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ABSTRACT

Safinamide (Xadago) is a novel dual-mechanism drug that has
been approved in the European Union and United States as
add-on treatment to levodopa in Parkinson’s disease therapy. In
addition to its selective and reversible monoamine oxidase B
inhibition, safinamide through use-dependent sodium channel
blockade reduces overactive glutamatergic transmission in
basal ganglia, which is believed to contribute to motor symptoms
and complications including levodopa-induced dyskinesia (LID).
The present study investigated the effects of safinamide on the
development of LID in 6-hydroxydopamine (6-OHDA)-lesioned
rats, evaluating behavioral, molecular, and neurochemical pa-
rameters associated with LID appearance. 6-OHDA-lesioned
rats were treated with saline, levodopa (6 mg/kg), or levodopa

plus safinamide (15 mg/kg) for 21 days. Abnormal involuntary
movements, motor performance, molecular composition of
the striatal glutamatergic synapse, glutamate, and GABA
release were analyzed. In the striatum, safinamide prevented
the rearrangement of the subunit composition of N-methyl-b-
aspartate receptors and the levodopa-induced increase of
glutamate release associated with dyskinesia without
affecting the levodopa-stimulated motor performance and dys-
kinesia. Overall, these findings suggest that the striatal
glutamate-modulating component of safinamide’s activity may
contribute to its clinical effects, where its long-term use as
levodopa add-on therapy significantly improves motor function
and “on” time without troublesome dyskinesia.

Introduction

Safinamide (Xadago) is a novel drug approved in the Euro-
pean Union and United States as an add-on to levodopa for
the treatment of mid-to-late stage fluctuating patients with
idiopathic Parkinson’s disease (PD). Beyond selective and
reversible monoamine oxidase B (MAO-B) inhibition (Caccia
et al., 2006), safinamide is endowed with nondopaminergic
properties including use-dependent voltage-operated sodium
channel blockade, which results in the inhibition of in vivo
glutamate (Glu) release (Morari et al., 2018).

Long-term treatment with levodopa still represents the
most effective therapy for motor symptoms relief in PD
patients. However, motor fluctuations and involuntary move-
ments known as levodopa-induced dyskinesia (LID) represent
the major side effects (Bastide et al., 2015). Several neuro-
chemical and molecular changes that are thought to underlie
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LID have been reported, including alterations in glutamater-
gic transmission (Cenci and Lindgren, 2007). Chronic treat-
ment with high levodopa doses (100 mg/kg) led to an increase
in basal extracellular Glu levels in the striatum and substantia
nigra reticulata (SNr) of 6-hydroxydopamine (6-OHDA) hemi-
lesioned dyskinetic rats (Robelet et al., 2004). However, further
studies with lower doses of chronic levodopa found either a
reduction (12 mg/kg; Dupre et al., 2011) or no change (4 mg/kg;
Nevalainen et al., 2013) in baseline Glu levels in the dopamine
(DA)-depleted striatum of dyskinetic rats. Moreover, micro-
dialysis performed in awake dyskinetic rats (Dupre et al., 2011,
Paolone et al., 2015) and mice (Brugnoli et al., 2016) revealed
that administration of a challenge dose of levodopa (6 mg/kg)
caused the appearance of abnormal involuntary movements
(AIMs), and simultaneously evoked Glu levels in the
DA-depleted striatum. Interestingly, compounds able to re-
duce LID also normalized striatal Glu (Dupre et al., 2011;
Paolone et al., 2015), suggesting that the increase of striatal
Glu release detected during microdialysis experiments might
be instrumental in LID appearance. Elevation of dialyzed Glu
levels following levodopa challenge was also observed in the

ABBREVIATIONS: AIM, abnormal involuntary movement; ALO, axial, limbic, and orolingual; AMPAR, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; ANOVA, analysis of variance; DA, dopamine; Glu, glutamate; LID, levodopa-induced dyskinesia; MAO-B,
monoamine oxidase B; NMDAR, N-methyl-p-aspartate receptor; 6-OHDA, 6-hydroxydopamine; PD, Parkinson’s disease; PKA, protein
kinase A; PSD, postsynaptic density; SNr, substantia nigra reticulata; SPNs, striatal projection neurons; TIF, Triton X-100-insoluble fraction.
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SNr but not globus pallidus of dyskinetic rats (Bido et al.,
2011; Mela et al., 2012; Paolone et al., 2015) and mice (Bido
et al., 2015; Brugnoli et al., 2016). In SNr, elevation of Glu was
associated with elevation of GABA, which was proven to be an
index of activation of the striato-nigral direct pathway in LID
(Mela et al., 2007, 2012; Bido et al., 2011; Marti et al., 2012;
Paolone et al., 2015). Accordingly, all of the aforementioned
studies indicate that agents restoring dopaminergic tone and
normalizing excessive Glu release hold promise in controlling
motor symptoms and motor complications in PD.

Chronic levodopa administration also induces adaptive
modifications at synapses of striatal projection neurons
(SPNs). These include an aberrant synaptic localization of
N-methyl-p-aspartate-type Glu receptors, which are corre-
lated with the alteration of striatal synaptic plasticity (Calabresi
et al., 2016). In particular, N-methyl-D-aspartate receptor
(NMDAR) overactivation, paralleled by an altered synaptic
distribution of specific NMDAR subtypes (Gardoni et al., 2006,
2012; Mellone et al., 2015), plays a role in PD and LID
(Mellone and Gardoni, 2018). Indeed, after chronic levodopa
treatment, the GluN2B subunit is aberrantly distributed
to the extrasynaptic membrane in the striatum of dyskinetic
rats, while the synaptic levels of GluN2A are augmented
(Gardoni et al., 2012; Stanic et al., 2017). In addition, a signif-
icant increase in the GluN2A/GluN2B subunit ratio at
synapses has been confirmed in dyskinetic monkeys as
well as in dyskinetic PD patients (Mellone et al., 2015),
indicating that this synaptic trait is a marker of LID. This
event is correlated with an increased interaction of the
GluN2A subunit with scaffolding proteins of the excitatory
synapse (Gardoni et al., 2006; Mellone et al., 2015). Con-
versely, several reports did not observe alterations of striatal
NMDAR expression levels in both animal models (Calon et al.,
2002; Gardoni et al., 2006; Mellone et al., 2015) and patients
(Mellone et al., 2015).

Alterations in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) Glu receptor synaptic localization and phosphor-
ylation have been also documented in LID models and PD
patients. Enhanced phosphorylation of the GluA1l subunit on
serine845 by protein kinase A (PKA) has been described in
rodent and nonhuman primate models of LID (Santini et al.,
2007, 2010; Errico et al., 2011). Importantly, increased
phosphorylation of this phosphosite has been associated
with synaptic expression of AMPA receptors (AMPARSs), and
it has been defined as a marker of LID.

The aim of this study was to investigate the effects of
safinamide on the development of LID in 6-OHDA hemi-
lesioned rats. Behavioral (AIMs and motor performance),
molecular (NMDAR and AMPAR subunits), and neurochem-
ical (Glu and GABA release) parameters were evaluated in
dyskinetic rats acutely challenged with levodopa.

Materials and Methods

Animals. Adult male Sprague-Dawley rats (n = 180; 150-175 g;
Charles River Laboratories, Calco, Italy) were used in this study. Rats
were housed in the animal facilities at the University of Ferrara (n =
60), University of Milan (n = 60), or Research Institute Sant Pau
Hospital (n = 60) throughout the study. Animal handling and all
procedures were carried out in accordance with the guidelines for the
use of the laboratory animals in biomedical research provided by the
European Union’s directives (2010/63EU) and Italian (D.lgs. 26/2014
and 714/2016-PR) and Spanish Laws.
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Unilateral 6-OHDA Rat Model. Animals were unilaterally in-
jected (stereotaxic coordinates from bregma and the dural surface:
antero-posterior = —4.4, lateral = 1.2, dorso-ventral = —7.8, tooth bar
at —2.4 mm) (Paxinos and Watson, 1986) with 12 ug 6-OHDA
hydrobromide in the (right) medial forebrain bundle. Two weeks later,
the degree of DA depletion was evaluated by counting the number of
contralateral rotations in response to a test dose of apomorphine
(0.05 mg/kg, subcutaneous injection; dissolved in 0.1% ascorbate
saline and administered at the volume of 1 ml/kg body weight) for
40 minutes. Animals able to perform at least 200 contralateral turns
were included in the study. This number of contralateral turn
behavior is associated with a reduction of >95% of striatal dopami-
nergic fibers (Paillé et al., 2010).

Pharmacological Treatment. Two weeks after apomorphine
injection, rats were randomly assigned to three different groups,
chronically treated (1 injection/d for 21 days) with: 1) levodopa
(6 mg/kg; dissolved in saline and administered at the volume of 1 ml/kg
body weight) plus benserazide (12 mg/kg; dissolved in saline) sub-
cutaneously administered, 2) saline subcutaneously administered,
and 3) levodopa/benserazide (as previously described) plus safinamide
(15 mg/kg i.p., dissolved in saline and administered at the volume of
1 ml/kg body weight 30 minutes before levodopa/benserazide).

Behavioral Observations. Levodopa-induced AIMs were evalu-
ated on days 1, 6, 11, 16, and 21 during treatment (see Fig. 1) using a
highly validated AIM scale for rats (Cenci et al., 1998; Cenci and
Lundblad, 2007). Briefly, rats were observed individually for 1 minute
every 20 minutes during 3 hours after levodopa injection. AIMs
affecting head, trunk, and forelimb were classified according to their
topographic distribution in four subtypes: 1) axial AIMs, twisted
posture or choreiform twisting of the neck and upper body toward the
side contralateral to the lesion; 2) forelimb AIMs, jerky or dystonic
movement of the contralateral paw; 3) orolingual AIMs, orofacial
muscle twitching, empty masticatory movements, and contralateral
tongue protrusion; and 4) locomotive AIMs (i.e., contralateral turn-
ing). Each subtype was scored on a severity scale from 0 to 4, where 0 =
absent, 1 = present during less than half of the observation time
(<30 seconds), 2 = present for more than half of the observation time
(>30 seconds), 3 = present all of the time (= 1 minute) but
suppressible by external stimuli, and 4 = present all of the time and
not suppressible by external stimuli. The total AIM score for each test
session was obtained by summing the scores of all observation time
points. Axial, forelimb, and orolingual AIMs were presented collec-
tively, as the global [i.e., axial, limbic, and orolingual (ALO)] AIM
score. Conversely, locomotive AIMs were analyzed as a separate item,
given that they differ greatly from the other three subtypes in terms of
pharmacological features, anatomic substrates, and pathophysiolog-
ical significance. To explore whether the potential antidyskinetic
effect of safinamide is not due to primary motor inhibition, the rotarod
performance was evaluated before levodopa administration and
60 minutes post-levodopa (i.e., at peak dyskinesia) administration
using a fixed-speed protocol (Marti et al., 2012; Paolone et al., 2015).
Rotarod performance was first assessed before starting the 21-day
course of levodopa administration (animals were trained 5 days on the
rotarod until their performance was reproducible) and then assessed
during levodopa treatment at days 3, 8, 13, and 18 (see Fig. 1).

In Vivo Microdialysis: GABA and Glu Release. Twenty-four
hours after the end of chronic treatment (day 22), dyskinetic rats were
stereotaxically implanted, under isoflurane anesthesia, with one
microdialysis probe in the DA-depleted dorsolateral striatum and
another in the ipsilateral SNr, as previously described (Morari et al.,
1996). Coordinates from bregma and dural surface (Paxinos and
Watson, 1986) were (in millimeters): striatum, antero-posterior +
1.0, medio-lateral *=3.5, and dorso-ventral —6.0; and SNr, antero-
posterior —5.5, medio-lateral =2.2, and dorso-ventral —8.3. Concen-
tric microdialysis probes were constructed using AN69 (Gambro
Industries, Meyzieu, France) semipermeable hollow membranes
(65 kDa molecular weight cutoff, 340 um outer diameter with an
active surface of 3.0 or 1.0 mm for the striatal and nigral probes,
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respectively). Twenty-four hours after surgery (day 1 session), probes
were thoroughly flushed (3.0 ul/min) with a modified Ringer’s solution
(CaCly 1.2 mmol/l, KCl 2.7 mmol/l, NaCl 148 mmol/l, and MgCl,
0.85 mmol/l). After 6 hours of rinsing, four baseline samples were
collected, and then saline or safinamide was administered followed
(30 minutes later) by levodopa. Rats chronically treated with levo-
dopa only received the saline/levodopa combination, whereas rats
chronically treated with safinamide plus levodopa received the
safinamide/levodopa combination.

Saline-treated rats (controls) were implanted according to the proce-
dures described previously. These rats were subjected to the same
procedures described for levodopa-treated animals, with the difference
being that they did not receive any pharmacological treatment and
only four basal samples were collected on day 1, and when possible on
day 2. Sample collection was every 20 minutes. At the end of the
experiment, rats were sacrificed, and brains were excised and
processed for verification of probe location.

Glu and GABA were measured by high-performance liquid chro-
matography coupled with fluorometric detection as previously de-
scribed (Marti et al., 2008; Mela et al., 2012; Paolone et al., 2015).
Thirty microliters of o-phthaldialdehyde/mercaptoethanol reagent
was added to 30 ul aliquots of the sample, and 50 ul of the mixture
was automatically injected (Triathlon autosampler; Spark Holland,
Emmen, Netherlands) onto a 5-C18 Hypersil ODS analytical column
(3 mm inner diameter, 10 ecm length; Thermo Fisher Scientific,
Waltham, MA) perfused at a flow rate of 0.48 ml/min (Jasco
PU-2089 Plus quaternary pump; Jasco, Tokyo, Japan) with a mobile
phase containing 0.1 M sodium acetate, 10% methanol, and 2.2%
tetrahydrofuran (pH 6.5). Glu and GABA were detected by means of a
FP-2020 Plus fluorescence spectrophotometer (Jasco) with the excita-
tion and emission wavelengths set at 370 and 450 nm, respectively.
Under these conditions, the limits of detection for Glu and GABA were
~1 and ~0.5 nM, respectively, and their retention times were ~3.5 and
~18.0 minutes, respectively.

Synaptic Fraction Purification and Western Blotting. Sixty
minutes after the end of chronic treatment (day 21), dyskinetic rats
were deeply anesthetized and sacrificed by decapitation. Subcellular
fractionation was performed as previously described (Gardoni et al.,
2006) with few modifications to the protocol. Briefly, striata were
homogenized with a hand-held Teflon-glass homogenizer in ice-cold
buffer (pH 7.4) containing 0.32 M sucrose, 1 mM Hepes, 1 mM MgCl,,
1 mM NaHCOj, and 0.1 phenylmethanesulfonyl fluoride in the
presence of protease and phosphatase inhibitor cocktails. An aliquot
of the homogenate was stored at —80°C, while the rest of the sample
was centrifuged at 800g for 5 minutes to remove nuclear contamina-
tion and white matter. The resulting supernatant was spun at
13,000g for 15 minutes at 4°C to obtain a crude membrane fraction

(P2 fraction) as a pellet, which was resuspended with a glass-glass
homogenizer in 1 mM Hepes supplemented with Complete Protease
Inhibitor Cocktail Tablets (Roche Diagnostics, Basel, Switzerland).
The sample was centrifuged at 100,000g for 1 hour at 4°C. The new
pellet was resuspended in 75 mM KCl and 1% Triton X-100 and
spun at 100,000g for 1 hour at 4°C. The final pellet [Triton X-100-
insoluble fraction (TTF)] was homogenized in a glass-glass potter in
20 mM Hepes supplemented with Complete Protease Inhibitor
Cocktail Tablets (Roche Diagnostics), and then stored at —80°C.
We isolated the TIF instead of the classic postsynaptic density
(PSD) because of the limited amount of starting material. The
purity of the TIF fraction was carefully assessed to exclude the
presence of presynaptic markers (i.e., Rab3A).

Western blot analysis was performed in homogenate and TIF fractions.
All samples were standardized at 1 ug/ul concentration. Then, 20 ug of
each sample was loaded onto an acrylamide/bisacrylamide gel at the
appropriate concentration (7%—9%), transferred to a nitrocellulose mem-
brane, and probed with primary and horseradish peroxidase—conjugated
secondary antibodies. Membrane development was performed using the
Chemidoc Imaging System (BioRad, Segrate, Italy) and ImageLab
software (BioRad). For quantification, each protein was normalized
against the corresponding tubulin band.

Statistical Analysis. All data are expressed as mean + S.E.M.
Behavioral data are presented in absolute values (AIM scores and
time on rod), whereas microdialysis data are presented as percentage
of basal levels (calculated as the average of the two samples preceding
the treatment). This normalization was adopted in this and previous
studies (see Morari et al., 1996; Paolone et al., 2015) to take into
account variability in baseline levels across rats and experimental
sessions. For neurochemical studies, statistical analysis was per-
formed with two-way analysis of variance (ANOVA) followed by the
Bonferroni post-hoc test. Absolute basal neurotransmitter levels in
the different rat cohorts were compared using one-way ANOVA
followed by the Newman-Keuls post-hoc test. For molecular studies,
statistical analysis was performed with one-way ANOVA followed by
Tukey’s post-hoc test.

Materials. Safinamide methansulfonate (batch FN1291501) was
provided by Zambon SpA (Bresso, Italy), dissolved in saline, and
administered intraperitoneally as free base. 6-OHDA hydrobromide,
dissolved in 0.02% ascorbate-saline, was purchased from Tocris
(Bristol, United Kingdom). Levodopa, benserazide hydrochloride,
and apomorphine hydrochloride were purchased from Sigma-Aldrich
(Milan, Italy). Clarity Western ECL Substrate was purchased
from BioRad. Complete Protease Inhibitor Cocktail Tablets and
phosSTOP Phosphatase Inhibitor Cocktail Tablets were purchased
from Roche Diagnostics. For western blot analysis, the following
unconjugated primary antibodies were used: polyclonal anti-GluN2A
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antibody (1:1000; Sigma-Aldrich); monoclonal anti-GluN2B antibody
(1:2000; NeuroMab, Davis, CA); polyclonal anti-phospho-GluN2B
(Tyr1472, 1:1000; Cell signaling, Leiden, The Netherlands); monoclo-
nal anti-PSD-95 (1:3000; NeuroMab); polyclonal anti-GluA1 antibody
(1:2000; Merck Millipore, Milan, Italy); monoclonal anti-GluA2 anti-
body (1:1000; NeuroMab); polyclonal anti-phospho-GluA1l (Ser831, 1:
1000; Merck Millipore); polyclonal anti-phospho-GluAl (Ser845, 1:
1000; Merck Millipore); polyclonal anti-Rab3A (1:2000; Abcam,
Cambridge, United Kingdom); monoclonal anti-a-tubulin antibody (1:
10,000; Sigma-Aldrich); and polyclonal antityrosine hydroxylase (1:
3000; Merck Millipore).

Results

Lack of Effect of Safinamide on LID Development.
Levodopa (6 mg/kg, plus benserazide, 12 mg/kg) alone or in
association with safinamide (15 mg/kg i.p., 30 minutes before
levodopa) was administered for 3 weeks to 6-OHDA parkin-
sonian rats (see Fig. 1). As previously demonstrated (Cenci
et al., 2007; Gardoni et al., 2012; Marti et al., 2012; Paolone
et al.,, 2015), parkinsonian rats chronically treated with
levodopa develop AIMs (Fig. 2A). Dyskinetic movements in
6-OHDA hemilesioned rats treated with saline plus levodopa
(n = 10) appeared after the first levodopa injection (ALO ATM
scores of 16.1 * 4.1) and progressively increased during
levodopa treatment, reaching a maximal value of 40.7 = 6.0
at day 16 (Fig. 2A). The time course of AIM responses after
acute levodopa injection was qualitatively similar from day
1 to 21 (Fig. 2, B-F): ALO AIMs developed gradually, reached
maximal values between 60 and 100 minutes, and then
gradually declined and disappeared 3 hours after levodopa
administration.

The time course of AIM development was similar in
6-OHDA hemilesioned rats treated with levodopa in combi-
nation with safinamide (safinamide/levodopa, n = 11) or with
saline (saline/levodopa, n = 10; Fig. 2A). Safinamide-treated
rats became stably dyskinetic after a week of treatment
(33.5 = 5.4 after 6 days) and showed a maximal ALO AIM
score of 41.8 = 5.1 at day 11. Likewise, the acute response to
levodopa of safinamide/levodopa-treated rats throughout the

time (min)

treatment period (Fig. 2, B-F) was superimposable to that of
saline/levodopa-treated rats. Locomotive AIMs (i.e., contra-
lateral turning behavior) also showed a gradual increase over
levodopa treatment (Fig. 3); however, again, no significant
difference between groups was observed.

To investigate whether safinamide could influence rat
motor ability along with chronic levodopa treatment, rotarod
performance was evaluated pre- and post-levodopa (Fig. 4).
Saline/levodopa- or safinamide/levodopa-treated rats showed
similar rotarod performances before levodopa injection
(off levodopa; time on rod: 601 = 28 and 595 = 32 seconds,
respectively, at day 3). Rotarod performance monitored 60 min-
utes after levodopa administration (on levodopa) at day 3 was
equally reduced by about 25% in both treatment groups. Further
testing sessions along with levodopa treatment revealed that
basal rotarod performance (before levodopa treatment) remained
stable in both groups, although as expected the degree of motor
impairment after levodopa was enhanced, likely due to develop-
ment of more severe AIMs.

Effect of Safinamide on Neurochemical Markers of
LID. Twenty-four hours after the end of chronic treatments (i.e.,
at day 22), saline/levodopa- and safinamide/levodopa-treated rats
underwent microdialysis probe implantation in the DA-depleted
dorsolateral striatum and ipsilateral SNr. Twenty-four hours
after surgery rats were administered the same treatments they
received during the chronic study, and AIMs were monitored for
2 hours simultaneously with sample collection.

In rats subjected to microdialysis, dyskinetic movements
appeared soon after levodopa administration (Fig. 5A). The
time course of AIM response was similar in saline/levodopa-
and safinamide/levodopa-treated rats, and the ALO AIM
scores during microdialysis were similar in both groups
(23.9 +3.2and 23.4 = 2.9,n = 15 and n = 13, respectively).
These responses were also similar to those observed during the
last testing session (day 21), i.e., before microdialysis surgery,
suggesting probe implantation did not affect the behavioral
response to levodopa in the two groups.

Since it was proven that the rise in SNr GABA during LID
reflects the activation of the direct striato-nigral pathway
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(Mela et al., 2007, 2012; Marti et al., 2012), the ability of
safinamide to modulate nigral GABA was assessed (Fig. 5B).
In SNr, the basal GABA levels (Table 1) were 3.67 = 0.41 nM
in the saline/levodopa group (n = 15) and 3.18 = 0.56 nM in the
safinamide/levodopa group (n = 13). Of note, the GABA levels
in the safinamide/levodopa group were significantly lower
(P < 0.05) than the SNr GABA levels in 6-OHDA hemi-
lesioned, levodopa unprimed rats (5.39 = 0.86 n = 10) but not
different from the GABA levels in the saline/levodopa group
(Fig. 5B) (F2,35 = 3.36, P < 0.05). Acute levodopa challenge in
saline/levodopa-treated rats caused marked elevation of nig-
ral GABA levels that reached a maximum of 140% over
baseline at 80 and 100 minutes after levodopa administra-
tion (Fig. 5B). The response of nigral GABA to levodopa in
safinamide/levodopa-treated rats was superimposable to that

of saline/levodopa-treated rats (treatment: F; o = 0.25, P =
0.62; time: Fgg34 = 12.23, P < 0.0001; time x treatment
interaction: Fg 234 = 0.32, P = 0.98) (Fig. 5B).

As a result, the ability of safinamide to affect the rise in
striatal Glu associated with LID appearance was investigated.
Basal Glu levels (Table 1) in striatum were not different
in saline/levodopa- and safinamide/levodopa-treated rats
(117.01 * 16.64 and 133.43 + 22.68 nM, respectively; n =
15 and n = 13, respectively), and in turn these values were not
different from those found in saline-treated 6-OHDA hemi-
lesioned rats (Fig. 5C; 123.87 = 19.74). Statistical analysis
revealed a significant inhibitory effect of safinamide on
levodopa-induced striatal Glu release (Fig. 5C; treatment:
F19=19.53,P =0.0047; time: Fg 934 = 2.34, P = 0.0154: time x
treatment interaction: Fg 934 = 2.76, P = 0.0043). Safinamide

Fig. 4. Chronic safinamide failed to affect the impairment
of rotarod performance in dyskinetic rats after levodopa
administration. Rats were treated once daily for 21 days
with levodopa (6 mg/kg + benserazide 12 mg/kg, s.c.) in
combination with saline or safinamide (15 mg/kg, i.p.),
given 30 minutes prior to levodopa. Rotarod performance
(time on rod in seconds) was measured on day 3 (A), day
8 (B), day 13 (C), and day 18 (D), both before (off levodopa)
and 60 minutes after levodopa (on levodopa) administra-
tion. Data are expressed as mean + S.E.M. of 10 (levodopa +
saline group) or 11 (levodopa + safinamide group) rats.
Statistical analysis was performed by the Student’s ¢ test,
two-tailed for paired data. *P < 0.05; **P < 0.01, different
from before levodopa treatment.
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Fig. 5. Safinamide prevented the rise in striatal GABA
and glutamate levels induced by levodopa challenge
in dyskinetic rats subjected to microdialysis. Rats were
treated once daily for 21 days with levodopa (6 mg/kg +
benserazide 12 mg/kg, s.c.) in combination with saline or
safinamide (15 mg/kg, i.p.), given 30 minutes prior to
levodopa. At the end of treatment, rats were implanted with
a microdialysis probe in the DA-depleted striatum and
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another in the ipsilateral SNr. Twenty-four hours later,
rats were administered a challenge dose of levodopa in
combination with saline or safinamide 15 mg/kg (given
30 minutes prior to levodopa). (A) Safinamide did not
modify the expression of levodopa-induced dyskinesia in
dyskinetic rats subjected to microdialysis. (B) Effect of
safinamide on nigral GABA. (C) Effect of safinamide on
striatal glutamate. (D) Effect of safinamide on striatal
GABA. Data are expressed as percentage of prestimulation
levels (calculated as the mean between the two samples
preceding the treatment) and are the mean * S.E.M. values
of 15 (levodopa + saline group) or 13 (levodopa + safinamide
group) determinations. Statistical analysis was performed
by two-way ANOVA followed by the Bonferroni post-hoc
test. ¥*P < 0.05; **P < 0.01 different from saline + levodopa.
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inhibition was significant (P < 0.01) at the 160-minute time
point.

The ability of chronic safinamide of modulating striatal
circuitry was also evident during monitoring of striatal GABA
release (Fig. 5D). Basal GABA levels in striatum were similar
in both saline/levodopa- and safinamide/levodopa-treated rats
(4.61 = 0.90 and 5.10 * 1.11 nM, respectively;n = 15 and n =
13, respectively). These values were not different from those
observed in 6-OHDA hemilesioned, levodopa unprimed rats
chronically treated with saline (Fig. 5D; 5.92 + 1.11; n = 10).
Two-way ANOVA revealed that safinamide prevented the rise
in striatal GABA levels induced by levodopa (Fig. 5D) [non-
significant effect of treatment (F; 9 = 1.35, P = 0.25) or time
(Fg234 = 0.0.80, P = 0.0.61), but a time x treatment interaction
was statistically significant (Fg o34 = 1.92, P = 0.05)]. The
effect of safinamide was significant at the 120-minute time
point (P < 0.05).

Effect of Safinamide on Molecular Markers of LID at
the Excitatory Synapse. To understand the molecular
mechanisms at the glutamatergic synapse underlying the
effect of safinamide, a postsynaptic TIF was purified from the
contralateral and ipsilateral striata of the 6-OHDA lesioned
rats. This fraction was previously used to characterize the
alterations in the PSD compartment in experimental models
of PD and LID and represents an ideal experimental tool for

T
220 60 100 140
time (min)

180 220

the evaluation of synaptic markers of dyskinesia at the striatal
glutamatergic synapse (Gardoni et al., 2006, 2012; Mellone et al.,
2015; Stanic et al., 2017).

Among the different adaptive changes taking place in the
striatum after chronic levodopa treatment, alterations in the
trafficking and localization of NMDAR regulatory subunits
at the postsynaptic membrane have been shown (Mellone and
Gardoni, 2018). In particular, the onset of LID is associated
with the rearrangement of NMDAR GluN2-type subunits,
leading to an increase in the GluN2A/GluN2B subunit ratio in
the postsynaptic compartment of SPNs (Gardoni et al., 2012;
Mellone et al., 2015; Stanic et al., 2017). In agreement with
these previous studies, a significant increase in GluN2A levels
in striatal postsynaptic membranes of dyskinetic levodopa-
treated rats compared with 6-OHDA lesioned rats was found
(Fig. 6, A and C; F5 49 = 4.073, P = 0.0042, one-way ANOVA,
Tukey’s post-hoc comparison; GIluN2A, ipsilateral levodopa vs.
ipsilateral, n = 8, *P < 0.05), and it was paralleled by a
concomitant increase in the synaptic GluN2A/GluN2B ratio
(Fig. 6, A and B; F'5 4o = 3.436, P = 0.0108, one-way ANOVA,
Tukey’s post-hoc comparison; GluN2A/GluN2B, ipsilateral
levodopa vs. ipsilateral, n = 8, *P < 0.05). Notably, concom-
itant treatment with safinamide was able to completely
reverse the previously described alterations of GluN2A and
GluN2A/2B synaptic levels induced by levodopa (Fig. 6, A-C;

TABLE 1
Basal dialysate levels (mean *+ S.E.M.) monitored in the different experimental conditions/treatment
groups
Striatum
Treatment in 6-OHDA Lesioned Rats SNr GABA
GABA Glutamate
nM nM nM
Saline/L-DOPA (n = 15) 3.67 = 041 4.61 = 0.90 117.01 + 16.64
Safinamide/L-DOPA (n = 13) 3.18 = 0.56* 510 = 1.11 133.43 = 22.68
Saline (n = 10) 5.39 = 0.86 592 = 0.11 123.87 = 19.74

*P < 0.05 from 6-OHDA saline.
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Fig. 6. (A-E) Molecular analysis of the corticostriatal synapse in parkinsonian animals treated with levodopa plus safinamide. Western blot analysis
was performed on the postsynaptic TIF fraction for glutamate receptor subunits GluN2A and GluN2B and the scaffolding protein PSD-95. Protein levels
are expressed as optical density (OD) following normalization on tubulin levels (B-E). For each protein, representative blots are shown (A). Data are
presented as mean = S.E.M., statistical analysis was performed with one-way ANOVA followed by Tukey’s post-hoc test (n = 8), *P < 0.05; “c” denotes
contralateral striatum to the 6-OHDA lesion; “i” denotes ipsilateral striatum to the 6-OHDA lesion.

GluN2A, ipsilateral levodopa safinamide vs. ipsilateral levodopa,
n = 8, *P < 0.05; GluN2A/GluN2B, ipsilateral levodopa safina-
mide vs. ipsilateral levodopa, n = 8, *P < 0.05). In agreement with
previous reports, there were no significant changes in the synaptic
localization of the GluN2B subunit (Fig. 6, A and D; GluN2B,
F540 = 01211, P = 0.9870, one-way ANOVA, Tukey’s post-hoc
comparison). Finally, no alterations of synaptic levels of PSD-95,
the most abundant scaffolding protein of the excitatory PSD, were
found (Fig. 6, A and E; PSD-95, F5 45 = 0.4973, P = 0.7764, one-
way ANOVA, Tukey’s post-hoc comparison).

Previous conflicting studies suggested a possible involvement
of GluN2B tyrosine phosphorylation (GluN2B pTyr1472) in PD
as well as in LIDs (Menegoz et al., 1995; Dunah et al., 2004;
Napolitano et al., 2006; Ba et al., 2014). As previously reported
by our group in a 6-OHDA rat model (Gardoni et al., 2006), no
significant difference in the ratio of pTyr1472-GluN2B/total
GluN2B following chronic treatment with levodopa was
observed (Fig. 7, A and B; pTyr1472-GluN2B/total GluN2B,
F5 40 =0.2318, P = 0.9465, one-way ANOVA, Tukey’s post-hoc
comparison; ipsilateral levodopa vs. ipsilateral, n = 8, P >
0.05); similarly, no modification of pTyr1472-GluN2B was
induced by concomitant treatment with safinamide (Fig. 7,
A and B; ipsilateral levodopa safinamide vs. ipsilateral
levodopa, n = 8, P > 0.05).
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Alterations in AMPAR phosphorylation at synapses repre-
sent an additional validated marker of LID in animal models
(Santini et al., 2007; Silverdale et al., 2010; Ghiglieri et al.,
2016). In particular, increased PKA-dependent phosphoryla-
tion of GluA1-pSer845 (Roche et al., 1996; Barria et al., 1997),
which is correlated with the activation of the D1/PKA/Darpp-
32 signaling pathway (Picconi et al., 2003; Aubert et al., 2005;
Santini et al., 2010) and the surface retention of AMPARs, has
been described in rodent (Santini et al., 2007; Errico et al.,
2011; Ghiglieri et al., 2016) and macaque (Santini et al., 2010)
models of LID. The levels of GluAl-pSer845 in the post-
synaptic compartment purified from contralateral and ipsi-
lateral striata were measured. As expected, a significant
increase of PKA-related activity in the GluA1p845 site was
found in the ipsilateral striatum of levodopa-treated dyski-
netic animals compared with the lesioned one (Fig. 8, A and B;
GluA1-pSer845, F5 40 = 2.999, P = 0.0210, one-way ANOVA,
Tukey’s post-hoc comparison; ipsilateral levodopa vs. ipsilat-
eral, n = 8, *P < 0.05). No alterations of GluAl pSer831
phosphorylation by protein kinase C and CaMKII (Roche et al.,
1996; Barria et al., 1997) were observed in any experimental
group (Fig. 8, A and B; GluA1-pSer831, F'5 4o = 2373, P = 0.9438,
one-way ANOVA, Tukey’s post-hoc comparison). Treatment with
safinamide failed to reduce the levels of pGluA1-pSer845

Fig. 7. (A and B) Molecular analysis of the corticostriatal
synapse in parkinsonian animals treated with levodopa
plus safinamide. Western blot (WB) analysis was performed
on the postsynaptic TIF fraction for glutamate receptor
subunits GluN2BpTyr1472 and tubulin. Protein levels are
expressed as optical density (OD) following normalization
on tubulin and total GluN2B levels (B; for representative
‘WB see Fig. 6). Representative blots for GluN2B p1472 and
tubulin are shown (A). Western blotting was repeated three
times for all samples. Data are presented as mean + S.E.

levod c i c c i M., and statistical analysis was performed with one-way
i evodopa ANOVA followed by Tukey’s post-hoc test (n = 8); “c”
saline  levodopa : y lukeys p 8); e

P2 safinamide saline  levodopa slsf\{;’ssw?c?e denotes contralateral striatum to the 6-OHDA lesion; “i”

denotes ipsilateral striatum to the 6-OHDA lesion.
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Fig. 8. (A-E) Molecular analysis of the corticostriatal synapse in parkinsonian animals treated with levodopa plus safinamide. Western blot analysis
was performed on the postsynaptic TIF fraction for glutamate receptor subunits GluA1, GluA2, GluA1-pSer845, and GluA1-pSer831. Protein levels are
expressed as optical density (OD) following normalization on tubulin or total GluA1l levels, as appropriate (B-E). For each protein, representative blots
are shown (A). Western blotting was repeated three times for all samples. Data are presented as mean *= S.E.M., and statistical analysis was performed
with one-way ANOVA followed by Tukey’s post-hoc test (n = 8), *P < 0.05; “c” denotes contralateral striatum to the 6-OHDA lesion; “i” denotes ipsilateral

striatum to the 6-OHDA lesion.

(Fig. 8, A and B; GluA1-pSer845, ipsilateral levodopa safina-
mide vs. ipsilateral levodopa, n = 8, P > 0.05). However,
pGluAl-pSer845 levels in the safinamide-treated group
did not differ from the saline-treated parkinsonian animals
(Fig. 8, A and B; GluA1-pSer845, ipsilateral levodopa safina-
mide vs. ipsilateral, n = 8, P > 0.05). Finally, the total synaptic
amount of AMPAR subunits (GluAl and GluA2) was not
altered by the different treatments (Fig. 8, A, D, and E; GluAl,
F549 = 0.2008, P = 0.9715; GluA2, Fj 4 = 0.04307, P =
0.8609; one-way ANOVA, Tukey’s post-hoc comparison).

Discussion

In a previous microdialysis study (Morari et al., 2018) we
showed that a dose of safinamide as high as 15 mg/kg was able
to inhibit the veratridine-evoked Glu release in the subthala-
mic nucleus, globus pallidus, and SNr of naive rats. Of note,
this dose generated free brain concentrations of safinamide
that were slightly less than 2 uM, which is close to the K; value
of safinamide at voltage-operated sodium channels and to the
estimated free brain concentrations reached in patients at
therapeutic doses.

We now report that chronic administration of 15 mg/kg
safinamide to 6-OHDA lesioned rats did not modify the time
course of LID development or the levodopa-induced motor
impairment associated with acute dyskinesia appearance.
Nonetheless, the same dose of safinamide induced significant
inhibition of striatal well-validated biochemical and neuro-
chemical correlates of dyskinesia, namely, the striatal re-
arrangement of synaptic GluN2 subunits of the NMDAR and
the levodopa-induced rise of striatal Glu release.

The failure of safinamide in inhibiting LID expression in
rats is in sharp contrast to the antidyskinetic effect of acute
and subacute safinamide (3-30 mg/kg) in female macaques

(Grégoire et al., 2013). The discrepancy might be a result of
differences in the models and the experimental protocols
adopted in the two studies. This may be due to a different target
representation in the two species. For instance, it is known that
MAO-B plays a relevant role in brain DA metabolism in the
primate but not in the rat (Glover et al., 1980; Youdim et al.,
2006). Moreover, voltage-operated sodium channels can present
with different physio/pharmacological properties in the primate
and in the rat brains (Zhang et al., 2017).

The failure of safinamide to inhibit LID development and
expression in the rat is, however, consistent with the failure to
inhibit the accompanying rise in nigral GABA. This response
is a neurochemical marker of striato-nigral direct pathway
activation, and relies on striatal D1 receptor stimulation
(Mela et al., 2012). Therefore, the fact that safinamide is not
able to modulate this pathway in the rat model of dyskinesia,
at least in the time frame considered, i.e., the classic 3 week
levodopa administration protocol (Cenci et al., 1998), confirms
that safinamide does not bind to the D1 receptor (Salvati et al.,
1999) and suggests that it does not enhance dopaminergic
tone. In fact, in the rat, DA is deaminated mainly by mono-
amine oxidase A, with MAO-B playing a minor role (Sader-
Mazbar et al., 2013).

Despite being ineffective on LID, safinamide prevented the
rise in striatal Glu associated with dyskinesia appearance.
Although no study has thoroughly investigated the neurobi-
ological substrates of this neurochemical response, the rise of
striatal Glu is thought to reflect the increase in Glu release
from cortico-striatal terminals associated with motor activa-
tion (Sgambato-Faure and Cenci, 2012). Pyramidal glutama-
tergic neurons project to the striatum and are the driving force
of striatofugal SPNs. In support of this theory, altered
synaptic plasticity—namely, loss of synaptic depotentiation—has
been observed at cortico-striatal terminals (Picconi et al., 2003).
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Inhibition of pyramidal neurons (with a 5-HT1A agonist)
consistently attenuated both the rise of striatal Glu and the
expression of LID (Ostock et al., 2011). Moreover, the mixed
5-HT1A/5-HT1B receptor agonist eltoprazine prevented both
LID expression and nigral and striatal amino acid release
(Paolone et al., 2015). We should, however, recall that other
microdialysis studies have reported a dissociation between
dyskinesia appearance and striatal Glu dynamics (Dupre
et al., 2011, Mela et al., 2012; Brugnoli et al., 2016), question-
ing the view that the increase in striatal dialysate Glu is a
marker of LID and eventually instrumental in the expression
of dyskinesia.

As a possible behavioral counterpart of the striatal anti-
glutamatergic action of safinamide, we should mention a
study reporting that reduction of striatal glutamatergic trans-
mission correlates with motor improvement (antiakinetic
effect) rather than dyskinesia (Gubellini et al., 2006). High-
frequency stimulation of the subthalamic nucleus did not
affect LID but ameliorated akinesia in 6-OHDA hemilesioned
rats (Gubellini et al., 2006). The electrophysiological ex vivo
correlate was that in high-frequency stimulation—treated
dyskinetic rats the hyperactivity of striatal SPNs (induced
by 6-OHDA and potentiated by levodopa) was dramatically
reduced (Gubellini et al., 2006). Microdialysis data would
suggest that chronic safinamide alters striatal glutamatergic
transmission via the thalamo-cortico-striatal loop. In fact,
acute safinamide is capable of inhibiting Glu release in sub-
thalamic nucleus and projection areas (globus pallidus and SNr)
in naive animals (Morari et al., 2018).

From a molecular point of view, we show here that chronic
treatment with safinamide is able to only partially normalize
the molecular alteration of the corticostriatal glutamatergic
synapse associated with chronic treatment with levodopa
(Mellone et al., 2015; Ghiglieri et al., 2016; Mellone and
Gardoni, 2018). In particular, previous studies demon-
strated that the onset of LID is associated with an alter-
ation of NMDAR GluN2-type subunits, namely an increase
in the GluN2A/GluN2B subunit ratio at striatal excitatory
synapses (Gardoni et al., 2006, 2012; Mellone et al., 2015),
in the absence of any significant alteration of the expression
levels of any NMDAR subunit (Calon et al., 2002; Gardoni
et al., 2006; Morin et al., 2014; Mellone et al., 2015). Notably,
several reports (Bagetta et al., 2012; Tronci et al., 2014,
Ghiglieri et al., 2016; Stanic et al., 2017) clearly addressed
that pharmacological interventions able to reduce the severity
of LID also induced a reverse of the physiologic synaptic
GluN2A/GluN2B ratio in the striatum. Here, we observed that
safinamide is able to prevent the aberrant increase of the
synaptic levels of the GluN2A subunit associated with chronic
levodopa treatment. Accordingly, our data suggest that the
normalization of striatal Glu release induced by safinamide is
also sufficient to prevent the adaptive mechanisms at post-
synaptic NMDAR levels. Conversely, safinamide failed to
prevent the increased PKA-dependent phosphorylation of
GluA1-pSer845 associated with chronic treatment with levo-
dopa. Taking into account that aberrant activation of PKA in
the postsynaptic compartment of striatal SPNs mainly relies
on striatal D1 receptor overactivation (Mela et al., 2012),
biochemical data corroborate microdialysis data endorsing
the view that safinamide is not able to modulate the direct
pathway activation in this rat model of LID. Moreover, the
results presented here suggest that a complete rescue of the

molecular alterations of the excitatory synapse, both at NMDAR
and AMPAR levels, are needed to observe an antidyskinetic
effect of a drug. However, the absence of experimental analysis
pointing to involvement of the safinamide effect in other key
striatal neurotransmitter systems such as dopamine and ace-
tylcholine might be a limitation of the present study, and further
investigations should be addressed.

In conclusion, safinamide did not halt or delay the priming
to levodopa, which underlies the development of dyskinesia, in
the rat. In addition, safinamide did not affect levodopa-
induced D1 receptor—mediated direct pathway activation. At
the same time, safinamide did not worsen dyskinesia severity,
as might be expected from drugs that potentiate levodopa
action (i.e., MAO-B inhibitors). Consistent with its antigluta-
matergic activity, safinamide inhibited different parameters
of corticostriatal glutamatergic transmission, an effect that
might correlate with its antiakinetic activity. Overall, the
present findings suggest that the striatal Glu-modulating
component of safinamide’s activity may contribute to its
clinical effects of improving motor function and increasing
“on” time without troublesome dyskinesia (Borgohain et al.,
2014; Schapira et al., 2017).
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