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Background and Purpose: Rho kinase (ROCK) activation is involved in neuro-
inflammatory processes leading to progression of neurodegenerative diseases such
as Parkinson's disease. Furthermore, ROCK plays a major role in angiogenesis.
Neuroinflammation and angiogenesis are mechanisms involved in developing
L-DOPA-induced dyskinesias (LID). However, it is not known whether ROCK plays a
role in LID and whether ROCK inhibitors may be useful against LID.

Experimental Approach: In rats, we performed short- and long-term dopaminergic
lesions using 6-hydroxydopamine and developed a LID model. Effects of dopaminer-
gic lesions and LID on the RhoA/ROCK levels were studied by western blot, real-time
PCR analyses and ROCK activity assays in the substantia nigra and striatum. The
effects of the ROCK inhibitor fasudil on LID were particularly investigated.

Key Results: Short-term 6-hydroxydopamine lesions increased nigrostriatal RhoA/
ROCK expression, apparently related to the active neuroinflammatory process.
However, long-term dopaminergic denervation (completed and stabilized lesions) led
to a decrease in RhoA/ROCK levels. Rats with LID showed a significant increase of
RhoA and ROCK expression. The development of LID was reduced by the ROCK
inhibitor fasudil (10 and 40 mg-kg™1), without interfering with the therapeutic effect
of L-DOPA. Interestingly, treatment of 40 mg-kg™! of fasudil also induced a signifi-
cant reduction of dyskinesia in rats with previously established LID.

Conclusion and Implications: The present results suggest that ROCK is involved in
the pathophysiology of LID and that ROCK inhibitors such as fasudil may be a novel
target for preventing or treating LID. Furthermore, previous studies have revealed

neuroprotective effects of ROCK inhibitors.
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1 | INTRODUCTION
Parkinson's disease (PD) is a major neurodegenerative disease, which
is characterized by the progressive loss of dopaminergic neurons in
the substantia nigra. Dopamine replacement therapy using the
precursor L-DOPA is the main treatment. However, abnormal
involuntary movements (AlMs) known as dyskinesias are one of the
most important complications of chronic L-DOPA treatment. These
movements are characterized by chorea in many cases or dystonia
occasionally, and the most frequent clinical presentation is the
peak of dose dyskinesia. The pathophysiology of L-DOPA-induced
dyskinesia (LID) is not fully understood. In neurotoxin animal models
of PD, the expression of involuntary movements is also observed
shortly after the administration of .-DOPA (Cenci & Crossman, 2018).
The classical PD model in rodents is induced by injection of
6-hydroxydopamine (6-OHDA) close to the dopaminergic neurons,
which induces dopaminergic degeneration (Rodriguez-Pallares
et al., 2007; Soto-Otero, Méndez-Alvarez, Hermida-Ameijeiras,
Munoz-Patifio, & Labandeira-Garcia, 2000). Different factors appear to
be involved in L-DOPA-induced dyskinesia, which increases the diffi-
culty in developing efficient treatments (Johnston et al., 2019). Abnor-
mal activity of the corticostriatal synapses (Cenci & Konradi, 2010),
the unregulated release of dopamine by the 5-HTergic terminals
(Munoz et al., 2008) and NO (Bortolanza et al., 2015; Padovan-Neto,
Cavalcanti-Kiwiatkoviski, Carolino, Anselmo-Franci, & Del Bel, 2015)
have been related to L-DOPA-induced dyskinesia. Recent evidences
have shown that factors such as neuroinflammation (Barnum
et al., 2008; Mulas et al., 2016; Pisanu et al., 2018; Teema, Zaitone, &
Moustafa, 2016) and angiogenesis (Lerner et al., 2017; Ohlin
et al., 2011) also play a major role in L-DOPA-induced dyskinesia.
Consistent with this, animal models of L-DOPA-induced dyskinesia
and PD patients showed increased levels of vascular endothelial
growth factor (VEGF) and inflammatory cytokines such as IL-1f
(Barnum et al., 2008; Mufoz, Garrido-Gil, Dominguez-Meijide, &
Labandeira-Garcia, 2014; Ohlin et al., 2011; Teema et al., 2016).
Interestingly, RhoA initiates cellular processes that act on its direct
effector Rho kinase (ROCK), which plays a critical role in the neuro-
inflammatory response including functions related to actin cytoskeleton
as microglial migration (Labandeira-Garcia et al., 2015; Villar-Cheda
et al., 2012). The RhoA/ROCK pathway is also involved in regulation of
angiogenesis and microvascular permeability (Bryan et al., 2010). In
addition, ROCK possesses multiple substrates and modulation of
ROCK activity has been suggested as a neuroprotective treatment for
several diseases including PD (Barcia et al., 2012; Labandeira-Garcia
et al., 2015; Moskal et al., 2020; Tatenhorst et al., 2014; Villar-Cheda
et al, 2012). Interestingly, ROCK inhibitors, such as fasudil, are
currently used against vascular diseases in clinical practice in several
countries (Koch et al., 2018). However, the possible involvement of the
RhoA/ROCK in L-DOPA-induced dyskinesia development or whether
ROCK inhibitors may become a new therapeutical strategy against
L-DOPA-induced dyskinesia have not been investigated, which was
studied in the present experiments using a 6-OHDA rat model of
L-DOPA-induced dyskinesia and the ROCK inhibitor fasudil.
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What is already known

e Rho kinase activation mediates neuroinflammation and
angiogenesis, which are involved in development of
L-DOPA-induced dyskinesias.

o Current dyskinesia treatment is disappointing and several

suggested drugs converge on Rho kinase regulation.
What this study adds

e Dopaminergic lesions and dyskinesia modify Rho kinase
(ROCK) activity in the nigra and striatum.

e The ROCK inhibitor fasudil inhibits development and
reduces already established L-DOPA-induced dyskinesia
(LID).

What is the clinical significance

o Fasudil, already used against vascular diseases, is a good
candidate for the treatment of dyskinesias.

e Fasudil does not affect therapeutic effect of L-DOPA and
has previously shown dopaminergic neuroprotective

properties.
2 | METHODS
21 | Experimental design

Animal studies are reported in compliance with the ARRIVE guide-
lines (Percie du Sert et al., 2020) and with the recommendations
made by the British Journal of Pharmacology (Lilley et al., 2020). Adult
female Sprague-Dawley rats (RGD Cat# 68140, RRID:RGD_68140;
weighing 225-250 g at the beginning of the experiments; 10 weeks
old) were used. Initially, groups of equal size were designed using
randomization and blinded analysis. Female rats were used because
the important increase in body weight of male rats in long-term
experiments may affect motor behavioural tests and all rats selected
for the experiments already had maximal dopaminergic denervation
(i.e. levels of dopaminergic denervation will not be influenced
oestrogen levels). Rats were pair-housed under a 12-h light/dark
cycle and with ad libitum access to food and water. Behavioural test-
ing was initiated at the beginning of the dark cycle. All experiments
were carried out in accordance with the European Communities
Council Directive 2010/63/EU, Directive 86/609/EEC and Spanish
RD 526/2014 and were approved by the corresponding committee
at the University of Santiago de Compostela. Four groups of experi-
ments (I-1V; n = 207) were carried out (Figure 1). In Experiment I, we

studied the effect of dopaminergic lesions on RhoA and ROCK levels.
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FIGURE 1

Experimental design (Weeks 1-11). Time course of experiments (I-1V), sample analysis and behavioural tests. AIMs, abnormal

involuntary movements; Exp., experiment; F, fasudil; LD, .-DOPA; MFB, medial forebrain bundle

We used rats injected with 6-OHDA in the medial forebrain bundle
(MFB; see Section 2.2) and killed rats 1 week (n = 12; Group la),
4 weeks (n = 12, Group Ib) or 8 weeks (n = 12; Group Ic) after lesion
to observe levels of ROCK during the acute period of the 6-OHDA
lesion characterized by neuronal death and neuroinflammation, when
the lesion is complete and stabilized and when these rats can be
compared with dyskinetic rats treated with L-DOPA for 3 weeks (see
below), respectively. Sham-operated rats (i.e. injected with vehicle
close to the MFB: sterile saline containing 0.2% ascorbic acid) with
normal dopaminergic innervation were used as controls (n = 12 per
group). In Experiment Il, we used rats with maximal unilateral
6-OHDA lesions to investigate the effects of L-DOPA on develop-
ment of dyskinesia and RhoA/ROCK expression. Considering the
time course of the 6-OHDA lesion, which is stabilized 3-4 weeks
after the toxin injection (Labandeira-Garcia, Rozas, Lopez-Martin,
Liste, & Guerra, 1996), rats with maximal dopaminergic lesions were
selected by behavioural tests performed during the fourth week (see
Sections 2.3.1 and 2.3.2). Rats with maximal lesions were allocated
into well-matched subgroups before L-DOPA treatment according to
the amphetamine rotation to exclude any possible difference in
dopaminergic lesion between experimental groups. L.-DOPA treat-
ment was initiated 6 weeks after the 6-OHDA injection. .-DOPA
was daily injected by subcutaneous administration until induction of
consistent levels of AIMs was achieved (i.e. Weeks 6, 7 and 8 after
6-OHDA injection). L-DOPA doses of 6 mg-kg™* (n = 16; Group Ila)
or 12 mgkg™ (n = 12; Group lIb) in saline were used, together with
benserazide (10 mgkg™) as a peripheral DOPA decarboxylase
inhibitor. Dyskinetic behaviour was tested periodically using an
AlMs scale (see Section 2.3.4) and the animals were finally killed for
post-mortem studies (see Sections 2.4-2.7). An additional group of
rats (Group llc) received a single injection of L-DOPA (12 mg-kg™?)
to analyse the acute effect of L-DOPA on dyskinesia and ROCK
activation and the rats were killed 1 h (n = 7) or 4 h (n = 7)

after that single injection. The corresponding controls were
6-OHDA-lesioned rats injected with saline instead of L-DOPA (n = 12
and 7, respectively). A few rats treated with 6 mg-kg™? of L-DOPA did
not develop dyskinesia brain tissue from these rats (Group lld; n = 7)
together with the corresponding controls (n = 16) were processed to
investigate possible effects of .-DOPA on ROCK activity indepen-
dently of development of dyskinesia. In Experiment Ill, we assessed
the effect of ROCK inhibitor fasudil on the development of
L-DOPA-induced dyskinesia. Two groups of 6-OHDA-lesioned rats
(matched on the basis of their amphetamine-induced rotation scores)
were treated with .-DOPA (6 mg-kg™t-day™%; s.c. plus 10 mg-kg™?! of
benserazide) for 3 weeks (Weeks 6-8 after 6-OHDA). One group of
rats was treated with the ROCK inhibitor fasudil (10 mg-kg™*-day~2, in
saline, i.p.; LC laboratories) for 5 days before the first .-DOPA
injection (i.e. during the fifth week after 6-OHDA) and then 30 min
before each L-DOPA injection (n = 10; Group llla) to study effects of
L-DOPA in the presence of already established ROCK inhibition and
the other group of animals was treated with saline (instead of
fasudil) + .-DOPA (n = 9; Group lllb). Peripherally administered
fasudil can cross the blood-brain barrier (BBB) (Zhang, Gao, Huang, &
Xu, 2009) showing effects on the CNS in many previous studies
(see for review Koch et al., 2018; Labandeira-Garcia et al., 2015).
The initial dose of fasudil was the lowest dose that resulted neuro-
protective in our previous studies (Rodriguez-Perez, Borrajo,
Rodriguez-Pallares, Guerra, & Labandeira-Garcia, 2015). An additional
group of rats was treated as in llla using higher dose of fasudil
(40 mg-kg~t-day™?, i.p.; n = 7; Group lllc). The corresponding controls
were treated with saline + L-DOPA as in Group llIb (n = 7; Group llid).
After the 3-week period of treatment (Weeks 6-8 after 6-OHDA)
with 6 mg-kg™? (i.e. on the ninth week after 6-OHDA injection), the
L-DOPA dose was increased up to 24 mg-kg™! to investigate if fasudil
could be effective in reducing high levels of L-DOPA-induced

dyskinesia.
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Cylinder, stepping and rotometer tests were performed to
evaluate whether treatment with fasudil (10 or 40 mgkg™t.day™?)
may affect the therapeutic effect of .-DOPA. The motor behaviour
was analysed at the beginning of the L-DOPA treatment (on the sixth
week post-6-OHDA; after two, four and six L-DOPA injections, for
cylinder, stepping and rotometer, respectively) to prevent possible
interference of L-DOPA-induced dyskinesia with the performance of
the behavioural tests. Finally, Experiment IV was designed to
investigate whether ROCK inhibition could reverse dyskinesias in
L-DOPA-primed animals (i.e. once the L-DOPA-induced dyskinesia
was consistently established). Rats were first injected with .-DOPA
only (6 mg-kg™t-day™?, s.c.; plus 10 mgkg™? of benserazide; n = 16)
for 3 weeks (Weeks 6-8 after 6-OHDA injection, as above). Once
L-DOPA-induced dyskinesia was established, groups of rats (IVa-d)
were matched on the basis of their dyskinesia scores. Then (on Weeks
9 and 10 after 6-OHDA lesion) a first group of rats was treated with
L-DOPA (6 mg-kg~*-day~?) and 10 mg-kg~*-day™?* of fasudil (i.p.; n = 8;
Group IVa) or L-DOPA + saline (n = 8; Group IVb) and the dyskinetic
behaviour was analysed. A second group of dyskinetic animals was
treated (on Weeks 9 and 10 after 6-OHDA injection) with .-DOPA
(6 mg-kg™t-day™?) and 40 mg-kg~-day™? of fasudil (i.p.; n = 9; Group
IVc) and dyskinesia was compared with the corresponding controls
treated with L.-DOPA + saline (n = 9; Group IVd). After this second
period of treatment (i.e. on the 11th week post-6-OHDA), the dose of
L-DOPA was increased to 24 mgkg l.day™! to enhance levels of
dyskinesia in the same rats and to know if simultaneous treatment
with fasudil (as above) was able to inhibit higher levels of dyskinesia.
Tests were performed by an experimentally blinded investigator.

At the end of the experiments, rats were stunned with carbon
dioxide and then killed by decapitation (20 min after the last .L-DOPA
injection; 1 or 4 h after the single L-DOPA injection in Experiment llc).
The whole substantia nigra region and the whole striatum were rap-
idly dissected on an ice bath, frozen in dry ice and stored at —80°C
until processed for western blot, ROCK activity assay and real-time
quantitative RT-PCR. Values were obtained from the lesioned side
and compared with the corresponding area of the control group. Rats
not used for RT-PCR, western blot or ROCK activity were killed by an
overdose of chloral hydrate and perfused for confirmation of maximal
lesions by tyrosine hydroxylase (TH) immunohistochemistry of dopa-
minergic neurons in the substantia nigra and dopaminergic terminals

in the striatum.

2.2 | 6-OHDA lesion of the dopaminergic system

Rats were deeply anaesthetized with a mixture of ketamine
(50 mg-kg™1)/medetomidine (0.4 mg-kg™?) and mounted in a stereo-
taxic frame (Kopf Instruments). Subcutaneous buprenorphine
(0.05 mg-kg™1) was administered for analgesia at the end of surgery,
immediately after the incision was closed and before the rat regained
consciousness. A second dose was administered 12 h later. Lesions
were performed in the right MFB to achieve complete lesion of the

nigrostriatal pathway. The rats were injected with 12 ug of 6-OHDA
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(to provide 8 pg of 6-OHDA free base; Sigma) in 4 pl of sterile saline
containing 0.2% ascorbic acid. The stereotaxic coordinates were
3.7 mm posterior to bregma, 1.6 mm lateral to midline and 8.8 mm
ventral to the skull at the midline, in the flat skull position. The tooth
bar was set at —3.3 mm. The solution was injected using a 5-pl
Hamilton syringe coupled to a motorized injector (Stoelting), at a rate
of 0.5 pl-min‘l; the cannula was left in situ 2 min after injection. On
the fourth week after 6-OHDA injection, the efficacy of the lesion
was evaluated with the amphetamine rotation test and the cylinder
test (see below). All rats showing maximal dopaminergic denervation
were included in the study (i.e. no rat with complete denervation was
excluded). The extent of the lesion was finally verified by TH western
blot or immunohistochemistry analysis.

2.3 | Behavioural analysis
2.31 | Amphetamine- and .-DOPA-induced
rotation

Amphetamine-induced rotation was performed on the fourth week
after the 6-OHDA injection to evaluate the extent of the dopaminer-
gic lesion. Turning behaviour was recorded in an automated rotometer
(Rota-Count 8, Columbus Instruments, Columbus, USA). Right and left
full body turns were recorded over 90 min after a 2.5 mgkg™?
i.p. injection of p-amphetamine dissolved in saline. Animals rotating
more than six net full turns per minute in the direction ipsilateral to
the lesion were used in this study (i.e. those corresponding to more
than 90% depletion of dopamine fibre terminals in the striatum)
(Winkler, Kirik, Bjorklund, & Cenci, 2002). In Experiment Ill, rats were
tested for evaluation of L-DOPA-induced rotation and effect of fasudil
on motor activation induced by L-DOPA. Data were expressed as net

full body turns per minute.

2.3.2 | Cylinder test

The cylinder test was used to evaluate forelimb akinesia and the
efficacy of the lesion (Schallert & Tillerson, 1999). Rats were placed
individually and videotaped in a transparent glass cylinder (20-cm
diameter) with two mirrors to allow visualization from all directions
and observation of the animals when they were turned away. The ani-
mals were then allowed to move freely in the cylinder and to explore
the environment. An observer blinded to the treatment of the rats
counted the number of weight-bearing touches made with each fore-
limb until a total of 20 touches. The data were expressed as per cent
of touches with the lesioned paw relative to total. A normal symmetric
animal would thus receive a score of 50% (indicated as a dashed line
in the corresponding figures), whereas lesions usually reduce perfor-
mance of the impaired paw to less than 20% of total wall counts. This
test was also used to assess the influence of fasudil on the therapeutic
effect of L-DOPA (Experiment Ill). At each test session, a new baseline

value was obtained off-drug before any injection and rats were tested
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again 90 min after L-DOPA injection. Fasudil was given 30 min prior
to .-DOPA.

2.3.3 | Stepping test

The stepping test was used as an index of the therapeutic effect of
L-DOPA. The stepping test was performed as described in detail
previously (Olsson, Nikkhah, Bentlage, & Bjorklund, 1995) with minor
modifications. Briefly, the rat was held by the experimenter fixing its
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, while the rat was moving
around the surface (90 cm in 5 s), in the forehand and backhand direc-
tion, for both forelimbs. The animals were habituated to the handling
procedure for a week before testing. Values are reported as the sum
of the steps in the forehand and backhand direction for both paws.
Performance of the animals in the stepping test was assessed in the
animals treated with both L-DOPA + fasudil (10 and 40 mg-kg™),
L-DOPA + saline and 6-OHDA + saline (Experiment lll; on the sixth
week after 6-OHDA injection; Day 4 of treatment). The baseline
stepping test was performed just before (about 5 min) the fasudil or
saline injection. Then (30 min later) rats were injected with L-DOPA or
saline and the stepping test was performed again 90 min after this
second injection.

234 | L-DOPA-induced dyskinesia

The present model (rats with maximal unilateral dopaminergic lesions)
is the usual model for investigation on dyskinesia in rodents (Cenci &
Crossman, 2018). In order to induce L-DOPA-induced dyskinesia,
L-DOPA (6, 12 or 24 mg-kg™?; see above) was administered daily to
each rat as a subcutaneous injection. L-DOPA was combined with the
peripheral DOPA decarboxylase inhibitor benserazide (10 mg-kg™?)
dissolved in saline. L-DOPA-induced dyskinesia were evaluated
according to a rat dyskinesia scale described in detail previously
(Mufioz et al., 2014). Briefly, the animals were placed in individual
transparent plastic cages without bedding material and were scored
every 20 min after the injection of L-DOPA and for the entire time
course of dyskinesias. The AlMs were classified into four subtypes
according to their topographic distribution as limb, orolingual, axial
and locomotive movement. The forelimb and orolingual dyskinesia
are predominantly seen as hyperkinesia, while the axial dyskinesia is
essentially a dystonic movement. Enhanced manifestations of normal
behaviours, such as grooming, gnawing, rearing and sniffing, were not
included in the rating. The severity of each AIM subtype was
assessed using scores from O to 4 (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; 4: continuous, not inter-
rupted by strong sensory stimuli). Integrated total AIMs score (raw
data plot of total scores: axial + limb + orolingual AIM scores multi-

plied by the interval of observation: x 20 min) and total AlMs and

each AIM subtype were presented as time course curve and total
AUC. Time course analysis for a single .-DOPA injection was repre-
sented showing the scores of the animals in each time point every
20 min.

24 | Western Blot and ELisa analysis

The Immuno-related procedures used comply with the recommen-
dations made by the British Journal of Pharmacology (Alexander
et al, 2018). Tissue from the substantia nigra area and striatum
was homogenized in RIPA buffer containing protease inhibitor
cocktail (Sigma). Tissue lysates were centrifugated and protein
concentrations were quantified using the Pierce BCA Protein Assay
Kit (Thermo Scientific, Fremont, CA, USA). Equal amounts of protein
(25 pg) were separated by 5%-10% Bis-Tris polyacrylamide gel and
transferred to nitrocellulose membranes (1620115, Bio-Rad,
0.45 pm). Precision standard plus (161-0374; Bio-Rad) was used as
an MW marker. The membranes were incubated overnight with the
following primary antibodies: mouse anti-ROCK Il (Santa Cruz Bio-
technology Cat# sc-398519; 1:200), mouse anti-RhoA (Santa Cruz
Biotechnology Cat# sc-418, RRID:AB_628218; 1:200), mouse anti-
VEGF (Santa Cruz Biotechnology Cat# sc-7269, RRID:AB_628430;
1:200) and hamster anti-IL-1p (Santa Cruz Biotechnology Cat#
sc-12742, RRID:AB_627791; 1:100). Antibodies were diluted in 5%
nonfat dry milk PBS 0.1% Tween 20. Mouse anti-TH antibody
(Sigma-Aldrich Cat# T2928, RRID:AB_477569; 1:5,000) was also
used to confirm the dopamine denervation. The membranes were
incubated with the following HRP-conjugated secondary antibody
rabbit anti-mouse (Agilent Cat# P0260, RRID:AB_2636929; 1:2,500)
from Dako or mouse anti-Armenian hamster (Santa Cruz Biotech-
nology Cat# sc-2789, RRID:AB_628484; 1:2,500). Immunoreactive
bands were detected with an Immun-Star HRP Chemiluminescent
Kit (170-5044; Bio-Rad) and visualized with a chemiluminescence
detection system (Molecular Imager ChemiDoc XRS System;
Bio-Rad). Blots were stripped and reproved for anti-GAPDH
(Sigma-Aldrich Cat# G9545, RRID:AB_796208; 1:25,000) as loading
control. For each animal, protein expression was measured by
densitometry of the corresponding band and expressed relative to
the GAPDH band value. The data were then normalized to the
values of the control group of the same batch (100%) to counteract
any between-batch variability. Finally, the results were expressed as
mean + SEM.

For TNF-a determination, the tissue was homogenized in lysis
buffer containing protease inhibitor cocktail, the homogenates were
centrifuged, at 12,000 g for 20 min at 4°C and the protein
concentrations were determined by BCA protein assay. The levels
of TNF-a were quantified with rat-specific eusa kits according to
the manufacturer's instructions (rat TNF-o from Diaclone,
865.000.096). Equal amounts of protein (35 pg per well) were used
and each sample was assayed in duplicate. The TNF-a contents in
the substantia nigra were obtained in picograms per millilitre of

protein.
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2.5 | ROCK activity assay

In animals of Experiment | and Experiment Il, ROCK activity was mea-
sured with a ROCK Activity Assay Kit (CellBiolabs, Inc., San Diego,
CA, USA) according to the manufacturer's instructions. The ROCK
Activity Assay Kit is an enzyme immunoassay developed for detection
of the specific phosphorylation of myosin phosphatase target subunit
1 at Thr696 by ROCK. Tissue was homogenized in lysis buffer
(50-mM Tris-HCI pH 7.5, 150-mM NaCl, beta-glycerolphosphate
1mM, 1% Triton X-100, 1-mM EDTA, 1-mM EGTA, 1-mM NazVO,)
containing protease inhibitor cocktail (P8340, Sigma). Protein concen-
tration of extracts was measured with the Pierce BCA Protein Assay
Kit (Thermo Scientific) and equal amounts of protein (5 pg per well)
were used; each sample was assayed in duplicate. Phosphorylation
activity was assessed by measuring the absorbance at 450 nm in an
Infinite M200 multiwell plate reader (TECAN).

2.6 | Real-time quantitative RT-PCR

Total RNA from the nigral region and striatum was extracted with the
Trizol method according to the manufacturer's instructions. The RNA
concentration was estimated using a NanoQuant plate and an Infinite
M200 multiwell plate reader (TECAN, Salzburg, Austria). Total RNA
(2 pg) was reverse-transcribed to cDNA with deoxynucleotide triphos-
phate (dNTP), random primers and Moloney murine leukaemia virus
reverse transcriptase (M-MLV; 200 U, Invitrogen).

Real-time PCR was used to examine relative levels of RhoA mRNA
and ROCK Il mRNA. g-actin was used as housekeeping gene and was
amplified in parallel with the genes of interest. Forward (F) and reverse
(R) primers were designed for each gene by using NCBI Primer-BLAST
(RRID:SCR_003095) (https://www.ncbi.nlm.nih.gov/tools/primer-blast);
primers were located on the exon-exon junction to avoid amplification
of genomic DNA. Primer sequences were as follows: for RhoA,
forward 5'-GGACGGGAAGCAGGTAGAGTT-3/, reverse 5'-AACTATCA
GGGCTGTCGATGGAA-3'; for ROCK I, forward 5-GTTCAGTTGG
TTCGTCATAAGGCA-3, reverse 5'-TGAACCACCCACGGACTGTT-3;
and for p-actin, forward 5-TCGTGCGTGACATTAAAGAG-3, reverse
5-TGCCACAGGATTCCATACC-3'. The standard curve of the different
primers used in the study have the following efficiencies: 110% for
p-actin, 110% for RhoA and 106% for ROCK Il. Experiments were per-
formed with a real-time iCyclerTM PCR platform (Bio-Rad, Hercules,
CA, USA) using the 1Q SYBR Green Supermix kit (Bio-Rad). The data
were evaluated by the AACt method (2722 where Ct is the cycle
threshold. The expression of each gene was obtained as relative to the
housekeeping transcripts. The data were then normalized to the values

of the control group and expressed as mean + SEM.

2.7 | Immunohistochemistry

The animals used for immunohistochemistry were first perfused with
0.9% saline and then with cold 4% paraformaldehyde in 0.1-M

phosphate buffer, pH 7.4. The brains were removed and subsequently
washed and cryoprotected in the same buffer containing 20% sucrose
and finally cut into 40-pm sections on a freezing microtome. The
sections were incubated for 1 h in 10% normal swine serum with
0.25% Triton X-100 in 20-mM potassium PBS containing 1% BSA
(KPBS-BSA) and then incubated overnight at 4°C with antibodies
anti-TH as DA marker (mouse monoclonal anti-TH, Sigma-Aldrich
Cat# T2928, RRID:AB_477569; 1:10,000). The sections were subse-
quently incubated, first for 60 min with the corresponding bio-
tinylated secondary antibody (horse anti-mouse, Vector Laboratories
Cat# BA-2001, RRID:AB_2336180; 1:200) and then for 90 min with
avidin-biotin-peroxidase complex (ABC, 1:100, Vector). Finally, the
labelling was revealed by treatment with 0.04% hydrogen peroxide
and 0.05% 3,3'-diaminobenzidine (DAB, Sigma). In all experiments,
control sections, in which the primary antibody was omitted, were

immune-negative for TH.

2.8 | Dataand analysis

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology. All data were obtained from at least three
independent experiments (i.e. not treating technical replicates as
independent values) and expressed as means + SEM. WB and PCR
data were normalized to the values of the control group (100%
or 1, respectively) and expressed as mean + SEM. The rest of the
data were presented as scores (behavioural data) or as absolute
values (eLisa, pg-ml~?). Statistical analysis was undertaken only for
studies where each group size was at least n = 5, where n = number
of independent values. Outliers were included in data analysis and
presentation. The minimal number of animals per group has been
estimated taking into account the principle of replacement,
refinement and reduction (RRR), using the statistical calculator tool
on the page https://www.imim.cat/ofertadeserveis/software-public/
granmo/ of the Hospital Institute from the Sea of Medical Research
of the Biomedical Research Park of Barcelona. Two-group compari-
sons were carried out by unpaired Student's t-test and multiple
comparisons were analysed by one-way ANOVA followed by post
hoc Holm-Sidak test. The post hoc tests were conducted only if F
in ANOVA achieved p < 0.05 and there was no significant variance
inhomogeneity. Dyskinetic behavioural data were analysed by
two-way repeated measure (RM) ANOVA with treatment and time
as factors followed by Holm-Sidak post hoc comparisons. The normal-
ity of populations and homogeneity of variances were analysed before
each test. No approaches were used to reduce unwanted sources of
variation by data normalization or to generate normal data. In a few
cases of inhomogeneity, non-parametric tests of Mann-Whitney or
Kruskal-Wallis were used to confirm statistical differences. Differ-
ences were considered statistically significant at P < 0.05 and the
threshold value was not varied during the study. All statistical analyses
were carried out with SigmaPlot 11.0 (RRID:SCR_003210) from Jandel
Scientific, Systat Software, Inc., CA, USA.
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2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org are permanently archived in
the Concise Guide to PHARMACOLOGY 2019/20 (Alexander
et al,, 2019).

3 | RESULTS
3.1 | Changesin RhoA/ROCK expression after
dopaminergic denervation (6-OHDA lesion)

A first group of rats (Figure 2) was killed a week after the 6-OHDA
injection to evaluate RhoA/ROCK expression after a short
post-lesion period (i.e. during neuronal death and associated
neuroinflammation). Consistent with our previous experiments in
PD models (Rodriguez-Perez, Valenzuela, Villar-Cheda, Guerra, &
2012; Rodriguez-Perez, Dominguez-Meijide,
Lanciego, Guerra & Labandeira-Garcia, 2013; Villar-Cheda et al., 2012),

we observed a significant increase of RhoA and ROCK protein levels

Labandeira-Garcia,

and mRNA expression in the substantia nigra and striatum relative to
control rats (Figure 2a-c). In the striatum and substantia nigra, we
also studied levels of RhoA/ROCK when the 6-OHDA lesion was sta-
bilized (4 weeks of 6-OHDA injection) and at the period (8 weeks
post-lesion) in which 6-OHDA-lesioned rats can be compared with
stable dyskinetic rats that have received 3 weeks of L-DOPA treat-
ment. In these rats with long-term 6-OHDA lesions (i.e. 4 and
8 weeks after 6-OHDA injection; without additional treatments/
saline), we observed a significant decrease in RhoA/ROCK levels and
ROCK activity relative to unlesioned controls (no change was
detected in ROCK activity in the striatum at 8 weeks; Figure 2d-i ).
In summary, the increase in RhoA and ROCK protein/mRNA as a
result of 6-OHDA lesion was only observed at the Week 1 time point
and decreased in long-term lesions (see Section 4). The remaining
lesioned animals were used to investigate the involvement of ROCK
in development of L-DOPA-induced dyskinesia. Four weeks after
lesion and before treatment with saline or L-DOPA, maximal dopami-
nergic lesions were confirmed (Figure 3). Analysis of the rotational
behaviour (selected rats showed 893 + 106 turns) and analysis of the
forelimb akinesia in the cylinder test revealed maximal lesions
(Figure 3a). The significant loss of TH immunoreactivity in the
lesioned side was confirmed by western blot or immunohistochemis-

try at the end of the experiments (Figure 3b-d).

3.2 | Nigral and striatal RhoA/ROCK is increase in
dyskinetic rats

A group of rats was daily injected with different doses of L-DOPA
(6 or 12 mg-kg™!; the range of doses used clinically) until consistent

levels of AIMs were achieved (i.e. 3 weeks). As expected, the higher

dose of L-DOPA resulted in more severe development of AlMs, which
appeared earlier after injection. Integrated AIM score, calculated as
the addition of limb, orolingual and axial components, reached
values around 25% higher in animals injected with the 12 mg-kg™* of
.-DOPA dose than in those injected with 6 mgkg™®. Rotation
(i.e. locomotive movement) was also significantly higher in animals
injected with 12 mgkg™ of L-DOPA (about 65% higher). The time
course of dyskinesia in animals treated with 12 mg-kg™! was around
2.5-3 h while in rats injected with 6 mgkg™! was around 2 h
(Figure 4).

Dyskinetic animals showed a significant increase (.-DOPA of
6 mg-kg™t and 12 mg-kg™Y in the expression of RhoA and ROCK pro-
tein in the substantia nigra and striatum the latter only at 12 mg-kg™?,
as compared with lesioned rats not treated with .-DOPA (Figure 5a-d).
Consistent with above described data on protein or mRNA expression,
ROCK activity was significantly increased in the substantia nigra of dys-
kinetic rats relative to untreated 6-OHDA-lesioned rats or sham-
operated rats not treated with L-DOPA. Interestingly, lesioned rats
treated with L-DOPA that did not develop dyskinesia showed no signifi-
cant increase in ROCK activity as compared with normal controls
(Figure 5e). A significant increase in ROCK activity relative to normal
controls was observed in the striatum of dyskinetic rats (even at the
doses of 6 mg-kg™?) (Figure 5g). The loss of TH (Figure 5f) and rota-
tional behaviour (806 + 80 turns in 90 min) in rats that did not develop
dyskinesia were not different to those of dyskinetic rats (i.e. showed
maximal lesions).

In order to know if a chronic L-DOPA treatment is necessary to
induce the increase in RhoA/ROCK expression, an additional group of
6-OHDA-lesioned rats was injected with a single high dose of L-DOPA
(12 mg-kg™?) and killed 1 or 4 h after .-DOPA administration. These
rats showed dyskinetic movements (although less intense than rats
chronically treated with L.-DOPA; see Figure 4, first time point)
together with a marked significant increase in nigral and striatal RhoA
and ROCK mRNA expression after .-DOPA injection in comparison
with rats injected with vehicle (Figure 6a-d), both at 1 hand 4 h. The
time course of a single L-DOPA injection (12 mg-kg™?) is shown in
Figure ée,f.

3.3 | Fasudil reduces ROCK activity, inflammation
and angiogenesis markers, and development of
dyskinesia

Treatment of dyskinetic rats with fasudil (10 or 40 mgkg™t-day™)
induced a significant decrease in ROCK activity both in the nigra and
the striatum (Figure 5e,g). Injection of -DOPA (i.e. in dyskinetic
rats) induced a significant increase in angiogenesis-related markers
such as VEGF relative to non-lesioned controls and untreated
6-OHDA-lesioned rats and inflammation-related markers such as
IL-18 and TNF-a relative to non-lesioned controls and untreated
6-OHDA-lesioned rats (Figure 7). Treatment with fasudil (10 and
40 mg-kg™?) significantly decreased the effect of L-DOPA on levels of
VEGF, TNF-a and IL-1p.
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FIGURE 2
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Effect of short-term (1 week) and long-term (4 and 8 weeks) 6-OHDA lesions on the RhoA/ROCK pathway in the striatum and
substantia nigra relative to non-denervated (i.e. sham-operated) controls. Short-term dopaminergic denervation induced a significant increase in
the expression of RhoA and ROCK protein levels determined by western blot (WB; a, b) and mRNA levels analysed by RT-PCR (c). In long-term
lesions, RhoA and ROCK protein levels were decreased (d, e, g, h). ROCK activity assays (f, i) confirmed a decreased ROCK activity in the nigra
and 4-week-lesioned striatum (not significant at 8 weeks). Protein expression was determined relative to the GAPDH band value and the
expression of each gene was determined relative to the housekeeping transcripts (B-actin). The results were normalized to the values for non-
lesioned control rats. Data are means + SEM. *P < 0.05 (unpaired Student's t-test)
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FIGURE 3 Rats with chronic

dopamine denervation showed a marked

reduction in the left forelimb use relative

o to non-denervated controls, as assessed

—Te by cylinder test (a) and intense

amphetamine-induced rotational

behaviour (893 £ 106 turns in 90 min).

o The maximal lesion (i.e. lack of tyrosine
hydroxylase (TH) expression) was
confirmed at the end of the experiments
by western blot (WB) analysis (b) or
immunohistochemistry in the striatum
(c) and substantia nigra (d). WB results

* were normalized to the values of the non-

WB-TH

I pnnlﬁ.,_ lesioned control rats. Data are
Control 6-OHDA means + SEM. *P < 0.05 (unpaired

Student's t-test). SNC, substantia nigra

compacta; VTA, ventral tegmental area.
Scale bars: 500 pm

Consistent with the involvement of ROCK overactivation in
L-DOPA-induced dyskinesia, rats treated with 10 mg-kg™? of fasudil
and L-DOPA showed a significant reduction in dyskinesia relative to
rats treated with L-DOPA alone. The significant differences in
integrated AIM score were observed from the fifth day of treatment
until the end of the 3-week evaluation period (Figure 8a; see also
AUC representations in Figure 8). ROCK inhibition by fasudil
produced a significant reduction in L-DOPA-induced dyskinesia in the
different components (Figure 8c-g): limb component (around 20%
decrease), axial component (around 30% decrease) and orolingual
component (around 25% decrease). Animals injected with 40 mg-kg™!
of fasudil showed higher significant decrease (around 50% decrease)
in the dyskinesia scores (Figure 8b). The decrease in L-DOPA-induced
dyskinesia was observed in all components analysed (Figure 8d,f,h).
This reduction was observed from the fifth L-DOPA injection until the
end of the evaluation period. At the end of the 3-week period of
treatment (i.e. on the ninth week after 6-OHDA injection), the
L-DOPA dose was increased (24 mgkg™) to investigate whether
fasudil was also effective against more severe dyskinesia. Fasudil also
reduced significantly the higher dyskinetic behaviour induced by
24 mg-kg™* of L-DOPA (Figure 8b). The decrease in L-DOPA-induced
dyskinesia induced by 24 mgkg™! of L-DOPA was observed in all
components analysed (Figure 8d,f,h).

We performed the stepping test and the cylinder test to investi-
gate the impact of the ROCK inhibitor fasudil on the therapeutic
L-DOPA. Both

effect of in the stepping and cylinder tests,

TH (d) TH

SNC

administration of L-DOPA induced (90 min after injection) a marked
significant improvement of left paw use relative to baseline scores
and 6-OHDA-lesioned rats injected with saline). Animals treated with
L.-DOPA alone were not significantly different from those treated
with L-DOPA and fasudil (10 or 40 mg-kg™2), which revealed that the
therapeutic effect of L-DOPA was preserved relative to baseline and
6-OHDA-lesioned rats injected with saline (Figure 9a,b). In addition,
L.-DOPA-induced rotation/locomotive movement was also unaffected
by fasudil administration, showing that the observed decrease in
L-DOPA-induced dyskinesia was not a consequence of a fasudil-
induced reduction in motor activation (Figure 9c). Note that the
cylinder, stepping and rotometer (less affected by dyskinesia) tests
were performed after the second, fourth and sixth L-DOPA injection,
respectively, to prevent any possible interference of the dyskinesias,
which began to be significant after the fifth injection, with behav-

ioural test performance.

3.4 | Effect of fasudil on previously established
dyskinetic behaviour

An additional group of 6-OHDA-lesioned rats (Experiment 1V) was
primed with daily injections of L.-DOPA for 3 weeks (i.e. until
L-DOPA-induced dyskinesia were consistently stable) and then rats
were treated with L-DOPA and fasudil in order to investigate whether

ROCK inhibition could reduce AlMs once dyskinesia was established.
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FIGURE 4 Development of dyskinesia induced by chronic L-DOPA treatment (21 days; sixth, seventh and eighth week) at high (12 mg-kg™?,
white circles; n = 6) and low (6 mg-kg™?, black circles; n = 11) doses. Total AIM score (a) was estimated as the addition of limb (b), orolingual

(c) and axial (d) components. Rotational movement was recorded as locomotive component (e). Data are means + SEM. *P < 0.05 (unpaired
Student's t test for each time point). Student's t-test (AUC) and two-way ANOVA for repeated measures and Holm-Sidak post hoc test. AIMs,

abnormal involuntary movements

Using 10 mg-kg™*-day~? of fasudil, the animals did not show any sig-
nificant reduction on AIM scores, even after prolonging fasudil treat-
ment for an additional week or increasing L-DOPA dose up to
24 mgkg™! (Figure 10ab). However, a higher dose of fasudil
(40 mg-kg™?) produced a significant reduction of dyskinesia from the
third day of fasudil treatment (around 40% decrease; Figure 10c,d).
This reduction was also observed in the different components
analysed (Figure 10e-h). Interestingly, when we increased the
-DOPA dose to 24 mgkg™ (on the 10th week after 6-OHDA

injection), the L-DOPA-induced dyskinesia reduction was even higher
and this reduction continued until we finished the treatment period
(45%, reduction in the last injection; Figure 10d).

4 | DISCUSSION

In several PD models, ROCK inhibitors such Y27632 or fasudil have
shown neuroprotective properties for dopaminergic neurons through
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FIGURE 5 RhoA (a, b) and ROCK (c, d) protein levels in the substantia nigra and striatum of 6-OHDA rats chronically treated with saline and
dyskinetic rats chronically treated with L-DOPA (6 mg-kg™?, LD-6; or 12 mg-kg™?, LD-12). (e-g) ROCK activity in untreated controls, untreated
6-OHDA-lesioned rats and 6-OHDA-lesioned rats treated with L-DOPA (6 mg-kg™*-day™!) that developed or did not develop dyskinesia (DK).
Dyskinetic rats showed a significant increase in ROCK activity relative to saline-injected lesioned rats and non-lesioned controls. Interestingly, no
significant increase relative to unlesioned controls was observed in L-DOPA-treated rats that did not develop dyskinesia. Treatment with fasudil
(10 or 40 mg-kg™1; F-10, F-40) induced a marked decrease in ROCK activity both in the nigra and in the striatum (e, g). WB for TH (f) and
rotational behaviour showed same levels of dopaminergic denervation in dyskinetic and non-dyskinetic rats. In (a)-(d), the results were normalized
to the values of 6-OHDA-lesioned animals treated with saline and data are means + SEM. *P < 0.05 (unpaired Student's t-test). In (e)-(g), one-way
ANOVA and Holm-Sidak post hoc test were used (*P < 0.05, significant differences relative to controls; #P < 0.05, significant differences relative
to 6-OHDA; $p < 0.05, significant differences relative to .-DOPA)



LOPEZ-LOPEZ €T AL. m@ Piicoosicn,_| 9633

(a) Substantia nigra (b) Striatum
5 ' 6-_ ' %*
7] ¥ [7) ] : ’
e 4 " [ ] "
L ' * 2 4- '
- 3 ' L
g : ° g5 ] * :
% < ' "4 g 1 ' %
§ 2 : . £, : °
3 = || - :
- o < ) °
2 "% [ A rOa-1 °|
' 1 0
0 1 1 1 0 1 1 I 1
@ & ) o ) >
& N RN . N R
A K, PR,
v.x v.x v. v.x x v.x v.x YX
QO O QO QO QO QO QO QO
& &£ &S & & &S
ol ROCK
(c) Substantia nigra (d) Striatum
® : 4 :
® . E ¥ P : ¥
o Q |}
5 ] E 3 @ : B
< = ; °
22 : 25 :
< - ' ['4 < 2 * !
£ L i € ! °
~ 9. * N
X 2 5 Y - '
(8] : & : [¥) 1 [ ° : o
8 - g ﬁ' g ° o ﬁ |ﬂ
Tnllila : '
- ' '
0 T T T T 0 T T I T T
@ A & o o
& N @ € N &P
AN AN ’
< x\? £ S 9 & ¥
¥ . .
S & & ¥ o S T
S &S S & &
¢ ¢ < @
(e) Total AIMs 1st L-DOPA injection (f) Limb 1st L-DOPA injection
1201 —e— L-DOPA (12 mg'kg) 1h DA % —e— L-DOPA (12mgkg™) 1h

ka1
—o— L-DOPA (12 mg'kg') 4 h depletion o— L-DOPA (12 mgkg")4 h

3 3
._1w. —
i 40 DA
Q .

o o depletion
£ 801 £
= =
P S
[ [
c 60 9]
E E
L. 3
@ b
] ]
= 2 =10
< <

0 T T T T T [}

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
min post- L-DOPA injection min post- L-DOPA injection

FIGURE 6 Effect of acute L-DOPA treatment on RhoA and ROCK mRNA levels. A single injection of a high dose of L-DOPA (LD; 12 mg-kg™?%)
induced dyskinesia and a significant increase in RhoA (a, b) and ROCK (c, d) mRNA levels in the substantia nigra (a, c) and striatum (b, d). In (a)-(d),
the results were normalized to the values of 6-OHDA-lesioned rats treated with saline. Time course of total AIMs (e) and the limb component (f)
in rats subjected to a single L-DOPA injection and killed 1 h (n = 5) and 4 h (n = 5) after injection. Data are means + SEM. *P < 0.05 (Student's t

test)
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Effect of fasudil (10 or 40 mg-kg™1; F-10, F-40) compared to non-lesioned controls and untreated 6-OHDA-lesioned rats on

markers related to angiogenesis and neuroinflammation in the substantia nigra. Protein levels of the angiogenesis-related factor VEGF (a, b) and
the pro-inflammatory markers IL-18 (c) and TNF-a (d) were increased in rats subjected to L-DOPA treatment and significantly decreased in rats
treated with L-DOPA (6 mg-kg™1) and fasudil, as determined by WB (a-c) and ELisa analysis (d). The results were normalized to the values of
non-lesioned controls. Data are means + SEM. *P < 0.05, significant difference relative to controls; #p < 0.05, significant difference

relative to L-DOPA-treated animals (one-way ANOVA and Holm-Sidak post hoc test)

several mechanisms (Barcia et al., 2012; Moskal et al, 2020;
Tatenhorst et al., 2014; Villar-Cheda et al., 2012). For the first time,
the present results show that inhibition of ROCK activity with fasudil
significantly reduces development of L-DOPA-induced dyskinesia
(Figure 8). Moreover, fasudil was effective in reducing already
established L-DOPA-induced dyskinesia (Figure 10). A low dose
(10 mgkg™), which was effective in neuroprotective studies
(Rodriguez-Perez et al., 2015; Wu et al., 2012), showed significant

effects against L-DOPA-induced dyskinesia development but had no
effect on rats with already developed L-DOPA-induced dyskinesia.
However, higher doses (40 mg-kg™?) led to significant reduction of
already established dyskinesia. This dose was also effective against
high levels of dyskinesia induced by 24 mg-kg™! of L-DOPA, even in
rats that had developed dyskinesia previous to treatment with fasudil
(Figures 8 and 10). The efficiency of fasudil in reducing dyskinesia in
both scenarios (i.e. reduction of development of dyskinesias in rats
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L-DOPA (6 mg-kg™) + saline or L-DOPA + 10 mg-kg~* fasudil (n = 8 in both groups; a, ¢, e, g) and rats treated with L-DOPA (6 mg-kg™?) + saline
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L-DOPA + fasudil (white circles) relative to rats treated with L-DOPA + saline (black circles). A significant decrease was observed in the AlMs total
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previously treated with fasudil and reduction of dyskinesia in rats with
already developed L-DOPA-induced dyskinesia) suggests that fasudil
may be used for neuroprotection in patients without L-DOPA-induced
dyskinesia and to delay and reduce development of L-DOPA-induced
dyskinesia, and may be also effective for treating PD patients with
already developed L-DOPA-induced dyskinesia. We also investigated
the possibility that the reduction in dyskinesia may be related to the
reduction of L-DOPA motor activity (Figure 9). However, several
behavioural tests showed that fasudil decreased L-DOPA-induced
dyskinesia without affecting the motor response to L-DOPA.

Fasudil and its analogues have been shown to inhibit ROCK
activity and be effective against several diseases and disease models
(Chen et al., 2013; Defert & Boland, 2017). In the present study, we
observed that short-term 6-OHDA lesions (i.e. 1 week post-lesion)
showed an increase in the expression of RhoA/ROCK in the sub-
stantia nigra and striatum, which is consistent with the increase in
ROCK activity that mediates the neuroinflammation during the neu-

rodegenerative process (Barcia et al., 2012; Borrajo, Rodriguez-

Perez, Villar-Cheda, Guerra, & Labandeira-Garcia, 2014; Villar-Cheda
et al, 2012). Rats with long-term 6-OHDA lesions showed a
decrease in protein expression and ROCK activity relative to
short-term lesions, which is consistent with several time course
studies on nigrostriatal neurodegeneration showing a time-related
decrease in neuroinflammatory markers after neurotoxic lesions
(Walsh, Finn, & Dowd, 2011). A decrease below control levels may
be related to the important loss of dopaminergic neurons and/or
denervation-related compensatory changes resulting in lower levels
of RhoA/ROCK (Koch et al., 2018; Labandeira-Garcia et al., 2015).
Neuroinflammation plays a major role in the progression of PD
(Gerhard et al., 2006). In contrast with that observed in long-term
6-OHDA lesions, in which the neurodegenerative process is com-
pleted, post-mortem brain sections of PD patients showed increased
ROCK expression in astrocytes and microglia, suggesting an active
neuroinflammatory process (Koch et al, 2018). Therefore, in PD
reduction of ROCK activity by fasudil may have more efficient

neuroprotective and antidyskinetic effects.
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Effect of fasudil in rats with previously established L-DOPA-induced dyskinesia (LID) and showed as integrated AlMs (a, c, e-g)

and time course of a single injection (b, d, h). Rats (n = 34) were treated with L-DOPA only (6 mg-kg™%) for 3 weeks (sixth to eighth week; i.e. until
LID were consistently established). Then (9th to 11th week) rats received L-DOPA (6 mg-kg™2) + saline (black circles) or L-DOPA + fasudil (10 or
40 mg-kg™1; white circles). Treatment with 10 mg-kg~? of fasudil (n = 9) did not produce any significant effect on the dyskinetic behaviour relative
to rats treated with L-DOPA + saline (n = 9), even when treatment was prolonged up to the 42nd injection or the .-DOPA dose was increased to
24 mg-kg‘1 (arrow; a). The time course (200 min) of AIMs in the last injection (42nd injection; 24 mg~kg‘1) is shown in (b). However, treatment
with 40 mg-kg™? of fasudil (n = 8) induced a significant reduction in LID relative to animals treated with L-DOPA + saline (n = 8), including that
produced by injection of high doses (24 mg-kg™1; arrow) of L-DOPA (c-h). The decrease was observed in the AlMs total score (c, d) and in the
different components analysed: axial (e), limb (f) and orolingual (g, h). The time course of AIMs (d) and orolingual component (h) of the last .L-DOPA
injection of this experiment (38th injection; 24 mg-kg™?) is also shown. Data are means = SEM. *P < 0.05. unpaired Student's t-test (AUC) and two-
way ANOVA for repeated measures and Holm-Sidak post hoc test. AIMs, abnormal involuntary movements; LID, levodopa-induced dyskinesia
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In dyskinetic rats, chronic L-DOPA injection again increased levels
of RhoA/ROCK and pro-inflammatory markers, which were inhibited
by treatment with fasudil, together with the reduction in the dyski-
netic behaviour. Moreover, in rats with maximal dopaminergic dener-
vation, a single injection of L-DOPA induced dyskinetic behaviour and
increased RhoA/ROCK levels, although levels of dyskinesia further
increased after several L-DOPA injections. Interestingly, a few dener-
vated rats treated with .-DOPA did not develop dyskinesia and did
not show the increase in ROCK activity observed in dyskinetic rats.
This suggests that the increase in ROCK activity is associated to the
dyskinetic behaviour and not just to L-DOPA administration. We con-
sider that these non-dyskinetic rats were not the result of an incom-
plete dopaminergic lesion, because they were selected with the same
criterion for maximal lesion than other rats, showed a similar lack of
TH immunoreactivity in post-mortem analysis and these resistant rats
were also found in many other studies (Carta et al., 2006;
Ohlin et al, 2012). In any case, this result shows association
between absence of increased levels of ROCK activity and absence of
L-DOPA-induced dyskinesia.

The effect of ROCK on development of L-DOPA-induced dyski-
nesia may be due to the major role of ROCK in several mechanisms
that are involved in development of L-DOPA-induced dyskinesia,
particularly neuroinflammation and abnormal angiogenesis. Previous
studies have shown that neuroinflammation is involved in the patho-
physiology of L-DOPA-induced dyskinesia. Increased levels of IL-1p
(Barnum et al., 2008; Mufioz et al., 2014) and other markers of inflam-
mation were observed in the nigra and striatum of dyskinetic animals
(Mulas et al., 2016) in the present and previous studies. L-DOPA-
induced dyskinesia was increased by inflammatory insults such as LPS
(Mulas et al., 2016; Pisanu et al., 2018). Anti-inflammatory drugs, such
as ibuprofen (Teema et al., 2016), or immunomodulatory drugs, such
as thalidomide (Boi et al., 2019), delayed the development of dyskine-
sia. Other strategies against L-DOPA-induced dyskinesia such as NOS
inhibitors also inhibited neuroinflammation (Bortolanza et al., 2015;
Padovan-Neto et al., 2015). Activation of microglial ROCK mediates
several major components of the neuroinflammatory response such as
microglial migration and phagocytosis, NADPH-oxidase activation and
release of pro-inflammatory cytokines such as TNF-a (Borrajo,
Rodriguez-Perez, Diaz-Ruiz, Guerra, & Labandeira-Garcia, 2014;
Labandeira-Garcia et al., 2015; Rodriguez-Perez et al., 2015). In the
present study, we confirmed that fasudil decreased the levels of the
inflammatory markers, which were increased in dyskinetic rats.
Furthermore, ROCK regulates transendothelial migration and
infiltration of peripheral immune cells into the CNS (Heasman & Rid-
ley, 2010; Honing et al., 2004). A number of mechanisms may
link neuroinflammation and the development of dyskinesia.
Neuroinflammation-related cytokines are involved in neurotransmitter
synthesis and metabolism, brain plasticity and modulation of synaptic
strength (Beattie et al., 2002). Effects of cytokines on glutamate
appear particularly relevant (Takeuchi et al., 2006). Consistent with
this, the glutamate NMDA receptor antagonist amantadine is
currently used as a treatment for L-DOPA-induced dyskinesia,

although long-term use of this compound causes complications

(Espay et al., 2018). In addition to the effects on glutamate, ROCK
activation and inflammation-related compounds may modulate other
neurotransmitters involved in dyskinesia such as dopamine (Sakai,
Kaufman, & Milstien, 1995) and 5-hydroxytryptamine (Mufioz
et al., 2008; Wu, Dissing-Olesen, MacVicar, & Stevens, 2015). Direct
interactions between ROCK and 5-hydroxytryptamine have also been
observed (Mair, MacLean, Morecroft, Dempsie, & Palmer, 2008).

L-DOPA-induced dysregulation of angiogenesis is also involved in
L-DOPA-induced dyskinesia. Several studies showed altered BBB
transport and up-regulation of angiogenic markers after chronic
L-DOPA treatment in rats (Lerner et al., 2017; Ohlin et al., 2011) and
humans (Ohlin et al., 2011). Dyskinetic animals and patients showed
increased levels of VEGF and the VEGF inhibitor vandetanib attenu-
ates the development of dyskinesias (Ohlin et al., 2011). Altered BBB
properties associated to an accelerated angiogenesis may lead to
uncontrolled L-DOPA delivery, glial activation and neuroinflammation,
which contribute to the development of L-DOPA-induced dyskinesia.

ROCK inhibition may also reduce L-DOPA-induced dyskinesia
through inhibition of angiogenesis. RhoA/ROCK signalling is essential
for multiple aspects of VEGF-mediated angiogenesis (Bryan
et al., 2010; Sun, Breslin, Zhu, Yuan, & Wu, 2006), including endothe-
lial cell survival, differentiation and migration, and BBB permeability
(Hoang, Whelan, & Senger, 2004). Consistent with this, inhibition
of ROCK pathway blocked angiogenesis (Bryan et al., 2010), as
well as VEGF-induced microvascular endothelial hyperpermeability
(Sun et al., 2006) and fasudil suppressed glioma-induced angiogenesis
by targeting ROCK and ERK (Nakabayashi & Shimizu, 2011). In the
present study, we observed that fasudil decreases VEGF levels
together with ROCK activity and dyskinesia in L-DOPA-treated rats.

Interestingly, several drugs acting against L-DOPA-induced
dyskinesia may converge on the regulation of RhoA/ROCK activity.
Angiotensin AT, receptor antagonists (Mufioz et al., 2014; Rodriguez-
Perez et al., 2012) may reduce L-DOPA-induced dyskinesia indirectly
via ROCK inhibition (Carbajo-Lozoya et al., 2012). Statins (Wang
et al., 2015) also induce inhibition of the RhoA/ROCK signalling
(Nohria et al., 2009). Finally, amantadine has anti-inflammatory
effects, in which ROCK may also be involved (Kim et al., 2012).

In conclusion, the present study shows that the ROCK inhibitor
fasudil reduces the development of L-DOPA-induced dyskinesia and
inhibits already established dyskinesia without affecting the therapeu-
tic effect of L-DOPA. Interestingly, this compound may also protect
the dopaminergic system against neuronal death. In addition to PD
models, fasudil has been observed to exert beneficial effects in experi-
mental models of Alzheimer's disease (Gu et al., 2018), Huntington's
disease (Li et al., 2013) and amyotrophic lateral sclerosis (Gunther
et al., 2017). A first clinical trial using fasudil in humans with neurode-
generative diseases has been started (Lingor et al., 2019). In clinical
practice, fasudil has been used against vascular diseases since 1995
the safety and benefits of the compound are known (Suzuki, Shibuya,
Satoh, Sugimoto, & Takakura, 2007). The present study suggests that
fasudil is a good candidate for the treatment of L-DOPA-induced
dyskinesia and may simultaneously exert neuroprotective effects

against progression of PD.
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