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ARTICLE INFO ABSTRACT

Keywords: Although 1-3,4-dihydroxyphenylalanine (L-DOPA) is the mainstay therapy for treating Parkinson's disease (PD),
L-DOPA its long-term administration is accompanied by the development of motor complications, particularly L-DOPA
Salpha-reductase induced dyskinesia (LID), that dramatically affects patients' quality of life. LID has consistently been related to an
Dutasteride excessive dopamine receptor transmission, particularly at the down-stream signaling of the striatal D; receptors

Parkinson's disease (D;R), resulting in an exaggerated stimulation of cAMP-dependent protein kinase and extracellular signal-

Dyskinesi
6_}:;;;:51;1 regulated kinase (ERK) pathway. We previously reported that pharmacological blockade of 5alpha-reductase
Neurosteroids (5AR), the rate-limiting enzyme in neurosteroids synthesis, attenuates the severity of a broad set of behavioral

Dopamine alterations induced by D;R and D3R activation, without inducing extrapyramidal symptoms.

In line with this evidence, in a recent study, we found that inhibition of 5AR by finasteride (FIN) produced a
significant reduction of dyskinesia induced by L-DOPA and direct dopaminergic agonists in 6-OHDA-lesioned
rats.

In the attempt to further investigate the effect of 5AR inhibitors on dyskinesia and shed light on the me-
chanism of action, in the present study we compared the effect of FIN and dutasteride (DUTA), a potent dual 5AR
inhibitor, on the development of LID, on the therapeutic efficacy of L-DOPA, on the molecular alterations
downstream to the DR, as well as on D,R-D3R interaction.

The results indicated that both FIN and DUTA administration significantly reduced development and ex-
pression of LID; however, DUTA appeared more effective than FIN at a lower dose and produced its anti-
dyskinetic effect without impacting the ability of L-DOPA to increase motor activation, or ameliorate forelimb
use in parkinsonian rats.

Moreover, this study demonstrates for the first time that SAR inhibitors are able to prevent key events in the
appearance of dyskinesia, such as L-DOPA-induced upregulation of striatal D;R-related cAMP/PKA/ERK sig-
naling pathways and D;R-D3R coimmunoprecipitation, an index of heteromer formation.

These findings are relevant as they confirm the 5AR enzyme as a potential therapeutic target for treatment of
dyskinesia in PD, suggesting the first ever evidence that neurosteroidogenesis may affect functional interaction
between dopamine D;R and D3R.
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1. Introduction

L-DOPA-induced dyskinesias (LIDs) are extremely burdensome
motor complications of long-term L-DOPA treatment in Parkinson's
disease (PD) patients. The underlying mechanisms for LIDs are unclear
though a number of preclinical studies indicate the importance of
pulsatile stimulation of striatal postsynaptic dopamine D; receptors
(D1R) in their pathogenesis (Aubert et al., 2005; Bastide et al., 2015;
Feyder et al., 2011; Fiorentini et al., 2016; Westin et al., 2007).

We recently showed that, in the 6-hydroxydopamine (6-OHDA) rat
model of PD, LIDs were countered by finasteride (FIN) (Frau et al.,
2017), a steroidogenesis inhibitor used for the therapy of benign pro-
static hyperplasia and androgenic alopecia (Paba et al., 2011). FIN
elicits its effects by inhibiting 5alpha-reductase (5AR), the enzyme that
catalyzes the rate-limiting step in the conversion of progesterone and
testosterone into their neuroactive metabolites dihydroprogesterone
and dihydrotestosterone, respectively (Paba et al., 2011). Previous
work showed that FIN attenuated the severity of a broad set of beha-
vioral alterations induced by dopamine D;R and D3R selective and non-
selective agonists, including locomotor hyperactivity, stereotyped be-
haviors and prepulse inhibition deficits (Frau et al., 2013, 2016). Im-
portantly, the anti-dopaminergic effects of FIN and other 5AR inhibitors
were not accompanied by motor side effects (Bortolato et al., 2008). In
spite of these promising anti-dopaminergic properties, lacking extra-
pyramidal symptoms, the molecular underpinnings of the anti-dyski-
netic effects of FIN are yet to be established.

LIDs are attributed to the abnormal signaling of D;R located on
striatal projection neurons, in response to long-term dopamine deple-
tion (Cenci and Konradi, 2010), resulting in an exaggerated stimulation
of cAMP-dependent protein kinase (PKA) and enhanced phosphoryla-
tion of downstream dopamine and c-AMP-regulated phosphoprotein,
Mr32 (DARPP-32), and extracellular signal-regulated kinase (ERK)
pathways (Pavén et al., 2006; Spigolon and Fisone, 2018). Of note,
compelling evidence points to a functional cross-talk between striatal
D;R and D3R in the sensitization to repeated L-DOPA administration
(Bordet et al., 2000); indeed, striatal D;R and D3R receptors are able to
form heteromeric complexes that may prevent L-DOPA-induced D;R
internalization, resulting in increased D;R downstream signaling cas-
cade. Accordingly, a correlation between these heteromers and the se-
verity of LID has been found in parkinsonian rats (Farré et al., 2015;
Fiorentini et al., 2015; Guitart et al., 2014; Solis and Moratalla, 2018;
Solis et al., 2017).

Based on this framework, in this study we investigated the impact of
a preventive treatment with either FIN or dutasteride (DUTA), a potent
dual 5AR inhibitor, on the development of LID. Furthermore, in order to
assess the modifications in D;R-mediated signaling, we measured the
levels of expression of G-protein o, (Goog), the major G-protein ex-
pressed in the striatum, that mediates cAMP/PKA stimulation in re-
sponse to D;R activation, and the phosphorylation levels of ERK1/2 and
DARPP-32. We next explored, in the striatum of the lesioned side, D;R-
D3R heteromer formation which has been correlated with increased
occurrence of LID.

2. Material and methods
2.1. Animals

The present study was performed on adult male Sprague-Dawley
rats (275-300 g, Envigo, Italy). Animals were housed 4 per cage under
standard temperature and humidity conditions, in a 12h light/12h
dark cycle (light from 07:00 to 19:00 h) with ad libitum access to water
and food. All surgical procedures and experiments were carried out in
accordance with the European Union directive (EU Directive 2010/63
and Italian DLgs. 2014/26).
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2.2. Drugs

FIN and DUTA (Carbosynth Limited-UK) were suspended in a ve-
hicle (VEH) solution containing 5% Tween 80 and 95% sterile saline
(SAL; 0.9% NaCl) and injected intraperitoneally (IP). L-DOPA methyl-
ester (Research Organics USA) and benserazide (Sigma-Aldrich) were
dissolved in SAL and injected subcutaneously (SC). 6-OHDA (Sigma-
Aldrich) was dissolved in SAL plus 0.02% ascorbic acid, and locally
infused into the medial forebrain bundle (MFB). A 20:1 mixture of
Fentanest (Pfizer, Italy) and Domitor® (Orion Pharma, Italy) in a vo-
lume range of 1.4-1.6ml, was used to induce general anesthesia.
Antisedan® (0.37 mg/kg, SC, Orion Pharma, Italy) was injected to re-
verse the sedative effect of the anesthetic. Drug doses were chosen
based on our previous studies (Bortolato et al., 2008; Frau et al., 2013,
2016, 2017).

2.3. Stereotaxic surgery

According to Paxinos (2007), animals received a single unilateral
injection into the right medial forebrain bundle (MFB) (AP: -2.2 mm;
ML: —1.5mm; DV: —7.9 mm from the dura, tooth bar: + 5mm.) with
16 pg of 6-OHDA (4 ug/pl free base in SAL with 0.2% ascorbic acid) in
order to achieve a complete lesion of the nigrostriatal pathway. All 6-
OHDA injections were conducted using a stereotaxic frame with an
attached Hamilton syringe. Injection speed was 1.0 pl/min and the
syringe was kept in place for additional 3 min before removing it
slowly.

2.4. Behavioral analysis

2.4.1. Stepping test

The stepping test was performed as previously described (Tronci
et al., 2013). Briefly, the rat was held by the experimenter immobilizing
the hindlimbs with one hand and the forelimb not to be monitored with
the other, while the unrestrained forepaw was touching the table. The
number of adjusting steps was counted for both paws in forehand and
backhand direction while the rat was moved sideways along the table
surface (90 cm in 5 s) and the average of the steps in the two directions
was considered.

2.4.2. Assessment of abnormal involuntary movements (AIMs)

Abnormal Involuntary Movements (AIMs) were evaluated based on
the rat dyskinesia scale according to previous procedures and methods
(Cenci and Lundblad, 2007; Lundblad et al., 2002; Tronci et al., 2014).
Briefly, animals were placed individually in transparent plastic single
cages without bedding material and scored every 20 min after L-DOPA
injection for the entire time course of dyskinesia (about 120 min). Ac-
cording to their topographic distribution, AIMs were classified into
three subtypes as forelimb, orolingual and axial dyskinesia. A score
from O to 4 was assessed for each AIMs subtype based on the time spent
(0: absent; 1: occasional, i.e. present < 50% of the time; 2: frequent, i.e.
present > 50% of the time; 3: continuous, but interrupted by strong
sensory stimuli and 4: continuous, not interrupted by strong sensory
stimuli). The total AIMs score was obtained by summing each in-
voluntary movement subtype score considered during the monitoring
period.

2.4.3. Activity test

The locomotor activity was assessed in motility cages (Omnitech
Digiscan Animal Activity Monitor, Columbus, OH, USA), each equipped
with 2 sets of 16 photocells located at right angles to each other, pro-
jecting horizontal infrared beams 2.5cm apart above the cage floor.
Animals were injected with 5AR inhibitors and placed in automated
activity cages. After 40 min, animals were treated with L-DOPA and
locomotor activity was recorded for additional 180 min. Horizontal
activity counts were collected every 10 min.
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2.5. Immunohistochemistry and biochemical studies

One hour after the last L-DOPA injection, all rats were sacrificed and
the brains were collected for immunohistochemistry and biochemical
analysis.

2.5.1. Immunohistochemistry study

Tyrosine Hydroxylase (TH) immunohistochemistry was performed
to verify the dopaminergic lesion induced by 6-OHDA infusion into the
right MFB. All animals appeared to be fully lesioned in the substantia
nigra (see Fig. S1 in the supplementary material for a representative
image).

2.5.2. Biochemical studies

Striatal tissue was dissected and processed for western blotting
analysis in order to study the effect of drug treatments on expression of
D;R-D3R heterodimers and molecular markers of dyskinesia. Right and
left striata were excised using the rapid head-freeze dissection tech-
nique as previously described (Scheggi et al., 2009). For each animal,
both lesioned and intact sides were analyzed. Frozen tissues were so-
lubilized in cell lysis buffer (50 mM TRIS, pH 7.4, 250 mM NacCl, 5 mM
EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100,
0.02% NaN3) containing 1mM phenylmethylsulfonyl fluoride and
protease inhibitor cocktail (Sigma-Aldrich). For pERK 1/2, pDARPP-32,
and Goyyr analysis, lysates were centrifuged at 14,000 xg at 4 °C for
10min and the protein concentration in the supernatant was de-
termined by Lowry method.

2.5.3. Western blotting

Equal amounts of protein (30 pug) were separated on a 4-15% TGX
Criterion precast gel (Bio-Rad Laboratories, Inc., Hercules, CA) and
subsequently electro-transferred to a nitrocellulose membrane at 12V
(constant) for 1 h (Grappi et al., 2011). The membranes were incubated
with primary antibodies against dopamine D;R and D3R (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA, #SC-33660, 1:1000 and #SC-
9114, 1:500), phospho p44/42 MAPK (p-ERK1/2; Thr202/Tyr204, Cell
Signaling Technology; #4370, 1:1000), p44/42 MAPK (ERK1/2, Cell
Signaling Technology, #4695, 1:1000), phospho-Thr34 DARPP-32,
DARPP-32 (Cell Signaling Technology, #12438; 1:1000 and #2306,
1:1000), and Go,r (GNAL antibody, #PA5-50981, Thermo Fisher Sci-
entific, 1:1000) in blocking buffer overnight at 4 °C. Specific antibody
binding was detected by chemiluminescence with the ChemiDoc XRS +
Imager (Bio-Rad Laboratories). Samples from each treatment group
were immunoblotted and analyzed together. To control for equal
loading for dopamine D;R, D3R, ERK 1/2, DARPP-32 and Gag ex-
pression, blots incubated with antibodies were stripped and reprobed
using anti B-actin (Sigma-Aldrich, St.Louis, MO, USA); for phospho-
ERK1/2 and phospho-Thr34 DARPP-32, blots were stripped and re-
probed using anti total ERK or anti total DARPP-32 antibody, respec-
tively. Bands were quantified in arbitrary units and normalized using
the software Image Lab (Bio-Rad Laboratories) using 3-actin, ERK and
DARPP-32 as loading controls.

2.5.4. Immunoprecipitation

Immunoprecipitation was performed as previously described
(Scheggi et al., 2017). Briefly, dopamine D;R were immunoprecipitated
from tissue lysates using monoclonal dopamine D;R antibody against
the last 123C-terminal amino acids of rat dopamine D;R (SC-33660,
Santa Cruz Biotechnology). Antibodies were coupled to protein A Dy-
nabeads (Invitrogen) using 5pg antibody by rotating the mixture for
10 min at room temperature. Beads were washed twice in PBS and then
the antibody-conjugated beads were incubated with 200-300 ug of
protein lysate for 2h at 4°C, followed by 3 washing steps in 0.1%
Tween 20 supplemented PBS. Bound proteins were then eluted with 4 x
XT Sample buffer and Reducing agent (Bio-Rad Laboratories). The im-
munoprecipitates were separated on a 4-15% TGX Criterion precast gel
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as previously described. The membranes were incubated with poly-
clonal anti-D3 antibody (SC-9114, Santa Cruz Biotechnology). Chemi-
luminescence was detected and quantified with the ChemiDoc Imaging
System (Bio-Rad Laboratories). Samples from control and treated rats
were run on the same immunoblots and then analyzed together.

Band intensities of co-immunoprecipitated D3Rs were normalized to
the band intensities of immunoprecipitated D;Rs. Band intensities were
quantified using Image Lab software/Gel Doc XRS+ system; values,
expressed as arbitrary units, were then calculated as percentage of the
Vehicle + Saline group values.

2.6. Experimental design

First, we tested the effect of a preventive treatment with the two
5AR inhibitors FIN and DUTA on LID onset, in 6-OHDA lesioned male
rats. Three weeks after stereotaxic 6-OHDA lesion, rats were subjected
to the stepping test in order to include in the study only rats with a
severe impairment. Thus, according to stepping test score, rats were
allocated in 5 balanced groups (n = 7-13 per group) and subjected to a
2-week pretreatment with FIN (30 or 60 mg/kg, IP), DUTA (15 or
30mg/kg, IP) (Bortolato et al., 2008; Frau et al., 2017) or VEH.
Thereafter, for additional 24 days, rats were daily administered with L-
DOPA/benserazide (6/6 mg/kg, SC) 40 min after the administration of
FIN, DUTA or VEH (FIN 30 + L-DOPA, FIN 60 + L-DOPA, DUTA
15 + L-DOPA and DUTA 30 + L-DOPA, VEH + L-DOPA groups). An
additional group of 6-OHDA lesioned rats injected with VEH + SAL was
used as control group for western blot and immunoprecipitation ex-
periments. Onset and development of dyskinesia were monitored every
3-4 days by the assessment of AIMs score.

Furthermore, to investigate whether SAR inhibitors might affect the
therapeutic effect of L-DOPA in forelimb use, rats were subjected to the
stepping test both at the first and last day of L-DOPA treatment. The day
of the test, trained rats were first assessed for the baseline impairment;
afterwards, they received FIN, DUTA or VEH 40 min before L-DOPA
injection, and the number of adjusting steps was recorded: (i) 60 and
150 min after L-dopa injection at day 1; (ii) 150, 200 and 250 min after
L-DOPA injection at day 23 (as the animals were more dyskinetic after
chronic L-DOPA treatment, the test could not be performed at 60 min).

To further examine the effect of FIN and DUTA on the ambulatory
movements, after two weeks of L-DOPA treatment, rats were tested on
motility cages (Fig.1).

2.7. Statistical analysis

Behavioral data were analyzed by repeated measures two-way
ANOVA, with treatment (DUTA, FIN or VEH) and time (days or min-
utes) as factors. Post hoc analyses were performed using Newman-Keuls
or Tukey's multiple comparison test, as appropriate. Ordinary one-way
ANOVA followed by Sidak's multiple comparison test was used for
biochemical studies. Paired Student's t-test was used to compare data
from the intact and lesioned side. Alpha was set at p < .05. All values
are presented as mean * SEM.

3. Results

3.1. Effect of FIN and DUTA on development of LID in 6-OHDA-lesioned
rats

Since DUTA has higher efficacy in blocking both 5AR isoforms than
FIN (Paba et al., 2011), the first set of experiments was aimed at
comparing the ability of both inhibitors to dampen development of LID
and to interfere with therapeutic effect of L-DOPA.

As shown in Fig. 2, FIN (A) and DUTA (B) treatments, in combi-
nation with L-DOPA, elicited similar extent of AIMs reduction [FIN
group, main effect of treatment: F; 24y = 9.31, p = .0010; DUTA group,
main effect of treatment: F; 26 = 7.2, p = .0033, two-way repeated
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Fig. 1. Schematic representation of the experimental plan. WB (Western blotting) AIMs (Abnormal Involuntary Movements).

measures ANOVA]; however, DUTA was effective at a lower dose;
moreover, the effect of the lower dose of each drug was already max-
imal. A main effect of time was also found [FIN group, main effect of
time: F144) = 17.9, p < .0001; DUTA group, main effect of time:
Fe156) = 17, p < .0001, two-way repeated measures ANOVA], while
no treatment x time interaction was detected by the analysis for both
treatment [FIN group, treatment x time interaction: F 144y = 1.15,
p =.3266, NS; DUTA group, treatment x time interaction:
Fa2,156) = 0.65 p = .7963, NS; two-way repeated measures ANOVA].
Newman-Keuls multiple comparisons test indicated that both doses of
FIN and DUTA significantly decrease the onset and development of
AIMs compared to VEH group at all time points.

3.2. Effect of FIN and DUTA on L-DOPA-induced forelimb use in 6-OHDA-
lesioned rats

The above experimental groups were subjected to the stepping test
on day 1 and 23 of chronic L-DOPA treatment to investigate the impact
of FIN or DUTA administration on L-DOPA-induced amelioration of
forelimb use.

As expected, L-DOPA improved the forelimb use compared to
baseline at day 1 and 23 [main effect of time at day 1: F 48) = 21.30
p < .0001; main effect of time at day 23: F(3 75, = 30.23 p < .0001].
Most importantly, DUTA (15-30 mg/kg) did not reduce forelimb use
compared to L-DOPA alone, neither at day 1, nor at day 23 (Fig. 3B),
while the higher dose of FIN (60 mg/kg) produced a partial reduction at
day 1 (Fig. 3A). Interestingly, a trend to improved forelimb use was
seen with DUTA compared to L-DOPA alone (for both doses at each
time point).

A
-o- VEH + L-DOPA
& FIN 30 + L-DOPA
50+ - FIN 60 + L-DOPA

AlMs Score

3.3. Effect of FIN and DUTA on L-DOPA-induced motor activation in 6-
OHDA-lesioned rats

To further investigate the impact of the 5AR inhibitor treatments on
the therapeutic efficacy of L-DOPA, we tested the effect of FIN and
DUTA, at the lower doses efficacious in counteracting LID, on the motor
activation induced by L-DOPA, at day 16 of the L-DOPA chronic
treatment period. Of note, while FIN significantly decreased the motor
activation induced by L-DOPA treatment in 6-OHDA-lesioned rats,
DUTA did not modify this parameter at the dose efficacious in coun-
teracting LID (15mg/kg, IP) [main effect of time: Fg 450) = 29.95,
p < .0001; main effect of treatment: F(; 25y = 1.96, p = .16, NS; in-
teraction time x treatment: F(ze 450y = 1.18, p = .22, NS; two-way re-
peated measures ANOVA (Fig. 4).

3.4. Effect of FIN and DUTA on striatal markers of LID

To investigate whether the anti-dyskinetic effects of FIN and DUTA
were accompanied by a normalization of the L-DOPA-induced altera-
tion of dopamine D, receptor signaling pathway, we analyzed striatal
markers of dyskinesia in 6-OHDA lesioned rats treated with L-DOPA
alone or in combination with either FIN or DUTA.

In the lesioned side, the analysis of phospho-ERK 1/2 and phospho-
Thr34 DARPP-32 levels by one-way ANOVA showed a significant dif-
ference between groups [FIN experiment: pERK, F 5 = 5.66,
p = .0049; pDARPP-32, F(3 51y = 3.59, p = .0307; DUTA experiment:
DERK, Feo1) = 8.427, p=.0007; pDARPP-32, F32) = 6.99,
p = .0029;). As expected, in the lesioned side, chronic L-DOPA ad-
ministration increased both phospho-ERK 1/2 (p < .01) and phospho-
Thr34 DARPP-32 levels (p < .05). Administration of FIN prevented the

B
-~ VEH + L-DOPA
& DUTA 15+ L-DOPA
50- -+ DUTA 30 + L-DOPA
40+
(3 A
8 '
) ' §
*
01— T T T T T T
D NI
DAYS

Fig. 2. Effect of preventive treatment with FIN (A) or DUTA (B) on development of LID in 6-OHDA lesioned L-DOPA naive rats. Scores are shown as the sum of axial,

limb and orolingual Abnormal Involuntary Movements (AIMs) on each testing session. Values represent mean

+

SEM for each experimental group. Main effect of

treatment, § p < .05, 8§ p < .01 vs VEH + L-DOPA group (two way ANOVA for repeated measures). * p < .05, ** p < .01, *** p < .001 vs corresponding time
point in VEH + L-DOPA group (Newman-Keuls multiple comparisons post hoc test).
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Fig. 3. Effect of preventive treatment with FIN (A) or DUTA (B) plus L-DOPA on L-DOPA-induced forelimb use in 6-OHDA lesioned rats. Stepping test was performed
at day 1 and 23 of L-DOPA treatment before (time 0) and after 60, 150, 200 and 250 min following L-DOPA administration. Bar represent the mean number of

adjusting steps = SEM.* p < .05, ** p < .01, *** p < .001 vs respective treatment at time 0".

increase in phospho-ERK and phospho-Thr34 DARPP-32 levels induced levels at both doses (pERK: p < .001 and p < .05; pDARPP-32:
by L-DOPA only at the higher dose (p < .05). Conversely, DUTA pre- p < .05 and p < .001, DUTA 15 and DUTA 30 mg/kg, respectively)
vented the increase in phospho-ERK and phospho-Thr34 DARPP-32 (Fig. 5). Levels of total ERK 1/2 and DARPP-32 were not statistically
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Fig. 4. Time course of the spontaneous horizontal activity of 6-OHDA lesioned
rats, after preventive treatment regimen (FIN 30 or DUTA 15) and 16 days of
daily L-DOPA injection. Locomotor activity was recorded for 180 min. Each

point represent mean value = SEM. * p < .05 vs corresponding time point L-
DOPA group (Tukey's test).

different in the 4 experimental groups (ERK1/2: F(321) = 0.1283,
D = .94; DARPP-32: F(3 51y = 0.066, p = .9771).

Next, we evaluated striatal levels of Gayyg, that plays a crucial role in
the intracellular effects of D;R activation. In the lesioned side, the
analysis of Gor levels by one-way ANOVA showed a significant dif-
ference between groups [FIN experiment: F(316) = 7.809, p = .0020;
DUTA experiment: F16) = 12.530, p = .0002). L-DOPA administra-
tion increased Gag) expression (p < .01); administration of FIN was
effective in the prevention of L-DOPA-induced Ga,,s increase only at the
higher dose (p < .001), while DUTA was effective at both doses
(p < .001) (Fig. 5).

Lesioned side
[ VEH+SAL

A [ VEH +L-DOPA
FIN 30 + L-DOPA
E# FIN 60 +L-DOPA

C

2009  ** 200
X"
[
s~ 8o~ -
) 2 < -
2 7150 28x P
S wn o0 9
T e F 3
o 1L 100 £QW <_ oo
g > Be s 52
o % xS &%
£ 0 £ o
2 50+ ad R X 50
81' o< <
=
Q.
o 0
[ VEH+SAL
D [ VEH+L-DOPA F
fY DUTA 15+ L-DOPA
Bl DUTA 30 + L-DOPA
o 7w 200
H o
2 150+ Sod J150
= Eid iE.
V. o S
& 51004 98 2 Foo
ws %&> s>
2% Sx's & s
2 50 -5 & 50
2
Q
o 0

Neurobiology of Disease 121 (2019) 120-130

In the intact side, phospho-ERK 1/2, phospho-DARPP-32 and Gay,¢
levels were similar between groups (Fig. S2 A, B, C, G, H, D.
Additionally, lesion with 6-OHDA per se did not affect the phosphor-
ylation levels of ERK1/2 or DARPP-32 at Thr-34 (intact side: pERK1/
2 =100 * 7.8, pThr34 DARPP-32 =100 * 6.5; lesioned side:
pERK1/2 = 101.0 + 13.8, pThr34 DARPP-32 = 105.2 * 18.9, paired
Student's t-test).

3.5. Effect of FIN and DUTA on L-DOPA-induced dopamine D1R-D3R
heteromer formation

Next, given the suggested role of dopamine D3R in the appearance
of LID (Solis and Moratalla, 2018), we investigated the impact of SAR
inhibitors on D;R and D3R interaction using an immunoprecipitation
assay, as indicative of receptor heteromerization.

In the lesioned side, analysis of D3R levels in the im-
munoprecipitates by one-way ANOVA showed a significant difference
between groups [FIN experiment: F(3 52 = 9.68, p = .0003; DUTA ex-
periment: F3 21y = 11.68, p = .0001]. In particular, post-hoc analysis
showed that D3R levels in the immunoprecipitates were significantly
increased in L-DOPA-treated lesioned animals compared to vehicle-
treated lesioned animals (FIN experiment: p < .001; DUTA experi-
ment: p < .01) (Fig. 6A and B). Interestingly, this effect was prevented
by FIN (FIN 30: p < .05; FIN60: p < .001) or DUTA treatment (DUTA
15: p < .001; DUTA 30: p < .01), (Fig. 6A and B). In the intact side
similar levels of D3R in the immunoprecipitates were observed between
groups (Fig. S2 D, J). Moreover, in the total lysate, dopamine D;R and
D3R expression levels were not significantly different in the lesioned
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Fig. 5. Effect of FIN (A-C) and DUTA (D-F) preventive treatment on striatal markers of LIDs in the lesioned side of 6-OHDA rats treated with L-DOPA. A, D levels of
phospho ERK1/2; B, E levels of phospho-Thr34 DARRP-32; C, F levels of Gay¢ in lesioned striatal tissue. On the left, representative blots are shown. Phospho-ERK 1/2
and phospho-Thr34 DARPP-32 levels were normalized to those of total ERK and DARPP-32, respectively; Ga,¢ levels were normalized to those of 3 actin. Data are

+

expressed as mean

SEM and calculated as percentage of VEH + SAL values. (One-way ANOVA followed by Sidak's multiple comparisons test: ** p < .01, *

p < .05 vs naive group lesioned striatal tissue; ### p < .001 vs, # p < .05 vs L-DOPA group lesioned striatal tissue).
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(Fig. 7 A, B, C, D) and the intact side (Fig. S2 E, F, K, L), albeit in the
lesioned side a trend toward an increase in dopamine D;R and D3R
expression was observed in VEH + L-DOPA group (Fig.7). In addition,
to verify whether 6-OHDA infusion affected D;R and D3R levels, we
compared the intact and lesioned side of 6-OHDA-lesioned rats
(VEH + SAL). Analysis by paired Student's t-test showed no significant
differences in D;R and D3R expression between the intact and lesioned
side (intact side: D;R = 100 * 9.4, D3R = 100 = 8.5; lesioned side:
D;R =85.0 £ 11.1, D3R = 116.3 + 10.6).

4. Discussion

We have recently reported for the first time that FIN produces sig-
nificant dampening of LID in the rat 6-OHDA-lesioned model of PD.
Here, we show that this effect is not limited to FIN but extends to an-
other 5AR inhibitor, DUTA, which is also used in clinical setting for the
treatment of benign prostatic hyperplasia (BPH) (Aggarwal et al., 2010;
Desgrandchamps et al., 2006). Moreover, this study demonstrates for
the first time that 5AR inhibitors are able to prevent key events in the
appearance of dyskinesia in the rat model of PD, such as L-DOPA-in-
duced upregulation of striatal dopamine D;R-related cAMP/PKA/ERK
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signaling pathways, and D;R-D3R coimmunoprecipitation, an index of
heteromer formation (Feyder et al., 2011; Fiorentini et al., 2008; Solis
and Moratalla 2018). These findings are relevant as they confirm the
5AR enzyme as a potential therapeutic target for treatment of dyski-
nesia in PD, suggesting the first ever evidence that neurosteroidogenesis
may affect functional interaction between dopamine D;R and DsR,
which overexpression plays a role not only in dyskinesia, but also in
other brain disorders (Frau et al., 2016; Mosher et al., 2016).

Importantly, DUTA did not interfere with the ability of L-DOPA to
ameliorate the forelimb use in the stepping test at any day (1 and 23),
test time (60, 150, 200 and 250 min after L-DOPA treatment) and dose
(15 and 30 mg/kg) assessed; by contrast, FIN reduced forelimb use at
the first day of administration at the higher tested dose. Moreover,
opposite to FIN, DUTA did not affect the overall motor activation
produced by L-DOPA in these rats. Thus, our results indicate that DUTA
is able to counteract dyskinesia without impacting the therapeutic ef-
fects of L-DOPA, supporting the potential clinical feasibility of this
approach to control dyskinesia.

According to the higher efficacy in 5AR inhibition, DUTA exhibited
significant antidyskinetic effects at lower doses than FIN. Indeed, pre-
liminary experiments in our lab showed that the FIN dose of 15 mg/kg
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Fig. 7. Effect of FIN (A, B) and DUTA (C, D) preventive treatment on striatal dopamine D;R and D3R expression levels in the lesioned side of 6-OHDA-rats treated
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total lysate, D;R and D3R receptor expression levels were not significantly different, although a trend toward an increase in D;R and D3R receptors expression was
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Table 1

Comparison of serum half-life and IC50 against SRD5A1 and SRD5A1 of finasteride and dutasteride

in rat and human (Xu et al., 2006).

FINASTERIDE DUTASTERIDE

rat human rat human
Serum half-life 2h 6h 31h >72h
IC50 (nmol/L)
SRD5A1 54402 360 £ 40 0.3+0.02 6+1
IC50 (nmol/L)
SRD5A2 0.5+0.1 69 £ 1 0.2 +£0.02 7+3
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(a dose efficacious for DUTA) did not produce any reduction of LID. In
line with these data, DUTA is used at a lower dose than FIN for the
treatment of BPH. As reported by other authors in the treatment of BPH,
the higher efficacy of DUTA at lower doses may possibly be ascribed to
differences in their pharmacokinetic and pharmacodynamic profile
(Aggarwal et al., 2010). In fact, the limited effectiveness of FIN may be
due to the fact that while being a potent, time-dependent, irreversible
inhibitor of the human 5AR2 (IC50, 69 nmol/1), this compound is not as
potent for the human 5AR1 isoform (IC50, 360 nmol/1). Conversely,
DUTA is 60-fold more potent than FIN with IC50 of 6 nM and 7 nM for
the two isoforms. Furthermore, in comparison with FIN, DUTA has an
extremely longer half-life (5-6 weeks vs 6-8 h), which accounts for its
good efficacy even in non-daily treatment regimen. Although in humans
FIN acts as a selective inhibitor of the peripheral 5AR type-2 (Paba
et al., 2011), in rats it efficiently blocks both 5AR isozymes with IC 50
of 5.4 nmol/Il and 0.5 nmol/1 for the 5AR1 and 5AR2, respectively (Xu
et al., 2006). However, similarly to humans, DUTA has lower IC50 for
both rodent isoforms than FIN (IC50 of 0.3nmol/l for 5AR1 and
0.2 nmol/1 for the 5AR2; for further details see Table 1).

Although we did not identify the involvement of a specific isoform,
the results of this study indirectly indicate that the better antidyskinetic
profile of DUTA may rely on its higher affinity for the 5AR1. In line with
this hypothesis, it is worth noting that in a recent study conducted in
transgenic mice characterized by the deletion of gene expressing 5AR1
and 5AR2, mice lacking of the isoenzymes 1, but not 2, were fully
protected by the psychotomimetic effects elicited by the selective do-
pamine D;R agonist SKF-82958 (Mosher et al., submitted). Of note,
5AR1 KO mice become susceptible to the behavioral alterations induced
by SKF-82958 if they previously received allopregnanolone injection
(Mosher et al., submitted). These data strongly suggest that the negative
modulation of dopamine D;R is specifically subtended by the 5AR1,
with its neurosteroidogenic pathway. In addition, it is worth noting that
the irreversible blockade that characterizes both inhibitors not only
decreases 5AR-related metabolites, but also significantly increases SAR
substrates. Accordingly, we previously reported that a single adminis-
tration of FIN led to increased levels of 5AR1 substrates pregnenolone
and dehydroepiandrosterone (DHEA) (Frau et al., 2015, 2017). Of note,
a number of preclinical and clinical studies reported that pregnenolone
and DHEA exhibit marked antidopaminergic activity and show bene-
ficial properties in patients with dopamine-related disorders (Maayan
et al., 2006; Romieu et al., 2006; Vallée et al., 2014; Wong et al., 2012,
2015). In addition, it has been recently reported that pregnenolone
inhibited the increase in ERK 1/2 signaling in the ventral striatum of
mice (Vallée et al., 2014). On the other hand, allopregnanolone and
DHEA sulfate exhibited positive modulation on the behavioral effects
elicited by dopamine D;R activation (Dong et al., 2007; Frye et al.,
2004); moreover, allopregnanolone has been shown to affect the
phosphorylation of DARPP-32 (Frye and Walf, 2010; Mani et al., 2000),
a key molecule in dopamine DR signaling cascade, which has been
implicated in dyskinesia (Picconi et al., 2003; Santini et al., 2007;
Svenningsson et al., 2004). Thus, our current and previous behavioral
and biochemical data suggest that one of the plausible mechanisms by
which 5AR blockade exerts antidyskinetic effects might be through the
reinstatement of a favorable balance in the neurosteroidogenic pathway
with ensuing normalization of D;R signaling.

Unfortunately, to date, there is no inhibitor able to selectively target
the type 1 isoenzyme in humans. Some SAR1 inhibitors have been de-
veloped for clinical trials for the treatment of acne vulgaris, but with no
promising results (Leyden et al., 2004). Furthermore, these compounds
do not bind to rat 5AR1 and, therefore, cannot be used to discern the role
of this isoform in the 6-OHDA rat model of PD. If 5AR1 was specifically
responsible for the antidyskinetic effect of SAR inhibitors and we could
selectively target this isoenzyme, we may possibly avoid several adverse
reactions related to 5AR2 blockade, i.e. anhedonia/apathy (already
present in PD patients) and sexual dysfunctions due to decreased an-
drogen signaling (Vis and Schroder, 2009).
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We have previously shown that FIN completely reversed beha-
vioral alterations induced by exaggerated dopaminergic activation in
rodents. For instance, in Sprague-Dawley rats, systemic FIN injections
countered the prepulse inhibition deficits and stereotyped behaviors
exerted by dopaminergic agonists, through a post-synaptic negative
modulation of dopaminergic receptors in the striatum (Bortolato et al.,
2008; Devoto et al., 2012). In agreement with the ability of FIN to
modulate dopamine transmission, FIN was also able to reduce dyski-
nesia produced by direct dopamine receptor agonists, either at D;R or
at DoR/D3R (Frau et al., 2017). In line with these data, in the present
study we found that 5AR inhibitors dampened phosphorylation of
DARPP-32 and ERK1/2, as well as increased Ga,s expression seen in
L-DOPA-treated dyskinetic rats as compared to VEH treated animals.
Moreover, FIN and DUTA reduced the levels of co-immunoprecipita-
tion of D;R-D3R in striatal homogenates, as compared to the VEH + L-
DOPA treated group. This latter result is of particular interest as
several recent studies have suggested that dopaminergic heteromers
are strictly implicated in the development of LID (Fiorentini et al.,
2015; Solis and Moratalla, 2018). Among the heteromeric complexes
discovered to date, the D;R-D3R complex formation appears particu-
larly relevant in view of the primary role of D;R in the onset and
development of dyskinesia, and of the regulatory influence of D3R on
D;R trafficking and signaling (Fiorentini et al., 2008). In heteromeric
configuration, this complex displays functional properties remarkably
different from homomeric entities. Indeed, the mutual D;R-D3R in-
teraction results in increased affinity of D;R to dopamine as well as in
a stronger D;R stimulation through the lack of its typical inter-
nalization (Marcellino et al., 2008). Previous evidence indicates that
D3R are key players in DR internalization and that LID are under-
pinned by increased D3R expression, which in turn, potentiated do-
pamine stimulation of D;R cAMP/PKA signaling (Aubert et al., 2005;
Bézard et al., 2003; Bordet et al., 2000; Guillin et al., 2001). In line
with these findings, here we demonstrated that L-DOPA treatment
induced a significant increase in expression levels of striatal D3R; by
contrast, this condition was prevented in animals that were chroni-
cally treated with FIN or DUTA. Of note, the ability of 5AR inhibitors
to interfere with D3R expression and therefore with D;R-D3R het-
eromer formation was restricted to the lesioned striatum. These results
suggest that these compounds exert their effect only under a condition
of dopaminergic denervation, while they do not interfere with the
physiological role/expression of D3R.

Interestingly, FIN was recently shown to produce therapeutic effects
in adult male patients affected by Tourette Syndrome (Bortolato et al.,
2007; Muroni et al., 2011). This is intriguing as Tourette syndrome is a
psychiatric condition characterized by motor fluctuations and phonic
tics, which pathophysiology has been suggested to be due to striatal
dopaminergic dysfunction (Denys et al., 2013; Felling and Singer, 2011;
Jeffries et al., 2002). Furthermore, FIN was also able to attenuate motor
and non-motor side-effects elicited by dopamine replacement therapies
in PD patients, such as blepharospasm and pathological gambling
(Bortolato et al., 2010, 2012). 5AR inhibitors have been on the market
for many years for the treatment of male pattern hair loss and BPH.
Thus, if beneficial effects of 5AR inhibitors will be demonstrated in PD
patients, this approach may rapidly be introduced in the clinical prac-
tice, at least in male subjects.

In conclusion, this study confirms the 5AR enzyme as an intriguing
target for the treatment of dyskinesia in PD, and suggests that pre-
vention of D;R-D3R heteromer formation may play a key role in the
mechanism of protection. However, further studies are warranted to
unveil the mechanism by which neurosteroids are able to affect D;R-
D3R interaction.

Finally, our data indicate that DUTA may be the preferred com-
pound to be used in clinical trials for its higher efficacy and fewer
complications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.09.018.
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