excitatory (hM3Dg-Gq) DREADDs in PrL
neurons projecting to the NAc core. Confocal imaging confirmed
mCherry-tagged DREADD expression within the PrL and validated
that c-Fos quantification was restricted to NeuN-positive neurons
in both the PrL and NAc core (Fig. 1B).

To validate functional efficacy, we examined whether DREADD
activation could bidirectionally modulate cocaine-induced c-Fos
expression. In Gi-DREADD expressing rats, cocaine significantly
increased c-Fos in the PrL (P<0.01), which was successfully
suppressed to baseline levels by J60 administration (P <0.01)
(Fig. 1C). Conversely, in Gq-DREADD expressing rats, J60
further enhanced cocaine-induced c-Fos elevation in the PrL
(P <0.01) (Fig. 1D). This bidirectional modulation was specific to
the PrL, as the NAc core remained unaffected by J60. This finding
suggests that chemogenetic modulation of only the PrL input
may be insufficient to reduce the overall elevation of c-Fos
expression by cocaine in NAc core neurons. Nonetheless,
these results indicate that our chemogenetic strategy provides
effective regulation over cocaine-induced neuronal activity in the
PrL region.

Categorization of groups according to the choice

preference in rGT

As illustrated in Fig. 2A, the rats underwent pre-training, followed
by surgical insertion of the viruses and subsequently underwent
rGT training until their preference choices stabilized (Fig.2B). Over
18 consecutive days of measurement, rats were categorized as
risk-averse (P2 >=60%) or risk-seeking (P2 <60%) based on their
choice preference for the optimal P2 option during the last three
days of the task (Fig. 2C). Risk-averse rats consistently preferred
the advantageous P2 option from the beginning, whereas risk-
seeking rats showed fluctuating preferences initially but increas-
ingly favored the disadvantageous P3 option as the task
progressed. The rats were then divided into two experimental
groups. In Experiment 1, rats underwent cocaine sensitization and
neuronal activity modulation of the PrL-NAc core pathway,
followed by performance assessment on the rGT. In Experiment
2, rats underwent only pathway activity modulation prior to the
rGT, without cocaine exposure.

Attenuation of cocaine-induced increase in risk-choice
preference by Gi-DREADD, but not Gq-DREADD, activation in
pre-categorized risk-averse rats

To investigate whether PrL-NAc core pathway modulation
regulates cocaine-induced risky decision-making, we compared
choice preferences following cocaine challenge to baseline
scores (Experiment 1; Fig. 3A and S1A). In risk-averse rats
expressing either Gi- or Gg-DREADDs (Fig. 3B), cocaine signifi-
cantly reduced optimal choice preference (P2; P<0.01-0.001)
and increased risky choices (P3 and P4; P<0.05-0.001).
However, Gi-DREADD activation with J60, but not Gq-DREADD
activation, significantly attenuated these cocaine-induced
shifts for the P2 and P3 options (P<0.01), demonstrating that
inhibiting the PrL-NAc core pathway activity effectively reverses

SPRINGER NATURE
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Fig. 3 Activation of Gi, but not Gq, DREADD in the PrL attenuates cocaine-induced increase of choice preference toward risk-seeking in
basal risk-averse rats. A Schematic illustration depicts the procedure of experiment 1. Rats expressing Gi or Gqg DREADDs in the PrL-NAc core
pathway underwent a cocaine sensitization protocol starting right after the completion of rGT stage 6. Choice preference tests were
performed during the cocaine pre-exposures (Day1 and 7), followed by 5-7 consecutive normal rGT during withdrawal period. During the
challenges, rGT was performed after cocaine with saline or cocaine with J60 administration in a counter-balanced manner. B The percentages
of choice preference on two cocaine challenge days (with or without J60) were compared to basal choice preference score calculated as the
average of the last three days of choice preference scores in stage 6. In risk-averse rats, cocaine significantly reduced P2 choices and increased
P3 and P4 choices compared to basal score. However, these effects were attenuated by J60 administration in rats with Gi-DREADD but not in
rats with Gq-DREADD ***P < 0.001, **P < 0.01, *P < 0.05, 1P < 0.01, compared to cocaine only. Data are shown as mean + SEM. The numbers of
rats are as follows: Gi-Averse (n = 32) and Gg-Averse (n = 33). C Schematic illustration depicts the procedure of experiment 2. Rats expressing
Gi or Gq DREADD:s in the PrL-NAc core pathway were repeatedly injected with J60 alone similar to the cocaine sensitization protocol starting
right after the completion of rGT stage 6. Choice preference tests were performed during the J60 pre-exposures (Day1 and 7), followed by 5-7
consecutive normal rGT. During the challenges, rGT was performed following saline or J60 administration in a counter-balanced manner.
D The percentages of choice preference on two challenge days were compared to basal choice preference score that was calculated as the
average of the last three days of choice preference scores in stage 6. J60 produced no significant changes in choice preference compared to
basal score. Data are shown as mean + SEM. The numbers of rats are as follows: Gi-Averse (n=9) and Gg-Averse (n = 10). Created with
Biorender.com.

cocaine-induced risk-seeking. In contrast, risk-seeking rats showed To determine whether chronic modulation of this pathway
no cocaine-induced alterations in choice preference, and neither alone affects decision-making, we next examined rats receiving
Gi- nor Gg-DREADD activation modified their decision-making repeated J60 administration in the absence of cocaine (Experi-
(Fig. S1B). ment 2; Fig. 3C and S1C). Under no-cocaine conditions, repeated

Beyond choice preference, cocaine increased omission rates J60 treatment alone did not produce any significant change in
and reward collection latency compared to baseline in both choice preference compared with basal levels in either group (Fig.
phenotypes (Figs. S3 and S4). DREADD activation generally did not 3D and S1D). However, activation of Gg-DREADD:s slightly reduced
reverse these effects, although Gi-DREADD partially mitigated premature responses (Fig. S4B), suggesting a distinct role of
cocaine-induced omission increases. excitatory PrL-NAc core activity.
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Fig. 4 Longitudinal effects of cocaine on P2 choice and its differential modulation by Gi- and Gq-DREADD activation in risk-averse rats.
Changes in P2 choice percentage are presented across all experimental phases through the longitudinal analysis, comparing the Cocaine
condition (blue lines) with the No-cocaine condition (grey lines). A In Gi-DREADD expressing rats, P2 choice% was significantly reduced from
Basal during cocaine pre-exposure (Day 1, *P < 0.05; Day 7, **P < 0.01). This reduction was restored during the withdrawal period (WD) and re-
emerged during the cocaine challenge with saline (**P <0.01). Subsequent activation of Gi-DREADD with J60 significantly inhibited this
cocaine-induced shift (tP < 0.05 compared to the cocaine + saline challenge). B In Gq-DREADD expressing rats, P2 choice was significantly
reduced from Basal during the cocaine challenge, an effect that was present with both saline and J60 administration (***P < 0.001). C-D In the
No-cocaine condition, activation of either Gi- or Gg-DREADD alone did not produce significant changes in P2 choice. E In Gi-DREADD
expressing rats, a delta-from-basal analysis revealed that the Cocaine condition showed a significantly lower P2 choice compared to the No-
cocaine condition at Pre-exposure Day 7 (1P < 0.05) and during the challenge without DREADD activation (tt1P < 0.001). This difference
between conditions was abolished following J60 administration. F In the Gg-DREADD groups, the delta-from-Basal analysis showed a
sustained and significant reduction in P2 choice for the Cocaine condition compared to the No-cocaine condition at both challenges with
saline and J60 (t11P < 0.001). Data are presented as mean + SEM. The numbers of rats are as follows: Cocaine condition [Gi-Averse (n = 32), Gg-
Averse (n = 33)]; No-cocaine condition [Gi-Averse (n = 9), Gg-Averse (n = 10)].

Longitudinal effects of cocaine on P2 choice and its
differential modulation by Gi and Gq-DREADD activation

To examine whether PrL-NAc core pathway activity regulates
cocaine-induced changes in risk-taking behavior, we performed a
longitudinal analysis of P2 choice across all experimental phases,
comparing the cocaine (Experiment 1) and no-cocaine (Experi-
ment 2) conditions (Fig. 4 and S2).

In risk-averse rats, the cocaine condition induced dynamic
changes in choice behavior that were dependent on the type of
DREADD modulation (Fig. 4). In Gi-DREADD expressing rats,
cocaine pre-exposure significantly reduced the preference for
the P2 choice on both Day 1 (P < 0.05) and Day 7 (P<0.01). This
reduction was restored during the drug-free withdrawal period

Translational Psychiatry (2026)16:245

but re-emerged during the cocaine challenge with saline
(P <0.01). Critically, Gi-DREADD activation with J60 significantly
attenuated this cocaine-induced shift (P < 0.05), suggesting that
inhibiting the PrL-NAc core pathway can reverse cocaine’s effects
on risk preference. In contrast, Gg-DREADD expressing rats
showed significant reductions in P2 choice only during the
cocaine challenge, with both saline and J60 producing compar-
able effects (P < 0.001) (Fig. 4B), indicating that pathway excitation
did not mitigate cocaine-induced behavioral changes.

In the no-cocaine condition, P2 choice remained stable
throughout all phases, regardless of DREADD activation (Fig. 4C-
D), similar to the performance of saline treatment alone (Fig. S9).
Therefore, we conducted a delta-from-basal analysis to directly
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compare the two conditions (Fig. 4E-F). In the Gi-DREADD group,
the cocaine condition showed significantly lower P2 choice at pre-
exposure Day 7 (P<0.05) and during the challenge without
DREADD activation (P < 0.001), differences that were abolished by
J60 administration (Fig. 4E). In the Gg-DREADD group, the cocaine
condition maintained significantly lower P2 choice during both
challenges regardless of J60 administration (P < 0.001) (Fig. 4F).

In contrast, risk-seeking rats displayed an inflexible choice
pattern that was largely unaffected by either cocaine or DREADD
modulation (Fig. S2A-D), with delta-from-basal analysis revealing
no significant differences between conditions at any timepoint
(Fig. S2E-F). These findings demonstrate that inhibiting the PrL-
NAc core pathway specifically reverses cocaine-induced shifts in
risk preference in risk-averse individuals.

Cocaine-induced molecular alterations in risk-averse rats
resembling risk-seeking profiles and reversal by Gi-DREADD
activation in the PrL

To elucidate molecular mechanisms underlying cocaine-induced
preference shifts, we performed western blot analysis on PrL tissue
collected immediately after the final rGT session (Fig. 5A). The
analysis focused on identifying basal differences between risk-
averse and risk-seeking rats and evaluating the effects of cocaine
treatment (with or without J60) within each group.

We first examined the levels of the voltage-dependent L-type
calcium channel alpha 1 C subunit (CaV1.2). Although basal levels
did not differ between the two groups, cocaine exposure
significantly increased CaV1.2 expression in risk-averse rats
(P<0.05) and this increase was attenuated by concurrent Gi-
DREADD activation (P < 0.05) (Fig. 5B). These molecular changes
were not observed in risk-seeking rats.

Next, we examined the ratio of phosphorylated to total
dopamine- and cAMP-regulated phosphoprotein, 32kDa
(DARPP-32). Under basal conditions, risk-seeking rats exhibited
significantly higher total DARPP-32 levels (Fig. 5C) and a lower
ratio of phosphorylated DARPP-32 at serine 97 (pS97) to total
DARPP-32 (Fig. 5D) compared to risk-averse rats (P <0.05).
Notably, cocaine significantly reduced this ratio in risk-averse rats,
similar to the level observed in risk-seeking rats (P < 0.01), whereas
this effect was significantly increased to basal levels by
concomitant Gi-DREADD activation (P <0.05) (Fig. 5D). These
changes were not observed in risk-seeking rats. We also examined
other molecules, including CaV1.3, and the ratio of phosphoryla-
tion at threonine (T) 34 to total DARPP-32; however, no significant
changes were observed in either the risk-averse or risk-seeking
rats (Fig. S5). Representative Western blot images are shown in Fig.
S6.

To examine if these molecular changes were associated with
preference for optimal choice (P2), we conducted correlation
analyses under different treatment (basal, cocaine alone, and
cocaine with J60). As a result, no significant correlations were
observed between CaV1.2 and P2 (Fig. S7). However, a significant
positive correlation was found between pDARPP-32(S97)/DARPP-
32 and the P2 choice (r=0.62, P=0.04) with cocaine alone,
whereas this effect disappeared with concomitant J60 adminis-
tration in risk-averse rats (Fig. 5E). No significant correlations were
found in risk-seeking rats (Fig. 5F).

Consistent with the behavioral analysis shown in Fig. 3B, the
rats used for the molecular experiments exhibited the cocaine-
induced risky decision-making and its reversal by Gi-DREADD
activation in risk-averse rats (Fig. S8).

DISCUSSION

Modulation of cocaine-induced risky decision-making by the
PrL-NAc core pathway in risk-averse rats

Chronic cocaine use influences the activity of the PrL-NAc core
pathway [34-36], and also drives decision-making toward risky

SPRINGER NATURE

options [22]. In the present study, we demonstrated that the
inhibition of neuronal activity by Gi-DREADD activation in the PrL-
NAc core pathway can attenuate the cocaine-induced increase of
preference for risky options in risk-averse rats (Fig. 3B left).
Notably, decision-making impairment was not evident during
withdrawal, yet became pronounced following a cocaine chal-
lenge (Fig. 4A-B). This phenomenon can be explained by the
concept of “cocaine-induced metaplasticity”, where drug-induced
neuroadaptations remain latent during abstinence but rapidly re-
emerge upon drug re-exposure [26], providing a critical window
for our intervention with Gi-DREADD activation.

However, excitatory Gg-DREADD activation failed to alter the
cocaine-induced risk preference in risk-averse rats, despite
increasing PrL neuronal activity (Fig. 1D). Furthermore, risk-
seeking rats displayed an inflexible response, as their decision-
making was unaffected by either cocaine or subsequent DREADD
activity modulation (Fig. S1B). Even in the absence of cocaine,
repeated activation of both Gi- and Gg-DREADD in the PrL-NAc
core pathway did not affect risky decision-making (Fig.
3D and S1D), demonstrating that pathway modulation specifically
interacts with cocaine-induced neuroadaptations rather than
affecting baseline risk preferences. Delta-from-basal analysis
further confirmed that cocaine significantly reduced P2 choice
compared to the no-cocaine condition, a difference abolished by
Gi-DREADD but not Gg-DREADD activation (Fig. 4E-F).

Beyond risk preference, pathway-specific intervention affected
other behavioral parameters. Gi-DREADD activation, but not Gg-
DREADD, partially prevented cocaine-induced increases in omis-
sion rates in risk-averse rats (Fig. S3A), suggesting that the PrL-NAc
core pathway mediates attentional processes in task engagement
[48]. These results raise the possibility that the PrL-NAc core
pathway mediates the influence of attention on decision-making
in certain populations. In contrast, Gg-DREADD activation suggests
a potential modulatory role on impulsive behavior as shown by
decreased premature responses in the no-cocaine condition (Fig.
S4B), rather than on decision-making (Fig. 3B, D), which aligns with
recent evidence demonstrating that activation of the mPFC-NAc
pathway reduces motor impulsivity [49].

DARPP-32 and CaV1.2 as molecular determinants of cocaine-
induced risk preference in the PrL

Our molecular analysis in the PrL revealed two critical findings.
First, baseline DARPP-32 signaling differed between risk-averse
and risk-seeking rats, with the latter exhibiting constitutively
higher total DARPP-32 levels and lower pDARPP-32(S97)/DARPP-
32 ratios (Fig. 5C-D). Remarkably, cocaine exposure in risk-averse
rats replicated this molecular profile, shifting their pDARPP-
32(S97) ratio to levels resembling risk-seeking rats—a shift
reversed by Gi-DREADD activation (Fig. 5D). The positive correla-
tion between P2 choice and pDARPP-32(597)/DARPP-32 ratio
specifically in cocaine-treated risk-averse rats (r=0.62, P =0.04)
(Fig. 5E), but not in risk-seeking rats (Fig. 5F), demonstrates that
S97 phosphorylation serves as a molecular determinant of risky
decision-making.  While = pDARPP-32(T34)/DARPP-32  ratios
remained stable across groups (Fig. S5B), increased total DARPP-
32 in cocaine-treated risk-averse rats (Fig. 5C) implies elevated T34
phosphorylation. Since D1 receptor activation increases T34 while
decreasing S97 phosphorylation, resulting in DARPP-32 nuclear
translocation [40, 41], cocaine-induced behavioral changes likely
occur through D1 receptor signaling in the PrL. Unchanged GSK33
levels (Fig. S5F), a D2 signaling marker, support the D1 pathway
specificity.

In addition to DARPP-32 dysregulation, cocaine significantly
increased CaV1.2 expression in risk-averse rats, an effect mitigated
by Gi-DREADD activation (Fig. 5B, middle). CaV1.2, a key
component of L-type calcium channels, modulates neuronal
excitability through calcium influx and plays a pivotal role in
cocaine sensitization [43-45]. This suggests that it may contribute
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to cocaine-induced increases in preference for risky options in pre- suggesting that CaV1.2 plays a central role in the cocaine-
categorized risk-averse rats by lowering the threshold for synaptic induced risk-preference changes.
changes linked to risk-seeking behavior. In contrast, CaV1.3, This mechanism also accounts for why Gg-DREADD failed to alter

another LTCC subtype, did not show any change in expression cocaine effects. Cocaine already drives the PrL-NAc core pathway
after cocaine exposure or Gi-DREADD activation (Fig. S5A), toward excessive D1 receptor activation, and further excitatory
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Fig. 5 Activation of Gi-DREADD in the PrL modulates cocaine-induced differential expression of CaV1.2 and DARPP-32 in risk-averse rats.
A The illustration depicts whole experimental procedures. After completion of rGT with cocaine challenge (with or without J60), brain slices
were made and the PrL regions were punched out, followed by protein analysis using Western blot. B In risk-averse rats, cocaine significantly
increased CaV1.2 expression levels compared to basal group (*P < 0.05), whereas it was significantly reduced by subsequent administration of
J60 (1P < 0.05). No difference was observed in risk-seeking rats. C A significant increase in total DARPP-32 expression was observed in risk-
seeking compared to risk-averse rats (**P <0.01). Cocaine administration in risk-averse rats significantly increased total DARPP-32 levels
(**P < 0.01), whereas J60 attenuated this effect (1P < 0.05) in risk-averse rats. No difference was observed in risk-seeking rats. D A significant
decrease in the ratio of phosphorylated DARPP-32 at S97 to total DARPP-32 was observed in risk-seeking compared to risk-averse rats
(*P < 0.05). Cocaine administration in risk-averse rats also significantly decreased this ratio (**P < 0.01), whereas J60 attenuated this effect
(tP < 0.05) in risk-averse rats. No difference was observed in risk-seeking rats. E Scatter plots illustrate the correlation between P2 choice and
the ratio of phosphorylated DARPP-32 at S97 to total DARPP-32 for each animal in risk-averse group, with Pearson’s r and p-values. A positive
correlation was observed in cocaine-treated rats (r = 0.6209, *P < 0.05), while this correlation was absent in basal and cocaine + J60 treated
rats. F No significant correlation was observed between P2 choice and pDARPP-32(597)/total DARPP-32 in risk-seeking rats. The numbers of
rats for western blot analysis are as follows: Averse-Basal (n = 9), Averse-Coc (n = 11), Averse-Coc+J60 (n = 10), Seeking-Basal (n = 9), Seeking-

Coc (n =13), Seeking-Coc+J60 (n = 11). Created with Biorender.com.
<

modulation through Gg-DREADD cannot reverse or mitigate this
overactivated state. Instead, inhibitory modulation via Gi-DREADD is
required to normalize the hyperactive D1 signaling induced by
cocaine. Notably, a subgroup of risk-seeking rats used for molecular
analysis showed improved optimal choice with Gi-DREADD activa-
tion (Fig. S8), suggesting heterogeneity within the risk-seeking
group. This finding indicates that some individuals classified as risk-
seeking may retain sufficient molecular plasticity to benefit from
pathway inhibition, warranting further investigation into the
molecular determinants of this variability.

Implications for individualized treatment in SUD and GD

Our findings provide insights into individual differences in
treatment responsiveness observed in human SUD and GD
populations. Clinical studies consistently report substantial varia-
bility in long-term outcomes, with relapse rates of 40-60% within
the first year following treatment [50]. This variability is paralleled
by our observation that only risk-averse rats exhibited reversible
shifts in decision-making following cocaine exposure, whereas
risk-seeking rats showed no response to pathway modulation.
These results suggest that baseline neural circuit properties may
contribute to differences in therapeutic responsiveness, though
validation in clinical populations will be essential.

Our dissociation between Gi-DREADD effects (rescuing risky
decision-making) and Gqg-DREADD effects (reducing premature
responding) aligns with clinical evidence that impulsivity com-
prises distinct dimensions, including risky decision-making and
motor impulsivity, that map onto different neural substrates
[51, 52]. These findings suggest that prefrontal-striatal pathway
modulation differentially affects specific impulsivity dimensions
depending on the direction of modulation.

Several factors warrant consideration in translating these
findings. The heterogeneity observed within the risk-seeking group
(Fig. S8), combined with known effects of sex [53, 54] and
environmental factors such as social isolation [22] on risk
preference, indicates that additional variables likely modulate
treatment responsiveness. This study was conducted exclusively
in male rats, and future work should include both sexes given well-
documented sex differences in risk-taking and cocaine responsive-
ness. Furthermore, while our data showed no detectable alterations
in decision-making parameters during repeated J60 injection (Fig.
4 and S9), which aligns with the reported biological neutrality of J60
[38], we acknowledge as a significant limitation that the potential
long-term biological adaptations following repeated J60 adminis-
tration cannot be definitively excluded. Therefore, future studies
should include concurrent vehicle and DREADD ligand control
groups within the same cohort and employ more comprehensive
control conditions to rigorously validate the inert nature of
chemogenetic ligands across experimental contexts.

Nonetheless, this study provides proof-of-concept that baseline
behavioral characteristics reflect underlying molecular profiles that

SPRINGER NATURE

predict intervention efficacy, offering a framework for investigating
neurobiologically-informed treatment approaches in addiction.
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