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ABSTRACT

Background and aims: Proper measurement of expected risk is important for making rational decisions,
and maladaptive decision making may underlie various psychiatric disorders. However, differentially
expressed genetic profiling involved in this process is still largely unknown. A rodent version of the
gambling task (rGT) has been developed to measure decision-making by adopting the same principle of
Iowa Gambling Task in humans. In the present study, we examined using next-generation sequencing
(NGS) technique whether there are differences in gene expression profiles in the medial prefrontal
cortex (mPFC) and the nucleus accumbens (NAc) when rats make different choices toward risk in rGT.
Methods: Rats were trained in a touch screen chamber to learn the relationships between 4 different
light signals on the window of the screen and accompanied reward outcomes or punishments set up
with different magnitudes and probabilities. Once they showed a stabilized pattern of preference upon
free choice, rats were classified into risk-averse or risk-seeking groups. After performing the rGT, rats
were decapitated, the mPFC and the NAc was dissected out, and NGS was performed with the total
RNA extracted. Results: We found that 477 and 36 genes were differentially expressed (approximately
75 and 83% out of them were downregulated) in the mPFC and the NAc, respectively, in risk-seeking
compared to risk-averse rats. Among those, we suggested a few top ranked genes that may contribute to
promoting risky choices. Discussion and conclusions: Our findings provide insights into transcriptional
components underlying risky choices in rats.
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INTRODUCTION

Efficient decision-making that maximizes long-term benefits in our lives is vital for the sur-
vival and well-being of individuals. In contrast, poor decision-making has detrimental effects
on our lives, as demonstrated in individuals with gambling disorder and substance addiction.
One of the characteristic core components of gambling disorders, similar to substance
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addiction, is making continuous risky choices despite their
adverse effects (Fauth-Buhler, Mann, & Potenza, 2017;
Frascella, Potenza, Brown, & Childress, 2010; Potenza, 2008).
To assess decision-making in humans, the Iowa gambling
task (IGT) was developed as a simulated gambling task
reflecting the complexity of the choices (Bechara, 2003;
Bechara, Damasio, Damasio, & Anderson, 1994). It has been
widely used to measure and analyze the choice behaviors in
humans with various psychiatric conditions. By adopting the
basic principles and structures of IGT, a similar rat version of
the gambling task (rGT) has been developed in a few labo-
ratories (de Visser, Homberg, et al., 2011; Kim, Cho, Kwak, &
Kim, 2017; Rivalan, Ahmed, & Dellu-Hagedorn, 2009; Van
den Bos, Koot, & de Visser, 2014; Zeeb, Robbins, & Win-
stanley, 2009). Some features of rGT commonly shared with
IGT include uncertainty, reward, and punishment, making
it a promising animal model for psychiatric disorders
with decision-making deficits, including gambling disorder
(Potenza, 2009; Van den Bos et al., 2014).

It has been reported that vulnerability to gambling dis-
order has a genetic basis, as shown by studies that include
families and twins (Black, Monahan, Temkit, & Shaw, 2006;
Ducci & Goldman, 2012; Lobo & Kennedy, 2009; Piasecki,
Gizer, & Slutske, 2019; Slutske et al., 2000). Similarly, studies
including twins have shown that risk-taking behavior is
also inheritable (Anokhin, Golosheykin, Grant, & Heath,
2009). Furthermore, a few genome-wide association studies
have implicated some genes in gambling disorders (Lind
et al., 2012; Lang et al., 2020). With the advances in RNA
sequencing technologies, whole-transcriptome analysis for
psychiatric disorders, including drug addictions, has become
popular (Huggett & Stallings, 2020; Navandar et al., 2021;
Walker et al., 2018). Although a report examined the mRNA
expression levels in the brain obtained from rGT rats by
in situ hybridization (Lobo et al., 2015), a whole-tran-
scriptome analysis for these brains has not yet been con-
ducted. Based on these findings, we hypothesized that there
might be differences in the transcription levels in the rat
brain reflecting differentiated characteristics in rGT. To test
this hypothesis, we performed whole-transcriptome
sequencing (WTS) of brain samples from rGT rats, targeting
two brain regions, the medial prefrontal cortex (mPFC) and
the nucleus accumbens (NAc), which are known to play
important roles in decision-making and addictive disorders
(de Visser, Baars, van’t Klooster, & van den Bos, 2011;
Fellows & Farah, 2005; Goto & Grace, 2008; Kim, Jang, Lee,
Jang, & Kim, 2013; Orsini et al., 2018).

METHODS

Subjects

Male Sprague-Dawley rats, 3 weeks old on arrival, were
obtained from Orient Bio Inc. (Seongnam-si, Korea). The
rats were housed three per cage for 1-week to allow habit-
uation to a new colony environment, during which they
were handled by experimenters, and had access to food

ad libitum. Subsequently, they were housed two per cage and
placed on a restricted diet with 85% of their normal daily
food consumption, which was started 2 days before the pre-
training experiments and maintained until the end of
experimentation. After the daily training session, food was
provided immediately to sufficiently maintain the animals’
growth and motivation. Water was available ad libitum at all
times. Colony rooms had a controlled room temperature
(21 8C) and a 12-h light/dark cycle (lights on at 8:00 am),
and all experiments were conducted during the day.

Apparatus

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 high3
60.7 cm long3 53.5 cm wide) (Campden Instruments Ltd.,
Leics, UK). Each chamber was equipped with a house
light (light-emitting diode), touch-sensitive liquid crystal
display monitor (touchscreen; 15.0 inch, screen resolution
1,0243 768), pellet dispenser, and food magazine unit (with
light and infrared beam to detect entries) facing the
touchscreen. The chambers had a trapezoidal shape (30 cm
high3 33 cm long [from screen to magazine]3 25 cm wide
for the screen and 13 cm wide for the magazine) (Fig. 1),
which was designed to help focus the animal’s attention on
the touchscreen and reward delivery area (i.e., the food
magazine) (Mar et al., 2013). On top of the chamber, a
transparent lid was secured to the trapezoidal walls with
latches to retain the animals inside the chambers. The floor
was constructed from perforated stainless steel, and a
tray for collecting litter was located below the floor. The
touchscreen used sensitive optical infrared sensors that
allowed the screen to reliably detect an animal’s touch
without pressure. A black plastic mask (36 cm high3 28 cm
wide) with five response windows (the size of each window
was 3.0 cm high3 3.0 cm wide, positioned in a row with the
windows spaced 1.0 cm apart, 3.5 cm from the grid floor)
was fitted in front of the touchscreen, which helped reduce
accidental screen touches and clearly distinguish the
response locations from the background. The visual stim-
ulus, a solid white square, was shown only through the two
left and two right response windows, the middle window
was left black. We used the Whisker Standard Software
(Campden Instruments, Ltd., Leics, UK) (Cardinal & Aitken,
2010) as the controlling software, and the four chambers
were controlled using two computers each.

rGT pre-training

Animals 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 animals were
first habituated to the touchscreen chamber for one session.
In stages 2 and 3, which lasted over five daily sessions, an-
imals 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 (ITI) of the 5 s rule was first applied such
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that animals had to wait for 5 s after pushing their noses into
the food magazine to start a new trial. In stage 4, which
lasted over 16 to 18 daily sessions, animals serially learned to
touch one of the four windows which was randomly lit,
within different stimulus durations (starting from 60 s, then
serially reduced to 30, 20, and finally, 10 s), to receive one
pellet. Animals completed the task either within 100 trials or
30 min, whichever came first. In this stage, they learned
for the first time that they were punished with a time-out
(i.e., the white house-light was lit for 5 s) if they touched the
screen without waiting during ITI (premature) or if they
did not touch the screen within the stimulus duration
(omission). They were also punished if they touched other
windows which were not lit. When the accuracy, which is
defined as the number of correct touches divided by a total
number of touches within different stimulus duration times,
was greater than 80% and omissions were fewer than 20%,
the animals were considered to have acquired the task.

rGT training

Essentially, during rGT training, the animals were con-
fronted 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 (Zeeb
et al., 2009). In stage 5, which lasted over 7 daily sessions, the
animals learned for the first time the relationship between
each window and the reward/punishment ratio assigned to

that window, which was as follows: window (P1), 1 pellet
(90%) or 5 s time-out (10%); window (P2), 2 pellets (80%) or
10 s time-out (20%); window (P3), 3 pellets (50%) or 30 s
time-out (50%); and window (P4), 4 pellets (40%) or 40 s
time-out (60%). In this stage, one of the four windows was
randomly lit for 10-s and animals were punished (i.e., the
white house light was lit for 5 s) for a premature response.
Additionally, for the first time in this stage, animals were
punished (time-out; i.e., the white house light was lit, and
all the windows on the screen simultaneously flashed for
5–40 s) even on correctly touching the screen according to
the pre-designated schedule for each window. So far, from
stages 1–5, only one of the four windows on the screen was
randomly lit. However, in stage 6, all four windows were
simultaneously lit when each new trial started, and animals
were allowed to wait for an ITI of 5 s of and then choose one
of the four windows, which were lit for 10 s. The reward and
punishment settings designated for each window were the
same as those introduced in stage 5. Depending on which
window the animals chose, they would receive either reward
(pellet) or punishment (time-out) with differently pro-
grammed 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 was chosen exclu-
sively, the amount of reward pellets per session that an
animal could obtain was as follows: P1, 295; P2, 411; P3, 135;
and P4, 99 pellets (Baarendse, Winstanley, & Vander-
schuren, 2013). The percentage of choices ([number of

Fig. 1. Schematic illustration of the experimental procedures. (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-min trial is shown.
(Bottom) A DEG analysis was conducted with the mPFC and the NAc regions, while validation experiments were performed only with the

mPFC of the brains obtained from rGT rats
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choices for a specific window divided by the total number of
choices made]3 100) was used to measure the animals’
preferences for the different windows. After 25 daily sessions
were completed, the average of the last three daily sessions’
choice percentages was considered a basal score for the
animals’ risk-preference. Animals were categorized as risk-
averse when their basal score for P1þP2 (advantageous
choices) was equal to or higher than 60%, whereas they were
categorized as risk-seeking when their basal score for P3þP4
(disadvantageous choices) was equal to or higher than 60%.
When they were not classified into either risk-averse or risk-
seeking, they were categorized as intermediate. To avoid any
location bias, windows were allocated in a counterbalanced
way as follows: for half of the animals, the windows were
1 (P1), 2 (P4), 3 (P2), and 4 (P3); for the other half of the
animals, the windows were 1 (P4), 2 (P1), 3 (P3), and 4 (P2).

In addition to premature response and omission (both
were expressed as a percentage of the total number of trials
initiated), other choice-related behavioral parameters, such
as choice latency (the time required for animals to correctly
touch the screen, after the end of the ITI, while the screen
was lit), reward collection latency (the time required for
animals to obtain the reward after a correct screen touch),
pause after loss timeout (the time elapsed for animals to
enter food magazine after loss timeout), perseverative
response (the number of either all or a single window
touches per 5 s during timeout), feed-tray entry ITI (the
number of feed-tray entries during ITI divided by total
number of trials initiated) were analyzed.

Whole transcriptome sequencing

To identify transcriptional components that promote risky
choice in rats, we performed WTS with total RNA extracted
from the two brain regions (mPFC and NAc) of rGT trained
rats. Total RNA was extracted using the miRNeasy Mini kit
(Qiagen, Hilden, Germany), and its quantity and quality
were measured using the Qubit (Thermo Fisher Scientific,
Waltham, MA, USA) and TapeStation (Agilent Technolo-
gies, Santa Clara, CA, USA), respectively. Normally WTS is
performed when the RNA Integrity Number (RIN) value is
greater than or equal to 7. In the present study, we did not
use RIN values as a covariate in differentially expressed gene
(DEG) analysis because the quality of all extracted RNAs
was high enough for WTS (average RIN value was 8.4 with a
range of 8.1–8.8; see Supplementary Table 1). Extracted
RNA was then converted into a cDNA library using TruSeq
RNA Library Preparation Kit v2 (Illumina, San Diego, CA,
USA). After polymerase chain reaction (PCR) amplification,
the final product was assessed with a TapeStation (Agilent
Technologies, Santa Clara, CA, USA) and subsequently
sequenced on the Illumina NovaSeq 6000 platform (Illu-
mina, San Diego, CA, USA) with 101-bp paired-end reads.
Raw sequence data were first filtered and trimmed using
Trimmomatic software (Bolger, Lohse, & Usadel, 2014). The
sequencing reads were then mapped onto the rattus norve-
gicus reference genome (Rnor_6.0, rn6) using the STAR
aligner v2.5.3a (Dobin et al., 2013). Gene-level quantification

of expression was performed with HTSeq v0.9.0 (Anders,
Pyl, & Huber, 2015), according to the Ensembl transcript
annotation (Rnor_6.0.91 version). Details of the WTS data
are available in Supplementary Table 1. DEG analyses were
performed for gene sets with expression by the use of
SARTools (Varet, Brillet-Guéguen, Coppée, & Dillies, 2016)
and edgeR R package (Robinson, McCarthy, & Smyth,
2010). DEGs were defined by adjusted P-value by false dis-
covery rate (q-value) of <0.1 and 1.3 times of fold change
(i.e., log2(1.3) 5 0.38 for up-regulated and log2ð 1

1:3Þ ¼ −0:38
for down-regulated genes). The transcriptome sequencing
data were deposited in the Gene Expression Omnibus
database (GSE181296). Gene ontology (GO) enrichment
analysis was performed using Metascape (Zhou et al., 2019).
The ‘biological process’, ‘cellular components’, ‘molecular
function’, and ‘Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways’ categories were used in this analysis
with default parameters (Min Overlap 5 3, P Value
Cutoff 5 0.01, Min Enrichment 5 1.5). Protein-protein
interaction (PPI) network analysis was performed using
Metascape and the molecular complex detection (MCODE)
algorithm (Bader & Hogue, 2003) with default parameters
(Databases: Physical Core, Min Network Size: 3, Max
Network Size: 500).

Reverse transcription quantitative PCR

To validate DEGs conspicuously down-regulated in risk-
seeking compared to risk-averse group of rats, we performed
reverse transcription-quantitative PCR (RT-qPCR) with to-
tal RNA samples obtained in the half side of mPFC from an
independent replication set of rGT trained rats. We designed
multiple target-specific amplification primers for RT-qPCR
and their detailed sequences are available in Supplementary
Table 2. Total RNA (500 ng) was reverse transcribed using
oligo dT primers and SuperScript III reverse transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA). RT-qPCR
was then performed with the ViiA 7 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) using
THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan)
and the target specific primer sets. Reaction mixture (10 μL)
was consisted of 1 μL of cDNA, 5 μL of THUNDERBIRD
SYBR qPCR Mix, 1 μL of 0.1X ROX dye, and 6 pmole of
forward and reverse primer each. Thermal cycling condi-
tions were as following: one cycle of 1 min at 95 8C followed
by 40 cycles of 5 s at 95 8C, 10 s at 61 8C, and 20 s at 72 8C.
Quantification of the relative expression was calculated
using the 2�ΔΔCt, where ΔCt is the difference in threshold
cycles for the sample in question normalized against the
reference gene (Gapdh) and expressed relative to the value
obtained by the calibrator (individual/calibrator) (Jung et al.,
2014). All RT-qPCR experiments were triplicated.

Western blotting

To further validate DEGs conspicuously down-regulated
in risk-seeking compared to risk-averse group of rats,
we performed western blotting experiment with protein
samples obtained in the half side of mPFC from the same
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rGT trained rats used for RT-qPCR validation. Tissues were
homogenized in lysis buffer (pH 7.4) containing 0.32 M
sucrose, 2 mM EDTA, 1% SDS, 10 μg mL�1 aprotinin,
10 μg mL�1 leupeptin, 1 mM phenylmethylsulfonyl fluoride,
10 mM sodium fluoride, and 1 mM sodium orthovanadate.
The concentration of protein was determined by using
Pierce BCA Protein Assay Kit (Thermo Scientific Inc.,
Rockford, IL, USA). Samples were then boiled for 10 min
and subjected to SDS-polyacrylamide gel electrophoresis.
Proteins were separated and transferred electrophoretically
to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA),
which were then blocked with 5% bovine serum albumin
(BSA) in PBS-T buffer [10 mM phosphate-buffered saline
plus 0.05% Tween-20]. Antibodies used to probe the blots
were as following: CaV2.3 (1:20,000; Abclonal), teneurin4
(1:1,000; Abcam), CaV1.2 (1:30,000; Alomone Labs), CaV1.3
(1:1,000; Alomone Labs), CUB and sushi domain-containing
protein (1:1,000; Abclonal), and GluN2B (1:2,000, Alomone
Labs) diluted in PBS-T with 5% skim milk; PKCα (1:2,000,
Cell Signaling Technology), adenyl cyclase type 1 (1:2,000;
Abclonal), MeCP2 (1:10,000, Cell Signaling Technology),
and β-actin (1:10,000; Abcam) diluted in PBS-T with 5%
BSA. Primary antibodies were detected with peroxidase-
conjugated secondary antibodies against rabbit IgG (1:2,000;
Abcam), mouse IgG (1:5,000; Cell Signaling Technology), or
sheep IgG (1:2,000; Abcam) diluted in PBS-T with 5% skim
milk, followed by enhanced chemiluminescence (ECL) re-
agents (Amersham Biosciences, Arlington Heights, IL, USA)
and exposure to X-ray film. Band intensities were quantified
based on densitometric values using Fujifilm Science Lab
97 Image Gauge software (version 2.54) (Fujifilm, Tokyo,
Japan).

Design and procedures

The complete experimental scheme is illustrated in Fig. 1.
The number of rats used for different analysis is indicated in
Supplementary Fig. 1.

Experiment 1: Two days after the rats were housed
separately with two rats per cage, they were serially trained in
stages 1 through 6. Once the rats were categorized as either
risk-averse or risk-seeking according to the average score of
their choices for each window for the last 3 days of stage 6
training, the rats in each group were decapitated 1 day after
their final session, and brain tissues (mPFC and NAc) were
collected as depicted in Fig. 1. Among a total 34 rats, only
those showing clear risk-averse (n 5 9) or risk-seeking
(n 5 10) preferences were included in the behavioral anal-
ysis. To reduce the cost and maximize the contrast between
the risk-averse and risk-seeking groups, we excluded inter-
mediate rats (n 5 15) that were not classified either risk-
averse or risk-seeking from the analysis. Due to accidental
loss of RNA samples, the final number of rats included in the
RNA-seq analysis were nine each for both the risk-averse and
risk-seeking groups (Supplementary Table 1).

Experiment 2: The rats were trained and categorized as
either risk-averse or risk-seeking in the same manner as in
Experiment 1. Subsequently, the rats in each group were

allocated to validation experiments. The rats in each group
were decapitated 1 day after their final session, and the brain
tissues (mPFC alone) were collected, as depicted in Fig. 1.
Out of a total 36 rats, only those showing clear risk-averse
(n 5 16) or risk-seeking (n 5 9) preferences were included
in the subsequent molecular analysis. Intermediate rats
(n 5 11) that were not classified as either risk-averse or risk-
seeking were excluded from the analysis. Because of the low
quality of the RNA and protein samples, one rat was
excluded from each RNA and protein validation analyses.
The final number of rats included in the validation analysis
was 15 and nine for the risk-averse and risk-seeking groups,
respectively. For a validation analysis, we used half sides of
the mPFC obtained from the same rats for RT-qPCR and
western blot, respectively.

Statistical analysis

The daily choice score data were analyzed with a two-way
repeated measure analysis of variance (ANOVA), followed
by a Bonferroni post hoc test, and the average of the scores
on the last 3 days were analyzed using a paired two-tailed
Student’s t-test. The choice-related behavioral parameters
were analyzed using an unpaired two-tailed Student’s t-test.
The validation data obtained with RT-qPCR and Western
blotting were analyzed using an unpaired two-tailed Stu-
dent’s t-test. The correlations between behavioral parameters
and the expression levels of the selected genes were exam-
ined using the Pearson correlation. The statistical signifi-
cance was set at a P-value of <0.05.

Ethics

All animal use procedures were conducted according to an
approved Institutional Animal Care and Use Committee
protocol of Yonsei University College of Medicine.

RESULTS

Risk preference and related behavioral parameters
according to the rGT

After the completion of stage 6, rats were clearly divided into
risk-averse (advantageous windows, P1 þ P2 ≥ 60%) and
risk-seeking groups (disadvantageous windows, P3 þ P4 ≥

60%) (Fig. 2). An ANOVA test conducted on the combined
preference choice data obtained from Experiments 1 and 2
showed significant effects of window preference [F(3,24) 5
35.70, P < 0.001 for risk-averse and F(3,18)5 7.61, P < 0.001
for risk-seeking, respectively] and window preference3 day
interactions [F(36,864) 5 12.32, P < 0.001 for risk-averse
and F(36,648) 5 9.65, P < 0.001 for risk-seeking, respec-
tively]. Post hoc Bonferroni comparisons revealed that
rats in the risk-averse group showed an overwhelming
preference for P2 over P4 (P < 0.001), which is the most
optimal choice, whereas those in the risk-seeking group
mostly preferred P4 over P2 (P < 0.001), which is the
least optimal choice (see the upper right panel in Fig. 1).
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The t-test performed on the advantageous and disadvanta-
geous choice scores showed significant effects [t(24)5 10.82,
P < 0.001 for risk-averse and t(18) 5 13.04, P < 0.001 for
risk-seeking, respectively]. It was evident that the difference
in the choice preference between the two groups was not due
to the rats’ learning ability, as they showed no distinguish-
able scores on the accuracy and omission measured during
stage 4 (Fig. 3a), indicating that they all passed the learning
requirement to move on to the next stages.

We further analyzed several behavioral parameters
related to the choice preferences (Cho, Kwak, Kim, & Kim,
2018; van Enkhuizen, Geyer, & Young, 2013; Zeeb et al.,
2009) from the data obtained during stage 6. Notably, the
risk-seeking group showed significantly higher prematurity
scores than the risk-averse group [t(42) 5 2.43, P 5 0.019,
unpaired t-test]. The risk-seeking group also showed signif-
icantly lower scores for most of the other parameters: choice
latency [t(42) 5 3.90, P 5 0.0003], omission [t(42) 5 4.51,
P < 0.0001], reward latency [t(42) 5 2.44, P 5 0.019], pause
after loss timeout [t(42) 5 3.22, P 5 0.003], and persever-
ative responses to all windows or single loss window per 5 s
[(42) 5 2.37, P 5 0.023; t(42) 5 2.43, P 5 0.019, respec-
tively] (Fig. 3b). These results indicate that the risk-seeking
rats were more prone to participating in each trial (low
omission), with a significant tendency of faster responses to
the results of present choice (low scores for reward latency,
pause after loss timeout, and perseverative responses) and to
the next trial (low choice latency and high prematurity).

Transcriptome profiles contributing to the expression of
risky choice

To identify the transcriptional components underlying risky
choices, we targeted two brain regions, the mPFC and the

NAc, which are known to play an important role in deci-
sion-making and addictive disorders (de Visser, Baars, et al.,
2011; Fellows & Farah, 2005; Goto & Grace, 2008; Kim et al.,
2013; Orsini et al., 2018). We performed WTS on the brain
samples obtained from the rGT rats (Fig. 1). We defined
DEGs by a q-value of <0.1 and 1.3 times of fold change, and
identified 477 and 36 DEGs in the mPFC and the NAc
respectively, between the two groups (Fig. 4 and 5a, and
Supplementary Table 3 for the whole lists). Unsupervised
hierarchical clustering analyses of the DEGs in the NAc
revealed a distinct pattern between the two groups, with two
exceptions (Fig. 4a middle), whereas those in the mPFC
completely separated the two groups (Fig. 4b middle). The
numbers of uniquely detected DEGs in the mPFC and the
NAc was 458 and 17, respectively (Fig. 5a). Among these,
well-known addiction-related genes, including Grin2a,
Grin2b, Prkca, and Cacna1d (Cornelis et al., 2016; Martinez-
Rivera et al., 2017; Caffino et al., 2019), were downregulated
in the mPFC (see Supplementary Table 3 for the full lists).

Subsequently, we performed GO- and pathway-level
functional enrichment analysis using Metascape (Zhou et al.,
2019) and found that most of the enriched clusters
were identified in the downregulated genes in the mPFC
(Fig. 5b). Notably, downregulated genes in the mPFC were
significantly enriched in terms related to glutamatergic
synapse, chemical synaptic transmission, associative
learning, and addiction. Some examples of gene descriptions
were glutamatergic synapse (P 5 1.5 3 10�15), calcium
signaling pathway (P 5 1.2 3 10�12), synaptic signaling
(P 5 1.9 3 10�7), behavior (P 5 6.5 3 10�9), cognition
(P 5 2.2 3 10�8), nicotine addiction (P 5 4.6 3 10�4),
and amphetamine addiction (P 5 8.4 3 10�4) (Fig. 5b
and Supplementary Table 4 for the full lists). Notably,
among the downregulated genes, 19 genes shared by the
mPFC and the NAc were significantly enriched only in a
cluster representing metal ion transmembrane transporter
activity (GO:0046873), where Cacna1e (voltage-dependent
Ca2þ channel) and Slc4a8 (Naþ – driven Cl�/HCO3

�

exchanger) were included (Saegusa et al., 2000; Sinning et al.,
2011) (Fig. 5a and b). These results imply that the genes in
these clusters are more likely to be involved in the process
of promoting risky choices in rGT.

To further identify closely related genes, we performed a
PPI network analysis of 358 downregulated genes in the
mPFC (Fig. 4b) using the MCODE algorithm (Bader &
Hogue, 2003), which revealed 72 genes as densely connected
with seven MCODE networks (Fig. 5c and Supplementary
Table 5). Among them, approximately 80% of the genes
appeared to be associated with MCODE1-3, suggesting
that they were more likely to be related to the phenotype of
risk-seeking behavior. Ii is notable that MCODE1 (25 genes)
was significantly enriched, for example, in the voltage-gated
calcium channel complex (GO:0005891), dopaminergic
synapse (rno04728), cognition (GO:0050890), and behavior
(GO:0007610), while MCODE2 (17 genes) showed NMDA
glutamate receptor activity (GO:0004972), nicotine/cocaine/
amphetamine addiction (rno05033/rno05030/rno05031),
and long-term potentiation (rno04720). Similary, MCODE3

Fig. 2. The combined data obtained during the 25 consecutive days
of rGT (stage 6) from Experiments 1 and 2 clearly show different

preferences of choice between the groups. The daily window
preference choice scores are shown as the percentage of total scores
(odd days only; mean ± S.E.M.); additionally, the average of the last
3 days (mean þS.E.M.) for the advantageous (P1þP2) and disad-
vantageous (P3þP4) scores were shown. The number of rats are
25 and 19 for the risk-averse and risk-seeking groups, respectively
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(15 genes) was significantly enriched in glutamatergic syn-
apse (rno04724), learning or memory (GO:0007611), and
cognition (GO:0050890).

Validation of DEGs in the mPFC

To validate the downregulated genes identified in the mPFC
in the risk-seeking group compared to the risk-averse group,
we selected the top three genes based on their significance
level (Csmd2, Cacna1e, and Tenm4) and six additional genes
(Cacna1c, Cacna1d, Prkca, Adcy1, Grin2b, andMeCP2) from
the GO terms that we thought might be interesting to
examine in terms of synaptic transmission and signalling
pathways. An RT-qPCR analysis of the RNA samples ob-
tained from an independent replication set of rGT trained
rats (Fig. 1) revealed that five genes (Cacna1e, Tenm4,
Cacna1c, Cacna1d, and Prkca) were significantly down-
regulated in the risk-seeking group compared with the risk-
averse group, consistent with RNA-seq results (Fig. 6a). The
other four genes were also downregulated in the risk-seeking

group but did not reach significant levels. We further vali-
dated these genes by Western blotting and revealed that
two genes (Cacna1e and Tenm4) were also significantly
downregulated in the risk-seeking group compared to the
risk-averse group. This was consistent with RNA-seq and
RT-qPCR results (Fig. 6b).

Correlation analysis between choice-related behaviors
and down-regulated genes in the mPFC

To examine whether five genes (Cacna1e, Tenm4, Cacna1c,
Cacna1d, and Prkca), which appeared statistically significant
after validation by RT-qPCR and western analysis, were
correlated with some choice-related behaviors (see Figs 2
and 3), we conducted a Pearson correlation analysis on the
data obtained from rats with three different levels of gene
analysis (RNA-seq, RT-qPCR, and western). When we
examined the choice preference data, it was found that there
were significant correlations between the RNA-seq values
and the individual choice preference scores for all five genes

Fig. 3. Analysis of behavioral parameters between the risk-averse and risk-seeking groups. (a) The accuracy and omission were measured as
percentage during 5-CSRTT training (Stage 4). In each panel, the results of the daily sessions for 17 days (left, odd days only) and the
average of the last 3 days (right) are shown. By the end of the training, all the rats in each group fulfilled the final criteria (accuracy >80% and
omission <20%). The number of rats are 25 and 19 for the risk-averse and risk-seeking groups, respectively. (b) The average scores of the last
3 day-measurements (Stage 6) of choice-related behavioral parameters between the risk-averse and risk-seeking groups are shown. Data are

shown as mean þS.E.M. pppP < 0.001, ppP < 0.01, pP < 0.05
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(Supplementary Table 6). In addition, there were significant
correlations between the RT-qPCR values and choice
scores (P2, P4) in Cacna1d (r 5 �0.48, P 5 0.018 and
r 5 –0.46, P 5 0.025, respectively), whereas there was
a significant negative correlation between the western
blot values and choice scores (P4) in Cav2.3 (Cacna1e)
(r 5 �0.52, P 5 0.01) (Supplementary Figure 2).

When we examined the choice-related behavioral
parameter data, we found that there were significant positive
correlations between the RNA-seq values and omission
scores in all five genes (r 5 0.48–0.59, P 5 0.044–0.01).
However, there was only a significant positive correlation
between the RT-qPCR values and perseverative response to
the loss window scores in Cacna1d (r 5 0.41, P 5 0.049)
(Supplementary Figure 3).

DISCUSSION

This study investigated DEGs in two brain regions (the
mPFC and the NAc) between risk-averse and risk-seeking

groups of rGT-trained rats using whole-transcriptome
analysis. We determined that 358 genes (approximately 75%
of the total differentially expressed genes) were down-
regulated in the mPFC of risk-seeking rats compared to risk-
averse rats, which suggests a transcriptional component of
neuronal mechanisms underlying risky choices in rats.

A whole-transcriptome analysis of the brain regions of
rGT rats revealed that the number of uniquely detected
DEGs in the mPFC was 27 times higher than that in the
NAc (458 versus 17, Fig. 5a), suggesting that the mPFC
may contribute more significantly to the expression of
risky choices than the NAc. Notably, GO- and pathway-
level functional enrichment analyses and additional PPI
network analysis of 358 downregulated genes in the mPFC
revealed 72 genes that were densely connected with seven
MCODE networks (Fig. 5c). Among them, 57 genes in the
MCODE1∼3 and 4 genes in the MCODE5 networks were
found to be significantly enriched in the voltage-gated cal-
cium channel complex, voltage-gated potassium channel
complex, dopaminergic synapse, glutamatergic synapse,
behavior, addictions, and cognition, suggesting that they are

Fig. 4. Transcriptome profiles contributing to the expression of risky choice. (a, b) Red dots in the volcano plot (left) indicate DEGs in the
risk-seeking group against those of the risk-averse group with values of log2 fold change >0.38 and q-value of <0.1. The complete lists and
details of the DEGs are available in Supplementary Table 3. The middle panel represents the unsupervised hierarchical clustering of DEGs
in the two brain regions. Reds and blues indicate up-regulated and down-regulated genes, respectively. The top five statistically enriched
terms from GO or KEGG pathways for up-regulated (red) and down-regulated (blue) genes are shown (right). The number of rats are 9 each

for both the risk-averse and risk-seeking groups
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commonly involved in the regulation of synaptic plasticity
related to decision-making. For example, dopamine and
glutamate are well known for their roles in associative
learning and reward processes related to addiction and de-
cision-making (Gardoni & Bellone, 2015; Mascia et al., 2020;
Schultz, 2011). Thus, it will be of great interest to examine
how manipulation of these genes affects the outcomes of
risk-choice behavior in the future. Other MCODE networks
(4, 6, 7) were not identified in our initial functional
enrichment analysis, and they do not seem directly related to
the neuronal processes underlying risky choices; they only
remained for their possible functional roles to be investi-
gated in the future.

Subsequent validation analyses by RT-qPCR revealed
that five genes (Cacna1e, Tenm4, Cacna1c, Cacna1d, and
Prkca) were significantly downregulated in the risk-seeking

group compared with the risk-averse group (Fig. 6a). Here,
we should acknowledge that, in addition to the top three
genes based on their significance level (Csmd2, Cacna1e, and
Tenm4), we arbitrarily chose six genes (Cacna1c, Cacna1d,
Prkca, Adcy1, Grin2b, and MeCP2) that we presumed might
be significant to examine. These results suggest that the
ranks of the individual genes based on their significance
levels by an RNA-seq analysis do not necessarily match the
validation results. As we found significant downregulation in
some arbitrarily selected genes, there could be additional
genes showing significantly differential expression out of the
458 genes uniquely detected in the mPFC (Fig. 5a), which
remain to be explored in the future. Further validation an-
alyses by Western blot analysis revealed that two genes
(Cacna1e and Tenm4) were significantly downregulated in
the risk-seeking group compared to the risk-averse group

Fig. 5. (a) The Venn diagram shows the number of DEGs uniquely detected in the two brain regions, resulting in about 27 times higher in
the mPFC than in the NAc. (b) Heatmap shows the top 20 enriched ontology clusters for up-regulated, down-regulated, and shared genes
in the two brain regions using a discrete color scale to represent the different statistical significances. The best nominal P-value within
each cluster was selected as its representative term and displayed in a dendrogram. Most of the enriched clusters were identified in

down-regulated genes in the mPFC. The complete lists and details of these data with q-values are available in Supplementary Table 4. (c) PPI
network for down-regulated genes in the mPFC. Each dot represents a down-regulated target gene. The hub-gene groups identified by the
MCODE algorithm were labeled as MCODE 1–7 with a unique color allotted to each of them. GO and KEGG pathway enrichment analyses
were applied to each MCODE component independently, and the best-scoring terms by P-value were retained as the functional description
of the corresponding components. The complete lists and details of these data with q-values are available in Supplementary Table 5. The

number of rats are 9 each for both the risk-averse and risk-seeking groups, respectively
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(Fig. 6b). Cacna1e encodes an alpha 1E subunit, known as
CaV2.3, of the R-type calcium channel, which is a voltage-
dependent calcium channel located in the dendritic spines
with strong expression in the cortex, striatum, amygdala,
and hippocampus (Parajuli et al., 2012). The CaV2.3 chan-
nels are known to be involved in diverse functions, such as
spatial memory (Kubota et al., 2001), synaptic plasticity
(Breustedt, Vogt, Miller, Nicoll, & Schmitz, 2003), morphine
analgesia and tolerance (Yokoyama et al., 2004), fear
memory (Zhang et al., 2016), and the regulation of dopa-
mine loss related to Parkinson’s disease (Benkert et al.,
2019). On the other hand, Tenm4 encodes teneurin-4, a
transmembrane protein highly expressed in the central
nervous system. Relatively little is known about its func-
tional roles, although teneurin-4 has been reported to play a
role in establishing proper neuronal connectivity during
development and differentiation (Suzuki et al., 2012, 2014),
and in the etiology of schizophrenia (Xue et al., 2019).
Considering their functional roles, the down-regulation of
these genes in the mPFC implies that they may have influ-
enced synaptic connectivity and subsequent plastic changes
in this brain region, eventually leading to the expression of
characteristic risky choice behavior in the risk-seeking
group.

Correlation analyses between five validated genes (Cac-
na1e, Tenm4, Cacna1c, Cacna1d, and Prkca) (Fig. 6a) and
choice preference scores (Fig. 2) revealed significant corre-
lations between the gene expression levels and choice scores
in all five genes by RNA-seq (Supplementary Table 6), only
in Cacna1d by RT-qPCR and Cav2.3 (Cacna1e) by western
blot analysis (Supplementary Fig. 2). Furthermore, correla-
tion analyses between these genes and choice-related

behavioral parameters (Fig. 3) revealed significant positive
correlations between the gene expression levels and omis-
sion scores in all five genes measured by RNA-seq, whereas
there was only a significant positive correlation between the
gene expression levels and perseverative response to the loss
window scores in Cacna1d measured by RT-qPCR
(Supplementary Fig. 3). These results imply that the
behavioral output, manifested as choice preference in our
case, cannot be attributed to any single gene; rather, it is
influenced by the sum of a few or several genes. Considering
that behavior, especially when accompanied by a higher level
of cognitive function, is a complicated phenotype, it is not
surprising that several genes are involved simultaneously or
sequentially at different levels of expression (i.e., tran-
scriptome, mRNA, protein, etc). In line with this consider-
ation, although some significant correlations that we found
may suggest that those genes could contribute more strongly
to choice behavior, caution should be exerted when applying
these data for whole interpretation.

It is worth mentioning that naïve rats (not rGT-trained)
were not included in our present analyses because we wanted
to focus solely on identifying DEGs between the same rGT
trained but differently categorized rats according to their
traits, rather than to focus on finding differences in rGT itself
from naïve rats. Furthermore, our data are limited to Spra-
gue-Dawley rats that we used in the present study, leaving
other rat strains that may be more or less vulnerable to
addictive behaviors unresolved. Regarding the brain regions,
although we detected overwhelming levels of changes in the
gene expression in the mPFC, distinguishing the two groups,
these results cannot completely exclude any possible
important roles of the NAc in making risky choices.

Fig. 6. Validation for the down-regulation of genes in risk-seeking rats. The validation experiment detected significant reductions in the
expression levels for a few genes by RT-qPCR (a) and further by western blot (b), similar to the findings in RNA-seq analysis. The values are
mean þS.E.M. of relative expression of molecules in the risk-seeking group compared to the risk-averse group. p P < 0.05, pp P < 0.01, risk-

seeking compared to risk-averse. The number of rats are 15 and 9 for the risk-averse and risk-seeking group, respectively
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Small but critical genes, if any, may reside in the NAc, and
should be investigated in the future. Moreover, the cell types
in these regions that play pivotal roles need to be investi-
gated. As it is a common limitation of whole-transcriptome
sequencing, which uses bulk-tissue, we may attempt an in-
depth investigation at the single-cell level resolution, using the
recent development of single-cell RNA sequencing or spatial
gene expression technologies (Joglekar et al., 2021; Maynard
et al., 2021; Ren et al., 2019; Tiklová et al., 2019), to obtain cell
type information related to risk preference and thereby useful
biomarkers in the future. Finally, to expand our present
findings, a comparison of genes regulated by the rGT with
those that appeared dysregulated in psychiatric conditions
revealed by human genome-wide association studies or other
omics studies, such as epigenomics and proteomics, will
definitely help us to understand the molecular pathogenesis of
decision-making and related psychiatric conditions.

CONCLUSION

To the best of our knowledge, this is the first study to
conduct whole-transcriptome analysis of the brain regions of
rGT rats. Our findings revealed significantly downregulated
genes and their clusters in the mPFC in risk-seeking rats
compared to those in risk-averse rats. Considering that the
rGT uses rats as subjects, it has unique advantages in finding
the behavioral and molecular mechanisms that underlie the
complexity of choice behavior by allowing the intentional
interference and manipulation of the experimenter. Thus,
the present findings will be useful for providing insights into
challenging future scenarios.
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