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ABSTRACT

Rationale. The dopaminergic system, particularly D2-like dopamine receptors, has been 

strongly implicated in reward processing. Animal studies have emphasized the role of phasic 

dopamine (DA) signaling in reward-related learning, but these processes remain largely unexplored 

in humans. 

Objectives. To evaluate the effect of a single, low dose of a D2/D3 agonist—pramipexole—

on reinforcement learning in healthy adults. Based on prior evidence indicating that low doses of DA 

agonists decrease phasic DA release through autoreceptor stimulation, we hypothesized that 0.5 mg 

of pramipexole would impair reward learning due to presynaptic mechanisms.

Methods. Using a double-blind design, a single 0.5 mg dose of pramipexole or placebo was 

administered to 32 healthy volunteers, who performed a probabilistic reward task involving a 

differential reinforcement schedule as well as various control tasks. 

Results. As hypothesized, response bias toward the more frequently rewarded stimulus was 

impaired in the pramipexole group, even after adjusting for transient adverse effects. In addition, the 

pramipexole group showed reaction time and motor speed slowing and increased negative affect; 

however, when adverse physical side effects were considered, group differences in motor speed and 

negative affect disappeared. 

Conclusions. These findings show that a single low dose of pramipexole impaired the 

acquisition of reward-related behavior in healthy participants, and they are consistent with prior 

evidence suggesting that phasic DA signaling is required to reinforce actions leading to reward. The 

potential implications of the present findings to psychiatric conditions, including depression and 

impulse control disorders related to addiction, are discussed.

Keywords: Dopamine; D2 agonists; Reward Processing; Depression; Mesolimbic System; Addiction.
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INTRODUCTION

The dopamine (DA) system has been strongly implicated in reward-related learning, and 

abnormality in this system has been shown to play a role in the etiology and pathophysiology of 

various disorders, including depression, addiction, and Parkinson’s disease (Willner 1995; Dunlop 

and Nemeroff 2007). Phasic DA signals, in particular, have been associated with reinforcement 

learning (Montague et al. 1996; Schultz et al. 1997; Schultz, 2007). Electrophysiological studies in 

non-human primates investigating associative (Pavlovian) learning have shown that midbrain DA 

neurons code reward-related prediction errors using phasic bursts of dopamine: when an unpredicted 

reward is delivered, a phasic DA increase (i.e., positive-prediction error) is observed, and learning 

about the behavior that led to reward occurs (Bayer and Glimcher 2005; Garris et al. 1999; Waelti et 

al. 2001). Omission of a predicted reward, on the other hand, elicits phasic DA decreases (i.e., 

negative-prediction error; Fiorillo et al. 2003; Hollerman and Schultz 1998), and the behavior that led 

to lack of reward is extinguished. These findings have been complemented by reports that have 

emphasized the role of DA signaling in instrumental learning (e.g., Cheng and Feenstra 2006; 

Pessiglione et al. 2006; Robinson et al. 2007; Schwabe and Koch 2007; Sokolowski et al. 1998), 

particularly in reinforcing operant behavior (Reynolds et al. 2001). Collectively, these findings 

suggest that transient bursts of extracellular DA reinforce actions leading to reward, and thus foster 

the emergence of reward-related learning.

 If dopamine-mediated signals are important for reinforcement learning, disruption of DA 

signaling should lead to deficient prediction error and thus less efficient learning (Montague et al. 

2004; Schultz 2002). Findings from pre-clinical studies as well as studies with Parkinson’s disease 

(PD) patients are consistent with this assumption. In rodents, DA antagonist administration disrupted 

the ability to link the value of a reward to the actions necessary to obtain it (Ikemoto and Panksepp 

1996). Also, DA depletion in the nucleus accumbens impaired approach behavior in an appetitive 

Pavlovian paradigm (Parkinson et al. 2002). Disruption of reward-based learning has also been 

observed in PD, a disease characterized by cell death in the substantia nigra pars compacta leading to 

depletion of DA in the basal ganglia (Hornykiewicz and Kish 1987). Medication-naïve (Nagy et al. 
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2007) or unmedicated (Shohamy et al. 2005) PD patients showed impaired performance in a task 

requiring feedback-based stimulus-response learning. Furthermore, Frank et al. (2004) reported that 

PD patients off medication were impaired in learning from positive, but not negative, feedback. 

Interestingly, the behavioral impairments of PD patients off medication were simulated by reduced 

phasic DA bursts following positive feedback in a computational model of the striatal-cortical system 

(Frank 2005). Whereas the findings reviewed above strongly implicate phasic DA signaling in the 

acquisition of reward-related behavior, the role of DA in reinforcement learning in healthy human 

participants remain largely unexplored. The main goal of the present study was to evaluate the effect 

of a single, low dose of a D2/D3 agonist—pramipexole—on reinforcement learning in psychiatrically  

and neurologically healthy adults.

Pramipexole dihydrochloride, a non-ergot DA D2/D3 agonist, was selected because the D2/

D3 receptors are distributed densely within mesocorticolimbic pathways implicated in reward 

processing (e.g., Grace 2002; Sokoloff et al. 2006). Critically, D2 and D3 receptors are located both 

pre- and post-synaptically (Civille 2000; LeFoll et al. 2005; Sokoloff et al. 2006; Chen et al. 2005), 

and presynaptic D2/D3 receptors can act as autoreceptors reducing phasic DA release via inhibitory 

feedback (Grace 1991). Moreover, presynaptic D2 receptors have a higher affinity for DA than post-

synaptic receptors (Cooper et al. 2003). Based on this empirical evidence, low doses of DA agonists 

are expected to decrease phasic DA release through autoreceptor stimulation. Consistent with this 

hypothesis, in rodents, low doses of D2 agonists have been found to (1) reduce phasic DA release 

(Baudry et al. 1977; Fuller et al. 1982; Tissari et al. 1983; Sumners et al. 1981; cf. Schmitz et al. 

2003); (2) suppress DA cell firing rates in the substantia nigra and ventral tegmental area (VTA) 

(Piercey et al. 1996); and (3) reduce blood volume in the nucleus accumbens (Chen et al. 2005). In 

healthy participants, the same dose as used in this study (0.5 mg) lowered alertness, caused pupillary 

dilatation, increased heart rate, reduced thyroid stimulating hormone, and increased growth hormone, 

(Samuels et al. 2006a,b); this pattern of findings was interpreted as reflecting a reduction in DA tone 

due to D2 autoreceptor activation (Samuels et al. 2006a,b; see also Frank and O’Reilly 2006;Rye 

2004; Rye and Jankovic 2002).
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Based on these findings, we hypothesized that administration of 0.5 mg of pramipexole 

would reduce phasic DA bursts in response to reward feedback (i.e., reduce positive-prediction 

errors) and thus impair reward learning in a probabilistic reward task. Alternatively, if a single dose 

of pramipexole acted to enhance DA neurotransmission, we hypothesized that pramipexole 

administration would increase reward learning (Pessiglione et al. 2006), decrease reaction time (e.g., 

Servan-Schreiber et al. 1998; Schluck et al. 2002), and increase positive affect (e.g., de Wit et al. 

2002).

MATERIALS AND METHODS

Participants

 Participants were recruited from the community using an online advertising forum. Subjects 

deemed eligible to participate after a phone screen were invited for a diagnostic interview. Exclusion 

criteria included: current unstable medical illness; known hypersensitivity to pramipexole; lifetime 

history of any Axis I psychiatric disorder as determined by Structured Clinical Interview for the 

DSM-IV (SCID; First et al. 2002); neurological disorders; disorders in a first-degree relative that 

involves dopamine system abnormality (schizophrenia spectrum disorders, psychosis, bipolar 

disorder, major depressive disorder, substance dependence, Parkinson’s disease, Huntington’s 

disease, Tourette’s syndrome, ADHD); pregnancy or lactation; use of dopamine antagonists in the 

last month; use of medications that affect metabolism of pramipexole (e.g., cimetidine, diltiazem, 

triamterine) in the last 7 days; and use of any CNS depressant (e.g., anti-histamines, alcohol) in the 

last 24 hours.

 All participants were right-handed, as assessed by a standard handedness questionnaire 

(Chapman and Chapman 1987). Based on reports of potential changes in dopaminergic sensitivity 

during the menstrual cycle (Myers et al. 2003), female participants performed the experiment during 

the follicular phase (days 1-14) of their menstrual cycle. 

- 7 -



Participants received $10/hour for completion of the SCID, $40 for the experimental session, 

and $24.60 in task earnings. All participants provided written informed consent to a protocol carried 

out in accordance with the Declaration of Helsinki and approved by the Harvard University 

Committee on Use of Human Subjects and the Partners Human Research Committee.

Equipment

Stimuli were presented using E-Prime software (version 1.1; Psychology Software Tools, Inc, 

Pittsburgh, Pennsylvania) on a 17” PC monitor. 

Pharmacological Manipulation

Pramipexole dihydrochloride is an FDA-approved treatment for Parkinson’s disease 

(Parkinson Study Group 2000). The recommended starting dosage is 0.375 mg/day in three divided 

doses. This is titrated gradually to a therapeutic dose in the range of 1.5-4.5 mg/day across a period 

of up to seven weeks. Consistent with prior studies (Wright et al. 1997; Samuels et al. 2006a,b), a 

single 0.5 mg dose of pramipexole or identical placebo was administered orally, with peak brain 

concentrations expected after two hours (Wright et al. 1997). 

Procedure 

 The study consisted of two sessions. In the first, participants were informed about the study, 

provided written consent, completed the SCID with a research psychiatrist or masters-level 

interviewer, and filled out the Beck Depression Inventory-II (BDI-II; Beck et al. 1996) and the trait 

form of Spielberger State-Trait Anxiety Inventory (STAI; Spielberger et al. 1970) to assess 

depression and anxiety symptoms, respectively.

The second session involved the pharmacological manipulation and behavioral testing 

(Figure 1). Participants performed pre-drug assessments of vigilance (Simple Reaction Time Task; 

Perbal et al. 2003) and motor function (BRAIN Task: Bradykinesia Akinesia Inco-ordination Test; 

Giovannoni et al. 1999). Subsequently, an adverse effects checklist was administered and baseline 
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assessments of mood were collected using the Visual Analog Mood Scales (VAMS; Bond and Lader 

1974). 

Next, 6 minutes of resting electroencephalographic (EEG) data were collected (data will be 

reported separately). Study medication was then administered under the direct supervision of a 

physician. Using a randomized, double-blind design, participants received either a single dose of 

pramipexole (0.5 mg) or an identical placebo capsule and then waited two hours to allow medication 

absorption. During this time, participants watched affectively neutral or slightly positive movies and 

completed the VAMS at 30, 60, and 90 min and the adverse effect checklist at 30 and 90 min post-

administration. At 90 min post-dose, participants were provided with a snack. 

Two hours after study medication administration, participants performed a probabilistic 

reward task followed by another 6-minute resting EEG, the Simple Reaction Time Task, and the 

BRAIN Task. Participants then completed the adverse effect checklist again. Finally, participants 

were assessed for orthostatic changes in blood pressure, fully debriefed and paid, and released from 

the laboratory only after the attending physician confirmed it was safe to do so. 

Assessments and Experimental Tasks

Simple Reaction Time (RT) Task. The task was used to assess vigilance. In two separate 

blocks, participants were instructed to use either the left or right index finger to press a key as 

quickly as possible when a red square appeared on the computer screen (ISI: 1000-2500 ms). The 

task consisted of 48 trials (24 right, 24 left) and lasted approximately 2 minutes. 

BRAIN Task. The BRAIN task was developed to provide an empirical measure of motor 

functions (Giovannoni et al. 1999). Participants were instructed to use their right index finger to 

alternately press two keys (“s” and “;”) on a keyboard as quickly and accurately as possible for 60 

seconds.

Probabilistic Reward Task. The task uses an asymmetric reinforcement schedule to produce a 

response bias towards the more frequently rewarded of two possible stimuli, and provides an 

objective assessment of the participants’ propensity to modulate behavior as a function of prior 
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reinforcement history (Tripp and Alsop 1999; Pizzagalli et al. 2005). The task consisted of three 

blocks of 100 trials. Each trial started with a fixation cross, followed 500 ms later, by a mouthless 

line-drawing of a face. After a 500-ms delay, either a short (11.5 mm) or a long (13 mm) mouth 

appeared on the screen for 100 ms. The participant’s task was to judge whether a long or short mouth 

was presented by pressing either the “z” or “/” key (counterbalanced across participants). In each 

block, a pseudo-random sequence of 50 long and 50 short mouths was presented and 40 correct 

responses were followed by reward feedback (“Correct!! You won 20 cents!”), which was displayed 

for 1750 ms. Critically, correct responses for one stimulus (“rich stimulus”) were associated with 

reward three times more frequently (30:10) than correct responses for the other stimulus (“lean 

stimulus”). Prior to the task, participants were informed that only a portion of correct responses 

would be rewarded, but were not informed that correct identification of one of the stimuli would be 

disproportionally rewarded.

VAMS. At various time points, participants rated their current mood using five 230-mm 

horizontal lines which represented the following bipolar dimensions: happy—sad, relaxed—tense, 

friendly—hostile, sociable—withdrawn, and quick-witted—mentally slow. 

Adverse Effects. A self-report checklist assessing the severity of 12 different physical 

symptoms was administered at various time points (headache, cold or chilled, hot or flushed, 

dizziness, sleepiness, sweating, blurred vision, nausea, fast heartbeat, dry mouth, abdominal pain, 

diarrhea).  

Data Reduction

Simple RT Task. RT data were processed in three steps. First, RT <100 ms or >1000 ms were 

removed, and a log-transformation was applied to normalize the data. Next, mean and SD values 

were calculated for each participant at time 1 and 2, and RT > 3SD from the mean were removed. 

After outlier removal, a mean RT was computed for each participant and time point separately.

 BRAIN Task. Kinesia, dysmetria, and incoordination scores were computed (Giovannoni et al. 

1999). The kinesia score represents the total number of alternating keystrokes in 60 seconds. The 
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dysmetria score is a weighted index of incorrectly hit keys that assesses movement accuracy 

(corrected for speed). The incoordination score assesses rhythmicity (the variance of time intervals 

between keystrokes). Square root transformations were applied for normalization purposes.

  Probabilistic Reward Task. The main variables of interest were response bias (log b) and 

discriminability (log d), which were computed using the following formulas:

  

Response bias assesses the systematic preference for the response paired with the more 

frequent reward (rich stimulus). Response bias increases if participants tend to (1) correctly identify 

the rich stimulus, and/or (2) misclassify the lean stimulus as the rich stimulus. Discriminability 

assesses the subject’s ability to distinguish between the two stimuli and is an indicator of general task 

performance. Control analyses also considered accuracy and RT scores.

Adverse Effect Scales. Self-reported adverse effects were summed for each time point. To 

maximize our ability to detect the influence of potential adverse effects, two difference scores were 

computed: one between the maximal adverse effect score and the pre-administration score 

(“∆Adverse EffectMAX”) and one between the adverse effect score 90-min post-administration and the 

pre-administration score (“∆Adverse Effect90min”). 

VAMS. Scores were calculated as percent negative affect (Harrison et al. 2002). To assess 

changes independent of individual differences in affect before the drug administration, three 

difference scores were computed: VAMS30min–VAMSpre-drug, VAMS60min–VAMSpre-drug, and 

VAMS90min–VAMSpre-drug. 

Statistics 
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Simple RT Task. Mean RT were entered in a mixed ANOVA with Medication Group (placebo, 

pramipexole), Time (pre-, post-drug), and Hand (left, right) as factors.

BRAIN task. A Medication Group x Time ANOVA was performed separately for the kinesia, 

dysmetria, and incoordination scores.

  Probablistic Reward Task. For response bias and discriminability, a mixed ANOVA with 

Medication Group and Block (1,2,3) was performed. For accuracy and RT data, Stimulus (Rich, 

Lean) was added.

VAMS. Mixed Medication Group x Time ANOVAs were conducted for each subscale 

independently. 

 For ANOVAs, Greenhouse-Geisser corrections were used when appropriate. In case of 

significant ANOVA findings, post-hoc Newman-Keuls tests were performed.

Adverse Effects. Two sets of analyses were performed to assess the potential role of adverse 

effects. In the first, Pearson correlations between the adverse effect scores and variables of interest 

were performed for the pramipexole group. In the second, hierarchical regression analyses were run 

to evaluate whether Medication Group explained unique variance of a given outcome variable after 

adjusting for adverse effects.

RESULTS 

Thirty-two participants were enrolled in the experiment. Of these, 16 received 0.5 mg 

pramipexole and 16 received placebo. One participant in the placebo group was excluded from the 

analysis due to failure to follow directions. The pramipexole (n = 16) and placebo (n = 15) groups did 

not differ with respect to gender ratio (9 male/7 female vs. 8 male/7 female; Chi-square = 0.027, df = 

1, p > 0.50), age (26.0 ± 5.0 years vs. 24.4 ± 3.3; t(29) = 1.05, p > 0.30), baseline depressive 

symptoms (BDI-II: 0.38 ± 0.74 vs. 1.20 ± 1.75; p > 0.25) or anxiety symptoms (STAI: 28.0 ± 5.5 vs. 

31.9 ± 5.7; p > 0.15).

Adverse Effects and Final Sample Sizes

- 12 -



 Of the 16 participants receiving pramipexole, six did not complete some part of the 

experimental session due to adverse effects that ranged in self-rated scores from mild to severe, and 

most commonly included nausea, dizziness, and sleepiness. These effects were frequently 

accompanied by a transient decrease in diastolic blood pressure. Similar incidence of adverse effects 

was described by Samuels et al. (2006a,b) who administered a single 0.5 mg dose of pramipexole to 

healthy male volunteers. 

For the probabilistic reward task, data from an additional three participants were lost because 

they failed to follow task instructions (final sample: placebo: n = 13; pramipexole: n = 11). For the 

Simple RT Task, data from 1 additional participant were excluded due to outlier status (placebo: n = 

15; pramipexole: n = 11). For the BRAIN Task, data from 15 participants in the placebo group and 12 

in the pramipexole group were available. 

Probabilistic Reward Task 

Response Bias. Replicating prior studies (Pizzagalli et al. 2005), a significant main effect of 

Block emerged (F(2,44) = 9.71, p < 0.001, partial η2 = 0.31), due to significantly higher response bias 

in both Block 2 and 3 compared to Block 1 (Newman-Keuls p’s < 0.0007). Importantly, the 

Medication Group x Block interaction was also significant: F(2,44) = 5.06, p < 0.01, partial η2 = 0.19 

(Figure 2a). Compared to the placebo group, participants receiving pramipexole showed significantly 

lower response bias in Block 2 and 3 (Newman-Keuls p’s < 0.006). For the placebo but not the 

pramipexole group, response bias toward the more rewarded stimulus in Blocks 2 and 3 was higher 

compared to Block 1 (p’s < 0.002). Finally, a direct contrast indicated that the pramipexole group had 

significantly lower reward learning than the placebo group across the blocks, as assessed by 

computing a difference score between response bias in block 3 and block 1 (pramipexole 0.03 ± 0.13 

vs. placebo 0.25 ± 0.17, t(22) = -3.47, p < 0.002; Cohen’s d = -1.45). 

Discriminability. No significant effects emerged (all F’s < 0.88, all p’s > 0.35). 

 Accuracy. The main effect of Condition (rich vs. lean) [F(1,22) = 12.99, p < 0.005, partial η2 

= 0.37] and the Block x Condition interaction [F(2,44) = 9.50, p < 0.005, partial η2 = 0.30] were 
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significant. Replicating independent findings from our laboratory (Bogdan and Pizzagalli 2006; 

Pizzagalli et al. 2005), accuracy for the rich stimulus was significantly higher than for the lean 

stimulus, and this difference increased over time [linear contrast of the Block x Condition interaction: 

F(1,22) = 14.28, p < 0.001]. Of primary relevance for the present study, a significant Block x 

Medication Group x Stimulus (rich vs. lean) effect also emerged: F(2, 44) = 6.00, p < 0.005, partial η2 

= 0.21. Follow-up ANOVAs were conducted separately for the two stimulus types. For the rich 

stimulus, a significant Medication Group x Block interaction was observed, F(2,44) = 5.41, p < 0.01, 

partial η2 = 0.20. Post-hoc tests revealed significantly lower rich accuracy in the pramipexole than 

placebo group for Block 3 (0.83 ± 0.09 vs. 0.89 ± 0.06; p < 0.015; Figure 2b). The placebo, but not 

the pramipexole, group was characterized by increases in rich accuracy from Block 1 to both Block 2 

and 3 (p’s < 0.005). For the lean stimulus, the Medication Group x Block interaction reached trend 

level: F(2,44) = 2.873, p = 0.067, partial η2 = 0.116. Notably, for both Blocks 2 and 3, participants in 

the pramipexole group had significantly higher accuracy for the lean stimulus compared to the 

placebo group (p < 0.005) (Figure 2c). Moreover, whereas the placebo group showed significant 

lower lean accuracy in Blocks 2 and 3 compared to Block 1 (p’s < 0.01), the pramipexole group show 

no differences across the blocks.

If unpredicted rewards elicit phasic DA bursts, and this positive-prediction error supports 

learning about the consequences of the behavior leading to reward (Schultz 2007), we reasoned that a 

single dose of pramipexole reducing phasic DA response would negatively impact the participants’ 

probability of choosing a specific action after having received reward for that action in the preceding 

trial. To test this hypothesis, we calculated the probability that participants correctly identified a rich 

stimulus after a preceding rewarded rich stimulus trial (“win-stay” strategy). As hypothesized, 

participants receiving pramipexole had significantly lower probabilities than placebo participants of 

making the subsequent correct identification (80.50 ± 8.88% vs. 87.43 ± 7.41%, t(25) = 2.23, p < 

0.03; Figure 3). In other words, the pramipexole group had a 19.50% probability of missing the more 

frequently rewarded stimulus after this stimulus had been rewarded in the trial before, compared to a 

12.57% miss probability in the placebo group. To test whether these differences were driven by the 
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delivery of reward, we calculated the probability that the participants correctly identified a rich 

stimulus after they had correctly identified a rich stimulus in the preceding trial, but there had been 

no scheduled reward feedback. In this scenario, no significant differences emerged between the 

pramipexole and placebo groups (79.07% ± 12.84 vs. 84.42% ± 9.47, t(25) = 1.27, p > 0.20). 

Although these findings suggest that group differences were larger in trials immediately following a 

rewarded rich trial, it is important to emphasize that a Medication Group x Probability ANOVA 

considering the two types of probabilities revealed a main effect of Medication Group, F(1,25) = 

4.35, p < 0.050, partial η2 = 0.15, whereas the interaction was not significant [F(1,25) = 0.08, p > 

0.78]. Thus, from a statistical perspective, group differences were not specific to trials immediately 

following a rewarded identification of the rich stimulus. 

Reaction Time. A Medication Group x Block x Condition ANOVA revealed no significant 

effects involving Medication Group.

Control Analyses. For the pramipexole group, Pearson correlation analyses revealed no 

significant correlations between (1) ∆Adverse EffectMAX or ∆Adverse Effect90min and (2) response 

bias in Block 1, Block 2, or Block 3, or the reward learning (Block 3 - Block 1) (all |r| < 0.47, all p’s 

> 0.14). Importantly, hierarchical regression analyses revealed that Medication Group (coded as a 

dummy variable; entered in the third step) was a significant predictor of Response Bias in Block 3, 

even after adjusting for Response Bias in Block 1 (entered in the first step) and ∆Adverse EffectMAX 

(entered in the second step), ∆R2 = 0.169, ∆F(1,20) = 8.81, p < 0.009. Similar findings emerged when 

considering ∆Adverse Effect90min, ∆R2 = 0.134, ∆F(1,20) = 6.88, p < 0.017.

Additional control analyses showed that the pramipexole and placebo group did not differ in 

the number of rewards received for the rich stimulus (88.27 ± 1.95 vs. 88.77 ±1.83; t(22) = -0.64, p > 

0.52) or the lean stimulus (29.27 ± 0.79 vs. 29.08 ± 1.12; t(22) = 0.49, p > 0.63), indicating that the 

two groups were exposed to similar reinforcement schedules.

Simple RT Task 
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The only effect emerging from the ANOVA was a significant Medication Group x Time 

interaction, F(1,24) = 7.70, p < 0.015, partial η2 = 0.24). Post-hoc Newman-Keuls tests indicated that 

participants receiving pramipexole showed a significant RT slowing after the drug administration (p 

< 0.005); post-drug RTs for the pramipexole group were significantly slower than the RTs for the 

placebo group (p < 0.050; Figure 4).

Control Analyses. To assess whether the RT findings were associated with adverse effects, 

difference scores were computed (post-drug – pre-drug), and entered in correlation analyses with the 

adverse effect scores. For the pramipexole group, Pearson correlation analyses revealed a trend for a 

positive correlation between mean RT changes (averaged across hands) and ∆Adverse Effect90min (r = 

0.54, p = 0.090). To further explore this finding, hierarchical regression analyses were performed, in 

which pre-drug mean RT, adverse effect scores, and Medication Group were entered sequentially to 

predict post-drug mean RT. For both ∆Adverse EffectMAX and ∆Adverse Effect90min, the model was 

not significant, indicating that Group did not account for a significant amount of variance after 

adjusting for baseline RT difference and, more importantly, for adverse effects, both ∆R2 < 0.041, 

∆F(1,22) < 1.73, p’s>0.20).

  

BRAIN Task

For the dysmetria scores, no significant effects emerged (all F(1,25) < 3.21, all p’s > 0.85). 

For the kinesia score, a significant Medication Group x Time interaction was found, F(1,25) = 14.49, 

p < 0.001, partial η2 = 0.37. This interaction was due to a significant decrease in kinesia score from 

pre- to post-drug administration in the pramipexole group (p < 0.010), and an opposite pattern in the 

placebo group (p < 0.015). Compared to the placebo group, participants receiving pramipexole 

showed significantly lower kinesia scores post-drug (Figure 5). 

 For the incoordination score, the Medication Group x Time interaction approached 

significance, F(1,25) = 3.97, p = 0.057, partial η2 = 0.14. No significant differences emerged in post-

hoc tests, however.
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Control Analyses. For both the kinesia and dysmetria variables, a difference score was 

computed (post-drug – pre-drug), and entered in correlation analyses with the adverse effect scores. 

For the pramipexole group, both difference scores were negatively correlated with ∆Adverse 

Effect90min (both r’s = 0.81, n = 12, p’s < 0.001), indicating that increasing adverse effects were 

associated with decreasing kinesia and dysmetria scores. Hierarchical regression analyses further 

suggested that Medication Group did not explain a significant amount of variance in the post-drug 

dysmetria scores after adjusting for the effects of pre-drug dysmetria scores and, more importantly, 

adverse effects scores (∆Adverse EffectMAX: ∆R2 = 0.002, ∆F(1,23) = 0.09, p’s > 0.70; ∆Adverse 

Effect90min: ∆R2 = 0.002, ∆F(1,23) = 0.13, p > 0.70). For the kinesia score, however, Medication 

Group remained a significant predictor of post-drug scores, even after adjusting for baseline score 

and adverse effects (both ∆R2 > 0.05, both ∆F(1,23) = 5.33, both p’s < 0.030). 

VAMS

 For the “sadness” and “hostile” subscale, no effects involving Medication Group emerged. 

For the “withdrawn” subscale, a main effect of Medication Group emerged, F(1,28) = 4.15, p = 0.05, 

whereas for the “mentally slow” subscale, the Medication Group x Time interaction was significant, 

F(2,56) = 3.95, p < 0.025. Finally, trends for the “tense” subscale also emerged (Medication Group: 

F(1,28) = 3.26, p = 0.08; Medication Group x Time: F(2,56) = 2.75, p = 0.07). Compared to the 

placebo group, pramipexole participants were (1) more withdrawn across all time points; (2) more 

mentally slow 90 min post-drug administration; and (3) more tense 90 min post-drug administration 

(Figure 6).

Control Analyses. For each VAMS subscale, Pearson correlations were computed between the 

difference score at 90 min (VAMS90min – VAMSpre-drug) and the adverse effect scores. All correlations 

were positive, indicating that increases in adverse effects were associated with more negative affect. 

For the withdrawn (r = 0.59, n = 16, p < 0.017) and hostile (r = 0.43, n = 16, p = 0.098) subscale, the 

correlation with ∆Adverse Effect90min was significant or nearly significant. For each VAMS subscale, 

hierarchical regression analyses sequentially entering pre-drug VAMS scores, ∆Adverse Effect90min, 
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and Medication Group suggested that Group was not a significant predictor of VAMS score at 90 min 

after adjusting for the effects of baseline VAMS scores and, more importantly, adverse effects (all 

∆R2 < 0.048, all ∆F(1,26) < 2.10, all ps > 0.16). 

DISCUSSION

Animal studies have emphasized the role of phasic DA signaling in reward-related learning 

(Bayer and Glimcher 2005; Garris et al. 1999; Schultz 2007). The main goal of the current study was 

to evaluate the effect of a single dose of a D2/D3 agonist—pramipexole—on reinforcement learning 

in psychiatrically and neurologically healthy adults. Based on prior animal (Baudry et al. 1977; 

Fuller et al. 1982; Tissari et al. 1983; Sumners et al. 1981; cf. Schmitz et al. 2003) and limited human 

(Frank and O’Reilly 2006; Samuels et al. 2006a,b) evidence, we hypothesized that administration of 

0.5 mg of pramipexole would blunt phasic DA bursts to reward feedback via presynaptic 

autoreceptor mechanisms and thus impair reward learning. This hypothesis was confirmed. 

Compared to the placebo group, participants receiving pramipexole showed significantly (1) reduced 

response bias and overall reward learning; (2) reduced accuracy for the stimulus associated with 

more frequent reward (“rich stimulus”) in block 3; and (3) reduced probability of using a “win-stay” 

strategy (choosing “rich” when a current rich stimulus followed a rewarded rich stimulus). 

Highlighting the specificity of these findings, no group differences emerged for RT and 

discriminability scores in the probabilistic reward task; furthermore, the pramipexole group showed 

significantly higher accuracy for the stimulus associated with less frequent reward (“lean stimulus”) 

in Block 2 and 3. Thus, blunted response bias was not due to generally poor performance or global 

effects of D2 agonist administration. Critically, control analyses indicated that group differences in 

response bias were independent from adverse effects or were not due to exposure to a different 

reinforcement schedule. In addition to impacting reward learning, pramipexole led to (1) RT slowing 

in a vigilance task (Simple Reaction Time Task); (2) reduced motor speed (kinesia score in the 

BRAIN Task); and (3) elevated self-report of withdraw, mental slowness, and tension. Whereas 

group differences in reward learning and motor speed remained after adjusting for adverse effects, 
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RT slowing and increases in negative affect did not, suggesting that the latter findings were 

associated with the adverse effects experienced by the pramipexole group. 

The present findings of blunted reward responsiveness and reward learning in participants 

receiving a single dose of a D2/D3 agonist extend prior observations of dopamine-dependent 

modulation of reward processing. In a recent study, Sevy et al. (2006) observed that a transient 

reduction of DA levels worsened performance in the IOWA gambling task, specifically by 

diminishing the influence of past outcomes on decision making. Along similar lines, Leyton et al. 

(2007) found that an acute DA precursor depletion impaired the ability to preferentially respond to 

stimuli predicting reward in a GO/NOGO task in healthy participants; this effect was reversed by L-

DOPA administration. Finally, and of particular relevance to the present study, Frank and O’Reilly 

(2006) administered low doses of D2 agents—cabergoline and haloperidol—to healthy adults 

performing a probabilistic selection task involving reward and punishment feedback. Based on 

animal findings indicating that low doses of DA (D2) agonists (e.g., cabergoline) and antagonists 

(e.g., haloperidol) preferentially activate and inhibit DA presynaptic autoreceptors respectively, the 

authors hypothesized that cabergoline would impair and haloperidol would increase learning from 

positive reinforcement. These hypotheses were confirmed.

Notably, in Frank and O’Reilly (2006), the effects of cabergoline and haloperidol on 

reinforcement learning were predicted by opposite effects of these DA agents on presynaptic DA 

bursts in a computational model of striatal-cortical function (Frank 2005). This model, which is 

grounded on a variety of anatomical, physiological, and pharmacological findings concerning DA-

dependent cortico-striatal mechanisms, postulates that phasic DA bursts during positive feedback 

lead to a strengthening of the selected response (Go signal), and thus foster learning of the action that 

leads to reward. Negative feedback, on the other hand, is assumed to induce DA dips, which support 

NoGo signals to avoid the bad choice in the future. In the computational model of DA-driven 

learning, the effects of cabergoline were mimicked by impaired Go learning due to reduced phasic 

presynaptic DA bursts. Conversely, the effects of haloperidol were explained by enhanced Go 

learning from positive feedback due to inhibition of presynaptic DA autoreceptors. 
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In a companion paper focusing on the event-related potentials collected during the 

probabilistic reward task, we recently applied Frank’s computational model of striatal-cortical 

function (Frank 2005) to evaluate whether the blunted reward learning described here could be 

explained by reduction of presynaptic DA bursts (Santesso, Evins, Frank, Schetter, and Pizzagalli, in 

preparation). Indeed, consistent with our hypotheses and replicating prior findings with cabergoline 

(Frank and O’Reilly 2006), we found that a neural network simulating presynaptic effects of 

pramipexole showed the observed effects on reward processing. Specifically, weaker Go pathways 

due to blunted DA bursts after reward delivery produced lower response bias and lower accuracy 

toward the more frequently rewarded stimulus but higher accuracy for the lean stimulus (Santesso et 

al. in preparation). Note that a corollary of the computational model is that reduced phasic DA 

responses in the pramipexole group would lead to a lower ability to resolve Go/NoGo conflict and 

thus lower the ability to differentiate between two competing responses associated with different 

reinforcement histories. In line with this prediction, in the present study, participants receiving 

pramipexole, as compared to those receiving placebo, were characterized by smaller accuracy 

differentiation between the rich and lean stimuli.

Self-report assessments revealed increased negative affect (withdrawal, tension) and sedation 

in the pramipexole group, although these effects were associated with drug-related adverse effects. 

These findings are, again, consistent with pre-synaptic mechanisms. With respect to alertness, in the 

animal literature, a biphasic dose-response curve has been hypothesized for DA receptor agonists: 

whereas low doses act pre-synaptically and lead to sedation, higher doses are assumed to act post-

synaptically, leading to an increase of alertness (Monti et al. 1988; Rye 2004; Keating and Rye 2003). 

Consistent with these animal data, low doses of D2 agonists have been found to cause sedation in 

humans (Ferreira et al. 2002; Samuels et al. 2006a,b), a finding that has been attributed to activation 

of D2-like inhibitory autoreceptors on the cell bodies of VTA neurons (Rye 2004).

Although the present findings provide evidence that disruption of DA signaling can impair 

reinforcement learning in humans, three important limitations of the current study should be 

emphasized. First, although the current data concur with prior animal and human findings that low 
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single doses of DA agonists might reduce DA signaling (e.g., Baudry et al. 1977; Ferreira et al. 2002; 

Piercey et al. 1996; Rye and Jankovic 2002; Samuels et al. 2006a,b), interpretations about the 

potential pharmacological mechanisms responsible for the present findings remain tentative. To 

further elucidate underlying mechanisms, studies using a dose-response curve will be required to 

determine the effects of progressively increasing doses of pramipexole on reward learning.

Second, the probabilistic reward task used in the current study involved only positive 

feedback. Although the present behavioral findings and computational modeling of these data 

(Santesso et al. in preparation) suggest that blunted reward learning can be produced by reduced DA 

bursts that disrupt the ability to learn from positive feedback (Go pathway), prior findings have 

clearly highlighted the role of phasic DA suppression after negative feedback in reinforcement 

learning (e.g., Frank et al. 2004; Holroyd and Coles 2002). 

Third, the 0.5 mg pramipexole dose used in the present study elicited transient adverse effects 

in a substantial portion of the participants. Although a similar profile and extent of adverse effects 

have been observed in recent studies using an identical dose of pramipexole (Samuels et al. 2006a,b) 

and the main findings of impaired reward learning remained after adjusting for the effects of the 

adverse events, several participants were unable to complete portions of the experimental session. 

Future studies aimed at evaluating the effects of pramipexole on the healthy dopaminergic system 

should consider using a titration approach, in which a low starting dose of pramipexole is gradually 

increased over a 1-2 week period to a level used in treatment of Parkinson’s disease. A titration 

approach would not only minimize drug-related adverse effects but also allow to test the hypothesis 

that higher doses of pramipexole would increase, rather than decrease, reward responsiveness due to 

a preferential post-synaptic DA action. This speculation is consistent with (1) findings in rodents 

showing that pramipexole is effective in reversing anhedonia produced by the chronic mild stress 

paradigm (Willner et al. 1994) and has antidepressant properties (Maj and Rogoz 1999; Lehr 2002); 

and (2) clinical findings showing that higher doses of pramipexole ameliorate depressive symptoms 

in PD patients (Lemke et al. 2006) and treatment-resistant depression (Corrigan et al. 2000; Cassano 

et al. 2004). Collectively, these preclinical and clinical findings raise the possibility that sustained 
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pramipexole administration may alleviate depressive—particularly anhedonic—symptoms through 

its action on D3 receptors concentrated in the nucleus accumbens.

Finally, a possible alternative explanation for the present findings is that pramipexole led to 

tonically increased DA levels, which in turn reduced the dynamic range of phasic DA bursts 

necessary for reinforcement learning. According to this account, tonically increased DA may have 

impaired the ability of neurons to detect transient fluctuations in DA levels. Recent studies support 

this interpretation since medicated Parkinson’s disease patients demonstrate impaired learning in 

response to punishment (Frank et al. 2004) as well as impaired performance in reversal learning tasks 

(Cools et al. 2006, 2007). Furthermore, these patients sometimes exhibit impulse control disorders 

(e.g., compulsive gambling), failing to inhibit behaviors with negative consequences (Weintraub et 

al. 2006). These impairments have been attributed to “over-dosing” of unaffected brain regions with 

the DA agonist treatment for PD (Cools et al. 2006, 2007; Frank et al. 2004). Although the present 

behavioral findings cannot rule out either of these competing hypotheses, we believe that presynaptic 

autoreceptor mechanisms provide the most parsimonious explanation for the overall pattern of 

findings, including impaired reinforcement learning, motor slowing, and increased negative affect 

and sedation.
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Titles and legends to figures

Figure 1. Schematic summary of the experimental session timeline. VAMS: Visual Analog Mood 

Scale (Bond and Lader, 1974). EEG: electroencephalogram. 

Figure 2. Probabilistic reward task. (a) Response bias, (b) Accuracy for the more frequently 

rewarded stimulus (“rich stimulus”), and (c) Accuracy for the less frequently rewarded stimulus 

(“lean stimulus”) as a function of Blocks for the pramipexole (n = 11) and placebo group (n = 13). 

Error bars correspond to S.E. Solid arrows and dashes arrows denote significant between-group and 

within-group differences, respectively. 

 

Figure 3. Probabilistic reward task. Probability of choosing the more frequently rewarded stimulus 

(“rich stimulus”) as a function of whether the immediately preceding rich stimulus had been 

rewarded (left side) or not (right side) for the pramipexole (n = 11) and placebo group (n = 13). See 

Figure 2 for more detail.

 

Figure 4. Simple RT task. Reaction time before and after administration of study medication for the 

pramipexole (n = 11) and placebo group (n = 15). See Figure 2 for more detail.

 

Figure 5. BRAIN task. Square-root transformed kinesia score before and after administration of study 

medication for the pramipexole (n = 12) and placebo group (n = 15). See Figure 2 for more detail.

Figure 6. VAMS. Baseline-corrected VAMS scores at several time points during the experimental 

session for the pramipexole (n = 16) and placebo group (n = 14). See Figure 2 for more 

detail. 
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