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Risky decision-making predicts dopamine release dynamics
in nucleus accumbens shell
Timothy G. Freels 1, Daniel B. K. Gabriel1, Deranda B. Lester1 and Nicholas W. Simon1

The risky decision-making task (RDT) measures risk-taking in a rat model by assessing preference between a small, safe reward and
a large reward with increasing risk of punishment (mild foot shock). It is well-established that dopaminergic drugs modulate risk-
taking; however, little is known about how differences in baseline phasic dopamine signaling drive individual differences in risk
preference. Here, we used in vivo fixed potential amperometry in male Long-Evans rats to test if phasic nucleus accumbens shell
(NACs) dopamine dynamics are associated with risk-taking. We observed a positive correlation between medial forebrain bundle-
evoked dopamine release in the NACs and risky decision-making, suggesting that risk-taking is associated with elevated dopamine
sensitivity. Moreover, “risk-taking” subjects were found to demonstrate greater phasic dopamine release than “risk-averse” subjects.
Risky decision-making also predicted enhanced sensitivity to the dopamine reuptake inhibitor nomifensine, and elevated
autoreceptor function. Importantly, this hyperdopaminergic phenotype was selective for risky decision-making, as delay
discounting performance was not predictive of phasic dopamine release or dopamine supply. These data identify phasic NACs
dopamine release as a possible therapeutic target for alleviating the excessive risk-taking observed across multiple forms of
psychopathology.
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INTRODUCTION
Multiple factors contribute to transformation of reward value
during economic decision-making. For example, some rewards are
accompanied by risk of an aversive event, which “discounts” the
value of the reward [1, 2]. Excessive risky decision-making is
prevalent in substance use disorder (SUD) [3–6]. Therefore,
understanding the neurobiological factors that drive individual
differences in decision-making may have utility for precise medical
treatment for vulnerable individuals.
The risky decision-making task (RDT) models risk-taking in rats

by measuring preference for a small, safe reward or a large reward
accompanied by the risk of foot shock [1]. Importantly, risk-taking
in RDT is independent of general motivation and pain tolerance/
shock sensitivity [7, 8]. Individual differences in this task predict
several phenotypes associated with vulnerability to SUD, with risk-
preferring rats demonstrating elevated cocaine self-administra-
tion, impulsive action, nicotine sensitivity, and sign-tracking
[9–11]. Therefore, understanding the underpinnings of RDT may
reveal biomarkers associated with several SUD endophenotypes.
Dopamine release in the nucleus accumbens (NAC) is a

canonical mechanism involved in valuation of rewards and cues
[12–14]. Manipulating dopamine transmission alters multiple
rodent assessments of risky decision-making, including RDT.
Systemic amphetamine administration reduces risky decision-
making, whereas cocaine reduces sensitivity to changing risk
levels [1, 7, 8]. Chronic exposure to dopaminergic drugs, which
causes long-lasting changes in dopamine activity [15], shifts
decision-making toward greater risky decision-making [9]. Further-
more, risk-taking in RDT predicts ex vivo dopamine receptor

expression in NAC shell (NACs), but not core [7]. However, little is
known about how individual differences in risk-taking are related
to functional dopamine release dynamics in NACs.
Electrically stimulating projections from medial forebrain

bundle (MFB) to NAC mimics biologically relevant phasic
dopamine release, a critical component of motivated behavior
[16, 17]. Fixed potential amperometry is an ideal neurochemical
tool for assessing aspects of dopamine release in vivo, given its
high temporal resolution of 10,000 samples/s [18]. Pharmacologi-
cal studies in both mice and rats have confirmed the recorded
current changes in the NAC to be dopamine dependent [19–21].
Here, we characterized rats in RDT, then assessed how individual
differences in risk-taking predict evoked NACs dopamine release,
supply, autoreceptor function, and sensitivity to the dopamine
transporter inhibitor nomifensine. In addition, we compared NACs
dopamine release dynamics to delay discounting (DD)/impulsive
choice, another form of decision-making associated with SUD
vulnerability [22–24].

MATERIALS AND METHODS
Subjects
Male Long-Evans rats aged approximately 90 days old (n= 20)
were obtained from Envigo. Rats were pair-housed (unless fighting
or food domination was observed) on a 12-h reverse light/dark
cycle and food restricted to 90% free feeding weight to increase
motivation in behavioral tasks. All experiments were approved by
The University of Memphis Institutional Animal Care and Use
Committee.
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Behavioral apparatus
Behavior was measured in Med Associates modular rat chambers
(29.53 × 24.84 × 18.67 cm) equipped with one retractable lever on
each side of an illuminable food trough and pellet dispenser, as
well as a shock-generating grating (Fairfax, VA). Food trough
entries were detected with a 0.635 cm recessed photobeam.

Risky decision-making task
Rats trained in both RDT and DD to determine individual
preference for risky and delayed rewards, with task order
counterbalanced across subjects. Shaping was adapted from past
experiments [25]. Briefly, rats learned to associate the food trough
with food delivery, initiate lever extension with a food trough
entry, and press either lever for pellet delivery. Then, rats learned
to discriminate between simultaneously presented levers that
yielded either large (3 pellet) or small (1 pellet) rewards, with lever
identity counterbalanced across subjects.
Upon demonstrating consistent preference for the large reward

(>75% choice within a session), rats began training in RDT [see
[26] for detailed task description]. Sessions consisted of five blocks
of 18 trials, totaling 90 trials per session. All trials began with
simultaneous illumination of house and trough lights. Rats had
10 s to initiate a trial via food trough entry, which extinguished the
food trough light and extended either 1 (free forced choice) or
both levers (free choice). Requiring rats to enter the trough
located between the levers prior to decision-making reduced the
likelihood of an enduring side bias that affected decision-making.
The two levers were classified as a safe lever, which resulted in a
single food pellet, and a risky lever, which delivered three food
pellets with the risk of an immediate 1 s foot shock. Shock
probability escalated across blocks (0%, 25%, 50%, 75%, and
100%). Each block began with eight forced choice trials in which a
single lever was extended, with four risky and four safe trials
presented in pseudorandom order. These trials served to establish
the new block/risk level. Forced choice trials were followed by 10
free choice trials, which offered choice between the safe and risky
levers. Upon lever press and pellet delivery/shock, levers retracted
and the food trough light illuminated. After food was collected or
10 s passed, the food trough and house lights were extinguished
and an intertrial interval (ITI, 10 ± 4 s) preceded the next trial.
Failure to initiate a trial or press a lever within 10 s of instrumental
activation resulted in the trial being marked as an omission and
proceeding to the ITI.
Initially, sessions did not include risk of shock, allowing rats to

acquire magnitude discrimination (1 vs. 3 pellets). After subjects
demonstrated a minimum of 75% preference for large reward
within a session, risk of shock was added. Shock intensity was
increased from 0.15 to 0.35 mA in 0.05 increments, as using
0.35mA for the initial shock amplitude can induce an excessive
number of omitted trials and a strong bias away from the large
reward during acquisition [27]. After reaching 0.35 mA, rats
continued training until stable performance was achieved over
5 days, defined as a lack of effect of day or day × block interaction
via repeated measures ANOVA. The total percent choice of the
risky reward across blocks averaged across the final five sessions
served as a measure of risky decision-making.

Impulsive choice
Impulsive choice was assessed using a DD task (modified from
[25]). Task shaping was identical to RDT, with rats learning to nose
poke for lever extension, lever press for reward, and discriminate
between levers producing a large (3 pellet) and small (1 pellet)
reward. DD trials were almost identical to RDT, except in the DD
task, there was no risk of punishment. Instead, the large reward
was delivered after a delay that increased throughout the session
(0, 4, 8, 16, and 32 s) over 5 blocks of 10 choice trials each. Each
choice block was preceded with two forced choice trials with only

one lever available to establish changes in delay. For both free and
forced choice trials in which rats chose the small reward, a delay
identical to that preceding the large reward was added to the ITI
after each small reward choice to keep trial length consistent
between trial types. Rats required 20 days of training to acquire
DD. The total percent choice of the delayed reward over a final
5-day average served as a measure of impulsive choice, or
willingness to wait for a larger reward. The sequence of behavioral
tasks was counterbalanced across subjects to ensure previous
training did not affect behavior. Location of the large and small
reward levers were kept the same between tasks.

Fixed potential amperometry
Phasic dopamine release in the NACs was measured using in vivo
fixed potential amperometry. Each recording session lasted
approximately 90 min, and all experiments began between noon
and three PM during the dark cycle. Rats were anesthetized with
urethane (1.5 g/kg, i.p.), and then fixed into a stereotaxic frame.
Urethane has been shown to produce anesthesia without
significantly altering dopamine release or uptake kinetics when
compared to awake animals [28]. A concentric bipolar stimulating
electrode was placed into the MFB (AP −4.2 mm from bregma,
ML+ 1.8 mm from midline, and DV −7.8 mm from dura [29]) to
evoke NAC dopamine release [30, 31]. A combination reference
and auxiliary electrode was placed in cortical contact contralateral
to the stimulating electrode. Finally, a carbon fiber recording
microelectrode (active recording surface of 500 µm length × 7 µm
o.d.) was placed in NACs (AP +1.6, ML +0.6, DV −6.6) and received
a fixed +0.8 V via the auxiliary electrode. Stimulation parameters
varied depending on the aspect of dopamine transmission being
measured. Initially, the stimulation protocol consisted of 20
monophasic 0.5 ms duration pulses (800 μA) at 50 Hz every 30 s
to establish a baseline response. This stimulation protocol is
intended to emulate behaviorally relevant phasic dopamine levels
[32]. Importantly, optogenetic studies have determined that a
similar phasic activation was sufficient to drive behavioral
conditioning, whereas lower frequency stimulation was not [33].
Dopamine autoreceptor sensitivity was assessed by applying a

pair of test stimuli (T1 and T2, each 10 pulses at 50 Hz separated
by 10 s) to the MFB every 30 s. Five sets of conditioning pulses (1,
5, 10, 20, and 40; 0.5 ms pulse duration at 15 Hz) were delivered
prior to T2 with 0.3 s between the end of the conditioning pulse
train and T2 [19, 20, 31]. Autoreceptor-mediated inhibition of
evoked dopamine release was expressed in terms of change in the
amplitude of T2 with respect to T1 for each set of conditioning
pulses (i.e., higher autoreceptor sensitivity results in lower
amplitude of T2 relative to T1).
Upon completion of the autoreceptor sensitivity test, stimula-

tion parameters were reset to 20 pulses at 50 Hz every 30 s. Phasic
dopamine release (magnitude of the stimulation-evoked
response) and dopamine synaptic half-life (the latency between
peak dopamine release and restoration to 50% of baseline) were
quantified. Specifically, dopamine half-life was calculated as
time of return to baseline current minus time of peak dopamine
response divided by 2 [20, 31]. Next, subjects were injected with
the dopamine transporter (DAT) inhibitor nomifensine (10 mg/kg,
i.p.) [34], while MFB stimulations continued every 30 s. We then
measured dopamine half-life at 20, 40, and 60min post-
nomifensine. The percent change in dopamine half-life from
pre- to post-nomifensine provided a measure of susceptibility to
the presence of a dopamine reuptake inhibitor [20, 31]. The supply
of available dopamine was measured by calculating total
dopamine efflux during 3min of continuous electrical stimulation
(9000 pulses at 50 Hz) [19, 31]. This was not intended to
approximate physiological levels, but was instead optimized to
completely deplete dopamine release, providing a measure of the
available dopamine neuronal reserve [19, 31].
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Following each experiment, an iron deposit was created to mark
the stimulating electrode site by sending direct anodic current
(100 μA for 10 s) through the electrode. Rats were then euthanized
with intracardial injection of urethane (0.345 g/mL). Brains were
removed and stored in a 30% sucrose/10% formalin solution with
0.1% potassium ferricyanide, coronal sections were sliced via
cryostat, and electrode placements were identified using a light
microscope [29]. In vitro electrode calibration was accomplished
by exposing each carbon fiber recording microelectrode to known
solutions of dopamine (0.2–1.2 μM) via a flow injection system
[35, 36].

Statistical analysis
Rats were separated into “Risk-Taking” and “Risk-Averse” groups as
determined by a k-means cluster analysis on each subject’s
percent choice of large risky reward in each block averaged across
the final 5 days of training. This algorithm uses an iterative
distance-from-center minimization technique to identify a user-
specified number of clusters [37]. High- and low-impulsivity
groupings were divided “High-Impulsivity” and “Low-Impulsivity”
via a similar criterion. Performance in the RDT and in DD was
investigated using 2 × 5 repeated measures ANOVAs with risk or
impulsivity group as a between subjects factor and percent
chance of shock or delay duration as a within subjects factor.
Pearson correlations were used to test for linear relationships
between risk preference and delay preference.
Regarding amperometric recordings, independent samples t-

tests were used to compare baseline dopamine release, half-life,
and supply between risk and impulsivity groups. Differences in
autoreceptor-mediated dopamine inhibition were examined using
repeated measures ANOVAs with risk group as between subjects
factor and number of conditioning pulses (0, 1, 5, 10, 20, 40) as a
within subject factor. Differences in post-drug dopamine half-life

were examined using repeated measures ANOVAs with risk or
impulsivity group as a between-subjects factor and time (0, 20, 40,
60min) as a within-subjects factor. Pearson correlations were
utilized to probe for linear relationships between risk preference
and measures of dopamine transmission, and were used to test for
linear relationships between impulsive choice and dopamine
release characteristics.

RESULTS
Risky decision-making
Analyses indicated a significant main effect of test block on the
percentage of risky choices (F(4,72)= 19.14, p < 0.001, Fig. 1a),
indicating reduced preference for the risky reward as risk level
increased. A k-means clustering analysis was utilized to separate
rats into groups based on risky decision-making (averaged across
the final five sessions): “risk-taking” rats, which demonstrated
preference for the risky choice (n= 8), and “risk-averse” rats, which
preferred the safe option (n= 11, Fig. 1b). Percentage of risky
choices was greater in risk-taking than risk-averse rats as indicated
by a main effect of risk group (F(1,17)= 136.07, p < 0.001; Fig. 1c),
and no risk group × block interaction was observed (F(3,51)= 0.27,
p= 0.841). Risk-averse rats exhibited lower choice of the large
reward in block 1 despite no risk of shock (t(17)= 2.262, p < 0.037).
There was a significant effect of risk block, suggesting that rats
discounted rewards based on risk level; however, there was no
effect of block with block one removed (F(3,51)= 1.011, p= .395),
suggesting limited discrimination between probabilities in blocks
2–5. There were no differences between-risk groups in trial
omissions or latency to select either reward (Table 1). Finally, RDT
vs DD task order had no effect on risky decision-making (F(1,17)=
0.964, p < 0.34), suggesting that previous exposure to DD did not
influence risk-taking.

Fig. 1 Performance on risky decision-making and delay discounting tasks. a Mean percent choice of risky reward across all subjects.
b Individual differences in risky decision-making. c Risk-taking vs risk-averse group means. d Mean percent choice of delayed reward.
e Individual differences in delay discounting. f High-impulsivity vs low-impulsivity group means. Error bars represent ±SEM. *p < 0.05
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Impulsive choice
Rats shifted choice preference from large to small rewards as delay
increased, indicative of DD (F(4,72)= 48.44, p < 0.001, Fig. 1d). A k-
means cluster analysis was used to assign rats into low (n= 9) or
high impulsive choice (n= 10) phenotypes (Fig. 1e). Percent
choice of delayed reward during blocks 2–5 was compared
between the high- and low-impulsivity groups, revealing that the
high-impulsivity group selected large reward less with increasing
delays than the low-impulsivity group (F(1,17)= 33.91, p < 0.001;
interaction: F(3,51)= 3.94, p < 0.001; Fig. 1f). There were also no
differences between impulsivity groups in latency to select either
reward option or in choice omissions (Table 1). As with RDT, task
order had no effect on DD (F(1,17)= 0.293, p= 0.595).
There was no correlation between impulsive choice and risk

preference (r= 0.13, p= 0.578), suggesting that risk of punish-
ment and delay produce different patterns of reward discounting.
Moreover, we observed no difference between risk-takers and risk-
averse in reward preference during DD (F(1,18)= 0.08, p= 0.775)
and no difference between high- and low-impulsive rats on risk-
taking on RDT (F(1,18)= 0.02, p= 0.888).

Risk-taking and phasic dopamine dynamics in the nucleus
accumbens
Fixed potential amperometry was used to characterize differences
in dopamine release dynamics in the NACs of risk-taking and risk-
averse rats. Electrodes were accurately positioned (Fig. 2), and
MFB stimulation successfully induced dopamine efflux in all
subjects. Additionally, the range of baseline dopamine release in
the NACs (0.62 ± 0.08 µM) and the percent increase in intra-NAC
dopamine release following nomifensine administration (322.53 ±
60.48%) were similar to previous studies [19, 38].
Analyses revealed significantly elevated dopamine release in

risk-taking rats relative to risk-averse rats (t(17)= 3.85, p < 0.001;
Fig. 3a, b). Pearson correlation analysis revealed that risk
preference was positively associated with evoked dopamine
release (r= 0.54, p= 0.01; Fig. 3c). On average, risk-taking and
risk-averse rats demonstrated similar baseline durations of
dopamine half-life (t(17)=−0.89, p= 0.387; Fig. 3d). Dopamine
supply was determined by continuously stimulating at 50 Hz for 3
min to evoke the release of all available dopamine in the NAC.
Analyses indicated a trend toward increased dopamine supply in
risk-taking relative to risk-averse rats (t(9)= 1.99, p= 0.078; Fig. 3e),
as well as a near significant positive correlation between risk-
taking and dopamine supply (r= 0.56, p= 0.072, Fig. 3f).
Autoreceptor-mediated inhibition of evoked dopamine release

was expressed in terms of the percentage change between test
stimulations (T1 and T2) for each set of conditioning pulses (or
pre-pulses). With 0 pre-pulse stimulation pairs near 100% (no
change between T1 and T2), increased % change of T2 relative to
T1 indicates more autoreceptor activity (Fig. 4b). As expected,
there was a significant main effect of the number of pre-pulses on

autoreceptor-mediated inhibition (F(5,85)= 48.80, p < 0.001), indi-
cating dopamine release is inhibited to a greater extent with more
pre-pulses. Importantly, there was a significant risk group × pre-
pulses interaction on autoreceptor-mediated inhibition (F(5,85)=
2.44, p= 0.041; Fig. 4b), such that risk-taking rats demonstrated
greater autoreceptor sensitivity with higher pre-pulse stimulations
compared to risk-averse rats.
Finally, we assessed sensitivity to the DAT inhibitor nomifensine

in risk-taking and risk-averse phenotypes by measuring % change
in dopamine half-life at 20 min intervals postsystemic nomifensine
administration. There was a significant risk group × time interac-
tion on percent change in dopamine half-life following nomifen-
sine administration (F(3,27)= 2.99, p= 0.048; Fig. 4c). Subsequent
analyses revealed that dopamine half-life was increased in risk-
taking rats at the 40 (t(9)= 2.60, p= 0.029) and 60min time points
(t(9)= 2.65, p= 0.027) relative to risk-averse rats (Fig. 4c). Addi-
tionally, there were significant positive correlations between risk
preference and average percent change in dopamine half-life
across the 20, 40, and 60min time points (r= 0.63, p= 0.035;
Fig. 4d). In summary, dopamine half-life is significantly elevated in
risk-taking compared to risk-averse rats following exposure to a
DAT inhibitor.

Table 1. No differences were observed between risk or delay groups in omissions or choice latency for large or small reward in either task

Risk-taking group
comparison

Block × Risk-taking
group interaction

Impulsivity group
comparison

Block × Impulsivity
group interaction

Omissions t(17)= 0.142 F(4,68)= 1.040 t(17)= 0.862 F(4,68)= 1.279

p= 0.889 p= 0.393 p= 0.401 p= 0.277

Large reward choice latency t(17)= 1.666 N/A t(17)= .529 N/A

p= 0.114 p= 0.604

Small reward choice latency t(17)= 1.470 N/A t(17)= 0.082 N/A

p= 0.160 p= 0.936

There were several blocks with choice of only one type of reward, which prevented assessment of group× block interactions for latency measures for large or
small reward choice

Fig. 2 Representative coronal sections of the rat brain (adapted
from the atlas of Paxinos and Watson29), with gray shaded areas
indicating the placements of a stimulating electrodes in the medial
forebrain bundle and b amperometric recording electrodes in the
nucleus accumbens shell. Numbers correspond to mm from bregma
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DD and phasic dopamine dynamics in the nucleus accumbens
Phasic dopamine release dynamics in the NACs was also
compared to impulsive choice, with subjects divided into high-
and low-impulsive responders. Analyses indicated no difference
between groups in evoked dopamine release (t(17)=−1.03, p=
0.317; Fig. 5a, b), and no correlation between dopamine release in
NACs and delayed reward choice (r= 0.23, p= 0.349, Fig. 5c).
Dopaminergic half-lives were of similar durations between high-
impulsivity and low-impulsivity rats (t(17)= 1.38, p= 0.186; Fig. 3d).
Finally, there was no difference between groups in overall NACs
dopamine supply (t(9)= 0.43, p= 0.670; Fig. 5e), and no correlation
between supply and reward choice (r= 0.04, p= 0.899, Fig. 5f).

DISCUSSION
We utilized fixed potential amperometry to examine dopamine
release in NACs of anesthetized rats previously characterized in
both risky decision-making and DD. MFB stimulation-evoked
dopamine release in NACs was both positively correlated with risk
preference and enhanced in risk-taking rats. There was also a
trend toward enhanced dopamine supply in risk-takers, and risk
preference predicted sensitivity to the DAT blocker nomifensine.
Finally, risk-takers demonstrated elevated NACs autoreceptor
function compared to risk-averse subjects. Conversely, dopamine
release and dopamine supply were not predicted by individual
differences in impulsive choice.

Risky decision-making predicts phasic dopamine release in NAC
Risk-taking in the RDT provides an addiction-relevant model of
punishment-driven risky decision-making that is independent of

external factors such as pain tolerance and reward motivation [7],
and remains consistent under either ascending or descending
order of probabilities [1]. RDT has been associated with dopamine
receptor expression in NACs ex vivo [7, 9], yet little is known about
the relationship between risk-taking and biologically relevant
dopamine signaling. The current observation of elevated NACs
phasic dopamine release suggests that risk-taking rats may be
more susceptible to the motivational effects of environmental
cues, as phasic dopamine release mediates the attribution of
motivational salience to reward-predictive stimuli [39]. This is
consistent with risk-taking predicting enhanced salience attrib-
uted to reward-predictive cues, manifested as elevated sign-
tracking [11]. These data also suggest that the previously observed
abundance of D1 receptors in the NACs of risk-taking rats may be
a response to enhanced dopamine activity in the region [7].
The magnitude of stimulation-evoked dopamine response is in

part determined by the rate of dopamine reuptake. However,
given that there were no differences between risk groups in the
synaptic half-life of dopamine, the observed differences in
dopamine release is likely not related to DAT functioning.
Dopamine half-life is related to DAT sensitivity, with a shorter
half-life being indicative of greater sensitivity [20, 40], suggesting
that reuptake following dopamine release does not vary as a
function of risk-taking phenotype. In addition, we observed a
near-significant trend toward enhanced dopamine supply in risk-
taking rats. This may be a compensatory mechanism resulting
from elevated phasic dopamine release. Conversely, elevated
dopamine supply may contribute to enhanced phasic dopamine
release in risk takers, although further experimentation is
necessary to confirm the causal direction of this relationship.

Fig. 3 Nucleus accumbens shell evoked dopamine release and dopamine supply in risk-taking and risk-averse subpopulations. a Mean
evoked dopamine release. b Sample evoked dopamine waveforms in risk-taking and risk-averse rats. c Correlation between total risk
preference and dopamine release across all subjects. d Mean dopamine half-life in risk subpopulations. e Mean dopamine supply in risk
subpopulations. f Correlation between risk preference and dopamine supply. Error bars represent ±SEM. *p < 0.05; +p < 0.8
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It is possible that elevated phasic dopamine release reflects
heightened sensitivity to reward rather than risk preference, as
risk-taking rats preferred the large reward more than risk averse in
the punishment-free first block of trials. However, there was no
difference in reward preference during task shaping, in which rats
learned to choose between one and three pellets prior to the
introduction of shock, suggesting that neither motivation nor
reward magnitude discrimination differed between groups (data
not shown). Furthermore, risk-takers did not demonstrate
increased preference for the large reward in block one of DD,
which was identical to block one of RDT, suggesting that risk-
averse rats’ attenuated preference of the large reward in the
absence of risk was driven by a generalized association between
that reward lever and impending foot shock rather than gross
motivational differences. Similar disparities in reward choice
between-risk groups in the risk-free block have been observed
in prior investigations [7, 9, 10, 41].
It is also noteworthy that rats demonstrated markedly flat

discounting curves after the punishment-free block, consistently
selecting either the high- or low-risk lever regardless of
probability. This overall lack of a clear discounting curve has been
observed in other studies utilizing RDT [1, 41]. The lack of clear
discrimination between risk probabilities raises the possibility that
the dopaminergic distinctions between “risk-taking” and “risk-
averse” rats are more generally reflective of punishment
insensitive vs punishment avoidant strategies. However,

performance in RDT is distinct from single-response reward/
punishment conflict tasks in sensitivity to dopaminergic drugs (D2
activation reduces punished responding in RDT but increases it in
Vogel conflict task [7, 42]). Furthermore, conflict tasks are
classically affected by anxiety level [43], whereas RDT has been
shown to be independent of baseline anxiety [7] or shock
sensitivity [7]. Therefore, we propose that risk-taking in RDT is
distinct from punished responding, and that the dopaminergic
distinctions observed here are not solely determined by
propensity to avoid or disregard punishment.
Risky decision-making is predictive of impulsive action [10], a

facet of impulsivity characterized by ongoing reward seeking
despite unfavorable outcomes [44, 45]. Like risk-taking, impulsive
action is mediated through striatal dopamine activity [9, 46–49]. In
addition, both impulsive action and risk-taking predict cocaine
self-administration [9, 50, 51]. Thus, elevated phasic dopamine
release in NACs may produce the co-expression of both impulsive
and risk-taking phenotypes in addition to increased vulnerability
to psychostimulant drugs of abuse. This cluster of addiction-
relevant behavioral traits in conjunction with elevated
dopamine sensitivity suggests that RDT may have utility for
detecting both cognitive and neuropharmacological vulnerability
to substance use.
Previous studies have examined the relationship between

dopamine in NAC and probabilistic discounting, which quantifies
decision-making governed by the risk of reward omission rather

Fig. 4 Nucleus accumbens shell dopamine autoreceptor function and nomifensine sensitivity. a Representative response depicting
autoreceptor-mediated inhibition of dopamine release in terms of change from test stimulation 1 (T1) to test stimulation 2 (T2). Autoreceptor
inhibition of dopamine release is evoked by a train of pulses prior to T2 (shown: 40 pulses). b Risk-taking rats express increased autoreceptor
sensitivity with higher stimulation parameters, confirmed by a significant risk group × pulse interaction. c Percent change in dopamine half-life
following nomifensine treatment during 60min amperometric recordings for risk-taking and -averse rats. d Correlation between risk
preference and average percent change in dopamine half-life across the 20, 40, and 60min time points. Error bars represent ±SEM. *p < 0.05
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than punishment [52]. Tonic dopamine efflux in NAC has been
shown via microdialysis to vary at the same rate as preference for
increasingly probabilistic rewards [53]. In addition, dopamine
neuron activity scales with probability of reward delivery [54] and
influences behavioral shifts based on choice outcome [55]. While
this provides evidence for dopamine’s role in behavioral flexibility
in the face of uncertain rewards, it does not account for the
relationship between individual differences in risky decision-
making and phasic dopamine release dynamics.
The current study focused on NAC shell, as dopamine receptors

in shell but not core were previously shown to correlate with risk-
taking under punishment [7, 9]. This contrasts with investigations
of risk-taking using a probabilistic discounting task, which suggest
that general risk-attitude and trial-by-trial risk-taking recruits the
NAC core rather than shell [56, 57]. A critical distinction between
these and the current study is operationalization of risk.
Probability-based risky decision-making defines risk as probability
of omission of a large reward, whereas in RDT rewards are always
delivered, but there is a risk of a foot shock punishment [52]. The
presence of punishment during decision-making may cause
selective recruitment of the shell over the core. Indeed, NAC shell
dopamine release is evoked by shocks and shock-paired cues
[58, 59], and shell rather than core is necessary for suppression of
reward seeking due to punishment [60]. While further investiga-
tion is necessary to preclude a role of NAC core dopamine in
punishment-based risk-taking, the relationship between NAC shell
dopamine dynamics and RDT provides further evidence that
punishment and reward-omission based risk-taking employ
distinct mesolimbic mechanisms.

Fixed potential amperometry provides advantages over other
neurochemical assessments due to its extremely high sampling
rate, which allows precise assessment of evoked dopaminergic
measures such as autoreceptor function, synaptic half-life, and
dopamine supply [18, 19, 31]. However, this technique requires
anesthetized subjects, which prevents direct comparison between
behavioral assessment and dopamine release. Thus, it is difficult to
disentangle whether hyper-sensitive dopamine dynamics in NAC
shell cause a preference for risk-taking, or a history of risk-taking in
RDT (associated with greater exposure to food pellet reinforcers
and shocks) elevates measures of dopamine dynamics. We
propose that NAC shell dopamine hypersensitivity drives risk
preference for multiple reasons. First, previous exposure to RDT,
regardless of risk preference, does not affect performance in
several behavioral assays that involve NAC dopamine transmis-
sion, including locomotion, impulsive choice [10], and appetitive
motivation [7]. Another cognitive phenotype that involves NAC
shell dopamine, impulsive action [61], is correlated with risk-taking
in RDT, but is not altered by previous RDT performance [10]. A
previous study showed that a history of cued rewards during the
rat gambling task increased sensitivity to cocaine; however, this
pattern was not observed in rats that preferred a risk-taking
strategy [62]. Additionally, the NAC shell has been causally
implicated in punished reward seeking [60], a critical component
of RDT, and phasic dopamine release in NAC has been shown to
predict poor punishment avoidance [63], which further suggests
that the elevated baseline phasic release we observed in risk-
takers may cause elevated risky reward preference. Despite this
evidence, further research that eliminates the temporal gap

Fig. 5 Nucleus accumbens shell evoked dopamine release and dopamine supply for impulsivity subpopulations. a Mean evoked dopamine
release. b Sample evoked dopamine waveform in high- vs low-impulsive choice rats. c Correlation between baseline dopamine release and
total delay preference. d Mean dopamine half-life in impulsivity subpopulations. e Mean dopamine supply in impulsivity phenotypes.
f Correlation between dopamine supply and impulsive choice. Error bars represent ±SEM
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between risk-taking and assessment of phasic dopamine release is
necessary to disentangle the direction of causality.

Risk-taking predicts autoreceptor sensitivity and effects of
dopamine transporter blockade
Dopamine autoreceptors are located on the presynaptic axon
terminal of dopamine neurons, and attenuate dopamine release
upon activation. Autoreceptor sensitivity can be assessed in vivo
by inducing dopamine overflow via rapid electrical stimulation
immediately prior to measuring phasic dopamine efflux, with
autoreceptor function corresponding with inhibition of phasic
dopamine. Here, we observed that dopamine autoreceptors in
NACs are more effective in risk-taking vs risk-averse rats, indicating
that a risk-taking phenotype is associated with efficient ability to
reduce dopamine release via negative feedback. This may be
compensation for the elevated phasic dopamine release and
supply observed in risk-takers. NACs expression of the D2
receptor, which has an autoreceptor isoform, is comparable
between risk-taking and risk-averse adults [7]. Therefore, it is likely
that the enhanced autoreceptor sensitivity in risk-takers is not a
result of increased receptor availability in NACs, but increased
effectiveness or sensitivity of receptors. Alternatively, elevated
autoreceptor function in risk-takers may be a function of elevated
NACs D3 rather than D2 autoreceptor availability.
Risk-taking rats demonstrated elevated sensitivity to the DAT

inhibitor nomifensine, reflected as increased latency for dopamine
to restore to baseline concentration after electrical stimulation.
Elevated sensitivity to nomifensine translates to increased sensitiv-
ity to dopaminergic drugs of abuse that affect DAT, which include
cocaine and amphetamine [34, 64, 65]. Consistent with this finding,
risk-taking rats have previously been shown to self-administer more
cocaine than risk-averse rats [9]. A possible explanation for
increased sensitivity to nomifensine is diminished DAT capacity
[20]. However, this is unlikely due to the similarities in dopamine
half-life prior to nomifensine. Additionally, this elevated sensitivity
cannot be attributed to reduced autoreceptor-mediated dopamine
suppression, as we observed that autoreceptors are more effective
in risk-takers. A more plausible explanation is that elevated post-
nomifensine half-life is resultant of elevated dopamine supply,
causing a greater concentration of dopamine to flood the synapse
after stimulation, requiring extended time for clearance.

DD is not associated with phasic dopamine release
We found no relationship between phasic dopamine release and
DD, a measure of preference for immediate gratification. This was
somewhat surprising, as past research has found dopamine to
modulate impulsive choice, with systemic dopamine receptor
activation and optically evoked NAC core dopamine release
affecting impulsive choice [17, 66, 67]. However, NAC dopamine
depletion has no effect on DD [68], which is consistent with our
observation that dopamine supply does not predict impulsive
choice and further suggests dissociable roles of the NAC core and
shell in impulsive choice. Furthermore, a recent report observed
that associations between DD and dopamine receptors were
restricted to clinical populations, with no relationship in healthy
individuals [69]. Therefore, while NAC dopamine may play a
modulatory role in DD on a trial by trial basis, phasic dopamine
activity in shell at baseline is not a reliable correlate of individual
differences in impulsive choice in non-pathological populations.
Rather, elevated dopamine release in NAC shell appears to be
specific to a preference for risky decision-making rather than a
bias that generalizes across other forms of economic decision-
making such as DD.

CONCLUSIONS
Punishment-driven risk taking can be readily extrapolated to the
risk-taking performed during SUDs, in which the reward (drug

reinforcement) often differs from the consequences (risk of arrest
or overdose). Therefore, understanding the neurobiology under-
lying biases in this form of risk-taking may have utility for early
detection and treatment of vulnerable individuals. These data
reveal multiple measures of a hyper-sensitive mesolimbic
dopamine system in rats predisposed to risk-taking, while
demonstrating a distinction in the dopaminergic correlates of
risk-taking and DD. This suggests NACs phasic dopamine
dynamics as a potential therapeutic target for pathological risk-
taking, but not impulsive choice. This identification of enhanced
dopamine sensitivity in a readily identifiable subpopulation of rats
may provide further utility toward investigation of neuronal and
genetic correlates of SUD vulnerability.
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