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ABSTRACT 20 
 Healthy action selection relies on the coordinated activity of striatal direct and indirect pathway 21 
neurons. In Parkinson's disease (PD), in which loss of midbrain dopamine neurons is associated with 22 
progressive motor and cognitive deficits, this coordination is disrupted. Dopamine replacement therapy 23 
can remediate motor symptoms, but can also cause impulse control disorder (ICD), which is 24 
characterized by pathological gambling, hypersexuality, and/or compulsive shopping. The cellular and 25 
circuit mechanisms of ICD remain unknown. Here we developed a mouse model of PD/ICD, in which 26 
ICD-like behavior was assayed with a delay discounting task. We found that in parkinsonian mice, the 27 
dopamine agonist pramipexole drove more pronounced delay discounting, as well as disrupted firing in 28 
both direct and indirect pathway neurons. We found that chemogenetic inhibition of indirect pathway 29 
neurons in parkinsonian mice drove similar phenotypes. Together, these findings provide a new mouse 30 
model and insights into ICD pathophysiology. 31 
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INTRODUCTION 47 
 We often weigh immediate versus distant costs and benefits in making decisions. Impulsive 48 
decision-making is characterized by intolerance for long-term costs and preference for more immediate 49 
rewards. Impulsivity is seen in a number of neuropsychiatric conditions, including neurodegenerative 50 
disorders, psychiatric disease, and drug addiction 1,2. One notable example is impulse control disorder 51 
(ICD), a complication of Parkinson's disease (PD) treatment. PD is characterized by progressive 52 
degeneration of midbrain dopamine neurons, which contributes to motor impairment, such as slowing of 53 
movement (bradykinesia), tremor and rigidity 3. Dopamine replacement therapy, particularly with D2/3-54 
type receptor (D2/3R) agonists, alleviates motor deficits, but can be complicated by the development of 55 
ICD. In response to dopamine agonists, up to 40% of PD patients develop non-motor symptoms like 56 
pathological gambling, binge eating, or hypersexuality; this cognitive-behavioral syndrome is termed 57 
ICD 4,5. Our current understanding of ICD is primarily informed by epidemiological and imaging studies 58 
in clinical populations; there are few studies in animal models, and the pathophysiological mechanisms 59 
remain unknown 6-9.  60 
 The cognitive profile of PD/ICD provides a few clues as to its origins. Those with ICD show a 61 
preference for immediate rewards, and an intolerance for delays. This has been studied by measuring 62 
delay discounting, a normal cognitive phenomenon in which the value of a reward decreases according 63 
to the time needed to wait for it. Notably, those with ICD are more likely to choose an immediate but 64 
small reward over a delayed/large reward in delay discounting tasks 10-12. Previous work suggests that 65 
delay discounting is mediated in large part by the frontal cortex and the striatum (caudate and putamen), 66 
as well as by dopamine 13,14. In healthy nonhuman primates, dopamine agonist infusion in the striatum 67 
induced impulsive choices in monkeys during a delay discounting task 15. More specifically, activity in 68 
striatal neurons encodes key variables of delay discounting behavior 16-18.  69 
 One of the most distinctive features of ICD in PD is its relationship to dopamine agonist 70 
medication. Reducing the dose or discontinuing the dopamine agonist typically eliminates symptoms of 71 
ICD 19. This implies that dopamine signaling may lead to a reversible change in neural activity, 72 
potentially within corticostriatal circuits, which drives ICD. Within the striatum, dopamine regulates 73 
striatal projection neurons, medium spiny neurons (MSNs). Direct pathway MSNs (dMSNs) express the 74 
dopamine D1 receptor (D1R) and indirect pathway MSNs (iMSNs) express the D2 receptor (D2R) 20. 75 
Striatal dopamine release is hypothesized to excite dMSNs and inhibit iMSNs, based on ex vivo and in 76 
vivo recordings 21-25. Indeed, in mouse models of PD, treatment with the dopamine precursor levodopa, 77 
or dopamine agonists, causes acute bidirectional changes in dMSN and iMSN activity 24,26. Another 78 
complication of dopamine replacement therapy, levodopa-induced dyskinesia (LID) is associated with 79 
especially high dMSN activity and low iMSN activity 24,27,28. While the neural correlates of ICD are 80 
unknown, one possibility is that chronic dopamine depletion in PD leads to circuit vulnerability, and in 81 
this context dopamine agonists trigger an imbalance in dMSN and iMSN activity driving ICD. 82 
 To address these questions, we created a mouse model of PD/ICD. In mildly parkinsonian (but 83 
not in healthy) mice, the ICD-associated dopamine agonist pramipexole (PPX) led to alterations in 84 
delay discounting behavior reminiscent of those seen in PD/ICD 4,5. We used this model to explore the 85 
cellular and circuit mechanisms of ICD. We found that chemogenetic inhibition of iMSNs in the cognitive 86 
region of the striatum drove impulsive decision-making. We also found that PPX induced marked 87 
bidirectional changes in dMSN and iMSN firing in parkinsonian mice. Chronic PPX treatment further 88 
potentiated these changes in striatal physiology and decision-making behavior. Taken together, our 89 
findings provide a robust mouse model of ICD, and shed light on how dopaminergic agonists may 90 
induce pathological impulsivity in PD.  91 
 92 
RESULTS 93 
Treatment with the dopamine agonist pramipexole causes impulsive decision-making in 94 
parkinsonian mice.   95 
 To model early-stage Parkinson’s disease (PD), for which dopamine agonist therapy is often 96 
used 35, we injected the dopaminergic neurotoxin 6-OHDA bilaterally in the dorsolateral striatum (DLS). 97 
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This approach resulted in partial loss of midbrain dopamine neurons, with greater impact on axons in 98 
the dorsal striatum (Fig. S1A). Using tyrosine hydroxylase (TH) as a surrogate marker for dopamine 99 
neurons, we found approximately 50% loss of TH signal in the dorsal striatum, with less marked 100 
depletion in the ventral striatum (VS; Fig. S1B, see statistics in Figure Legend and Table 1). 101 
Dopaminergic cell bodies in the substantia nigra pars compacta (SNc) were also markedly reduced in 102 
6-OHDA-treated versus control mice (Fig. S1C,D). 6-OHDA-treated mice showed mild motor 103 
impairment on the accelerating rotarod test (Fig. S1E), consistent with a mild-moderate parkinsonian 104 
phenotype. As in people with early-stage PD, motor performance was remediated by treatment with the 105 
dopamine D2/3-type agonist, pramipexole (PPX, 0.5 mg/kg; Fig. S1E). Consistent with findings in 106 
healthy rodents 32, PPX caused an acute reduction in movement in both control and parkinsonian mice. 107 
However, increased locomotor activity was seen at later time points in parkinsonian mice, consistent 108 
with a therapeutic response (Fig. S1F&G). These findings indicate the bilateral/partial 6-OHDA model 109 
shows key behavioral features of early-stage PD, which are responsive to dopamine agonist medication.  110 
 To model alterations in decision making seen in impulse control disorder (ICD), we took 111 
advantage of a normal cognitive phenomenon, delay discounting, in which the value of a reward is 112 
discounted by the time needed to wait for it 33. Delay discounting behavior is abnormal in individuals 113 
with ICD, with more pronounced discounting, or intolerance for delays 10-12. We adapted a rodent delay 114 
discounting task for use in healthy and parkinsonian mice (Fig. 1A). Prior to training in the delay 115 
discounting task, control and parkinsonian mice underwent behavioral shaping, with two phases of 116 
instrumental learning (Fig. 1B, S1H,K). In both phases, parkinsonian mice showed slightly slower 117 
response latencies and learning rates, but eventually achieved similar performance (Fig. S1I-M). These 118 
results indicate that while the bilateral/partial 6-OHDA model shows mild motor deficits, it does not 119 
impair the fundamental capacity for instrumental learning.  120 
 We next trained animals in the delay discounting task, during which animals chose between two 121 
alternatives: an immediate, small reward, and a larger reward at various delays: 0, 3, 6 and 9 s. During 122 
the task, both control and parkinsonian mice showed classic discounting behavior. The likelihood of 123 
choosing the large reward declined as the associated delay increased (Fig. 1C,D). There was no 124 
significant change in delay discounting behavior between PPX-naïve control and parkinsonian mice. As 125 
ICD is associated with dopamine D2/3 agonist treatment in people with PD 4,5, we next tested whether 126 
PPX altered delay discounting behavior. After baseline sessions, healthy control and parkinsonian mice 127 
were tested in PPX sessions (4 h after injection). Consistent with findings in PD patients with ICD 10-12, 128 
a moderate dose of PPX (0.5 mg/kg) significantly reduced the likelihood of delayed/large reward 129 
choices as compared to baseline in the parkinsonian mice (Fig. 1D). Notably, no significant changes 130 
were observed in control mice treated with PPX (Fig. 1C), consistent with the lower risk of ICD in 131 
people without PD who are treated with PPX 36. Together, these findings suggest that like people with 132 
PD/ICD, parkinsonian mice are more vulnerable to the effects of PPX on decision-making. 133 
 To exclude the possibility that PPX altered discounting behavior indirectly through changes in 134 
motivation or attention, we monitored other task outcomes, including omitted trials and response 135 
latencies. Mice showed low omission rates during baseline and PPX sessions (Fig. S2A-D). The 136 
latency to choose the delayed/large reward progressively increased across delays in both healthy and 137 
parkinsonian mice, while the latency to choose the immediate/small reward decreased, until they 138 
eventually reached a similar level (Fig. S2E,F). This observation aligns with previous studies 139 
suggesting that the anticipation of different reward outcomes modulates the response time in goal-140 
directed behavior 37,38. However, in parkinsonian mice treated with PPX, modulation in response 141 
latencies by outcome was absent (Fig. S2G), suggesting PPX-induced impairment in goal-directed 142 
responding.  143 
 To better characterize impulsive decision-making in parkinsonian mice treated with PPX, we 144 
fitted a hyperbolic discounting function V = 100*A/(1 + KD) to each mouse’s delay discounting curve 145 
(Fig. 1E). This function has previously been utilized to quantify aspects of discounting behavior 33,34,39. 146 
The probability of choosing a large reward (V) is devalued by the length of delay (D), scaled by the  147 
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  148 

Figure 1. Treatment with the dopamine agonist pramipexole causes impulsive decision-making in parkinsonian mice. (A) Delay 
Discounting task structure. Each delay was tested in a separate block, up to 9 seconds. ITI = inter-trial interval. (B) Experimental 
timeline. (C, D) Percentage of trials in which mice chose the delayed/large reward across delays during baseline (open circles) and 
following pramipexole (PPX) injections (filled circles). PPX did not significantly change decision-making in healthy control mice (C, N = 
16; p > 0.05 at all delays), but reduced the likelihood of delayed/large choices at every delay in parkinsonian mice (D, N = 31; 0s: p < 
0.001, 3s: p < 0.001. 6s: p < 0.001, 9s: p < 0.01). (E) Hyperbolic discounting function, fitted (dashed line) to representative delay 
discounting behavior in one mouse. The intercept and steepness of the curve were quantified by A and K, respectively. (F-H). A, K and 
area-under-the-curve (AUC) values associated with delay discounting during before (Park) and following PPX treatments (PPX) in 
parkinsonian mice (N = 31, F, p < 0.001; G, p = 0.01; H, p < 0.001). N, animals. All data presented as means ± SEMs. 
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discounting propensity (A and K). K reflects sensitivity to delays, or an index of the discount rate 149 
(steepness of the curve); and parameter A reflects sensitivity to reward magnitude (intercept with the y 150 
axis) 40,41. PPX had variable effects on A and K in individual parkinsonian mice, but overall led to a 151 
decrease in A and increase in K (Fig 1F&G). The reduction in A suggested parkinsonian mice treated 152 
with PPX had more difficulty differentiating reward magnitudes in the absence of delay. The increase in 153 
K (a steeper discounting curve), suggested PPX-treated animals more heavily weighted the cost of 154 
delay. We also quantified the shape of the discounting curve by measuring area-under-the-curve (AUC); 155 
in this analysis, a decrease in AUC indicated an in increase in impulsive choice 42,43. PPX treatment led 156 
to a significant reduction in AUC in parkinsonian mice, suggesting that PPX shifted choices towards 157 
immediate/small rewards at all delays (Fig. 1H). Interestingly, in sessions following a 48h PPX washout 158 
period, the A value recovered to baseline values, while differences in K and AUC persisted (Fig. S2H-J). 159 
These results suggest that in parkinsonian mice, PPX acutely reduces sensitivity to differences in 160 
reward magnitude, and chronically impairs sensitivity to delays. Together, these alterations may lead to 161 
impulsive decision making as seen in PD/ICD. 162 
 Clinical observations suggest vulnerability to ICD differs across individuals. Vulnerability has 163 
been associated with structural and functional deficits in brain regions related to reward processing, 164 
such as the caudate nucleus 44. To explore whether differences in baseline disease severity predicted 165 
vulnerability to ICD in our mouse model, we correlated postmortem measures of dopaminergic cell 166 
body and axonal integrity with key quantitative measures (K & A) associated with the delay discounting 167 
curve (Fig. S2K-O). A Spearman correlation analysis showed that in parkinsonian mice treated with 168 
PPX, A values were positively correlated with residual TH+ fluorescence in the DMS, but not in the DLS 169 
or VS (Fig. S2L), consistent with the idea that intact DMS dopaminergic signaling is crucial for encoding 170 
reward magnitudes 45. TH+ fluorescence in DMS or VS did not significantly correlate with K values (Fig. 171 
S2M). TH+ neurons in SNc did not significantly correlate with either A or K values (Fig. S2N,O). 172 
Altogether these findings demonstrate rodents can closely recapitulate key features of PD with ICD.  173 
 174 
Chemogenetic inhibition of iMSNs in the dorsomedial striatum mimics the effect of PPX in 175 
parkinsonian mice. 176 
 ICD is reversible in people with PD upon dose reduction or discontinuation of dopamine agonist 177 
therapy 19, which implies ICD may be a disorder of drug-induced alterations in neural activity or 178 
connectivity. Though the specific brain areas or cell types which mediate ICD are unclear, 179 
neuroimaging and pharmacology provide some candidates. Clinically used dopamine agonists bind 180 
D2/3Rs 46. D2/3Rs are expressed across many brain regions including the striatum, amygdala, and 181 
hippocampus 20,47,48. While multiple brain areas have been implicated in ICD, several studies link 182 
alterations in striatal volume or functional connectivity to ICD 49-51. Within the striatum, D2Rs are most 183 
densely expressed on iMSNs of the indirect pathway 20,52. Within these neurons, dopamine signaling is 184 
hypothesized to reduce neural activity 22-24. However, the relationship of indirect pathway activity to 185 
ICD-related behavior remains unclear. To mimic the hypothesized effects of PPX on iMSN synaptic 186 
output, we used a chemogenetic (DREADD) approach. We expressed the inhibitory DREADD, hM4Di 187 
(Gi-coupled) or a control fluorophore (mCherry) in iMSNs of the DMS of parkinsonian mice (Fig. 2A). To 188 
validate the use of hM4Di, we first performed ex vivo whole-cell recordings from A2a-Cre;D2-eYFP 189 
mice coinjected with Cre-dependent ChR2-eYFP and Cre-dependent hM4Di (Fig. S3A), using the 190 
inhibitory connections between iMSNs and dMSNs as a functional readout of iMSN synaptic output. 191 
Brief light pulses evoked inhibitory postsynaptic currents (oIPSCs) in postsynaptic eYFP-negative 192 
dMSNs (Fig. S3B). Application of the DREADD agonist, clozapine-N-oxide (CNO), reduced oIPSC 193 
amplitude (Fig. S3B,C), confirming that the Gi-coupled DREADD inhibited iMSN output.  194 
 We first tested whether chemogenetic inhibition of striatal iMSNs, like PPX, could ameliorate 195 
parkinsonian locomotor deficits. CNO treatment increased movement in the hM4Di, but not mCherry 196 
control group, suggesting a therapeutic effect (Fig. 2C,D). We then assessed whether chemogenetic 197 
inhibition of iMSNs is sufficient to cause impulsive decision-making. Parkinsonian hM4Di or mCherry 198 
mice were assessed in the delay discounting task, before and after CNO treatments. Chemogenetic 199 
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inhibition of iMSNs robustly shifted choices towards immediate/small rewards over delayed/large 200 
rewards in hM4Di-expressing but not mCherry control mice (Fig. 2E,F). Moreover, chemogenetic 201 
inhibition of indirect pathway significantly increased the K value and decreased AUC, consistent with a 202 
greater degree of impulsivity (Fig. 2G,I). Interestingly, CNO did not impact A value in either group, 203 
suggesting that inhibition of the indirect pathway alone did not alter discrimination of reward sizes (Fig. 204 
2H). Together, these findings suggest that chemogenetic inhibition of iMSNs within DMS is sufficient to 205 
induce impulsive decision-making in parkinsonian mice in the absence of PPX treatment. 206 
 207 
Pramipexole triggers bidirectional changes in striatal activity in parkinsonian mice.  208 
 Similar to PPX, chemogenetic inhibition of striatal indirect pathway output increased impulsive 209 
decision-making. However, the responses of iMSNs (and dMSNs) to PPX in this model remain 210 
unknown. Dopamine D2/3R agonists like PPX may target D2Rs located on several microcircuit 211 
elements within the striatum 53. By acting on D2Rs, PPX may directly or indirectly influence the firing of 212 
dMSNs and iMSNs, which is important for appropriate decision-making 54. To determine how PPX 213 
affected dMSN and iMSN activity, we performed single-unit electrophysiology of optogenetically 214 
identified DMS neurons in both healthy and parkinsonian mice (Fig. 3A). Optogenetic labeling of 215 
dMSNs and iMSNs was achieved by expressing channelrhodopsin-2 (ChR2) selectively in dMSNs or 216 

Figure 2. Chemogenetic inhibition of iMSNs in the dorsomedial striatum mimics the effect of PPX in parkinsonian mice. (A) Left: 
Injection schematic. Right: Postmortem tissue showing mCherry expression in the DMS (red). (B) Experimental timeline. (C, D) Locomotor 
activity following IP injection of CNO in parkinsonian mice expressing mCherry (C, N = 8, D, N = 13; baseline vs. post-CNO, p = 0.02). (E, 
F) Percentage delayed/large reward choices by either mCherry or hM4Di-expressing mice at each delay during Pre (open circles) and post-
CNO injection (filled circles) sessions (E, N =10, p > 0.99 at all delays; F, N = 12, 0s: p = 0.61, 3s: p < 0.01, 6s: p = 0.11, 9s: p < 0.05). (G-I) 
K, A and AUC values from sessions before (Pre) and post-CNO administration in mice expressing mCherry or hM4Di (mCherry: N = 10, 
hM4Di: N = 12; G: mCherry, p = 0.63; hM4Di, p = 0.02; H: mCherry, p = 0.16; hM4Di, p = 0.10; I: mCherry, p = 0.43; hM4Di, p < 0.001). N, 
animals, all data presented as means ± SEMs.  
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iMSNs (using D1-Cre or A2a-Cre mice, respectively) 55,56 and recording light responses at the end of 217 
each session 24,57. We first determined whether dopamine loss caused changes in overall MSN activity, 218 
as the standard model predicts 22. We compared the firing rates of dMSNs and iMSNs in parkinsonian 219 
mice to those in healthy mice. The firing rates of DMS dMSNs and iMSNs in parkinsonian mice were 220 
very similar to those in control mice (Fig. 3B,C). These results indicate mild dopamine depletion does 221 
not markedly change overall MSN firing rates.  222 
 To determine how PPX affected striatal firing over time, each recording session included a 223 
baseline period (30 min), PPX (0.5 mg/kg) injection, then a 5 h post-injection period. As delay 224 
discounting was tested between 4 and 5 h post-injection, we focused on the change between baseline 225 
and 4-5h (shaded area). In healthy mice, PPX suppressed activity in both dMSNs and iMSNs 226 
immediately after injection. However, at 4-5 h post-injection, the average firing rates of both cell types 227 
returned to baseline levels (Fig. 3D,E). We classified all optically-identified units into three categories 228 

Figure 3. Pramipexole triggers bidirectional changes in striatal activity in parkinsonian mice. (A) Left: Schematic showing injection 
and optrode array implantation sites. Middle: Postmortem histology confirming the expression of ChR2-eYFP (green). Right: Recording 
sites verified by electrolytic lesions. (B, C) Average baseline firing rates of optogenetically labeled dMSNs (B) and iMSNs (C) in healthy and 
parkinsonian mice (B, Ctrl: [N = 3, n = 12] vs. Park: [N = 5, n = 24], p = 0.17; C, Ctrl: [N = 4, n = 10] vs. Park: [N = 4, n = 16], p = 0.70). (D-
G) The effect of pramipexole (PPX) on optogenetically labeled dMSNs (D, F) and iMSNs (E, G). The shaded area at 4-5 hours post-
injection represents the time of all behavioral experiments; firing rates were compared between baseline and this period (D: [N = 3, n = 12], 
p = 0.91; E: [N = 4, n = 10], p = 0.38; F: [N = 5, n = 24], p = 0.01; G: [N = 4, n = 16], p < 0.001). Insets: The proportion of optogenetically 
identified dMSNs and iMSNs whose firing rate increased, decreased, or had no response to PPX (D: increase: 15.4%, decrease: 15.4%, no 
change: 69.2%; E: increase: 10.0%, decrease: 30.0%, no change: 60.0%; F: increase: 58.3%, decrease: 16.7%, no change: 25.0%, p = 
0.01; G: increase: 0%, decrease: 72.7%, no change: 27.3%, p = 0.002). (H, I) Summary of normalized response of dMSN (H) and iMSN (I) 
firing rates to PPX (compared to baseline) in healthy and parkinsonian mice (same data as displayed in D-G). N, animals, n, cells. All data 
presented as means ± SEMs.  
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based on PPX-induced changes in firing rate between baseline and 4-5 h post-injection: ‘increase’, 229 
‘decrease’, and ‘no change’ (no significant difference) types. Responses in healthy mice were diverse: 230 
a small proportion of dMSNs were either inhibited or excited, but most dMSNs showed no change in 231 
firing rate. iMSNs showed similar variability (Fig. 3D,E, insets). In parkinsonian mice, however, PPX 232 
caused bidirectional changes in optically labeled MSN firing rates. PPX increased dMSN firing rates 233 
and decreased iMSN firing rates (Fig. 3F,G). Moreover, both dMSNs and iMSN from parkinsonian mice 234 
exhibited more pronounced changes in response to PPX than in healthy mice (Fig. 3H-K). This 235 
phenomenon is reflected in the larger percentage of ‘increase’ type dMSNs and ‘decrease” type iMSNs 236 
in parkinsonian compared to healthy mice (Fig. 3F, G insets). 237 
 Importantly, similar patterns were seen in the larger unlabeled MSN pool to those in the smaller 238 
optogenetically labeled pool (Fig. S4A-D). Given the potential variability in firing rates over prolonged 239 
recordings, in separate experiments we injected saline instead of PPX. Nearly all units showed no 240 
change in firing rates (Fig. S4E,F). These findings demonstrate that MSNs are indeed bidirectionally 241 
dysregulated by PPX in parkinsonian mice, indicating aberrant MSN activity is a potential driver for ICD.  242 
 243 
Impulsive decision-making develops over successive doses of pramipexole, in parallel with 244 
changes in striatal activity. 245 
 Chronic dopamine replacement therapies (levodopa and dopamine agonists), may cause 246 
involuntary movements and cognitive-behavioral dysfunction, highlighting plasticity at the behavioral 247 
level 58,59. At the cellular level, MSNs are highly dependent on the surrounding local circuitry to drive 248 
spiking activity 60. Striatal circuits are known to be regulated by dopamine on both acute and chronic 249 
timescales 23,53,61,62. Indeed, alterations in receptor expression, corticostriatal input, and local inhibitory 250 
connections have been reported in dopamine depleted animals undergoing dopamine replacement 251 
therapy 63-65. These forms of plasticity may cause an augmented response to dopamine over 252 
successive exposures, potentiating abnormal behaviors. In fact, chronic treatment with dopamine 253 
agonists result in more profound changes in behavior 8,66,67. To determine whether chronic PPX 254 
treatment exacerbated changes in delay discounting, we compared behavior across four PPX injection 255 
sessions (Fig. 4A). In healthy control mice, delay discounting remained consistent across sessions (Fig. 256 
4B,S5A). However, in parkinsonian mice, delay discounting changed over time: PPX injection induced a 257 
modest increase in impulsivity, which became more marked by the 4th session (Fig. 4C,S5B). Repeated 258 
PPX treatment resulted in larger changes in delay discounting behavior in parkinsonian mice. 259 
 To determine whether plasticity in the responses of MSNs to PPX might underlie this behavioral 260 
plasticity, we compared how MSN firing changed between the 1st and 4th PPX session. In control mice, 261 
the proportion of response types was consistent across injection days (Fig. 4D,S6A). However, in 262 
parkinsonian mice, the response types shifted over four sessions (Fig. 4E,S6B). Notably, ‘increase’ 263 
type MSNs showed more dramatic increases in firing rate in response to the 4th (versus 1st) PPX 264 
injection (Fig. 4F,S6C), while 'decrease' type MSNs responded similarly across sessions (Fig. 4G,S6D). 265 
Together, these findings indicate chronic PPX treatment leads to a higher proportion of excited MSNs, 266 
each of which has a more dramatic response (Fig. 4H,S6E). Conversely, the proportion of ‘decrease’ 267 
MSNs falls over PPX treatment (Fig. 4I,S6F). Together, these findings indicate that in parkinsonian 268 
animals, dopamine agonists lead to changes in striatal firing which may contribute to the development 269 
of ICD-like behavior.  270 
 271 
 272 
 273 
 274 
 275 
 276 
 277 
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 279 
 280 

Figure 4. Impulsive decision-making develops over successive doses of pramipexole, in parallel with changes in striatal 
activity. (A-C) In healthy control and parkinsonian mice, delay discounting behavior was measured in PPX-naïve mice (baseline) 
and across 4 PPX treatment sessions. (A) Experimental timeline. (B-C) Percentage of trials in which healthy control (B) and 

parkinsonian (C) mice chose the delayed/large reward across delays during baseline (open circles) and in the1
st
 and 4

th
 PPX 

session (filled circles) (Ctrl: N = 16, Park: N = 31; B, 1
st
 vs. 4

th
: p > 0.99 at all delays; C, 1

st
 vs. 4

th
: 0s: p = 0.47, 3s: p < 0.05, 6s: p > 

0.99, 9s: p < 0.05, for other comparisons, refer to statistical table). (D-E) Proportion of each response type during after the 1
st
 and 

4
th
 PPX session in control and parkinsonian mice (Ctrl: 1

st
 [N = 7, n = 80] vs. 4

th
 [N = 4 , n = 27], p = 0.11; Park: 1

st
 [N = 10, n = 105] 

vs. 4
th
 [N = 8, n = 75], p = 0.002). (F-G) Average firing rates before and after PPX among each response type in parkinsonian mice 

(F: 1
st
 [N = 6, n = 19] vs. 4

th
 [N = 7, n = 32], p = 0.02; G: 1

st
 [N = 9, n = 34] vs. 4

th
 [N = 5, n = 15], p = 0.89). (H-I) Heatmaps showing 

firing rates over time following PPX injection in parkinsonian mice. Responses during the 1
st
 PPX session are at left, the 4

th
 session 

at right, for neurons with an increase (H) or decrease (I) type response. Each row represents a single unit. N, animals, n, cells. All 
data presented as means ± SEMs.  
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 281 
DISCUSSION 282 
 Here, we established a mouse model of impulse control disorder (ICD) in Parkinson's disease 283 
(PD) and investigated the role of aberrant striatal activity in impulsive decision-making. We found that 284 
pramipexole (PPX), a widely used D2/3R agonist associated with high risk of ICD 4,5, induced impulsive 285 
decision-making in parkinsonian mice, as assessed by the delay discounting task. Inhibition of indirect 286 
pathway output was sufficient to cause impulsive decision-making, mimicking the effects of PPX. PPX 287 
caused bidirectional changes in iMSN/dMSN firing rates in parkinsonian mice, while having minimal 288 
effects in healthy mice. Chronic PPX treatment potentiated changes in striatal physiology and decision-289 
making behavior. Our study is the first to perform physiological recordings in a clinically-relevant mouse 290 
model of ICD, and to link a specific striatal pathway to ICD. 291 
 We found that in mildly parkinsonian mice, dopamine agonist treatment reproduced key clinical 292 
features of ICD. Significant motor deficits can create confounds in operant tasks, preventing accurate 293 
assessment of cognitive-behavioral phenotypes in mouse models of PD. To overcome this potential 294 
obstacle, we adapted a mouse model of PD with relatively restricted bilateral dopamine depletion, 295 
reminiscent of what is seen in early PD, when dopamine agonists are most likely to be employed. While 296 
this model showed mild motor deficits, animals could still learn and perform our task, and motivational 297 
metrics were comparable to those in control mice. Our model reflected key clinical features of PD/ICD, 298 
such as the increased risk in PD patients (versus healthy individuals) and the medication dependence 299 
of impulsive behavior 10-12. A key variable in our model was the dose of dopamine agonist. Prior work 300 
indicates higher doses D2/3R agonist have reinforcing properties even in intact animals 68,69. We 301 
calibrated the agonist to provide motor benefit while avoiding supratherapeutic dosing. Overall, we 302 
believe that the risk of ICD is associated with increased dopamine signaling in a vulnerable neural 303 
substrate, which would explain the differences between healthy and parkinsonian mice in their 304 
behavioral and physiological responses to PPX.  305 

We used delay discounting behavior as an assay of impulsive decision-making, as changes in 306 
delay discounting have been observed in people with PD/ICD 10-12. However, this assay reflects only 307 
one facet of ICD. ICD-related behaviors encompass motor impulsivity (impulsive actions) and decision 308 
impulsivity (impulsive choices) 70,71. Other tasks that might be used to capture other features of ICD 309 
include the 5-choice serial reaction time task, which assesses motor impulsivity 8, the probability 310 
discounting task, which evaluates risky choice 66, or rodent versions of the Iowa Gambling Task, which 311 
is abnormal in PD/ICD 72, and can mimic the salient sensory stimuli and rewards of a casino 73. 312 
 Altered delay discounting behavior can be driven by changes in how reward magnitude, time, 313 
and/or reward/delay tradeoffs are processed 74. As in previous studies, we used Herrnstein's hyperbolic 314 
model V = A/(1+KD to fit behavior 33,34,39. In this equation, 'D' represents the delay, and 'A' and 'K' 315 
factors reflect how mice perceive different reward sizes and delay durations, respectively. We found 316 
that PPX increased K value in parkinsonian mice, much as has been seen in PD patients with ICD 6,11,12. 317 
These findings suggest PPX-treated mice are more intolerant of waiting, even for a larger reward. 318 
Impulsivity also correlates with poor temporal discrimination in rats and humans 74,75. Interestingly, in a 319 
subset of parkinsonian mice, PPX also decreased A value, suggesting impaired processing of reward 320 
magnitude. While the small number of delay discounting studies in PD/ICD have not shown changes in 321 
the A value, other studies of impulsivity suggest reward magnitude discrimination is crucial in driving 322 
impulsive choice 41. We suspect this difference may be related to differences in human versus rodent 323 
delay discounting tasks or to the pattern of striatal dopamine depletion. We found that animals with 324 
greater dopaminergic denervation in the dorsomedial striatum (DMS) tended to have changes in A 325 
value in PPX-treated parkinsonian mice. These findings are in line with studies that indicate the DMS 326 
encodes reward magnitudes 45.  327 
 We found that chemogenetic inhibition of DMS iMSNs induced an ICD-like phenotype of more 328 
pronounced delay discounting. This observation is in line with evidence that the associative striatum 329 
(caudate nucleus in primates, or DMS in rodents) plays a significant role in mediating impulsive 330 
decision-making, including pharmacological and electrophysiological studies linking this region to delay 331 
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discounting and decision-making in healthy animals 13,15,76. It is also consistent with the pharmacology 332 
of PPX and iMSNs. PPX would be predicted to reduce indirect pathway output, while disinhibiting direct 333 
pathway activity via local inhibitory collaterals 77. Prior work has demonstrated that D2/3R agonists 334 
increase activity in the globus pallidus (GP), and decrease activity in the substantia nigra reticulata (SNr) 335 
in monkeys 78,79. Chemogenetic inhibition of iMSNs may mimic some effects of PPX, leading to 336 
impulsive decision-making. However, there were differences in the behavioral effects of chemogenetic 337 
manipulation of iMSNs and PPX. In parkinsonian mice, PPX decreased A and increased K values; 338 
chemogenetic inhibition only increased K values. This discrepancy may be explained by the effects of 339 
PPX outside iMSNs and/or the striatum, including through D2Rs on frontal cortical neurons (and their 340 
terminals in the striatum) critical for decision-making 52,80,81. Alternatively, differences may arise from the 341 
action of PPX on D3Rs, which colocalize with D1Rs in the ventral striatum 82, but whose expression is 342 
increased in the dorsal striatum in parkinsonian animals treated with dopamine replacement therapy 65.  343 
 We found that the dopamine agonist PPX induced changes in striatal activity in parkinsonian 344 
mice, providing a potential substrate for ICD-like behavior. This dysregulation is likely to arise from the 345 
interaction of PPX with the chronically dopamine-depleted striatum. Previous work has identified many 346 
alterations to striatal signaling molecules and physiological properties in people with PD and animal 347 
models of PD 83,84. These alterations include upregulation of D2Rs 85,86, which may explain the more 348 
pronounced suppression of iMSN firing in parkinsonian mice. dMSN sensitivity to PPX could be 349 
mediated by suppression of collateral inhibition on both acute and chronic timescales 87. In healthy mice, 350 
striatal activity encodes key aspects of delay discounting behavior, including reward size and elapsed 351 
waiting time 16,18,45. PPX disrupted striatal activity in our mouse model of PD/ICD, which may enhance 352 
the perceived value of immediate rewards and/or impair learning from waiting time, biasing animals 353 
towards immediate/small rewards. Future studies of striatal activity during behavioral tasks in the 354 
PD/ICD model may reveal the precise mechanisms by which PPX alters decision-making. We also 355 
found that over multiple doses, behavioral and physiological responses to PPX potentiated. This may 356 
relate to additional adaptations in striatal circuitry, as have been seen with repeated dopaminergic 357 
treatments in animal models of psychostimulant sensitization, chronic PPX treatment 88-90, or levodopa-358 
induced dyskinesia 65.  359 
 Together, our results suggest a key potential mechanism for impulsive decision-making in ICD: 360 
dysregulated dMSN and iMSN activity in parkinsonian animals treated with dopamine agonist 361 
medication. This insight could inform the use of dopamine replacement therapy with a goal of 362 
preventing or ameliorating ICD.  363 
 364 
 365 
Data Availability: Datasets are available at https://doi.org/10.5281/zenodo.10703094. Detailed 366 
protocols and analysis code are listed within 'METHOD DETAILS' section.  367 
 368 
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