S

S,

UNIVERSITA DI SIENA 1240 U

Uy

, s
Pyt

The steroidogenic inhibitor finasteride reverses pramipexole-induced alterations
in probability discounting

This is a pre print version of the following article:
Original:

Floris, G., Scheggqi, S., Pes, R., Bortolato, M. (2022). The steroidogenic inhibitor finasteride reverses
pramipexole-induced alterations in probability discounting. BRAIN RESEARCH BULLETIN, 181, 157-166
[10.1016/j.brainresbull.2022.01.020].

Availability:
This version is availablehttp://hdl.handle.net/11365/1191023 since 2022-03-01T08:06:41Z

Published:
DOI:10.1016/j.brainresbull.2022.01.020
Terms of use:

Open Access

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. Works made available under a Creative Commons license can be used according to the terms and
conditions of said license.

For all terms of use and more information see the publisher's website.

(Article begins on next page)

27 December 2024




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Res Bull. Author manuscript; available in PMC 2023 April 01.

-, HHS Public Access
«

Published in final edited form as:
Brain Res Bull. 2022 April ; 181: 157-166. doi:10.1016/j.brainresbull.2022.01.020.

The steroidogenic inhibitor finasteride reverses pramipexole-
induced alterations in probability discounting

Gabriele Florisl”, Simona Scheggil?*, Romina Pes?3, Marco Bortolatol:3

1Dept. of Pharmacology and Toxicology, College of Pharmacy, University of Utah, Salt Lake City
(UT), USA

2Dept. of Molecular and Developmental Medicine, School of Medicine, University of Siena, ITALY

3Dept. of Pharmacology and Toxicology, School of Pharmacy, University of Kansas, Lawrence
(KS), USA

Abstract

Pramipexole is a potent agonist of D3 and D, dopamine receptors, currently approved for

clinical use in Parkinson’s disease (PD) and restless leg syndrome. Several studies have shown
that pramipexole significantly increases the risk of pathological gambling and impulse-control
disorders. While these iatrogenic complications can impose a severe social and financial

burden, their treatment poses serious clinical challenges. Our group previously reported that

the steroidogenic inhibitor finasteride reduced pathological gambling severity in PD patients

who developed this complication following pramipexole treatment. To study the mechanisms
underlying these effects, here we tested the impact of finasteride in a rat model of pramipexole-
induced alterations of probability discounting. We previously showed that, in rats exposed to

low doses of the monoamine-depleting agent reserpine (1 mg/kg/day, SC), pramipexole (0.3
mg/kg/day, SC) increased the propensity to engage in disadvantageous choices. This effect was
paralleled by a marked D3 receptor upregulation in the nucleus accumbens. First, we tested how
finasteride (25-50 mg/kg, IP) intrinsically affects probability discounting. While the highest dose
of finasteride produced a marked lack of interest in lever pressing (manifested as a significant
increase in omissions), the 25 mg/kg (IP) dose did not intrinsically modify probability discounting.
However, this finasteride regimen significantly reduced the adverse effects of reserpine and
pramipexole in probability discounting by diminishing rats’ propensity to engage in highly
disadvantageous probabilistic choices. The same regimen also reversed the upregulation of D3
receptors in the nucleus accumbens induced by reserpine and pramipexole. These findings confirm
that finasteride opposes the impulsivity caused by pramipexole and suggest that this effect may be
underpinned by a normalizing effect on D3 receptor expression in the nucleus accumbens.
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1. INTRODUCTION

Pramipexole (pramipexole) is a potent non-ergot dopaminergic agonist with high selectivity
for D3 and, to a lesser extent, D, receptors (Mierau et al., 1995). This drug is currently
approved to manage motor symptoms in Parkinson’s disease (PD) (Lieberman et al.,

1997; Montplaisir et al., 1999). Over the past decade, cogent evidence has documented

that a subset of patients treated with pramipexole develops pathological gambling (Driver-
Dunckley et al., 2003; Dodd et al., 2005; Etminan et al., 2017) as well as impulse-

control disorders, such as compulsive shopping and hypersexuality (Weintraub et al., 2006;
Weintraub et al., 2010; Moore et al., 2014).

Impulse-control disorders often compound the severe social and financial burden
experienced by PD patients (Weintraub et al., 2010). Making matters worse, the
management of these conditions often poses serious clinical challenges. The best-validated
therapeutic strategy for these problems is the dose reduction or discontinuation of
pramipexole (Grall-Bronnec et al., 2018). However, the taper of these drugs often leads

to a dopamine agonist withdrawal syndrome, characterized by anxiety, panic attacks,
diaphoresis, fatigue, dysphoria, and depression, which cause significant distress and
impair functioning and are often refractory to other dopamine replacement therapy agents
(Nirenberg, 2013). Additionally, pramipexole discontinuation is not always successful in
alleviating impulse-control disorders and can exacerbate PD motor symptoms (Nirenberg,
2013; Vilas et al., 2012). Unfortunately, no FDA-approved alternative treatments are
currently available for these patients, underscoring the need for novel therapies to prevent
iatrogenic impulse-control disorders or mitigate their severity. This background highlights
the urgent need for novel, effective treatments for pramipexole-induced impulse-control
disorders.

We previously developed a novel rat probability-discounting task that can specifically
capture the reactivity to highly disadvantageous choices (Pes et al., 2017). Using this
paradigm, we found that pramipexole caused a very mild increase in the discounting of
probabilistic losses (Pes et al., 2017). These effects, however, were markedly magnified

by concomitant treatment with the monoamine-depleting drug reserpine at low daily doses
that did not intrinsically affect locomotor and operant behavior. In these conditions, the
effects of pramipexole on presynaptic receptors were ablated by reserpine, suggesting that
pramipexole alters probability discounting via activation of postsynaptic dopamine receptors
(Pes et al., 2017). Notably, we found that the combination of reserpine and pramipexole
elevated the expression of D3, but not D,, receptors in the nucleus accumbens (NAc) (Orru
et al., 2020); however, neither D, nor D3 antagonists were able to reverse the increase in
probability discounting in rats subjected to this treatment (Orru et al., 2020).

We previously documented that the steroidogenesis inhibitor finasteride (N-(2-methyl-2-
propyl)-3-oxo0-4-aza-5a-androst-1-ene-17p carboxamide) markedly reduced the severity
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of gambling disorder in two PD patients (Bortolato et al., 2012). This drug is the
prototypical inhibitor of the enzyme 5a-reductase (5a.R), which catalyzes the saturation

of the 4,5-double bond of the A ring of ketosteroids, such as testosterone, progesterone, and
deoxycorticosterone. finasteride is approved to treat benign prostatic hyperplasia and male-
pattern baldness (Paba et al., 2011). These therapeutic effects reflect the best-characterized
mechanism of action of finasteride, namely the inhibition of the conversion of testosterone
into dihydrotestosterone. We recently documented that finasteride reduces impulsivity
(Godar et al., 2019a) and opioid-seeking behavior (Bossé et al., 2020). Furthermore,
previous studies from our group documented that this drug elicits antidopaminergic effects,
even though it does not bind to dopamine receptors (Bortolato et al., 2008; Devoto et al.,
2012; Frau et al., 2016).

Building on these premises, the present study aimed to assess whether finasteride may
oppose the enhancement in probability discounting and upregulation of accumbal D3
receptors caused by the combination of reserpine and pramipexole.

2. MATERIALS AND METHODS

2.1 Animals.

2.2 Drugs.

Three-month-old male Long-Evans rats (Charles River, Wilmington, MA, USA) were
single-housed within rooms maintained at 22 + 2 °C and 60% humidity, on an inverted 12/12
h light/dark cycle (lights on at 7:00 PM). Following acclimation to the housing facilities,
animals were handled daily for 5 min, and underwent a food-restriction regimen, which kept
them at 85-90% of their free-feeding weight throughout the study. Experimental procedures
began on the eighth day of food restriction. Behavioral measurements were carried out and
analyzed by trained experimenters in a blinded fashion. All experimental procedures were
compliant with the NIH guidelines and approved by the IACUC of the University of Utah.

pramipexole (Accela Biochem, San Diego, CA, USA) was dissolved in saline (1 ml/kg) and
administered 30 min prior to behavioral testing at the dose of 0.3 mg/kg/day (SC). reserpine
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline (1 ml/kg) and administered
daily (1 mg/kg/day, SC) 22 h before behavioral testing. finasteride (Carbosynth Limited,
Compton, UK) was suspended in a vehicle solution containing 5% DMSO, 5% Tween80,
and 90% sterile saline (0.9% NacCl) and administered at 25-50 mg/kg/day, IP, one hour
before testing. Doses were based on our previous studies (Pes et al., 2017; Bossé et al.,
2020).

2.3 Probability discounting.

Studies were based on a modified version of the probability-discounting protocol described
by Pes et al (2017), optimized to study reactivity to winning probabilities (WPs) ranging
from advantageous to extremely disadvantageous. Animals (n=64) were tested daily between
10 AM and 4 PM, for 7 days/week, in operant chambers (31 x 21 x 24 cm; Med Associates,
St. Albans, VT, USA), enclosed in sound-attenuating cabinets. Each chamber contained

a central food receptacle from which food pellets were dispensed (45 mg; Bioserve,
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Frenchtown, NJ, USA), as well as one permanent lever (in the center) and two retractable
levers (one on each side). Each chamber was also equipped with a fan, a house light and
stimulus lights located above each lever. All behavioral data were recorded on a PC, using
custom software (Med-PC 1V, Med Associates). Training included five distinct phases:

Phase 1. Acclimation. Rats were first acclimated to the operant chambers and
trained to retrieve food pellets from the dispenser in a single 30-min session,
during which pellets were delivered at a variable rate averaging one/min.

Phase 2. Fixed-ratio (FR) reinforcement. Next, each animal was trained to
press the center lever within a 30-s time allotment, using a FR1 schedule

of reinforcement for 50 trials. During this training, the side levers remained
retracted. The FR value was gradually increased to 5, while the time allotment
for each lever press was reduced to 10 s. All animals completed center-lever
training within 5 sessions.

Phase 3. Discrete trials. In this stage, rats were trained to perform a single side
lever press following 5 center lever presses. A single press on a side lever within
the allotted time (30 s to start and gradually reduced to 10 s) resulted in the
delivery of one food pellet. Whenever the animal failed to press a lever within
the allotted time, the lever retracted, the house light turned off without food
delivery, and the trial was scored as an omission. Each side lever was presented
25 times per session, and the order of side lever presentations was randomized
across the session. Trials were separated by a 5-s intertrial interval. Rats that
completed 50 successful trials/session over two consecutive sessions proceeded
to the next phase.

Phase 4. Lever discrimination training. Throughout this phase, animals were
trained to associate each of the two side levers with the assignment of either 1

or 2 pellets. Sessions consisted of 4 blocks of 20 trials (4 forced-choice trials
followed by 16 free-choice trials). The algorithm of each training session is
shown in Fig. 1. Each trial began with the activation of the house light, and

rats were required to engage in five center lever presses in order to proceed to
the forced-choice or free-choice (as appropriate) portion of the trial. During the
first 4 trials of each block (forced-choice), animals were presented with only

one of the two levers, associated with either 1 or 2 food pellets (dispensed upon
every lever press, to consolidate the association of each lever with its respective
reward value). During the remaining 16 trials (free-choice), both side levers were
presented to the rat (Fig. 2A). Once a side lever was pressed, both side levers
retracted, the appropriate reward (or lack thereof) was dispensed, and lights
were turned off to signal the end of the trial. After each trial, the house light

was extinguished for 15 seconds before the beginning of a new trial. The two
different reward sizes were associated with each lever in a counterbalanced order,
which remained consistent throughout the whole study. Rats proceeded to the
next phase after selecting the two-pellet lever on >85% of the trials for each
block over two consecutive sessions. Animals that did not reach this criterion
were omitted from the study. On average, the preference for the two-pellet lever
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reached full stability on day 15 of this phase and ranged between 83.7% and
91.2%.

. Phase 5. Probability discounting task. In this phase, rats performed the same
task as in Phase 4, but the two-pellet lever delivered its associated reward in
a “probabilistic’ fashion. Probabilities were associated with WPs at 50%, 25%,
12.5% and 6.25% for each block and presented in a descending fashion (Fig.
2B). Conversely, the selection of the one-pellet lever (termed “certain’ from
now on, to be distinguished from its “probabilistic’ alternative) always resulted
in a single pellet reward after every press. Risk propensity was measured by
a probabilistic choice index, defined as the ratio of free-choice probabilistic
lever selections over the total number of free-choice trials for each WP block.
Lever-press latency and number of trial omissions were also monitored; the
latter parameter, however, was consistently <1/trial throughout the whole study,
irrespective of treatments.

The analysis of rat behavior was complemented by analyses of the following parameters:

. probability discrimination index; calculated as the within-session differences
between the probabilistic choice at 50% and 6.25% WP;

. win-stay ratio, calculated as the number of ‘wins’ in each block (excluding the
last two blocks, in which rats experienced primarily losses) followed by the
selection of the probabilistic lever / Total number of ‘wins’;

. lose-switch ratio, calculated as the number of ‘losses’ in each block (excluding
the first, in which no losses could occur) followed by the selection of the
‘certain’ lever / Total number of ‘losses’;

Throughout the probability discounting task, different drug treatments were initiated when
rats reached a stable baseline of behavior. Stability was analyzed using a one-way ANOVA
for repeated measures using WPs and testing days as within-subject factors. Stability was
achieved when the analysis of the probabilistic choice index revealed that a main effect
(P<0.05) for winning probabilities was not accompanied by significant effects for testing
days.

In the first experiment (n=48), Phase 5 lasted 20 days. In the first 16 days, rats were
trained on the probability discounting task. In the following 4 days, rats were subjected

to finasteride treatment (25-50 mg/kg/day, IP). Rats were divided into three groups (n=16/
group) to test the effects of different finasteride doses on probability discounting in
comparison with its vehicle (n=12/group) for 4 days.

The second experiment (n=64) was aimed at studying the effects of the highest dose

of finasteride that did not intrinsically impair probability discounting (25 mg/kg, IP) on
the alterations of probability-discounting induced by the combination of reserpine and
pramipexole. Our analysis was limited to this co-treatment, since our previous results (Pes
et al., 2017) showed that the effects of pramipexole alone produced had very limited size
(12 <0.20); preliminary power analyses estimated that, under similar circumstances, any
significant reduction of pramipexole-mediated effect could only detectable with extremely
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large groups (n>45 rats/group). Phase 5 lasted 30 days (Fig. 2C). The first 18 days were
used for probability-discounting. In the following 12 days, rats were subjected to several
pharmacological treatments. All animals were treated with reserpine (from day 19 onwards);
on day 23, rats were subjected to into two groups (n=32) by simple randomization. Average
probabilistic choices for each group (calculated using the mean values of all 5 WP blocks
for each rat) were found to be equivalent by two one-sided tests (TOST; Schuirmann,
1987), with a lower and upper bound of 5% change considered to reflect significant
differences (Ps< 0.001). Each group was randomly assigned to daily injections of either
pramipexole or its vehicle. In conformity with our previous results (Pes et al., 2017), rats
reached stability on day 26 (see below). From day 27 onward, we treated two groups with
either finasteride (25 mg/kg, IP) or its vehicle. Treatment was continued for 4 days, when
behavioral performance reached stability.

2.4. Western blot.

On the last day of the second experiment, 60 min after pramipexole and finasteride injection,
rats were sacrificed, and their NAc and caudate-putamen (CPu) were harvested. For crude
synaptosomal fractions, samples were weighed and homogenized on ice by using a glass-
Teflon tissue grinder in homogenization buffer containing 10 mM Tris-HCI pH 7.4, 5 mM
EDTA, 320 mM sucrose, protease and phosphatase inhibitor cocktail. Homogenates were
centrifuged at 500 x g for 10 min at 4°C to precipitate nuclei; supernatant fraction was
collected and centrifuged at 20,000 x g for 30 min at 4°C. The resulting pellet (P2) was
solubilized in Cell Lysis Buffer (Cell Signaling, Frankfurt, Germany) supplemented with
protease and phosphatase inhibitor cocktail. Small aliquots of the homogenate were used
for protein determination by a modified Lowry protein assay method (DC protein assay,
Bio-Rad Laboratories, Hercules, CA, USA).

Western blotting was performed as previously described (Godar et al., 2019b), with slight
modifications. Equal amounts of proteins (30 pg) were separated on a 4-15% Criterion
TGX Stain free Precast Gel (Bio-Rad Laboratories) by electrophoresis and transferred

to a polyvinylidene difluoride membrane using the Trans-Blot Turbo Transfer system
(Bio-Rad Laboratories). Membranes were probed for total protein content using the stain
free capabilities of the Criterion Stain Free gels and the ChemiDoc Touch system (Bio-
Rad Laboratories). Membranes were then blocked with 3% BSA (Sigma-Aldrich) in TRIS-
buffered saline supplemented with 0.1% Tween 20 for 2 h at room temperature and then
incubated overnight with primary antibodies at 4 °C. Primary antibodies used in this

study include the following: anti-D, dopamine receptor (ab130295, Abcam, Cambridge,
UK); anti-D3 dopamine receptor (Abcam, ab142114); anti-p actin (Sigma-Aldrich). After
washing, membranes were incubated with HRP-conjugated secondary antibodies. Antibody
binding was detected using Clarity ECL substrate (Bio-Rad Laboratories) and proteins
were analyzed by the ChemiDoc Touch system and the Image Lab software (Bio-Rad
Laboratories). Samples from each treatment group were immunoblotted and analyzed
together. To control for equal loading, blots incubated with antibodies against dopamine D3
and D, receptors were stripped and re-probed using anti f-actin. Bands were quantified in
arbitrary units and normalized using the software Image Lab (Bio-Rad Laboratories) using
B-actin as loading controls.
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2.5 Data analyses.

Normality and homoscedasticity were preliminarily verified using Kolmogorov-Smirnov and
Bartlett’s tests. Data were analyzed with one, two- or three-way ANOVAs, followed by
Tukey’s test for post-hoc comparisons. Significance threshold was set at 0.05.

3. RESULTS
3.1 Probability discounting.

In the first experiment, rats displayed significant differences across various WP blocks on
day 4 of Phase 5 (P<0.01). Post-hoc analyses indicated significant reductions in probabilistic
choice between all blocks (Ps<0.05) compared to the 50% WP block. Throughout Phase

5, the probability curve became progressively steeper and reached stability on day 16.
Post-hoc analyses indicated significant differences in probabilistic choice between all blocks
(Ps<0.001). The behavioral effects of the 50 mg/kg dose of finasteride could not be
evaluated since this dose caused a significant increase in omissions (with most animals
omitting > 50% of the choices; data not shown). In contrast, the analysis of the effects of
finasteride (Fig. 3A) at the dose of 25 mg/kg showed that this regimen did not cause any
significant increase in lever-press omissions. While a significant effect for the interaction of
treatment and WP block [F(3,90)=3.93, P=0.01, n% 0.12] was found, post-hoc comparisons
revealed that finasteride did not alter the probabilistic choice at any WP block. The analysis
of the probability differential index revealed that finasteride significantly reduced this
parameter [F(1,30)=12.95, P=0.001] (Fig. 3B), pointing to a possible effect of finasteride on
choice discrimination. Even so, finasteride failed to modify either the loss-switch [Fig. 3C;
treatment x WP block interaction: F(3,90)=2.00, NS] or win-stay ratios [Fig. 3D; treatment x
WP block interaction: F(1,30)=2.21, NS].

Building on these results, we next tested the effects of finasteride (25 mg/kg, IP) on the
effects of pramipexole and reserpine (Fig. 4) using a different set of rats. The effects

of finasteride were analyzed by a 3-way, repeated measure ANOVA design, and revealed
that pramipexole significantly altered probability discounting [Fig. 4A: pramipexole x
block interaction: F(3,180)=23.22, P<0.0000001; n2: 0.28] at the 25% (P<0.001), 12.5%
(P<0.001), and 6.25% (P<0.0001) WP blocks. Conversely, while finasteride did not
intrinsically affect probability discounting [finasteride x block interaction: F(3,180)=0.47,
NS; n2: 0.01], it significantly opposed the effects of pramipexole in the 6.25% WP block
[pramipexole x finasteride x block interaction: F(3,180)=8.63, P<0.0001; nZ: 0.13; post-
hoc for comparisons between pramipexole-vehicle and pramipexole-finasteride at 6.25%
WP: P=0.02]. The analysis of the differential index confirmed that pramipexole markedly
reduced this index [Fig. 4B; F(1,60)=34.63, % 0.37; P<0.00001]. However, while a
significant interaction between finasteride and pramipexole was found [F(1,60)=12.85,

n2: 0.18; P<0.001], post-hoc comparisons revealed only a marginal statistical trend for

the comparison between vehicle-pramipexole and finasteride-pramipexole (P=0.10). The
analysis of the lose-switch ratio showed that pramipexole significantly altered this index
[Fig. 4C: pramipexole x block interaction: F(3,180)=6.54, P<0.001; n)2: 0.10] at the 6.25%
(P<0.01) WP block. finasteride did not intrinsically affect this index [finasteride x block
interaction: F(3,180)=1.32, NS; 1% 0.02], but marginally opposed the effects of pramipexole
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in the 6.25% WP block [pramipexole x finasteride x block interaction: F(3,180)=3.64,
P=0.01; n2: 0.06; post-hoc for comparisons between pramipexole-vehicle and pramipexole-
finasteride at 6.25% WP: P=0.07]. Finally, finasteride, pramipexole, and their interaction
failed to modify the win-stay ratio (Fig. 4D) [pramipexole x finasteride x block interaction:
F(1,60)=2.30, NS].

3.2 Western blotting.

Our previous results showed that animals treated with the combination of reserpine and
pramipexole altered probability discounting in relation to disadvantageous options and a
significant increase in D3 receptors selectively in the NAc (Orru et al., 2020). Thus, we
investigated whether the effect of finasteride on probability discounting was associated with
modifications in D3 receptor expression in striatal areas. Western blot analysis of dopamine
D3 receptors in synaptosomal fractions of NAc revealed that the combination of reserpine
and pramipexole led to a selective upregulation of D3 receptor membrane expression in the
NAc, as previously demonstrated (Fig.5A). Strikingly, finasteride countered this D3 receptor
upregulation, reducing the membrane expression of these proteins in the NAc [F(2,19)=
4.48, P = 0.02] (Fig. 5A). Conversely, no effect of finasteride was observed on D, receptor
[F(2,19)= 0.11, NS] (Fig. 5B). In the CPu, no effects of finasteride were observed on the
expression of either D3 [F(2,19)= 0.02, NS] (Fig. 5C) or D5 receptors [F(2,19)= 0.70, NS]
(Fig. 5D).

4. DISCUSSION

The main result of this study is that the steroidogenic inhibitor finasteride effectively
counters the probability-discounting alterations produced by pramipexole in rats pre-
exposed to a mild reserpine treatment. This finding extends previous evidence showing

that finasteride exerts anti-impulsive properties across a wide range of several behavioral
paradigms, ranging from delay discounting (Godar et al., 2019a) to the wire-beam bridge
(Godar et al., 2019a), a paradigm specifically designed by our group to measure risk-taking
and venturesomeness (Bortolato et al., 2009; Festucci et al., 2021). Given that finasteride

is approved for clinical use, these results collectively suggest that this drug may elicit
therapeutic effects across various constructs of impulsivity and be a valuable treatment

for multiple impulse-control disorders (both iatrogenic and idiopathic) or other disorders
characterized by poor impulse control. From this perspective, it is worth mentioning that the
results of this study resonate with our previous clinical observations on finasteride’s efficacy
in reducing the severity of pathological gambling in PD patients treated with pramipexole
and other dopamine-replacement drugs (Bortolato et al., 2012). Indeed, shallow probability
discounting is a distinctive psychological feature of pathological gamblers (Madden et al.,
2009; Miedl et al., 2012; Kyonka and Schutte, 2018). Notably, finasteride reduced the
pathological gambling elicited by relatively low doses of pramipexole (1.4-2.1 mg/d); in line
with these results, our protocol showed that this steroidogenic inhibitor worked on relatively
low doses of pramipexole, which were sufficient to alter probability discounting without
compromising the overall behavioral performance of the animals; indeed, in preliminary
studies, we found that higher doses of pramipexole (= 2 mg/kg/day) dramatically reduced
the engagement of rats in the task itself, irrespective of reserpine co-treatment.
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As previously reviewed (Frau and Bortolato, 2019), the opportunity of repurposing
finasteride as a potential therapy for iatrogenic complications caused by dopamine-
replacement treatments in PD is particularly intriguing, also given our recent discovery

that this drug and other 5a.R inhibitors reduce the severity of levodopa-induced dyskinesias
in rodent models (Frau et al., 2017a; Fanni et al., 2019) and counter the behavioral effects
of dopaminergic agonists without causing extrapyramidal motor effects (Bortolato et al.,
2008; Devoto et al., 2012; Frau et al., 2013; Frau et al., 2016). Given the high incidence

of impulse-control disorders in PD patients with levodopa-induced dyskinesias (Biundo

et al., 2017), these data point to the possibility that finasteride and similar drugs may

reduce the severity of some adverse motor and behavioral outcomes caused by dopaminergic
medications in PD. This avenue is quite appealing, given that available strategies for

these iatrogenic problems are minimal. For example, preliminary pharmacoepidemiologic
analyses suggest that pramipexole-associated gambling and impulse-control disorders are
not susceptible to the therapeutic effects of the primary drugs used for idiopathic gambling
(such as glutamatergic modulators and selective serotonin reuptake inhibitors) (Jeon

and Bortolato, 2020). Furthermore, the paucity of available treatments for pramipexole-
associated impulse-control disorders is further underscored by our recent finding that neither
D, nor D3 receptor antagonists had significantly ameliorative effects on the adverse effects
of pramipexole in the same rat model used in this study (Orru et al., 2020). Future

studies are warranted to verify whether finasteride or other 5a.R inhibitors may be viable
strategies to reduce the adverse events of dopaminergic therapies in PD. Although the safety
profile of finasteride has generally been regarded as satisfactory for many patients, any
potential therapeutic development of this drug as a treatment for iatrogenic problems in

PD should be pursued with extreme caution, given that recent evidence has shown that

this drug increases the risk of depression and suicidality (Rahimi-Ardabili et al., 2006;
Irwig, 2012; Traish et al., 2015; Nguyen et al., 2021, Ali et al., 2015). In some patients,
these symptoms persist even after the discontinuation of finasteride therapy (Ganzer et al.,
2015; Gray and Semla, 2019; Diviccaro et al., 2019). Related to this issue, we should note
that the 50 mg/kg dose of finasteride led to a dramatic reduction in the rats’ engagement
with lever pressing - an “amotivational response” that has been documented in response

to depressogenic manipulations in rodents (Dieterich et al., 2019; 2021). This finding is

in keeping with our previous observation of a generalized reduction of locomotor and
exploratory activity, as well as depression-like reactions in finasteride-treated rats (Bortolato
et al., 2008; Godar et al., 2019a). Given that PD patients have a relatively high incidence of
depression (Cummings, 1992) and that mood disorders are highly associated with gambling
and impulsive-compulsive behaviors in this clinical population (Santos-Garcia et al., 2021),
these results advocate for extreme caution in the therapeutic use of finasteride in these
patients. That said, in our own clinical experience, several male patients with PD are
typically treated with finasteride other 5aR inhibitors for concomitant prostate problems;
thus, the adverse outcome of these drugs may only refer to a subset of vulnerable subjects.

As previously shown (Pes et al., 2017; Orru et al., 2020), the association of reserpine

and pramipexole increased the tendency of rats to overvalue reinforcement with lower
probabilistic odds (25%, 12.5%, and 6.25%). These data align with the indication that
pramipexole exaggerates the affective response to rewards in humans (Ye et al., 2011).
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Like in our previous studies (Orru et al., 2020), pramipexole decreased the discrimination
index, suggesting that this drug reduces the ability to discriminate between different options
associated with varying levels of advantage. In line with these findings, pramipexole has
been shown to make rats more indifferent to alternative options, irrespective of temporal
delays (Madden et al., 2010). Interestingly, while the 25 mg/kg dose of finasteride
significantly opposed the effects of pramipexole on the 6.25% choice, this reversal was
only partial, potentially reflecting the adverse impact of finasteride on the discrimination
index.

In keeping with our previous findings (Orru et al., 2020), the combination of reserpine and
pramipexole led to a selective up-regulation of D3 receptor membrane expression in the
NAc. Strikingly, finasteride countered this upregulation; given pramipexole is a potent D3
receptor agonist, the mechanism of finasteride is likely to be based on the downregulation of
the main target of this drug. These findings are in accord with previous data from our group,
showing that this steroidogenic inhibitor blocks some of the phenotypic effects of selective
D3 receptor agonists (Frau et al., 2016). The idea that finasteride reversed the changes in
probability discounting caused by pramipexole in RES-treated rats appears to suggest that
D3 receptor activation may be the principal mechanism accounting for the adverse effects of
this drug on impulsivity (Seeman, 2015). In support of this notion, the nucleus accumbens
has one of the highest densities of D3 receptors in the brain (Murray et al., 1994). That

said, our previous data do not support the direct involvement of D3 receptors in the effects
of pramipexole, given that their antagonism did not reverse the effects of pramipexole on
probability discounting (Orru et al., 2020). Furthermore, our previous data (Pes et al., 2017)
showed that presynaptic mechanisms are not likely implicated in the molecular processes
whereby pramipexole affects probabilistic choice, likely suggesting that this dopaminergic
agonist enhances impulsivity via activation of either post- or extrasynaptic D3 receptors.

Several limitations of the present study should be acknowledged. First, our results

cannot explain the mechanisms whereby finasteride opposes the effects of pramipexole

in probability discounting and reduces the membrane expression of D3 receptors. As
mentioned above, finasteride inhibits 5a.R, the enzyme catalyzing the rate-limiting step of
the biosynthesis of many neurosteroids, including allopregnanolone (AP), a critical regulator
of the stress response. Our previous work has shown that finasteride treatment leads to

the accumulation of steroid precursors, such as pregnenolone and progesterone, and a
reduction of the synthesis of AP (Frau et al., 2015; Frau et al., 2017b). Our behavioral
studies suggest that both these mechanisms may contribute to the effects of finasteride.
For example, previous work in our lab has shown that AP can partially counter some of
the behavioral effects induced by sleep deprivation (Frau et al., 2017b). In line with this
idea, we have shown that AP and finasteride have opposite effects in animal models of
neuropsychiatric conditions, such as Tourette syndrome (Mosher et al., 2017). At the same
time, our recent results on the effects of finasteride in opioid self-administration suggest
that these therapeutic outcomes may reflect the elevation of steroid precursors, such as
pregnenolone and dehydroepiandrosterone (DHEA) (Bossé et al., 2020). It is likely that
some of the modifications of the steroid profile induced by finasteride may affect the
expression of D3 receptors. For example, testosterone (whose metabolism is decreased by
finasteride) has been shown to reduce D3 receptor transcript levels in the striatum of male
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rats (Purves-Tyson et al., 2014). Alternatively, DHEA and pregnanolone may reduce D3
receptor expression by binding to microtubule-associated proteins (Murakami et al., 2000;
Laurine et al., 2003) and dysregulate cytoskeletal functions and intracellular trafficking of
D3 receptors.

Another critical limitation of the present study is that all experiments were exclusively

run using male rats. While this design was informed by the male preponderance of
PD-associated gambling (Weintraub et al., 2006) and the exclusive clinical approval of
finasteride for male patients, it should be noted that off-label use of this drug has been
studied for several conditions, including hirsutism and female-pattern hair loss (Venturoli

et al.,1999; Bayram et al., 2003; Won et al., 2018; lamsumang et al., 2020; Hu et al.,

2019). Thus, future studies will be needed to verify whether the same behavioral effects
may be present in female rats. By the same token, while reserpine has been used as a
pharmacological model of PD (Ledo et al., 2015), the effects of finasteride should be
verified in complementary models of gambling-like activity associated with lesional models
of PD. For example, Rokosik and Napier (2012) studied the effects of pramipexole on
probability discounting in a model of nigrostriatal lesions induced by bilateral injections of
6-hydroxydopamine in the dorsal striatum. Given the motoric impairments associated with
this model, the authors had to use intracranial self-stimulation as the positive reinforcer. A
possible limitation of this model is that the dose regimen of pramipexole needed to rescue
motor functions (2 mg/kg) is significantly higher than those used in our study and thus
non-specifically activate not just D3, but also D, receptors. The other key problem with the
use of lesional models of PD in operant protocols is the lack of available controls treated
with vehicle, given the reliance of these paradigms on motor skills (for lever pressing etc.).
That said, rat models of 6-hydroxydopamine bilateral lesion of the posterior ventral temporal
area have been shown to lead to increased preference for pramipexole and the D3 receptor
selective agonist PD128907 (Ouachikh et al., 2013). Testing our model in these rats (which
do not exhibit major locomotor problems) would also help clarify whether the observed
increase in incidence of impulsive compulsive disorders in PD may reflect the concomitant
degenerative alteration of the mesolimbic system observed in some PD patients (Alberico et
al., 2015). This idea would also be in line with research showing that impulsive-compulsive
problems induced by dopaminergic agonists in PD display a decrease in baseline activity
and reduced dopamine transporter binding - a well-established marker of dopaminergic fiber
integrity - of the mesolimbic system (Cilia et al., 2010: Rao et al., 2010).

These limitations notwithstanding, the results of this study confirm that finasteride may
serve as a novel strategy for impulse-control disorders and pathological gambling caused
by dopaminergic agonists, such as pramipexole and ropinirole. It is worth noting that
pathological gambling has recently been framed as a behavioral addiction (Mann et al.,
2016); in line with this perspective, we and others showed that, in animal models, finasteride
reduces the self-administration of several substances of abuse, including opioids (Bossé

et al., 2020) and alcohol (Ford et al., 2008). These data raise the possibility that the
antidopaminergic properties of finasteride may have universal effects across addictive
disorders and may therefore be a valuable therapeutic strategy for the comorbidity of drug-
and alcohol-dependent patients who have an increased risk of engaging in pathological
gambling (Castellani and Rugle, 1995; Daghestani et al., 1996; Spunt et al., 1998; Petry,
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2001). Thus, understanding the molecular underpinnings of the effects of finasteride in this
and other behavioral models of impulsivity may pave the avenues for the development of
novel treatments for both behavioral and substance addictions.
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Figure 1.

Schematic algorithm of a free-choice trial in the probability discounting task. Rats were
presented with two alternative options, each associated with one lever: 1) a “certain’ option,
consisting of a single pellet of food delivered after each lever press; and 2) a “probabilistic’
option, consisting of either no reward (a “loss™) or a two-pellet reward (a “win”), dispensed
at variable degrees of winning probability (WP, defined as the likelihood that a lever press
will dispense a two-pellet food reward).
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Figure 2.
Experimental procedures related to the Phase 5 of operant testing (probability discounting

task). A) Schematic representation of a free-choice trial in the probability discounting

task. Rats were presented with a “certain’ lever (C, consisting of a single pellet of food
delivered after each lever press; and a ‘probabilistic’ (P) lever, associated with the delivery
of either no reward or a two-pellet reward (a “win”), dispensed at variable degrees of
winning probability (WP, defined as the likelihood that a lever press will dispense a two-
pellet food reward). B) Synoptic table of WPs associated with the probabilistic and certain
levers throughout the four blocks of the probability-discounting session. The alternatives
ranged from even (50% WP for two pellets vs 100% WP for one pellet) to extremely
disadvantageous (6.25% for two pellets vs 100% for one pellet) conditions. The block
sequence was presented in a descending fashion and counterbalanced across treatment
groups. C) Timeline of the second experiment. Following 18 days of training, all rats were
subjected to daily injections of reserpine (1 mg/kg/day, SC). On day 23, half of the rats were
treated with pramipexole (pramipexole, 0.3 mg/kg/day, SC) or saline injection (SAL). Upon
verification of stability of these effects, each group was further divided in two sub-groups
with equivalent performances, which were assigned to rats were treated with finasteride
(finasteride, 25/kg/day, IP) or vehicle (VEH) (from day 27 through day 30).
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Figure 3.
Effects of finasteride (finasteride, 25 mg/kg, IP) treatment on A) probabilistic decision

making; B) differential index; C) lose-switch ratio; and D) win-stay ratio. Data are shown as
mean + SEM. Two-way repeated-measure ANOVA followed by Tukey’s test, VEH n=12;
FIN n=16. *** P = 0.001 for comparisons between finasteride- and vehicle (VEH)-treated
animals. For further details, see text.
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Figure 4.
Effects of the combination of finasteride (finasteride, 25 mg/kg, SC) and pramipexole

(pramipexole, 0.3 mg/kg/day, SC) on A) probabilistic decision making; B) differential index;
C) lose-switch ratio; and D) win-stay ratio. Data are shown as mean + SEM. All animals
were also subjected to reserpine (RES, 1 mg/kg/day, SC) treatment. Three-way repeated
measure ANOVA followed by Tukey’s test, n= 16/group. ***, P < 0.001. VEH, vehicle;
SAL, saline. For further details, see text.
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Figure 5.
Effects of finasteride (finasteride, 25 mg/kg, SC) and pramipexole (pramipexole, 0.3 mg/kg/

day, SC) on the levels of D3 and D2 dopamine receptor proteins in the Nucleus Accumbens
(NAc; A, B) and caudate-putamen (CPu; C, D) of reserpine (RES)-treated rats. On the last
day of the probability-discounting paradigm, immediately after completion of the behavioral
task, animals were sacrificed, and their brain tissues (NAc and CPu) were harvested.

Levels of dopamine D3 and D2 receptors in the NAc (A, B) and in the CPu (C, D) were
analyzed by western blot. Data are shown as mean £ SEM and expressed as ratio relative

to reserpinized rats treated with saline and vehicle. One-way ANOVA followed by Tukey’s
test, n=7-8/group. * P< 0.05 compared with reserpinized animals treated with saline

and vehicle. #, < 0.05 compared with reserpinized animals treated with pramipexole and
vehicle.
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