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Abstract 

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 nomifensine, a dopamine reuptake inhibitor, quantified as 

elevated latency for dopamine to clear from the synapse. 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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Significance Statement 

Excessive risky decision-making is a hallmark of addiction, promoting ongoing drug seeking 

despite the risk of social, financial, and physical consequences. However, punishment-driven 

risk-taking is understudied in preclinical models. Here, we examined the relationship between 

individual differences in risk-taking and dopamine release properties in the rat nucleus 

accumbens shell, a brain region associated with motivation and decision-making. We observed 

that high risk taking predicted elevated phasic dopamine release and sensitivity to the dopamine 

transporter blocker nomifensine. This hypersensitive dopamine system was not observed in rats 

with high impulsive choice, another behavior associated with substance use disorder. This 

provides critical information about neurobiological factors underlying a form of decision-making 

that promotes vulnerability to substance abuse. 
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Introduction 

 Multiple factors contribute to the 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 (Simon et al., 2009; Andrade and Petry, 2012). 

Excessive risky decision-making is prevalent in substance use disorder (SUD), and enhances 

likelihood of drug relapse (Bechara et al., 2001; Brand et al., 2008; Brevers et al., 2014; Verdejo-

Garcia et al., 2018). 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 

(Simon et al., 2009). Individual differences in this task predict several cognitive and motivational 

phenotypes associated with vulnerability to substance use disorders, with risk-preferring rats 

demonstrating elevated cocaine self-administration, impulsive action, nicotine sensitivity, and 

sign-tracking (Mitchell et al., 2014; Olshavsky et al., 2014; Gabriel et al., 2019). Therefore, 

quantifying risk-taking in RDT appears to be an effective method of detecting a cluster of 

behavioral phenotypes associated with vulnerability to SUD (Goldstein and Volkow, 2002). 

Dopamine release in the nucleus accumbens (NAC) is a canonical mechanism involved in 

the valuation of rewards and reward-predictive stimuli (Mogenson et al., 1980; Floresco et al., 

2003; Sombers et al., 2009). Manipulating dopamine transmission alters multiple rodent 

assessments of risky decision-making, including RDT. Systemic amphetamine administration 

consistently reduces risky decision-making (Simon et al., 2009, 2011; Mitchell et al., 2011; 

Orsini, Willis, Gilbert, Bizon, & Setlow, 2016), whereas cocaine reduces sensitivity to changing 

risk levels. Chronic exposure to dopaminergic drugs, which causes long-lasting changes in 

dopamine activity (Robinson and Berridge, 1993), shifts decision-making toward greater risky 

decision-making (Mitchell et al., 2014). Furthermore, risk-taking in RDT predicts dopamine 

receptor expression in NAC shell (NACs), but not core (Simon et al., 2011). However, little is 

known about how individual differences in risk-taking are related to functional dopamine release 

dynamics in NACs.  

Fixed potential amperometry, also known as continuous amperometry, is an ideal 

neurochemical tool for assessing patterns of dopaminergic activity in vivo, given its high 
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temporal resolution of 10,000 samples/s (Benoit-Marand et al., 2007). Stimulating projections 

from medial forebrain bundle (MFB) to NAC mimics biologically relevant phasic dopamine 

release, a critical component of motivated behavior (Ikemoto & Panksepp, 1999; Saddoris et al., 

2015). Here, we characterized rats in RDT, then assessed how individual differences in risk-

taking predict evoked NACs dopamine release, supply, half-life, and sensitivity to the dopamine 

transporter inhibitor nomifensine. In addition, we compared NACs dopamine release dynamics 

to delay discounting, another form of decision-making associated with SUD vulnerability 

(Garavan and Hester, 2007; Perry and Carroll, 2008; Bickel et al., 2014). 

 

Materials and Methods 

Subjects 

 Male Long-Evans rats aged approximately 90 days old (n = 20) were obtained from 

Envigo.  Rats arrived pair-housed and kept on a 12-hour light/dark cycle beginning with lights 

off at 8am.  Rats had ad libitum access to water, and were food restricted to 90% free feeding 

baseline weight to increase motivation to pursue the reward in behavioral tasks.  Pairs were 

separated if fighting or food domination was observed. All experiments were approved by The 

University of Memphis Institutional Animal Care and Use Committee. 

Behavioral Apparatus 

 Behavior and decision-making processes were measured in Med Associates (Fairfax, 

VA) operant conditioning chambers equipped with one retractable lever on either side of an 

illuminable food trough, pellet dispenser, and shock grate.  Tailor-made Med Associates codes 

were used to run all behavioral protocols.  

Risky Decision-Making Task 

Rats were run in the RDT to determine individual preference for risky rewards (Simon 

and Setlow, 2012).  Critically, the order of RDT and delay discounting (DD) was 

counterbalanced across subjects, with some rats beginning with RDT, and others beginning with 

DD.  An approximate timeline for experimental procedures is shown in Figure 1 A. 

Initial shaping was adapted from past experiments (Simon et al., 2007).  Briefly, rats 

were trained to associate the food trough with food delivery, initiate lever extension with a food 

trough entry, and associate both levers with food pellet delivery.  Then, rats learned to 

discriminate between simultaneously presented levers that yielded either large (3 pellet) or small 
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(1 pellet) rewards, with lever identity (right vs left of food trough) counterbalanced across 

subjects.  Upon demonstrating consistent preference for the large reward (>75% choice of it in a 

session), they began training in the RDT.  This consisted of 5 blocks of 18 trials, totaling 90 

trials per session.  Each block began with 8 forced trials (single lever) followed by 10 choice 

trials (dual lever).  Forced choice trials served to establish new risk contingencies upon initiation 

of each new block.  During forced choice trials, lever presentation was pseudorandomized with 

the same lever never extended more than twice in a row.  After 4 forced choice trials on each 

lever, both levers were extended upon trial initiation, offering rats a choice between a small safe 

or large, risky reward.  Each trial began with simultaneous illumination of house and trough 

lights.  Rats had 10 seconds to initiate a trial via food trough entry, which extinguished the food 

trough light and extended either 1 or both levers, depending on trial type.  

Selection of the safe lever resulted in the delivery of a single food pellet.  A risky lever 

press delivered 3 food pellets with the risk of a 1 second footshock.  The risk of punishment 

escalated across blocks (0, 25, 50, 75, and 100%).  Upon lever press and pellet delivery/shock, 

levers retracted and the food trough light illuminated. After food was collected or ten seconds 

passed, the food trough and house lights were extinguished and an intertrial interval (ITI, 10 ± 

4s) 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 (Figure 1 

B). 

The initial RDT sessions did not include risk of shock, allowing rats to acquire magnitude 

discrimination (1 vs. 3 pellets).  Once subjects demonstrated a minimum of 75% preference for 

the large reward within a session, risk of shock was added to this reward. Shock intensity 

increased from .15 mA to .35 mA across multiple sessions until rats showed a clear preference 

for the large reward and no complete risk aversion.  Using .35 mA for the initial shock amplitude 

can induce an excessive number of omitted trials and a strong bias away from the large reward 

during task acquisition (Simon and Setlow, 2012). After reaching .35 mA, rats continued to 

perform in the RDT until stability was achieved over 5 days, defined as a lack of effect of day or 

day x block interaction following a repeated measures ANOVA. 

Impulsive Choice 

 Impulsive choice was assessed using a DD task (modified from Simon et al., 2007).  As 

with RDT, rats chose between a large (3 pellet) and small (1 pellet) reward.  However, in the DD 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 8, 2019. ; https://doi.org/10.1101/572263doi: bioRxiv preprint 

https://doi.org/10.1101/572263
http://creativecommons.org/licenses/by/4.0/


Running head: DOPAMINE RELEASE DYNAMICS PREDICT RISK-TAKING 7 

task, the large reward was delivered after a delay that increased throughout the session.  The 

session began with a 0 s delay preceding the large reward, which increased to 4, 8, 16, and 32 s 

over 5 blocks of 10 choice trials each.  Each block was preceded with a forced choice trial on 

each lever to establish delay duration (rats required 20 days of training to acquire DD).  The 

delay before large reward delivery was added to the ITI after each small reward choice to keep 

trial length consistent between trial types (Figure 1 C).  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.  

 
Figure 1.  General experiment design. A.  Experimental timeline for procedures.  B.  Schematic 

for the risky decision-making task.  C.  Schematic for the delay discounting task. 

 

Fixed Potential Amperometry 

 Phasic dopamine release in the NACs was measured using in vivo fixed potential 

amperometry. Rats (n = 19) were anaesthetized using two i.p. injections of urethane (totaling 

1.5g/kg).  They were then placed on a heating pad to maintain a constant body temperature (38 ± 
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0.1 ºC) and fixed into a stereotaxic frame, which held the drill, a 3 electrode recording system, 

and a stimulating electrode. A concentric bipolar stimulating electrode was placed into the 

medial forebrain bundle (MFB; coordinates in mm from bregma: AP -4.2, ML +1.8, and DV -7.8 

mm from dura; (Paxinos and Watson, 1997).  Projections from the ventral tegmental area 

converge in the MFB in route to striatal regions (Mogenson et al., 1980).  Electrical stimulation 

of the MFB has been shown to evoke dopamine release in the NAC in previous studies (Dugast 

et al., 1994; Fielding et al., 2013).  A combination reference and auxiliary electrode coupling was 

placed in cortical contact contralateral to the stimulating electrode. Finally, a carbon fiber 

recording microelectrode (active recording surface of 500 µm length x 7 µm o.d.) was placed in 

an area estimated as the NACs (AP +1.6 mm, ML +0.6 mm, DV -6.6 mm) and received a fixed 

+0.8 V current via the auxiliary electrode. After insertion of the recording electrode, a series of 

0.5 ms duration cathodal monophasic pulses (20 pulses at 50 Hz applied every 30 sec at 800 µA) 

were delivered to the stimulating electrode via an optical isolator and programmable pulse 

generator (Iso-Flex/Master-8; AMPI, Jerusalem, Israel) (Lester et al., 2010). Amperometry 

sessions began with a measure of phasic dopamine release evoked via electrical stimulation.  

Additionally, the synaptic half-life of dopamine following evoked release was quantified. The 

synaptic half-life of dopamine is defined as latency between peak dopamine release and 

restoration to 50% of baseline (Mittleman et al., 2011; Fielding et al., 2013). Next, subjects (n = 

11) were injected with the dopamine transporter (DAT) inhibitor nomifensine (10 mg/kg, i.p.), 

while MFB stimulations continued every 30 seconds.  We then measured dopamine half-life at 

20, 40, and 60 minutes following nomifensine administration. The supply of available dopamine 

was measured by calculating total dopamine efflux during 3 minutes of continuous electrical 

stimulation with 9000 pulses at 50 Hz (Fielding et al., 2013). Following each amperometry 

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 using a lethal 

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 for sectioning.  Coronal 

sections of brains were sliced at -20oC using a cryostat, and electrode placements were identified 

using a light microscope and marked on coronal diagrams (Paxinos and Watson, 1997).  In vitro 

electrode calibration was accomplished by exposing each carbon-fiber recording microelectrode 

to known solutions of dopamine (0.2 μM – 1.2 μM) via a flow injections system (Michael and 
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Wightman, 1999; Prater et al., 2018). 

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 five days of training. This algorithm uses an iterative distance-from-

center minimization technique to identify a user-specified number of clusters (MacQueen, 1967).  

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 2x5 repeated 

measures ANOVAs with risk or impulsivity group as a between subjects factor and % 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. 

 For amperometric recordings, dopamine efflux from .25s before to 10s after electrical 

stimulation was used to quantify baseline dopamine release, dopamine half-life, and sensitivity to 

DAT inhibiting drugs.  Baseline (pre-drug) dopamine release was quantified in terms of peak 

extracellular dopamine concentrations following stimulation.  Baseline dopamine half-life 

(calculated as time of return to baseline dopamine levels – time of peak dopamine levels / 2) 

served as a measure of DAT efficiency. The % change in dopamine half-life from pre- to post-

drug provided a measure of susceptibility to the presence of a dopamine reuptake inhibitor 

(Mittleman et al., 2011; Fielding et al., 2013).  Regional dopamine supply was quantified as the 

total concentration of dopamine release during a 3 minute continuous stimulation.  Differences in 

baseline release, baseline half-life, and dopamine supply among risk and impulsivity groups were 

assessed using independent samples t-tests.  Differences in post-drug dopamine half-life were 

examined using 2x3 repeated measures ANOVAs with risk or impulsivity group as a between 

subjects factor and time (20, 40, 60 min) 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 

Characterization of Risk Preference in the Risky Decision-Making Task 

 Analyses indicated a significant main effect of test block on the percentage of risky 
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choices (F(4, 72) = 19.14, p < 0.001, Figure 2 A).  Thus, subjects showed a reduced preference for 

the risky reward as risk level increased.  Risk-taking phenotypes were determined for each rat 

based on the average percentage of risky choices across sessions over the last 5 test days.  A k-

means clustering analysis was utilized to separate rats into groups based on risky decision-

making variability: “risk-taking” rats, which demonstrated preference for the risky choice (n = 

8), and “risk-averse” rats, which preferred the safe option (n = 11, Figure 2 B).  Percentage of 

risky choices during test blocks 2 – 5 (when there was a probability of foot shock following risky 

choices) was statistically greater in risk-taking vs risk-averse groups as indicated by a main 

effect of risk group (F(1, 17) = 136.07, p < 0.001); Figure 2 C – D).  Although, no risk group x test 

block interaction was shown (F(3, 51) = 0.27, p = 0.841). 

 
Figure 2.  Performance on the risky decision-making task. A.  Individual risk scores for each test 

block.  B.  Mean risk preference scores for each test block.  C.  Risk preference scores for entire 

test.  Error bars represent ± SEM.  *p < 0.05 
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Assessment of Impulsive Choice Phenotypes in the Delay Discounting Task 

 Overall, a main effect of test block on percent delay choices indicated that rats shifted 

choice preference from large to small rewards as delay increased (F(4, 72) = 48.44, p < 0.001, 

Figure 3 A).  A k-means cluster analysis was again used to assign rats into low impulsive choice 

(n = 9) or high impulsive choice (n = 10, Figure 3 B) phenotypes.  To validate impulsivity 

phenotype classifications, percent choice of delayed reward during blocks 2 – 5 were compared 

between the high and low impulsivity groups.  Repeated measures analyses indicated a main 

effect of impulsivity group (F(1, 17) = 33.91, p < 0.001) and a significant group by block 

interaction (F(3, 51) = 3.94, p < 0.001; Figure 3 C – D). 

 
Figure 3.  Performance on the delay discounting task. A.  Individual impulsivity scores for each 

test block.  B.  Mean impulsivity scores for test blocks.  C.  Impulsivity scores across entire task. 

D.  Scatter plot of total % delay choices by total % risky lever choices.  Error bars represent ± 

SEM.  *p < 0.05. 
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 Next, we compared risky decision-making and delay discounting performance. There was 

no correlation between impulsive choice and risk-preference (r = 0.13, p = 0.578; Figure 4 A), 

suggesting that risk of punishment and delay produce different patterns of reward discounting. 

Moreover, we observed no difference between risk-takers and risk-averse in reward-preference 

during delay discounting (F(1, 18) = 0.08, p = 0.775, Figure 4 B) and no difference between high- 

and low-impulsive rats on risk-taking on RDT (F(1, 18) = 0.02, p = 0.888, Figure 4 C). 

 
Figure 4.  Comparison of risky decision-making and delay discounting performance.  A.  

Correlation of scores from the risky decision-making and delay discounting tasks.  B.  Total 

percent delay lever choices for risk subpopulations.  C.  Total percent risky lever choices for 

impulsivity groups.  Error bars represent ± SEM. 

 

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.  First, we measured MFB stimulation-

evoked dopamine efflux in the NACs, which required accurate placement of electrodes (Figure 

5).  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 (Freels et al., 2019; Holloway et al., 2019).   
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Figure 5.  Representative coronal sections of the rat brain (adapted from the atlas of Paxinos and 

Watson, 2001), with grey shaded areas indicating the placements of (A) stimulating electrodes in 

the medial forebrain bundle and (B) amperometric recording electrodes in the nucleus 

accumbens.  Numbers correspond to mm from bregma. 

  

Analyses revealed significantly elevated dopamine release in risk-taking rats relative to 

risk averse rats (t(17) = 3.85, p < .001; Figure 6 A – C).  Pearson correlation analysis also revealed 

that risk preference was positively associated with evoked dopamine release (r = 0.54, p = .01; 

Figure 4 D). 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 = .078; Figure 

6 E). Additionally, there was a near significant positive correlation between risk-taking and 

dopamine supply (r =0.56, p = .072, Figure 6 F). 
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Figure 6.  Baseline dopamine release and dopamine supply in risk-taking and risk-averse 

subpopulations. A.  Mean evoked dopamine release at baseline.  B.  Sample baseline response in 

risk-taking rats.  C.  Example baseline response in risk-averse rats.  D.  Mean dopamine supply 

in risk subpopulations.  E.  Correlation between total risk preference and dopamine release.  F.  

Correlation between risk preference and dopamine supply.  Error bars represent ± SEM.  *p < 

0.05.  +p = 0.07. 

 

 Next, we measured baseline dopamine half-life as a function of risk preference.  On 

average, risk-taking and risk-averse rats demonstrate similar baseline durations of dopamine 

half-life (t(17) = -0.89, p = .387; Figure 7A). We then assessed sensitivity to the DAT inhibitor 

nomifensine in risk-taking and risk-averse phenotypes. This was determined by measuring the % 

change in dopamine half-life at 20 minute intervals post systemic nomifensine administration for 

1 hour.  Repeated measures analyses revealed a significant risk group x time point interaction on 

% change in dopamine half-life following nomifensine administration (F(3, 27) = 2.99, p = .048; 

Figure 5B). Subsequent analyses revealed that dopamine half-life was increased in risk-taking 

rats at the 40 (t(9) = 2.60, p = .029) and 60 minute time points (t(9) = 2.65, p = .027) relative to 

risk averse rats (Figure 7B).  Additionally, correlation analyses showed significant positive 

relationships between risk preference and the average percent change in dopamine half-life 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 8, 2019. ; https://doi.org/10.1101/572263doi: bioRxiv preprint 

https://doi.org/10.1101/572263
http://creativecommons.org/licenses/by/4.0/


Running head: DOPAMINE RELEASE DYNAMICS PREDICT RISK-TAKING 15 

across the 20, 40, and 60 minute time points (r = 0.63, p = .035; Figure 7C). In summary, 

dopamine half-life is comparable between risk-taking and risk-averse rats at baseline, but is 

significantly elevated in risk-taking rats following exposure to a DAT inhibitor. 

 
Figure 7.  Dopamine half-life measures for risk-taking and risk-averse phenotypes. A.  Baseline 

dopamine half-life for risk subpopulations.  B.  Percent change in dopamine half-life following 

nomifensine treatment during 60 minute amperometric recordings for risk-taking and -averse 

rats.  C.  Correlation between risk preference and average percent change in dopamine half-life 

across the 20, 40, and 60 minute time points.  Error bars represent ± SEM.  *p < 0.05. 

 

Delay Discounting 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 significant 

main effect of impulsivity group on evoked dopamine release (t(17) = -1.03, p = .317; Figure 8A-

C), and no correlation between dopamine release in the NACs and percent delay lever choices (r 

= 0.23, p = .349, Figure 8D). There was also no main effect of impulsivity group on overall 

dopamine supply in NACs (t(9) = 0.43, p = 0.670; Figure 8E).  Moreover, correlation analyses 

revealed that dopamine supply and percent delay lever choices are not related (r = 0.04, p = .899, 

Figure 8F). 
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Figure 8.  Baseline evoked dopamine release and dopamine supply for impulsivity 

subpopulations.  A.  Mean evoked dopamine release at baseline.  B.  Sample baseline response in 

high impulsive choice rats.  C.  Example baseline response in low impulsive choice rats.  D.  

Mean dopamine supply in impulsivity phenotypes.  E.  Correlation between baseline dopamine 

release and total delay preference.  F.  Correlation between dopamine supply and impulsive 

choice.  Error bars represent ± SEM. 

 

Discussion 

 Here, we utilized fixed potential amperometry to examine evoked dopamine release in 

the NACs of anesthetized rats previously characterized in both the RDT and delay discounting. 

Consistent with previous studies, we observed no relationship between punishment-based risky 

decision-making and impulsive choice (Simon et al., 2009; Gabriel et al., 2018). MFB 

stimulation-evoked dopamine release in NACs was both positively correlated with risk 

preference and enhanced in risk-taking compared to risk-averse rats. There was also a trend 

toward enhanced dopamine supply in risk-takers, and risk preference predicted sensitivity to the 

DAT blocker nomifensine, quantified as increased dopamine half-life in the synapse after MFB 

stimulation. Conversely, evoked dopamine release and dopamine supply were not predicted by 

individual differences in impulsive choice. 
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Risky Decision-making predicts phasic dopamine release in NAC 

Risk-taking in the RDT has been associated with dopamine receptor expression in NACs 

ex vivo (Simon et al., 2011; Mitchell et al., 2014), 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 (Flagel et al., 2011). This is 

consistent with risk-taking predicting enhanced salience attributed to reward-predictive cues, 

manifested as elevated sign-tracking (Olshavsky et al., 2014). 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 (Simon et al., 2011). This exaggerated 

dopamine response may be the impetus for persistent seeking of rewards in the face of 

punishment.  

The magnitude of a 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 efficiency, with a shorter half-

life being indicative of greater efficiency (Benoit-Marand et al., 2000; Mittleman et al., 2011), 

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; further experimentation is necessary to confirm the causal 

direction of this relationship. 

Risky decision-making is predictive of impulsive action (Gabriel et al., 2018), a facet of 

impulsivity distinct from impulsive choice characterized by ongoing reward-seeking despite 

unfavorable outcomes (Everitt & Robbins, 2016; Dalley & Robbins, 2017). Like risk-taking, 

impulsive action is mediated through striatal dopamine activity (Robbins, 2002; Pattij et al., 

2007; Besson et al., 2010; Mitchell et al., 2014; Zalocusky et al., 2016). In addition, both 

impulsive action and risk-taking predict cocaine self-administration (Dalley et al., 2007; Belin et 

al., 2008; Mitchell et al., 2014). Thus, elevated phasic dopamine release in NACs may produce 
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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 the RDT may have utility 

for detecting both cognitive and neuropharmacological vulnerability to drugs of abuse. 

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 than punishment (Orsini et al., 2015a). Tonic dopamine efflux in NAC has been 

shown via microdialysis to vary at the same rate as preference for increasingly probabilistic 

rewards (St. Onge et al., 2012). In addition, dopamine neuron activity scales with probability of 

reward delivery (Fiorillo et al., 2003). While this provides evidence for dopamine’s role in 

behavioral flexibility in the face of uncertain rewards, it does not take into account the 

relationship between individual differences in risky decision-making and dopamine release 

dynamics. Sugam et al (2012) observed that NAC dopamine release increases in response to cues 

predicting rewards of subjectively greater value during probabilistic discounting, suggesting that 

phasic dopamine release during risk-taking is associated with baseline risk-preference (Sugam et 

al., 2012). The current data expand upon this by demonstrating that differences in dopamine 

sensitivity are not limited to risk-associated events, but can be observed after general axonal 

stimulation. Thus, elevated phasic dopamine release in risk-takers likely manifests in response to 

a range of situations that elicit dopamine neuron firing, potentially causing vulnerability to 

pathologies of motivation.  

Another critical distinction between this experiment and other studies is 

operationalization of risky decision-making. Probability discounting, utilized by (St. Onge and 

Floresco, 2010; Sugam et al., 2012; Zalocusky et al., 2016), defines risk as probability of reward 

omission, whereas RDT utilizes probability of punishment and is designed to model situations in 

which rewards are consistently delivered, but there is a risk of a negative outcome that differs in 

modality from the reward (Orsini et al., 2015a). This punishment-driven risk taking can be more 

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). The distinction 

between these forms of risk-taking is further supported by divergent effects of pharmacological 

and neurobiological manipulations (St. Onge & Floresco, 2009; Simon et al., 2011; Stopper et 

al., 2014; Orsini et al., 2015a, 2015b). Therefore, these data expand upon previous studies by 
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being the first to characterize the relationship between punishment-based risk-taking and NAC 

dopamine release dynamics, in addition to the first to selectively examine dopamine release in 

the shell region. 

Risk-taking predicts sensitivity to dopamine transporter blockade 

Risk-taking rats demonstrated elevated sensitivity to the DAT inhibitor nomifensine, 

reflected as increased latency for dopamine to restore to baseline levels after phasic activation. 

This may be another indicator of vulnerability to drugs of abuse in the risk-taking subpopulation. 

Elevated sensitivity to nomifensine translates to increased sensitivity to dopaminergic drugs of 

abuse that affect DAT, which include cocaine and amphetamine (Carboni et al., 1989; Kuczenski 

and Segal, 1989; Mcelvain & Schenk, 1992). Consistent with this finding, risk-taking rats have 

previously been shown to self-administer more cocaine than risk-averse rats (Mitchell et al., 

2014). A possible explanation for increased sensitivity to nomifensine is diminished DAT 

capacity (Mittleman et al., 2011). However, this is unlikely due to the similarities in dopamine 

half-life prior to nomifensine. A more plausible explanation is that elevated post-nomifensine 

half-life is a function of elevated dopamine supply causing a greater concentration of dopamine 

to flood the synapse after stimulation, requiring an extended time for clearance. 

Delay discounting is not associated with phasic dopamine release 

We found no relationship between phasic dopamine release and delay discounting, a 

measure of preference for immediate vs delayed rewards. This was somewhat surprising, as past 

research has found dopamine to be involved with modulation of impulsive choice, with 

dopamine receptor activation decreasing impulsivity (Wade et al., 2000; van Gaalen et al., 2006). 

However, NAC dopamine depletion has no effect on delay discounting (Winstanley et al., 2005), 

which is consistent with our observation that dopamine supply does not predict impulsive choice. 

Furthermore, a recent report showed associations between delay discounting and dopamine 

receptors were restricted to clinical populations, with no relationship with healthy individuals 

(Castrellon et al., 2019). Therefore, while dopamine may play a modulatory role in delay 

discounting, it is not a reliable correlate of individual differences in impulsive choice in non-

pathological populations. This demonstrates that elevated dopamine release is specific to risky 

decision-making and does not generalize to all forms of economic decision-making.  

Conclusions 

Risky decision-making is commonly observed in SUD (Bechara et al., 2001; Brand et al., 
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2008; Brevers et al., 2014; Verdejo-Garcia et al., 2018). Therefore, understanding the 

neurobiology underlying specific biases in 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 clear 

distinction in the dopaminergic correlates of these two forms of decision-making (risk-taking vs 

delay discounting). This suggests NACs phasic dopamine dynamics as a potential therapeutic 

target for pathological risk-taking, but not impulsive choice. This preclinical identification of 

enhanced dopamine sensitivity in a readily identifiable subpopulation of rats may provide further 

utility in additional studies investigating the neuronal and genetic correlates of vulnerability to 

SUD, as well as in the identification of therapeutic targets for prevention and treatment. 
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Appendix 

Figure Captions 

Figure 1.  General experimental design.  A.  Experimental timeline for procedures.  B.  

Schematic for the risky decision-making task.  C.  Schematic for the delay discounting task. 

Figure 2.  Performance on the risky decision-making task.  A.  Individual risk scores for each test 

block.  B.  Mean risk preference scores for each test block.  C.  Risk preference scores for entire 

test.  Error bars represent ± SEM.  *p < 0.05 

Figure 3.  Performance on the delay discounting task.  A.  Individual impulsivity scores for each 

test block.  B.  Mean impulsivity scores for test blocks.  C.  Impulsivity scores across entire task. 

D.  Scatter plot of total % delay choices by total % risky lever choices.  Error bars represent ± 

SEM.  *p < 0.05. 

Figure 4.  Comparison of risky decision-making and delay discounting performance.  A.  

Correlation of scores from the risky decision-making and delay discounting tasks.  B.  Total 

percent delay lever choices for risk subpopulations.  C.  Total percent risky lever choices for 

impulsivity groups.  Error bars represent ± SEM. 

Figure 5.  Representative coronal sections of the rat brain (adapted from the atlas of Paxinos and 

Watson, 1997), with grey shaded areas indicating the placements of (A) stimulating electrodes in 

the medial forebrain bundle and (B) amperometric recording electrodes in the nucleus 

accumbens.  Numbers correspond to mm from bregma. 
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Figure 6.  Baseline NACs dopamine release and dopamine supply in risk-taking and risk-averse 

subpopulations.  A.  Mean evoked dopamine release at baseline.  B.  Sample baseline response in 

risk-taking rats.  C.  Example baseline response in risk-averse rats.  D.  Mean dopamine supply 

in risk subpopulations.  E.  Correlation between total risk preference and dopamine release.  F.  

Correlation between risk preference and dopamine supply.  Error bars represent ± SEM.  *p < 

0.05.  +p = 0.07. 

Figure 7.  Dopamine half-life measures for risk-taking and risk-averse phenotypes.  A.  Baseline 

dopamine half-life for risk subpopulations.  B.  Percent change in dopamine half-life following 

nomifensine treatment during 60 minute amperometric recordings for risk-taking and -averse 

rats.  C.  Correlation between risk preference and average percent change in dopamine half-life 

across the 20, 40, and 60 minute time points.  Error bars represent ± SEM.  *p < 0.05. 

Figure 8.  Baseline evoked dopamine release and dopamine supply for impulsivity 

subpopulations.  A.  Mean evoked dopamine release at baseline.  B.  Sample baseline response in 

high impulsive choice rats.  C.  Example baseline response in low impulsive choice rats.  D.  

Mean dopamine supply in impulsivity phenotypes.  E.  Correlation between baseline dopamine 

release and total delay preference.  F.  Correlation between dopamine supply and impulsive 

choice.  Error bars represent ± SEM. 
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