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Abstract

Impulsivity is often considered a risk factor for drug addiction; however, not all evidence supports this view.
In the present study, we used a food reward delay-discounting task (DDT) to categorize rats as low-,
middle-, and high-impulsive but failed to find any difference among these groups in the acquisition and
maintenance of cocaine self-administration (SA), regardless of electrical footshock punishment.
Additionally, there were no group differences in locomotor responses to acute cocaine in rats with or with-
out a history of cocaine SA. Unexpectedly, chronic cocaine SA selectively increased impulsive choice in
low-impulsive rats. Resting-state fMRI analysis revealed a positive correlation between impulsivity and
cerebral blood volume in the midbrain, thalamus, and auditory cortex. Using these three regions as seeds,
we observed a negative correlation between impulsivity and functional connectivity between the midbrain
and frontal cortex, as well as between the thalamus and frontal cortex (including the orbitofrontal, primary,
and parietal cortices) in low-impulsive rats. These correlations were attenuated following chronic cocaine
SA. RNAscope in situ hybridization assays revealed a significant reduction in dopamine (DA) D4, Do, and D3
receptor mRNA expression in the corticostriatal regions of low-impulsive rats after cocaine SA. Our findings
challenge the widely held view that impulsivity is a vulnerability factor for cocaine use disorder. Instead,
chronic cocaine use appears to selectively increase impulsive choice decision-making in normally low-
impulsive rats, associated with reduced functional connectivity and DA receptor expression in the meso-
corticolimbic DA network.

Key words: choice impulsivity; cocaine self-administration; dopamine receptors; functional connectivity;
functional MRI; reward delay discounting

Significance Statement

Impulsivity has long been considered a risk factor for substance use disorders (SUDs). However,
findings across different impulsivity measures have been inconsistent or controversial. In this study,
we did not find evidence supporting the notion that preexisting choice impulsivity is a predictive factor
for compulsive cocaine self-administration (SA). Instead, we found that chronic cocaine SA led to a sig-
nificant increase in impulsive choice decision-making in normally low-impulsive rats. This increase was
associated with reduced functional connectivity and reduced dopamine receptor expression in the
dopamine-related network. Our findings suggest that choice impulsivity does not predict SUD; rather,
chronic cocaine use is a risk factor for developing impulsive behavior in healthy individuals.
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Introduction
Substance use disorder (SUD) is characterized by the uncontrollable use of a substance

despite harmful consequences (First, 2013). Identifying vulnerability factors for SUD is a
major challenge in drug abuse research. Impulsivity has long been thought as a risk factor
for SUD (Dalley et al., 2007, 2008; Weafer et al., 2014; Dalley and Ersche, 2019).

Impulsivity is often classified as impulsive action (inability to stop a premature response)
and impulsive choice. Impulsive choice can further be divided into risk- and delay-
discounting choice (Winstanley et al., 2006; Jentsch et al., 2014). In risky choice tasks, ani-
mals choose between a small, “safe” (100% certain) food reward and a larger, “risky” reward
with either a lower probability of obtaining the reward or an increasing probability of a mild
footshock punishment (Dalley and Robbins, 2017; Orsini et al., 2020). Delay-discounting
impulsive choice is often measured using delay-discounting tasks (DDT), where impulsive
individuals prefer smaller, immediate rewards over larger, delayed ones. Impulsive action
is often measured using the 5-choice serial reaction time (5CSRT) task (Dalley and
Robbins, 2017). Studies have shown that high impulsive action and risk impulsive choice
are prevalent in patients with SUD (Bechara et al., 2002; Verdejo-Garcia et al., 2007;
Ersche et al., 2010; Jentsch et al., 2014). However, not all clinical evidence supports this
observation. For example, higher impulsive decision-making is more often seen in cocaine
users than heroin users (Bornovalova et al., 2005). Long-term amphetamine users show
impaired decision-making, while opiate users do not (Rogers et al., 1999).

Preclinical findings on the predictive value of impulsivity for drug abuse are also mixed.
High-impulsive rats showed higher cocaine intake (Perry et al., 2005; Dalley et al., 2007;
Orsini et al.,, 2020; Uruefia-Méndez et al., 2023), higher break-point levels under
progressive-ratio schedules for cocaine, persistent responding for cocaine in the pres-
ence of electrical footshock (Belin et al., 2008), and higher levels of reinstatement
responding (Perry et al., 2008; Economidou et al., 2009; Broos et al., 2012). These findings
suggest that high impulsivity may predict the switch to compulsive drug-taking and drug-
seeking behavior.

However, not all evidence supports these observations. Paradoxically, findings from the
same reports also showed no difference in cocaine self-administration (SA) between high-
and low-impulsive rats in either 5CSRT (Belin et al., 2008; Caprioli et al., 2013; Abbott
et al., 2022), risky choice task under short-access conditions (Orsini et al., 2020), or
DDT (Perry et al., 2008). In contrast, low-impulsive or low-risky female rats took more
cocaine than high-impulsive or high-risky counterparts under short-access conditions
(Perry et al., 2008; Orsini et al., 2020). Furthermore, risky impulsive choice predicts cocaine
intake in adolescent, not in adult rats (Mitchell et al., 2014a). In adults, risky decision-mak-
ing might be associated with incubation of craving, but not drug intake (Ferland and
Winstanley, 2017). There is no difference in progressive-ratio break-point levels for
cocaine SA between high-impulsive Roman high-avoidance rats and low-impulsive
control rats (Arrondeau et al., 2023). These conflicting findings suggest that different
dimensions or subtypes of impulsivity may have distinct roles in drug-taking and
drug-seeking behaviors.

In addition to the predictive value of impulsivity in drug abuse, findings on the effects of
chronic drug use on impulsive behaviors are also mixed. Studies have reported both
decreases and increases in impulsive action following cocaine use, as assessed by
premature responding on the 5-CSRT task (Dalley et al., 2007; Winstanley et al., 2009;
Capirioli et al., 2013), while other studies showed no alterations in impulsivity after cocaine
withdrawal (Dalley et al., 2005; Ferland and Winstanley, 2017; Abbott et al., 2022;
Uruefia-Méndez et al., 2023). These inconsistencies highlight the need for further studies
to understand the causal relationship between impulsivity and loss of control over drug use.

While most studies used 5CSRT and risk choice tasks, fewer studies used DDT to explore
the causal relationship between choice impulsivity and SUD. In this study, we aimed to deter-
mine: (1) whether high- and low-impulsive rats differ in cocaine SA; (2) whether chronic
cocaine SA alters impulsive choice decision-making; and (3) whether cocaine-induced
changes in impulsivity are associated with alterations in brain functional connectivity and
DA receptor expression. Our results showed no difference in either cocaine SA or locomotor
response to cocaine between high- and low-impulsive rats. Unexpectedly, chronic cocaine
SA increased impulsivity only in normally low-impulsive rats, which is linked to attenuated
functional connectivity in the midbrain-frontal and thalamus-frontal circuits and reduced
DA receptor expression in the corticostriatal regions observed in this group of rats.

March 2025, 12(3). DOI: https://doi.org/10.1523/ENEURO.0408-24.2025. 2 of 19


mailto:yihongyang@intra.nida.nih.gov
mailto:yihongyang@intra.nida.nih.gov
mailto:zxi@intra.nida.nih.gov
mailto:zxi@intra.nida.nih.gov
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/ENEURO.0408-24.2025

r euro Research Article: Confirmation 3 of 19

Materials and Methods

Animals

Atotal of 105 male Long-Evans rats (250-350 g) from Charles River Laboratories were used in the present study. Among
them, 38 rats had cocaine SA (of which 24 rats underwent fMRI scans), 13 rats had sucrose SA as control, and 54 rats were
used for RNAscope ISH and open-field locomotion experiments. The male rats were chosen as significant gender differ-
ences exist between males and females in impulsive decision-making (Silverman, 2003; Perry et al., 2005; Myerson et al.,
2015; Hammerslag et al., 2019). Rats were individually housed in a climate-controlled colony room and maintained on a
12 h reversed light/dark cycle (lights on at 7:00 P.M., lights off at 7:00 A.M.) with water ad libitum in their home cages. Rats
were placed on food restriction for at least 1 week prior to behavioral training and were maintained at ~85% of free-feeding
weight for the duration of acquisition training and delay-discounting task schedule. Animals were weighed daily and fed
12 g of chow per day. All experiments were approved by the Animal Care and Use Committee of the National Institute on
Drug Abuse of the National Institutes of Health.

Experiment 1: reward delay discounting
Apparatus

Behavioral experimental sessions were conducted in 15 operant test chambers (30.5x24.1 x21.0 cm) from Med
Associates. Each chamber contained a food pellet dispenser and receptacle, located between two retractable, 28 V light
cue-associated response levers located 6.5 cm from the test chamber floor. A 28 V house light remained illuminated
throughout sessions and a 2,900 Hz sound cue was delivered following each lever press.

Procedures

The DDT procedures are the same as we reported recently (Shen et al., 2024). Briefly, the behavioral experiments
included 2 weeks of initial food SA training under fixed-ratio 1 (FR1) reinforcement, and 6 weeks of DDT with different ter-
minal delays (30 sessions; Fig. 1).

Food SA training. Rats were initially trained on a daily 1 h FR1 schedule for 2 weeks until reliable response was
achieved. A rodent diet food pellet (LabTab Ain-76A, TestDiet) served as a reinforcer. Each pellet is 45 mg and contains
5.1% fat, 65.2% carbohydrate, 4.8% fiber, and 2.9% ash contents. For each session, both response levers extended into
the chamber. The light cue-paired “active” lever delivered 1 pellet per press and the “inactive” lever failed to elicit cues or
reward delivery. The location of the active lever alternated by day. Sessions were terminated upon reaching the pellet
delivery maximum (60 pellets) or after 1 h had elapsed.

Delay-discounting task. We used a food reward-based DDT adapted from those previously reported (Evenden and
Ryan, 1996; Mendez et al., 2010; Xie et al., 2012) to categorize rats as low-, middle, and high-impulsive. After 2 weeks
of initial food SA training under FR1 reinforcement, animals were switched to 6 weeks of DDT (30 sessions, 5 sessions
per week, 5 blocks per session; Fig. 1). Each block had two forced-choice trials and six free-choice trials for a total of
40 trials/session.

Forced-choice trials presented subjects with one lever per trial, with one trial for small reward and another trial for large
reward. The purpose of forced-choice trials was to reinforce the reward size associations for each lever; thus, in these trials
the large reward lever delivered three pellets without a time delay. In six free-choice trials, both small and large reward
levers were extended into the chamber. Choices for small reward, large reward, or omission (e.g., no lever response on
either small reward or large reward) were made within the initial 30 s in each trial. Lever presses were paired with light
and sound cues. Trial lengths were such that if the rat pressed the small reward lever, the next trial did not begin until
the delay period of the large reward lever elapsed. This ensured that the overall session length was the same for all
rats. The location of the large reward lever was counterbalanced across groups and remained consistent for each subject
across all experiment sessions.

After six free-choice trials, the next block began and the delay to large reward delivery was increased within-session
across consecutive blocks (Fig. 1C-G). As the delay increased, preference shifted from the large reward to the smaller,
more immediate reward. Animals were exposed to five different delay series, with the terminal delay gradually increasing
on a weekly basis. Once animals responded reliably at the 0 s delay with a large reward choice of 80% or greater (five of six
trials) for at least five consecutive sessions (Fig. 1C), they were placed on the next delay series for a higher terminal delay
value. Animals were exposed to each terminal delay for a minimum of five sessions.

After the completion of 30 DDT sessions, animals were classified into three groups based on their stable DDT behavior,
assessed by the percentage of choices for large rewards at the 60 s delay, after removing any omission choices from the
total choices. Low-impulsive rats were defined as those making >70% of choices for the large reward for at least 3 con-
secutive sessions (days). High-impulsive rats were defined as those making <30% of choices for the large reward for at
least 3 consecutive sessions (days; Fig. 1G). Other rats making 30-70% of choices for large reward were defined as
middle-impulsive rats. The proportion (%) of choices for the larger, delayed reward at each terminal delay block (5th block)
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across 5 d (sessions) was used to generate the DDT curve. The upward or downward shift of the curve was used to eval-
uate the effects of cocaine SA on DDT choice decision-making.

Experiment 2: resting-state fMRI
Animal preparation

The procedures of resting-state fMRI for studying functional connectivity were the same as reported previously
(Fredriksson et al., 2021). Briefly, rats were anesthetized with isoflurane (2.5%) in oxygen enriched air (70% N, +30% O,).
A bolus dose of dexmedetomidine (0.015 mg/kg, i.p.) was injected 10 min after introduction of isoflurane. Following injec-
tion, rats were transferred to a customized MRI-compatible holder with ear bars for head fixation. Dexmedetomidine was
administered continuously (0.015 mg/kg/h) through subcutaneous infusion with an infusion pump (PHD 2000, Harvard
Apparatus). Isoflurane was lowered and maintained to 0.5-0.75% (0.5% step size for every 5-10 min). Blood oxygenation
level-dependent (BOLD) fMRI recording occurred at least 90 min after initial anesthesia. Continuous arterial blood oxygen
saturation level and heart rate (MouseOx Pulse Oximeter, STARR Life Sciences) and respiration rate (Small Animal
Monitoring and Gating System, SA Instruments) were monitored throughout the imaging session to ensure physiological
stability and animal safety (Lu et al., 2012). Rats were maintained at 37 +1°C body temperature by a temperature-
controlled water-heating pad. Under the combination of dexmedetomidine infusion (0.015 mg/kg/h) and low isoflurane
concentration (0.5-0.75%) anesthetic regime, rat respiration rate is ~60 breaths per minute.

Image acquisition

MRI data were acquired using a Bruker BioSpin 9.4 Tesla scanner (Bruker Medizintechnik) with a birdcage coil for RF
excitation and single-loop surface coil for signal reception. One high-resolution T2-weighted structural image was
collected using rapid acquisition with relaxation enhancement sequence with the following parameters: repetition
time (TR), 3,100 ms; echo time (TE), 36 ms; slice thickness, 0.6 mm; slice gap, 0.1 mm; slice number, 31; field of
view (FOV), 30 x 30 cm?; in-plane matrix size, 256 x 256. Three 10 min resting-state fMRI scans with reverse phase
encoding directions were collected using gradient echo echo-planner imaging sequence with the following parame-
ters: TR, 1,500 ms; TE, 15 ms; slice thickness, 0.6 mm; slice gap, 0.1 mm; slice number, 19; FOV, 30 x 30 cm?; in-plane
matrix size, 80 x 80. For cerebral blood volume (CBV) MRI measurements, monocrystalline iron oxide nanoparticles
(MION; Feraheme, AMAG Pharmaceuticals, ferumoxytol 510 mg/17 ml) was injected as contrast agent via a tail vein
catheter at a dose of 15 mg/kg. A precontrast multi-gradient echo (MGE) sequence was acquired with the following
parameters: TR, 600 ms; TE, 2 ms; FOV, 30 x 30; in-plane matrix size, 128 x 128; slice thickness, 0.765 mm; slice num-
ber, 17; echo number, 10; echo space, 2 ms. Two minutes after MION injection, a postcontrast MGE scan was then
collected.

Experiment 3: cocaine SA
Surgery

Rats used in cocaine SA experiments were implanted intravenously (i.v.) with a microrenathane catheter (Braintree
Scientific). Each rat was anesthetized first with xylazine/ketamine (10/100 mg/kg, i.p.), and a small incision was
made to the right of the midline of the neck to expose the external jugular vein. One end of the intravenous catheter
was inserted into the vein with the catheter tip reaching the right atrium. The catheter was then secured to the
vein with silk suture and the other end fed subcutaneously around the back of the neck to exit near the back of the
skull, connected to a bent 24 gauge stainless steel cannula (Plastics One). The catheter and the guide cannula were
secured to on the back. The incision was then sutured. Rats were allowed at least 5 d of recovery before SA training.
The catheters were flushed every 24-48 h throughout the experiment with gentamicin (Butler Schein; 5 mg/ml) and
sterile saline.

Procedure

Cocaine SA sessions were conducted in standard operant conditioning chambers (Med Associates) housed in a
sound-attenuating box. Each chamber was equipped with two retractable levers, a white light above the active lever
and a drug line connected to a Razel syringe pump (Razel Scientific Instruments) set at 3.33 rpm. Rats were trained to
lever press for cocaine (0.75 mg/kg/infusion) under a FR1 schedule of reinforcement during daily 3 h sessions. Active lever
press resulted in intravenous delivery of cocaine and exposure to a drug-paired cue light and 2,900 Hz sound cue that
lasted for the duration of the infusion. Inactive lever responses were recorded but did not evoke cue or drug delivery.
To prevent drug overdose, each animal was limited to a maximum of 60 infusions per SA session. To determine whether
prolonged cocaine SA alters impulsive choice, each animal was trained for cocaine SA under FR1 reinforcement for
5 weeks (5 d per week).

Following 25 d of cocaine SA, a 5 d punishment phase was introduced to determine whether high- and low-impulsive
rats displayed different drug-taking behavior in the presence of footshock punishment. During the test, a pseudorandom
0.5 s footshock accompanied cocaine SA on half of the reinforced lever presses. The intensity of footshock varied over the
5 d in a predetermined, fixed order (0.18, 0.24, 0.3, 0.3, and 0.3 mA; Fig. 2D).
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After the compulsive cocaine SA test, the animals were re-evaluated for impulsive choice behavior with five
sessions of DDT. Each daily session consisted of five blocks with five different terminal delays from 0 to 60 s. The
impulsivity level in each animal was determined by the performance (% of choices for large reward) at the last 60 s
delay block.

Experiment 4: sucrose SA

As a control measure for cocaine SA experiments, oral sucrose SA was evaluated for alterations in impulsive choice
behavior. Procedures for oral sucrose SA in rats were the same as we reported previously (Bi et al., 2020). Briefly, rats
were trained to self-administer sucrose for 6 weeks under an FR1 schedule of reinforcement during daily 1 h sessions.
Active lever responses delivered 0.1 ml 5% liquid sucrose onto a liquid food receptacle paired with light and sound
cues. Inactive lever responses were recorded but did not evoke cue or sucrose delivery. During the 4.2 s sucrose delivery
period, active lever responses were recorded but did not lead to additional reward delivery. Each animal was limited to a
maximum of 60 infusions per SA session, which was the same as in cocaine SA training. After 6 weeks of sucrose SA, rats
underwent DDT testing for 1 week as described above.

Experiment 5: yoked saline “SA”

Saline “SA” was conducted in standard operant chambers (Med Associates). After a 1 week recovery period following
catheterization surgery, each group (high- vs low-) of animals was divided into two subgroups: cocaine SArats (leader rats)
and saline SA rats (yoked rats). Leader rats were trained to self-administer cocaine as described above (0.75 mg/kg/infu-
sion, 3 h per day, for 25 d on an FR1 reinforcement schedule). Each leader rat was paired with two yoked rats, which
received saline infusions of equivalent volume whenever the leader rat received a cocaine infusion.

Experiment 6: open-field locomotion

This experiment was designed to compare locomotor response to acute cocaine challenge between high- and low-
impulsive rats with or without a history of cocaine SA. Control rats (without cocaine SA) or cocaine SA rats were placed
in locomotor detection chambers (Accuscan) and habituated for 1 h. Each rat randomly received vehicle or one dose of
cocaine (10 mg/kg, i.p.). Following injection, locomotor activity was recorded for 2 h in 10 min intervals. Each animal
was tested two times for vehicle and cocaine in a counterbalanced manner. The time interval was 2-3 d between the tests.
The distance counts (cm) were used to evaluate the effects of cocaine on locomotion.

Experiment 7: RNAscope in situ hybridization

RNAscope multiplex fluorescent assays (Advanced Cell Diagnostics) were well-characterized approaches to detect
specific gene transcript expression in the brain (Wang et al., 2012). Whole brains were rapidly harvested from
isoflurane-anesthetized rats and frozen in dry ice-cooled methylbutane. Brain tissue was sectioned coronally at 14 pm
in a —18°C cryostat (Leica CM3050S) followed by immediate mounting onto Fisher Scientific SuperFrost Plus Slides. In
situ hybridization assay procedures were performed according to manufacturer protocols. The following probes (pur-
chased from Advanced Cell Diagnostics) were used to detect Drd1, Drd2, and Drd3 mRNA expression: Drd1 [catalog
#895071-C3, Rattus norvegicus dopamine receptor Dy (Drd7) mRNA], Drd2 [catalog #315641-C2, Rattus norvegicus
dopamine receptor D, (Drd2), mRNA], and Drd3 [catalog #449961, NAscope Probe - Rn-Drd3 - Rattus norvegicus dopa-
mine receptor D3 (Drd3) mRNA]. Slides were coverslipped with fluorescent mounting medium (ProLong Gold Antifade
reagent P36930; Life Technologies) and imaged with an Olympus FluoView FV1000 confocal microscope at 40x magni-
fication using manufacturer-provided software (Olympus Fluoview FV1000, Olympus). Cells expressing D4, D5, and D3
mRNA in the prelimbic cortex, infralimbic cortex, insula, nucleus accumbens core (NAc-core), and shell (NAc-shell)
were counted in a double-blind manner from three stereologically selected sections per brain, with 100 mm rostral-caudal
spacing between sections (Shen et al., 2018, 2024). All images were taken under identical optical conditions. Numbers of
D;-, Do-, D3-, and DAPI-positive cells were counted using Imaged cell counter function. Cells were considered DA receptor
positive if there are >5 puncta clustered around the cell nucleus stained by DAPI (Shen et al., 2024). The thresholding was
kept consistent across images.

Statistical analyses
Behavioral data

Data are presented in figures as means (+SEM). Animal group sizes were chosen based on a power analysis (n > 7 per
group) and extensive previous experience with the animal behavioral models used. The group size is the number of inde-
pendent values (individual animals), and statistical analysis was performed using these independent values. The investi-
gators were blinded to the group allocation during the experiments and when assessing the outcome. Delay-discounting
data from individual subjects were grouped by terminal delay value. To show baseline discounting functions and cocaine
SA-induced shifts, group discounting functions are presented at each terminal delay. A rightward shift in the discounting
curve following cocaine SA was considered to be an increasing preference for large reward and decrease in impulsive
choice. One-way ANOVA was used to examine the differences in DA receptor expression between groups. Two-way
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repeated-measures ANOVA were used to evaluate the DDT and locomotor behaviors between different groups. Post hoc
comparisons consisted of a Student-Newman t test (o < 0.05).

fMRI data

All CBV-based MGE data were preprocessed using an in-house MATLAB based processing pipeline (Lu et al., 2004; Ma
et al., 2024). Since MION was injected as an intravascular contrast agent, the changes in the transverse-relaxation-rate
pre- and post-MION injection (AR}) are proportional to voxel-wise CBV (Mandeville et al., 1998):

CBV « AR;,

We then carried out a voxel-wise group (low-impulsive, high-impulsive) x impulsivity index (as a quantitative variable) linear
mixed-effect ANCOVA to assess the differential relationships between CBV levels and impulsivity levels in the two groups
before and after cocaine SA. Impulsivity index was calculated based on the percentage choice for large reward over all
choices. All voxel-wise statistical results were corrected for multiple comparisons using Monte Carlos simulation in
AFNI (uncorrected p <0.05, corrected p <0.05, cluster size > 31). We then extracted CBV values for clusters showing sig-
nificant interactions for further analyses.

All resting-state fMRI data were preprocessed with a conventional pipeline using Analysis of Functional Neurolmages
(AFNI; Cox, 1996), Advanced Normalization Tools (ANTSs; http:/stnava.github.io/ANTs/; Avants et al., 2011), and FMRIB
Software Library (FSL; https:/fsl.fmrib.ox.ac.uk), including procedures of distortion correction (Smith et al., 2004), skull strip-
ping, motion correction, coregistration to a template, noise component removal, bandpass filtering (0.01-0.1 Hz), and spatial
smoothing (FWHM =0.8 mm). We then conducted seed-based functional connectivity analysis on preprocessed resting-
state fMRI data. Three significant brain regions derived from the above voxel-wise CBV results were used as seed regions,
including midbrain, thalamus, and auditory cortex. For each resting-state fMRI scan, the seed-based functional connectivity
maps were generated by calculating the whole-brain voxel-wise Pearson’s correlation coefficients with time course of the
seeds. The correlation values were then converted to z-scores to achieve normal distribution (Tsai et al., 2020;
Fredriksson et al., 2021). Subject-level connectivity maps were then generated by averaging the results from three resting-
state fMRI scans.

We then conducted a voxel-wise group (low-impulsive, high-impulsive) x impulsivity index (as a quantitative variable)
linear mixed-effect ANCOVA to assess the differential relationships between functional connectivity and impulsivity levels
of the three brain regions (midbrain, thalamus, and auditory cortex) of high- and low-impulsive rats before and after
cocaine SA. All seed-based statistical results were corrected for multiple comparisons and used corrected p <0.05
(with uncorrected p < 0.05 and cluster size > 86 using Monte Carlo simulation in AFNI) as a threshold to determine signifi-
cant brain voxels. Functional connectivity signals from clusters showing significant interactions were then extracted for
further analyses.

Results

Identifying subgroups of rats based on their distinct impulsive choices in DDT

Using the criteria described above and shown in Figure 1G, we classified 12 out of 48 DDT-trained rats as high-
impulsive, 20 rats as low-impulsive, and 16 rats as middle-impulsive. When terminal delays were set at 0, 6, and 16 s,
the three groups of rats exhibited similar behavioral patterns, showing a preference for the larger reward (Fig. 1C-E).
However, as terminal delays increased to 40 s, the three groups of rats began to diverge in their responses: high-impulsive
rats took fewer large rewards and more small reward, while low-impulsive rats maintained their preference for the
larger reward (Fig. 1F). A two-way RM ANOVA revealed a significant main effect of impulsivity (Fig. 1F for large reward,
F1,30=66.5, p <0.001), a main effect of delay (F,120)=32.1, p <0.001), and a significant interaction between impulsivity
and delay (F,120)=17.5, p <0.001). The same assays for choices for small reward at 40 s terminal delay (Fig. 1F, middle
panel) revealed a significant main effect of impulsivity (F(1,30=66.5, p<0.001), a main effect of delay (F,120)=32.1,
p <0.001), and a significant interaction between impulsivity and delay (F4,1200=17.5, p <0.001).

With a further increase in terminal delay to 60 s, high-impulsive rats shifted choices —decreasing their choices for the large
reward while increasing their choice for small reward, whereas low-impulsive rats showed no significant change in their pref-
erence (Fig. 1G). A two-way RM ANOVA revealed a significant main effect of impulsivity phenotype (Fig. 1G for large reward;
F1,30=35.5, p <0.001), a main effect of delay (F,120)=23.9, p <0.001), and a significant interaction between phenotype and
delay (F4,1200=10.5, p <0.001). The same assays for choices for small reward at 60 s terminal delay (Fig. 1G, middle panel)
revealed a significant main effect of impulsivity (F 30=38.1, p <0.001), a main effect of delay (F4,120=48.8, p <0.001), and
a significant interaction between impulsivity and delay (F,120)=12.7, p <0.001). Notably, middle- and high-impulsive rats
exhibited a significant and unexpected decrease in choices for large rewards at zero delay compared with low-impulsive
rats (Fig. 1G). While the underlying reasons for this reduction remain unclear, it may suggest cognitive impairments, such
as decision-making deficits, observed in high-impulsive subjects reported previously (Sakurai et al., 2020). No significant
omissions were observed during the 6 weeks of DDT training (Fig. 1F,G, bottom panels).
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Figure 1. Experimental methods of DDT to identify low-, middle-, and high-impulsive rats. A, A diagram illustrating the DDT for small immediate rewards
versus larger delayed rewards. B, Delay schedules during 6 weeks of reward DDT training following an initial 2 weeks of food self-administration (SA) train-
ing. C-G, The DDT functional curves, assessed by the percentage of choices for large versus small rewards in low-, middle-, and high-impulsive rats. The
data for each delay represents the averaged value over the last 5 sessions (days) at 0 s (C), 6 s (D), 16 s (E), 40 s (F), and 60 s (G) terminal delay. No sig-
nificant omissions were observed during the 6 weeks of DDT training (F, G). **p <0.01; ***p <0.001, compared with low-impulsive rats.
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No difference in cocaine SA among the three groups of rats

We then compared cocaine SA among the three groups in the absence or presence of footshock punishment. Figure 2A
shows the general experimental procedures. Unexpectedly, we did not observe significant differences in cocaine SA
under FR1 reinforcement schedule among high-, middle-, and low-impulsive rats during 5 weeks of cocaine SA training.
A two-way RM ANOVA of the full dataset (Fig. 2B) revealed no significant trait main effect (F>,33=0.63, p >0.05), a sig-
nificant time main effect (Fz4,792)=3.39, p <0.001), and no significant interaction between trait and time (Fg 792)=0.72,
p>0.05). Since the numbers of cocaine infusions appeared to differ among the three groups during the initial 10 d of
cocaine SA training (highlighted in gray box), we reanalyzed the data for this time period. The results showed no significant
differences among the groups (trait main effect, F» 33y=1.37, p > 0.05; time main effect, Fig 297=3.97, p <0.001; trait x time
interaction, F(1g297)=0.84, p>0.05).

The same assays of the full dataset (Fig. 2C) also revealed no significant trait main effect (F» 33=0.59, p >0.05), a sig-
nificant time main effect (F24,792)=1.85, p <0.01), and no significant interaction between trait and time (F4g 792)=1.16,
p > 0.05). Since the numbers of active lever responses appeared to differ among the three groups during the initial
10 d of cocaine SA training, we reanalyzed the data for this time period. The results showed no significant differences
among the groups (trait main effect, Fo 33=1.74, p>0.05), a significant time main effect, Fg »97=2.76, p <0.001), and
no significant trait x time interaction, F(1g 297)=0.69, p >0.05).

Next, we assessed the effects of electrical footshock punishment on cocaine SA. We found that electrical footshock
significantly decreased cocaine SA in all three subgroups of rats in a shock intensity-dependent manner during 5 consec-
utive days of testing (Fig. 2D), while there was no difference in SA among the high-, middle-, and low-impulsive rats in the
presence of footshock. A two-way ANOVA revealed a significant footshock main effect (Fig. 2D; F(s 10)=25.35, p <0.001)
but did not reveal a significant impulsive main effect (F(» 33y = 1.09, p > 0.05) or footshock x impulsivity interaction (F(10,165 =
0.797, p>0.05).

Cocaine SA increases impulsivity in low-impulsive rats

We then examined whether cocaine SA altered impulsive choice. We found that cocaine SA caused a significant down-
ward shift in the delay-response curve for large reward in low-impulsive, but not in middle- or high-impulsive rats, sug-
gesting an increase in impulsivity (Fig. 2E) compared with that before cocaine SA specifically in low-impulsive
subgroup. A two-way RM ANOVA revealed a significant cocaine SA main effect in low-impulsive rats (Fig. 2E; F1 26 =
14.66, p <0.001), not in middle-impulsive rats (Fig. 2F; F,18=0.14, p>0.05) or high-impulsive rats (Fig. 2G; F1.20 =
1.59, p>0.05). Post hoc individual group comparisons revealed significant differences in percentage of choices for large
reward between pre- and post-cocaine conditions (*p <0.05). With the decrease for the choices for large reward, low-
impulsive rats alternatively chose more small reward (Fig. 2H) without significant omission (data not shown), suggesting
increased impulsivity in rats after cocaine SA. This was not observed in middle- or high-impulsive rats (Fig. 2/,J).

Sucrose SA does not alter impulsive choice decision-making

As a control, we also examined the effects of oral sucrose SA on impulsive choice under the same experimental con-
ditions. Since the middle-impulsive rats did not exhibit any alteration in either cocaine SA (Fig. 2B,C) or impulsivity (Fig. 2F)
following cocaine SA, this group was excluded from this control experiment and subsequent experiments. Consistent with
the findings for cocaine SA, no difference in oral sucrose SA was observed between low- and high-impulsive rats (Fig. 2K;
trait main effect, F(1 11)=1.58, p >0.05). However, unlike cocaine SA, sucrose SA did not affect impulsive choice in either
group (Fig. 2L; sucrose SA main effect, F(1 ¢ =0.34, p >0.05; Fig. 2M: sucrose SA main effect, F(1 5y=2.45, p >0.05).

No difference in locomotor responses to acute cocaine between high- and low-impulsive rats

We also examined open-field locomotor responses to acute cocaine to determine whether high-impulsive rats exhibit
heightened locomotor responses to psychostimulants and whether chronic cocaine SA alters these responses. Figure 3
shows that 10 mg/kg of cocaine significantly increased locomotion in rats, regardless of their history of cocaine SA.
Notably, there was no difference in locomotor responses to cocaine between high- and low-impulsive rats (Fig. 38,D).
However, chronic cocaine SA increased locomotor responses to acute cocaine in both groups (Fig. 3E,F), indicating
that chronic cocaine SA led to locomotor sensitization to cocaine.

Two-way RM ANOVA for the data in Figure 3A-D did not reveal a significant main effect of saline or cocaine treatment
(see Table 1). Conversely, a two-way RM ANOVA for the data in Figure 3E,F showed a significant main effect of time and a
cocaine treatment x time interaction (see Table 1 for details). Post hoc comparisons revealed significant differences at the
10 and 20 min time points following cocaine injection (Fig. 3E,F; *p < 0.05).

Impulsivity correlates with regional CBV and functional connectivity in low-impulsive rats

To investigate the brain—-behavior relationship underlying impulsivity, we conducted a data-driven whole-brain voxel-
wise CBV analysis. Linear mixed ANCOVA revealed a significant interaction between group (low-impulsive, high impulsive)
and impulsivity index (as a quantitative variable) in regional CBV levels in the midbrain, thalamus, and auditory cortex
(Fig. 4A; voxel-wise F-test, corrected p <0.05). Post hoc analysis indicated positive correlation between CBV levels in
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Figure 2. Cocaine SA in low-, middle-, and high-impulsive rats and its effects on impulsive choice decision-making. A, Timeline of the experimental pro-
cedures. B, C, The three groups of rats exhibited equivalent levels of cocaine SA, with no between-group differences in either the total number of cocaine
infusions (B) or active lever responses (C) under the free-access (FR1) reinforcement schedule. D, Intravenous cocaine SA (infusions) in the presence of
electrical footshock in the three groups of rats, showing that electrical footshock produced a significant reduction in cocaine SA in a current intensity-
dependent manner (**p < 0.001, compared with baseline at the 0 mA current). However, there were no differences in cocaine SA between the three groups.
E-G, Impulsive states of low- (E), middle- (F), and high-impulsive (G) rats before and after cocaine SA, showing that cocaine SA significantly decreased the
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these three regions and impulsivity in low-impulsive rats (Fig. 4B). In contrast, no significant correlation was observed in
high-impulsive rats before cocaine SA (Fig. 4B).

To further investigate the neural mechanism underlying impulsive behavior, we conducted a whole-brain voxel-wise
functional connectivity analysis using these three CBV-derived brain regions as seeds. Linear mixed ANCOVA revealed
a significant interaction between group and impulsivity index (as a quantitative variable) for midbrain functional connec-
tivity with the orbitofrontal cortex (OFC), primary sensory cortex (S1), and parietal region (PTL; Fig. 5A; voxel-wise F-test,
corrected p < 0.05). Similarly, the analysis revealed a significant group x impulsivity index interaction (as a quantitative var-
iable) for thalamus functional connectivity with OFC, S1, and PTL (Fig. 6A; voxel-wise F-test, corrected p < 0.05). Post hoc
analysis showed a significant negative correlation between the functional connectivity levels of these circuits and impul-
sivity only in low-impulsive rats (Figs. 5B, 6B). In contrast, no significant correlation between functional connectivity and
impulsivity was found in either midbrain or thalamic circuits in high-impulsive rats (Figs. 5B, 68). Additionally, no significant
group (low-impulsive, high impulsive) x impulsivity index interaction was found when the auditory cortex was used as the
seed region.

Cocaine SA attenuates the correlation between impulsivity and CBV or functional connectivity in low-impulsive
rats

In our DDT experiments, we observed that chronic cocaine SA increased impulsivity level only in low-impulsive rat
(Fig. 2). Furthermore, our fMRI experiments demonstrated that impulsivity level positively correlated with regional CBV lev-
els while negatively correlated with functional connectivity also in low-impulsive rats (Figs. 4-6). To further investigate the
neural mechanism underlying cocaine-induced changes in impulsivity, we examined post-cocaine CBV levels and func-
tional connectivity in the above identified brain circuits.

Notably, cocaine SA significantly attenuated the positive correlation between impulsivity and regional CBV levels in the
thalamus and auditory cortex (Fig. 4C). Although the post-cocaine midbrain CBV level remained positively correlated with
impulsivity, the correlation coefficient (r-value) was reduced (Fig. 4C).

In functional connectivity analyses, cocaine SA also significantly attenuated the negative correlation between impulsiv-
ity and the functional connectivity of the midbrain with the OFC, S1, and PTL (Fig. 5C). A similar attenuation was observed
for the functional connectivity of the thalamus with OFC, S1, and PTL (Fig. 6C). In contrast, cocaine SA did not significantly
alter the correlation between impulsivity and CBV or between impulsivity and functional connectivity in these circuits in
high-impulsive rats (Figs. 4C, 5C, 6C).

Cocaine SA decreased DA receptor expression in corticostriatal brain regions

We recently reported that high-impulsive rats in the DDT exhibit a significant reduction in DA (D, D3) receptor expres-
sion, with a particular decrease in D3R expression, in the NAc (core and shell) (Shen et al., 2024). Notably, restoring D3R
function by a selective D3R agonist significantly relieves or attenuates impulsivity in high-impulsive rats, suggesting that
reduced DA receptor expression, particularly Ds, may play a critical role in impulsive behavior in DDT (Shen et al., 2024).
Additionally, our fMRI experiments highlight the significant role of midbrain function—specifically in CBV (regional activity)
and functional connectivity (between-region communication)—and its relationship with impulsivity levels. Based on these
findings, we hypothesize that cocaine SA may also alter (decrease) DA receptor expression within the mesocorticolimbic
DA system, contributing to the decrease in functional connectivity and the increase in impulsivity observed in low-
impulsive rats following cocaine SA.

To test this hypothesis, we used advanced RNAscope ISH to examine the DA receptor mRNA expression (Fig. 7A-C) in
rats with cocaine or saline/sucrose SA. We found that cocaine SA indeed decreased expression of D4, D», and D3R in the
NAc of low-impulsive (Fig. 7D-F), but not high-impulsive, rats (Fig. 7G-/). In contrast, a mild increase in D3 mRNA expres-
sion was observed in the PRL and INS in high-impulsive rats after cocaine SA (Fig. 7/). One-way ANOVA revealed a sig-
nificant reduction in D1R expression in INS, NAc-C, and NAc-S (Fig. 7D), in DR expression in NAc-C and NAc-S (Fig. 7E),
and in D3R expression in IL, INS, NAc-C, and NAc-S (Fig. 7F) in cocaine SA rats in the low-impulsive group compared with
yoked saline or oral sucrose SA rats. The detailed statistical results are shown in Table 2.

Discussion

In this study, we used DDT to evaluate the causal relationship between choice impulsivity and cocaine SA in rats. We
found no difference in free-access cocaine SA or in locomotor response to acute cocaine between high- and low-
impulsive rats, indicating that choice impulsivity could not be a risk factor for cocaine use disorder. In contrast, chronic

<«

choices for a large reward and shifted the delay-response curve downward only in low-impulsive rats (E), indicating an increase in impulsive behavior.
H-J, Effects of cocaine SA on impulsive choices in three groups of rats. Cocaine SA caused an increase in the choices for small, immediate rewards
only in low-impulsive rats (H), indicating an increase in impulsive behavior. K, Oral sucrose SA in low- and high-impulsive rats. There were no differences
in the total number of active lever responses (K) between the two groups. L, M, Oral sucrose SA did not alter impulsive choice in either low-impulsive
(L) or high-impulsive rats (M) (**p <0.01, ***p <0.001, compared with pre-cocaine SA).
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Figure 3. Locomotor response to acute cocaine in two groups of rats with or without a history of cocaine SA. A, B, Locomotor response to saline (A) or
10 mg/kg of cocaine (B) in both high- and low-impulsive rats without cocaine SA training. C, D, Locomotor response to saline (A) or 10 mg/kg of cocaine
(B) in both high- and low-impulsive rats after cocaine SA training. There is no difference between two groups of rats. E, F, Locomotor response to cocaine in
low-impulsive (E) and high-impulsive rats (F) in rats with or without cocaine SA, illustrating that chronic cocaine SA led to locomotor sensitization to
cocaine. *p < 0.05, compared with rats without cocaine SA. The final baseline and all post-injection time point data were included in the statistical analysis.
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Table 1. Statistical results of the locomotor data as shown in Figure 3 by two-way ANOVA

Treatment main effect Time main effect Cocaine x time interaction
Figure 3A F(1’14)=O.24,p>0.05 F(12,168)=6-11sp<0-001 F(12’168)=O.64,p>0.05
Figure 3B F(1,18)=0.93, p>005 F(12,216)=3.5g, p<0001 F(124216)=0.32, p>005
Figure 3C F(1,13)=0.75,p>0.05 F(12,156)=9-741p<0-001 F(12,156)=1.39,p>0.05
Figure 3D F(1,19)=0.16, p>005 F(12’228)=21.72, p<0001 F(12’228)=O.63, p>005
Figure 3E F(1,18)=0.01,p>0.05 F(12,216)=12-12’p<0-001 F(12’216)=5.86,p<0.001
Figure 3F F(1’19)=0.28, p>005 F(12,228)=9-371 p<0001 F(12’228)=4.03, p<0001

A. Cerebral blood volume: Group * Impulsivity index

. Thalamus
I Auditory cortex

Midbrain
B. Pre-cocaine: Cerebral blood volume vs. Impulsivity index
Midbrain Thalamus Auditory cortex
~ 100 « 100+ « 100
s 754 s 751 . ® '/0/ 5 757 s ®
s s ) E]
3 501 3 50{p o & 501 S
> | > ® > @ o
m 25 m 251 m 254 @
o (¥) o
0 T T T T T 0 T T T T T 0' T
00 02 04 06 08 1.0 00 02 04 06 038 1.0 0.0 0. 2 0. 4 0 6 0. 8 1.0
Impulsivity Impulsivity Impulsivity
@ Low impulsive R2=0.53, p=0.0071* @ Low impulsive R?=0.47,p=0.014* @ Low impulsive R?=0.63, p = 0.0020*
@ High impulsive R2=0.071,p =0.43 @ High impulsive R2=0.15,p=0.24 -@ High impulsive R2=0.12, p=0.30
C. Post-cocaine: Cerebral blood volume vs. Impulsivity index
Midbrain Thalamus Auditory cortex
& 100- o & 100 e & 100-
£ ) e & ° e
75+ e 75- 75+ °
8 ] [ 8
5 o] ) ¥ I 50_(0.“: ®v .. s, o
L °® ® ® e g S 2 e _&_.—4
2 251 B 25- % 25| 888°% o0
) ° ) ) > ° o L
[ )
0 T T T T T 0 T T T T T 0 T T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Impulsivity Impulsivity Impulsivity
@ Low impulsive R2=0.34, p =0.046* @ Low impulsive R2=0.15,p=0.22 @ Low impulsive R?=0.045,p=0.84
@ High impulsive R?=0.015,p=0.72 -@ High impulsive R?=0.045, p =0.53 -@ High impulsive R?=0.0022, p =0.89

Figure 4. Relationship between impulsivity and regional cerebral blood flow (CBV) in rats before and after chronic cocaine SA. A, Group (Low-impulsive,
High-impulsive) x Impulsivity index (as a quantitative variable) interaction of regional CBV levels. Corrected p <0.05. B, C, Relationship between regional
CBV levels and impulsivity levels in midbrain (left), thalamus (middle), and auditory cortex (right) before (B) and (C) after cocaine SA in each individual rats.
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Figure 5. Relationship between impulsivity and functional connectivity of the midbrain seed in rats before and after chronic cocaine SA. A, Left, The mid-
brain was used as the seed region for functional connectivity analysis. Right, Group (low-impulsive, high-impulsive) x impulsivity index (as a quantitative
variable) interaction of voxel-wise functional connectivity of midbrain seed. Corrected p <0.05. B, C, Relationship between midbrain functional connectivity
and impulsivity levels between the midbrain and the orbitofrontal cortex (left), primary sensory cortex (middle), or parietal region (right) before (B) and after
(C) cocaine SA in each individual rats.

cocaine SA caused a significant increase in impulsivity in low-impulsive rats, but not in middle- and high-impulsive rats,
suggesting that cocaine use could be a susceptible factor in developing impulsive behavior in normally low-impulsive sub-
jects. Functional MRI analysis showed that chronic cocaine SA significantly disrupted the correlation between impulsivity
and the functional connectivity between the midbrain and the frontal cortices, as well as between the thalamus and the
frontal cortices in low-impulsive rats. Further studies showed that cocaine SA also reduced DA (D4, Do, D3) receptor
expression in the NAc of low-impulsive rats. These findings suggest that a reduction in DA receptor expressions observed
in low-impulsive rats after cocaine SA may be associated with impaired brain functional connectivity in DA-related network
and enhanced impulsive behavior.

DDT choice impulsivity could not be a predictor of cocaine use and abuse

Impulsivity is a personality characteristic associated with behaviors like violence, binge eating, and gambling and is a
key feature in disorders such as bipolar disorder, impulse-control disorder, and substance use disorder (Meyer-
Lindenberg et al., 2006; First, 2013; Huang et al., 2024; Martinelli et al., 2024). Impulsivity also affects decision-making
by leading individuals to overlook negative consequences and take high risks (Bennett et al., 2017; loannidis et al.,
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Figure 6. Relationship between impulsivity and functional connectivity of the thalamus seed in rats before and after chronic cocaine SA. A, Left, The thal-
amus was used as the seed region for functional connectivity analysis. Right, Group (low-impulsive, high-impulsive) x impulsivity index (as a quantitative
variable) interaction of voxel-wise functional connectivity of thalamus seed. Corrected p <0.05. B, C, Relationship between functional connectivity and
impulsivity levels between the thalamus and the OFC (left), primary sensory cortex (middle), and parietal region (right) before (B) and after (C) cocaine
SA in each individual rats.

2019). It is often measured by self-report scales or behavioral tasks, focusing on aspects like response inhibition, delay
discounting, and risk-taking (Dalley and Robbins, 2017). However, research on impulsivity faces challenges due to incon-
sistent definitions, varied measurement tools, and inconclusive findings (Huang et al., 2024).

Our study found that high- and low-impulsive rats, identified by DDT, showed no difference in cocaine SA acquisition
and maintenance over 5 weeks under free-access conditions (FR1) or in the presence of electrical footshock. Both groups
of rats also failed to show any difference in open-field locomotor response to acute cocaine administration. This finding
differs from some previous studies suggesting that high impulsivity predicts cocaine SA escalation in 5CSRT (Dalley et al.,
2007; Belin et al., 2008; Broos et al., 2012) and in DDT (Perry et al., 2005; Anker et al., 2009), but it aligns with other reports
showing no significant difference in cocaine SA between high- and low-impulsive rats in 5CSRT (Belin et al., 2008; Anker
et al., 2009; Caprioli et al., 2013; Abbott et al., 2022), risk choice (Ferland and Winstanley, 2017; Arrondeau et al., 2023), or
DDT (Perry et al., 2008). Similarly, conflicting findings were observed in nicotine SA experiments. Motor impulsivity in
5-CSRT was associated with an enhanced motivation for nicotine SA, while choice impulsivity was not in DDT
(Diergaarde et al., 2008). Additionally, high-impulsive Roman high-avoidance rats also show mixed results: motor impul-
sivity predicts higher susceptibility to cocaine-taking and cocaine-seeking, while high-risk impulsive choice does not
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Figure 7. Effects of cocaine SA on brain DA (D4, D, and D3) receptor mRNA expression in high- versus low-impulsive rats assessed by RNAscope ISH
assays. A-C, Representative D; (green), D, (magenta), and D3 (gray) mRNA images observed in the NAc-shell (A), insula (B), and infralimbic cortex (C)
of low-impulsive rats. D-F, Quantitative cell counting data, showing that cocaine SA significantly decreased NAc D, (D), D, (E), and D3 (F) receptor expres-
sion in low-impulsive rats. G-I, Quantitative cell counting data, showing that cocaine SA did not significantly alter D4 (G), D2 (H), and Ds (/) receptor expres-
sion in high-impulsive rats in most of the regions examined. In contrast, an increase in D3 receptor expression was observed in PRL and INS in

high-impulsive rats (I). *p <0.05, **p <0.01, ***p <0.001, compared with saline or sucrose SA rats.
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Table 2. Statistical results of the data shown in Figure 7 (RNAscope data) by one-way ANOVA

Region Figure Treatment main effects Figure Treatment main effect
PrL Figure 7D F2,10=0.98, p>0.05 Figure 7G Fp,8=3.74, p>0.05
Figure 7E F2,10=3.24,p>0.05 Figure 7TH Fo,8=3.85,p>0.05
Figure 7F F(2’10)=1.72, p>005 Figure 71 F(2,8)=5-231 p<005
IL Figure 7D F2,10=0.76, p>0.05 Figure 7G F,.8=3.01,p>0.05
Figure 7E F2,10=3.31,p>0.05 Figure 7TH Fpg=1.6,p>0.05
Figure 7F F(2’10)=8.88, p<001 Figure 71 F(2,8)=2.85, p>005
INS Figure 7D F2,10=10.12, p <0.01 Figure 7G Fp,.8=2.43, p>0.05
Figure 7E F2,10=0.08, p>0.05 Figure 7H Fr.8=0.74, p>0.05
Figure 7F F(2’10)=4.35, p<005 Figure 71 F(2,8)=6.29, p<005
NAc-C Figure 7D F2,10=11.59, p <0.01 Figure 7G Fr,8=0.23, p>0.05
Figure 7E F2,10=8.41, p<0.01 Figure 7H Fo,8=3.66, p>0.05
Figure 7F F2,10=19.91, p<0.001 Figure 7/ F2,8=3.08, p>0.05
NAc-S Figure 7D F2,10)=3.46, p<0.05 Figure 7G F,8=0.37, p>0.05
Figure 7E F2,10=13.77, p <0.001 Figure 7TH Fr,8=1.67,p>0.05
Figure 7F F2,10=10.75, p <0.01 Figure 7/ F2,=0.03, p>0.05

(Fattore et al., 2009; Dimiziani et al., 2019; Arrondeau et al., 2023). Our findings provide additional evidence indicating that
choice impulsivity in DDT does not predict compulsive cocaine-taking behavior. Given the diversity of impulsivity dimen-
sions, it seems that only specific types of impulsivity, such as motor impulsivity, rather than risk or delay-discounting
impulsivity, may play a more significant role in predicting substance use and abuse.

Chronic cocaine exposure enhances impulsive behavior in low-impulsive rats

Another important finding in this study is that chronic cocaine SA selectively increased impulsivity in low-impulsive, but
not in high-impulsive, rats. This suggests that chronic cocaine use could be a risk factor for developing impulsive behavior
in normally low-impulsive subjects. This finding is consistent with previous reports that chronic cocaine administration
(whether experimenter- or self-administered) increases impulsive choice (Paine et al., 2003; Winstanley et al., 2007;
Anker et al., 2009; Dandy and Gatch, 2009; Mendez et al., 2010; Zuo et al., 2012; Mitchell et al., 2014b).

Clinical observations also indicate that high-impulsive behavior is often seen in cocaine and other drug users
(Lejuez et al., 2005; Moeller et al., 2005; Hanson et al., 2008). However, it was also reported that chronic cocaine or heroin
SA failed to alter premature responding (Dalley et al., 2005; Uruefia-Méndez et al., 2023) or risky decision-making in male
rats (Orsini et al., 2020) or produced a reduction in impulsive action in 5CSRT (Dalley et al., 2007;Caprioli et al., 2013).
Similarly, in the risk decision-making task, risk aversion females showed greater cocaine intake under the short-access
conditions (Orsini et al., 2020). Together, these findings suggest that chronic cocaine may have different effects on distinct
dimensions of impulsivity, increasing impulsive choice in DDT, while having no effect or causing a reduction in impulsive
action in 5CSRT.

Cocaine SA attenuates correlations between impulsivity and brain functional activity in low-impulsive rats

The third important finding of this study is that impulsivity is positively correlated with CBV in the midbrain, thalamus,
and auditory cortex only in low-impulsive rats, which is significantly attenuated by chronic cocaine SA. Using these three
identified brain regions as seeds, we observed a negative correlation of impulsivity and the functional connectivity
between the midbrain and frontal cortices, as well as between the thalamus and frontal cortices, including the OFC, pri-
mary cortex, and parietal cortex, which is also attenuated by chronic cocaine SA. This finding suggests that the disruption
of the normal functional activity in the midbrain- and thalamus-related networks may underlie chronic cocaine-induced
increase in impulsivity observed in low-impulsive rats. It is unknown why impulsivity is positive correlated to the CBV, while
negatively correlated to the functional connectivity. Further research is required to understand the neuronal adaptations
reflected by CBV and functional connectivity. Notably, our RNAscope experiments revealed a marked reduction in DA
receptor (D1, D>, D3) MRNA expression in the corticostriatal regions of low-impulsive rats following cocaine SA. These find-
ings are consistent with the established role of DA in regulating impulsive behavior (Dalley and Roiser, 2012).

OFC is a key frontal region involved in modulating reward expectancies via DA (Takahashi et al., 2011). Pharmacological
inactivation of OFC has been shown to significantly reduce the phasic response of DA neurons in the VTA during a DDT
(Jo and Mizumori, 2016). These findings support our observation that midbrain-to-OFC functional connectivity is
negatively correlated with impulsivity in low-impulsive rats.

In contrast, findings from 5-CSRT task indicate that chemogenetic (Boekhoudt et al., 2017) or optogenetic (Flores-
Dourojeanni et al., 2021) activation of DA neurons in the VTA or the substantia nigra pars compacta does not alter
impulsivity but instead induces deficits only in attentional performance. This discrepancy may arise from the differences in
behavior paradigms used to assess impulsivity, as distinct neural networks and substrates have been proposed and shown
to underlie impulsive action versus impulsive choice (Wang et al., 2016; Robbins and Dalley, 2017; Jones et al., 2021).
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In our study, chronic cocaine SA attenuated the negative correlation between impulsivity and the functional connectivity
of midbrain and thalamic circuits. Impaired functional connectivity between the VTA and regions including thalamus, NAc,
amygdala, medial prefrontal cortex, and posterior cingulate cortex has been consistently reported in chronic cocaine
users (Gu et al., 2010; Tomasi et al., 2010; Camchong et al., 2014).

Furthermore, human studies have shown that midbrain connectivity with regions like ventral striatum and medial OFC is
significantly and negatively associated with self-reported cognitive impulsivity scores in healthy controls. However, this
relationship is absent in methamphetamine-dependent participants (Kohno et al., 2016). Together, these findings suggest
that chronic cocaine SA may disrupt normal function of the mesocorticalimbic circuits, contributing to changes in impul-
sive behavior.

Hypodopaminergic mechanisms may underlie decreased functional connectivity and enhanced impulsivity

A key finding from our RNAscope assay revealed that cocaine SA significantly decreased DA receptor (D4, D5, and D3)
expression in the frontal cortex and ventral striatum (NAc) in low-impulsive rats. In contrast, there was a mild increase in D3
mRNA in the PrL and INS of high-impulsive rats. These findings suggest a possible intrinsic link between DA transmission,
functional connectivity, and impulsive behavior observed in low-impulsive rats. As high-impulsive rats exhibit a reduction
in DA D,/D3 receptor expression and restoration of DA D3 receptor function reduced impulsive behavior in high-impulsive
rats (Shen et al., 2024), we hypothesized that cocaine-induced decreases in DA receptor expression may be associated
with the changes in impulsivity and connectivity in low-impulsive rats. Further research is needed to address the causal
relationship between cocaine-induced changes in impulsivity, connectivity, and DA receptor expression.

Limitations of the current study

There are several limitations in the current study. First, only male rats were used. Second, a daily 3 h session of cocaine SA
was used. Previous reports indicate that male and female rats display different cocaine intake under short-access (2 h) and
long-access (6 h) conditions (Orsini et al., 2020). Therefore, it is possible that experiments conducted under long-access
conditions might yield different results. Third, pharmacological manipulations were not used to evaluate the chronic
cocaine-induced changes in functional activity, connectivity, or impulsive behavior, as done in our previous work (Shen
et al., 2024). Fourth, fMRI assays in this study were conducted under anesthesia, which may influence the observed corre-
lations between behavior and brain function. Lastly, the study was performed exclusively on adult rats. Considering previous
findings that adolescent and adult rats differ in how risky impulsivity predicts cocaine intake (Mitchell et al., 2014a), future
research on DDT should include adolescent rats to provide a more comprehensive understanding.

In summary, we systematically investigated the causal relationships between preexisting choice impulsivity and cocaine
SAinrats in this study. We found no significant differences in the acquisition and maintenance of cocaine SA or locomotor
response to cocaine between high- and low-impulsive rats. However, we observed that chronic cocaine SA increased
impulsivity specifically in normally low-impulsive rats. Further investigation into neural mechanisms revealed that chronic
cocaine SA also disrupted the normal brain function in the mesocorticolimbic networks and decreased DA receptor
expression in low-impulsive rats. These findings suggest that the relationship between impulsivity and SUDs is more com-
plex than previously thought, potentially depending on the type of impulsivity. Our results do not support the view that
preexisting choice impulsivity predicts greater drug intake. Instead, chronic cocaine SA increased impulsivity in normally
low-impulsive subjects, which is associated with reductions of functional connectivity and DA receptor expression in
DA-related networks.

References

Abbott MS, Seaman RW Jr, Doyle MR, Maguire DR, Rice KC, Collins
GT (2022) Interactions between impulsivity and MDPV self-
administration in rats. Addict Biol 27:e13168.

Bennett D, Oldham S, Dawson A, Parkes L, Murawski C,
YucelM (2017) Systematic overestimation of reflection
impulsivity in the information sampling task. Biol Psychiatry

Anker JJ, Perry JL, Gliddon LA, Carroll ME (2009) Impulsivity predicts
the escalation of cocaine self-administration in rats. Pharmacol
Biochem Behav 93:343-348.

Arrondeau C, Uruena-Mendez G, Belles L, Marchessaux F, Goutaudier
R, Ginovart N (2023) Motor impulsivity but not risk-related impul-
sive choice is associated to drug intake and drug-primed relapse.
Front Behav Neurosci 17:1200392.

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC (2011) A
reproducible evaluation of ANTs similarity metric performance in
brain image registration. Neuroimage 54:2033-2044.

Bechara A, Dolan S, Hindes A (2002) Decision-making and addiction
(part Il): myopia for the future or hypersensitivity to reward?
Neuropsychologia 40:1690-1705.

Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ (2008) High impul-
sivity predicts the switch to compulsive cocaine-taking. Science
320:1352-1355.

82:629-e30.

Bi GH, Galaj E, He Y, Xi ZX (2020) Cannabidiol inhibits sucrose self-
administration by CB1 and CB2 receptor mechanisms in rodents.
Addict Biol 25:¢12783.

Boekhoudt L, Voets ES, Flores-Dourojeanni JP, Luijendijk MC,
Vanderschuren LJ, Adan RA (2017) Chemogenetic activation of
midbrain dopamine neurons affects attention, but not
impulsivity, in the five-choice serial reaction time task in rats.
Neuropsychopharmacology 42:1315-1325.

Bornovalova MA, Daughters SB, Hernandez GD, Richards JB, Lejuez
CW (2005) Differences in impulsivity and risk-taking propensity
between primary users of crack cocaine and primary users of heroin
in a residential substance-use program. Exp Clin Psychopharmacol
13:311-318.

Broos N, Diergaarde L, Schoffelmeer AN, Pattij T, De Vries TJ (2012)
Trait impulsive choice predicts resistance to extinction and

March 2025, 12(3). DOI: https://doi.org/10.1523/ENEURO.0408-24.2025. 17 of 19


https://doi.org/10.1523/ENEURO.0408-24.2025

Meuro

propensity to relapse to cocaine seeking: a bidirectional investiga-
tion. Neuropsychopharmacology 37:1377-1386.

Camchong J, Macdonald AW 3rd, Mueller BA, Nelson B, Specker S,
Slaymaker V, Lim KO (2014) Changes in resting functional connec-
tivity during abstinence in stimulant use disorder: a preliminary
comparison of relapsers and abstainers. Drug Alcohol Depend
139:145-151.

Capirioli D, et al. (2013) Baseline-dependent effects of cocaine pre-
exposure on impulsivity and D2/3 receptor availability in the rat
striatum: possible relevance to the attention-deficit hyperactivity
syndrome. Neuropsychopharmacology 38:1460-1471.

Cox RW (1996) AFNI: software for analysis and visualization of func-
tional magnetic resonance neuroimages. Comput Biomed Res
29:162-173.

Dalley JW, et al. (2007) Nucleus accumbens D2/3 receptors predict
trait impulsivity and cocaine reinforcement. Science 315:1267-
1270.

Dalley JW, Ersche KD (2019) Neural circuitry and mechanisms of wait-
ing impulsivity: relevance to addiction. Philos Trans R Soc Lond B
Biol Sci 374:20180145.

Dalley JW, Laane K, Pena Y, Theobald DE, Everitt BJ, Robbins TW
(2005) Attentional and motivational deficits in rats withdrawn
from intravenous self-administration of cocaine or heroin.
Psychopharmacology 182:579-587.

Dalley JW, Mar AC, Economidou D, Robbins TW (2008) Neurobehavioral
mechanisms of impulsivity: fronto-striatal systems and functional
neurochemistry. Pharmacol Biochem Behav 90:250-260.

Dalley JW, Robbins TW (2017) Fractionating impulsivity: neuropsychi-
atric implications. Nat Rev Neurosci 18:158-171.

Dalley JW, Roiser JP (2012) Dopamine, serotonin and impulsivity.
Neuroscience 215:42-58.

Dandy KL, Gatch MB (2009) The effects of chronic cocaine exposure
on impulsivity in rats. Behav Pharmacol 20:400-405.

Diergaarde L, Pattij T, Poortvliet I, Hogenboom F, de Vries W,
Schoffelmeer AN, De Vries TJ (2008) Impulsive choice and impul-
sive action predict vulnerability to distinct stages of nicotine seek-
ing in rats. Biol Psychiatry 63:301-308.

Dimiziani A, Belles Ano L, Tsartsalis S, Millet P, Herrmann F, Ginovart N
(2019) Differential involvement of D2 and D3 receptors during rein-
statement of cocaine-seeking behavior in the Roman high- and
low-avoidance rats. Behav Neurosci 133:77-85.

Economidou D, Pelloux Y, Robbins TW, Dalley JW, Everitt BJ (2009)
High impulsivity predicts relapse to cocaine-seeking after
punishment-induced abstinence. Biol Psychiatry 65:851-856.

Ersche KD, Turton AJ, Pradhan S, Bullmore ET, Robbins TW (2010)
Drug addiction endophenotypes: impulsive versus sensation-
seeking personality traits. Biol Psychiatry 68:770-773.

Evenden JL, Ryan CN (1996) The pharmacology of impulsive behav-
iour in rats: the effects of drugs on response choice with varying
delays of reinforcement. Psychopharmacology 128:161-170.

Fattore L, Piras G, Corda MG, Giorgi O (2009) The Roman high- and
low-avoidance rat lines differ in the acquisition, maintenance,
extinction, and reinstatement of intravenous cocaine self-
administration. Neuropsychopharmacology 34:1091-1101.

Ferland JN, Winstanley CA (2017) Risk-preferring rats make worse
decisions and show increased incubation of craving after cocaine
self-administration. Addict Biol 22:991-1001.

First MB (2013) Diagnostic and statistical manual of mental disorders,
5th edition, and clinical utility. J Nerv Ment Dis 201:727-729.

Flores-Dourojeanni JP, van Rijt C, van den Munkhof MH, Boekhoudt L,
Luijendijk MCM, Vanderschuren L, Adan RAH (2021) Temporally
specific roles of ventral tegmental area projections to the nucleus
accumbens and prefrontal cortex in attention and impulse control.
J Neurosci 41:4293-4304.

Fredriksson I, Tsai PJ, Shekara A, Duan Y, Applebey SV, Lu H, Bossert
JM, Shaham Y, Yang Y (2021) Orbitofrontal cortex and dorsal stri-
atum functional connectivity predicts incubation of opioid craving
after voluntary abstinence. Proc Natl Acad Sci U S A 118:
€2106624118.

Research Article: Confirmation 18 of 19

Gu H, Salmeron BJ, Ross TJ, Geng X, Zhan W, Stein EA, Yang Y (2010)
Mesocorticolimbic circuits are impaired in chronic cocaine users as
demonstrated by resting-state functional connectivity. Neuroimage
53:593-601.

Hammerslag LR, Belagodu AP, Aladesuyi Arogundade OA,
Karountzos AG, Guo Q, Galvez R, Roberts BW, Gulley JM (2019)
Adolescent impulsivity as a sex-dependent and subtype-
dependent predictor of impulsivity, alcohol drinking and dopamine
D(2) receptor expression in adult rats. Addict Biol 24:193-205.

Hanson KL, Luciana M, Sullwold K (2008) Reward-related decision-
making deficits and elevated impulsivity among MDMA and other
drug users. Drug Alcohol Depend 96:99-110.

Huang Y, Luan S, Wu B, Li Y, Wu J, Chen W, Hertwig R (2024)
Impulsivity is a stable, measurable, and predictive psychological
trait. Proc Natl Acad Sci U S A 121:€2321758121.

loannidis K, Hook R, Wickham K, Grant JE, Chamberlain SR (2019)
Impulsivity in gambling disorder and problem gambling: a
meta-analysis. Neuropsychopharmacology 44:1354-1361.

Jentsch JD, Ashenhurst JR, Cervantes MC, Groman SM, James AS,
Pennington ZT (2014) Dissecting impulsivity and its relationships
to drug addictions. Ann N'Y Acad Sci 1327:1-26.

Jo YS, Mizumori SJY (2016) Prefrontal regulation of neuronal activity in
the ventral tegmental area. Cereb Cortex 26:4057-4068.

Jones JA, Zuhlsdorff K, Dalley JW (2021) Neurochemical substrates
linked to impulsive and compulsive phenotypes in addiction: a pre-
clinical perspective. J Neurochem 157:1525-1546.

Kohno M, et al. (2016) Midbrain functional connectivity and ventral
striatal dopamine D2-type receptors: link to impulsivity in metham-
phetamine users. Mol Psychiatry 21:1554-1560.

Lejuez CW, Aklin W, Bornovalova M, Moolchan ET (2005) Differences
in risk-taking propensity across inner-city adolescent ever- and
never-smokers. Nicotine Tob Res 7:71-79.

LuH, Patel S, LuoF, Li SJ, Hillard CJ, Ward BD, Hyde JS (2004) Spatial
correlations of laminar BOLD and CBV responses to rat whisker
stimulation with neuronal activity localized by Fos expression.
Magn Reson Med 52:1060-1068.

LuH, Zou Q, Gu H, Raichle ME, Stein EA, Yang Y (2012) Rat brains also
have a default mode network. Proc Natl Acad Sci U S A 109:3979-
3984.

Ma Z, Duan Y, Fredriksson |, Tsai PJ, Batista A, Lu H, Shaham Y, Yang
Y (2024) Role of dorsal striatum circuits in relapse to opioid seeking
after voluntary abstinence. Neuropsychopharmacology 50:452—
460.

Mandeville JB, Marota JJ, Kosofsky BE, Keltner JR, Weissleder R,
Rosen BR, Weisskoff RM (1998) Dynamic functional imaging of rel-
ative cerebral blood volume during rat forepaw stimulation. Magn
Reson Med 39:615-624.

Martinelli MK, Schreyer CC, Vanzhula IA, Guarda AS (2024) Impulsivity
and reward and punishment sensitivity among patients admitted to
a specialized inpatient eating disorder treatment program. Front
Psychiatry 15:1325252.

Mendez IA, Simon NW, Hart N, Mitchell MR, Nation JR, Wellman PJ,
Setlow B (2010) Self-administered cocaine causes long-lasting
increases in impulsive choice in a delay discounting task. Behav
Neurosci 124:470-477.

Meyer-Lindenberg A, et al. (2006) Neural mechanisms of genetic risk
for impulsivity and violence in humans. Proc Natl Acad Sci U S A
103:6269-6274.

Mitchell MR, Weiss VG, Beas BS, Morgan D, Bizon JL, Setlow B
(2014a) Adolescent risk taking, cocaine self-administration, and
striatal dopamine signaling. Neuropsychopharmacology 39:955-
962.

Mitchell MR, Weiss VG, Ouimet DJ, Fuchs RA, Morgan D, Setlow B
(2014b) Intake-dependent effects of cocaine self-administration
on impulsive choice in a delay discounting task. Behav Neurosci
128:419-429.

Moeller FG, Hasan KM, Steinberg JL, Kramer LA, Dougherty DM, Santos
RM, Valdes |, Swann AC, Barratt ES, Narayana PA (2005) Reduced
anterior corpus callosum white matter integrity is related to increased

March 2025, 12(3). DOI: https://doi.org/10.1523/ENEURO.0408-24.2025. 18 of 19


https://doi.org/10.1523/ENEURO.0408-24.2025

Meuro

impulsivity and reduced discriminability in cocaine-dependent
subjects: diffusion tensor imaging. Neuropsychopharmacology
30:610-617.

Myerson J, Green L, van den Berk-Clark C, Grucza RA (2015) Male, but
not female, alcohol-dependent African Americans discount
delayed gains more steeply than propensity-score matched con-
trols. Psychopharmacology 232:4493-4503.

Orsini CA, Blaes SL, Dragone RJ, Betzhold SM, Finner AM, Bizon JL,
Setlow B (2020) Distinct relationships between risky decision
making and cocaine self-administration under short- and long-
access conditions. Prog Neuropsychopharmacol Biol Psychiatry
98:109791.

Paine TA, Dringenberg HC, Olmstead MC (2003) Effects of chronic
cocaine on impulsivity: relation to cortical serotonin mechanisms.
Behav Brain Res 147:135-147.

Perry JL, Larson EB, German JP, Madden GJ, Carroll ME (2005)
Impulsivity (delay discounting) as a predictor of acquisition of IV
cocaine self-administration in female rats. Psychopharmacology
178:193-201.

Perry JL, Nelson SE, Carroll ME (2008) Impulsive choice as a predictor
of acquisition of IV cocaine self- administration and reinstatement
of cocaine-seeking behavior in male and female rats. Exp Clin
Psychopharmacol 16:165-177.

Robbins TW, Dalley JW (2017) Dissecting impulsivity: brain mecha-
nisms and neuropsychiatric implications. Nebr Symp Motiv
64:201-226.

Rogers RD, et al. (1999) Dissociable deficits in the decision-making
cognition of chronic amphetamine abusers, opiate abusers,
patients with focal damage to prefrontal cortex, and tryptophan-
depleted normal volunteers: evidence for monoaminergic mecha-
nisms. Neuropsychopharmacology 20:322-339.

Sakurai K, Li H, Inamura N, Masuoka N, Hisatsune T (2020)
Relationship between elevated impulsivity and cognitive declines
in elderly community-dwelling individuals. Sci Rep 10:21032.

Shen H, et al. (2018) Genetic deletion of vesicular glutamate trans-
porter in dopamine neurons increases vulnerability to MPTP-
induced neurotoxicity in mice. Proc Natl Acad Sci U S A 115:
E11532-E11541.

Shen H, et al. (2024) Involvement of dopamine D3 receptor in impulsive
choice decision-making in male rats. Neuropharmacology
257:110051.

Silverman IW (2003) Gender differences in delay of gratification: a
meta-analysis. Sex Roles 49:451-463.

Smith SM, et al. (2004) Advances in functional and structural MR image
analysis and implementation as FSL. Neuroimage 23:5S208-S219.

Research Article: Confirmation 19 of 19

Takahashi YK, Roesch MR, Wilson RC, Toreson K, O’'Donnell P, Niv Y,
Schoenbaum G (2011) Expectancy-related changes in firing of
dopamine neurons depend on orbitofrontal cortex. Nat Neurosci
14:1590-1597.

Tomasi D, Volkow ND, Wang R, Carrillo JH, Maloney T, Alia-Klein N,
Woicik PA, Telang F, Goldstein RZ (2010) Disrupted functional con-
nectivity with dopaminergic midbrain in cocaine abusers. PLoS
One 5:¢10815.

Tsai PJ, et al. (2020) Converging structural and functional evidence for
a rat salience network. Biol Psychiatry 88:867-878.

Uruefia-Méndez G, Dimiziani A, Belles L, Goutaudier R, Ginovart N
(2023) Repeated cocaine intake differentially impacts striatal
D(2/3) receptor availability, psychostimulant-induced dopamine
release, and trait behavioral markers of drug abuse. Int J Mol Sci
24:13238.

Verdejo-Garcia AJ, Perales JC, Perez-Garcia M (2007) Cognitive
impulsivity in cocaine and heroin polysubstance abusers. Addict
Behav 32:950-966.

Wang Q, Chen C, CaiY, Li S, Zhao X, Zheng L, Zhang H, Liu J, Chen C,
Xue G (2016) Dissociated neural substrates underlying impulsive
choice and impulsive action. Neuroimage 134:540-549.

Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT,
Ma XJ, Luo Y (2012) RNAscope: a novel in situ RNA analysis plat-
form for formalin-fixed, paraffin-embedded tissues. J Mol Diagn
14:22-29.

Weafer J, Mitchell SH, de Wit H (2014) Recent translational findings on
impulsivity in relation to drug abuse. Curr Addict Rep 1:289-300.

Winstanley CA, et al. (2007) DeltaFosB induction in orbitofrontal cortex
mediates tolerance to cocaine-induced cognitive dysfunction.
J Neurosci 27:10497-10507.

Winstanley CA, Bachtell RK, Theobald DE, Laali S, Green TA, Kumar A,
Chakravarty S, Self DW, Nestler EJ (2009) Increased impulsivity
during withdrawal from cocaine self-administration: role for
DeltaFosB in the orbitofrontal cortex. Cereb Cortex 19:435-444.

Winstanley CA, Eagle DM, Robbins TW (2006) Behavioral models of
impulsivity in relation to ADHD: translation between clinical and
preclinical studies. Clin Psychol Rev 26:379-395.

Xie X, Arguello AA, Reittinger AM, Wells AM, Fuchs RA (2012) Role of
nicotinic acetylcholine receptors in the effects of cocaine-paired
contextual stimuli on impulsive decision making in rats.
Psychopharmacology 223:271-279.

Zuo Y, Wang X, Cui C, Luo F, Yu P, Wang X (2012) Cocaine-induced
impulsive choices are accompanied by impaired delay-dependent
anticipatory activity in basolateral amygdala. J Cogn Neurosci
24:196-211.

March 2025, 12(3). DOI: https://doi.org/10.1523/ENEURO.0408-24.2025. 19 of 19


https://doi.org/10.1523/ENEURO.0408-24.2025

	 Introduction
	 Materials and Methods
	 Animals
	 Experiment 1: reward delay discounting
	 Apparatus
	 Procedures
	 Food SA training
	 Delay-discounting task


	 Experiment 2: resting-state fMRI
	 Animal preparation
	 Image acquisition

	 Experiment 3: cocaine SA
	 Surgery
	 Procedure

	 Experiment 4: sucrose SA
	 Experiment 5: yoked saline “SA”
	 Experiment 6: open-field locomotion
	 Experiment 7: RNAscope in situ hybridization
	 Statistical analyses
	 Behavioral data
	 fMRI data


	 Results
	 Identifying subgroups of rats based on their distinct impulsive choices in DDT
	 No difference in cocaine SA among the three groups of rats
	 Cocaine SA increases impulsivity in low-impulsive rats
	 Sucrose SA does not alter impulsive choice decision-making
	 No difference in locomotor responses to acute cocaine between high- and low-impulsive rats
	 Impulsivity correlates with regional CBV and functional connectivity in low-impulsive rats
	 Cocaine SA attenuates the correlation between impulsivity and CBV or functional connectivity in low-impulsive rats
	 Cocaine SA decreased DA receptor expression in corticostriatal brain regions

	 Discussion
	 DDT choice impulsivity could not be a predictor of cocaine use and abuse
	 Chronic cocaine exposure enhances impulsive behavior in low-impulsive rats
	 Cocaine SA attenuates correlations between impulsivity and brain functional activity in low-impulsive rats
	 Hypodopaminergic mechanisms may underlie decreased functional connectivity and enhanced impulsivity
	 Limitations of the current study

	 References

