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Abstract

We have recently shown that activation of metabotropic glutamate 2 (mGlu,) receptors through positive allosteric modula-
tion and orthosteric stimulation is a novel approach to reduce L-3,4-dihydroxyphenylalanine (L.-DOPA)-induced dyskinesia
and dopaminergic psychosis in Parkinson’s disease (PD). We have obtained these benefits with the mGlu,-positive allos-
teric modulator (PAM) LY-487,379 and the mGlu,; orthosteric agonist (OA) LY-354,740 in experiments conducted in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned marmoset. Here, we sought to pharmacologically characterise
the anti-dyskinetic and anti-psychotic effects of LY-487,379 and LY-354,740, by assessing whether their benefits would be
reversed by the mGlu,,; orthosteric antagonist LY-341,495. Six MPTP-lesioned marmosets exhibiting stable dyskinesia and
psychosis-like behaviours (PLBs) entered the experiments. In the first series of experiments, animals were injected L-DOPA
in combination with either vehicle, LY-487,379 (10 mg/kg), LY-341,495 (1 mg/kg) or LY-487,379/LY-341,495. In the sec-
ond series of experiments, marmosets were injected L-DOPA in combination with either vehicle, LY-354,740 (1 mg/kg),
LY-341,495 (1 mg/kg) or LY-354,740/LY-341495. As we previously demonstrated, both LY-487,379 and LY-354,740 allevi-
ated dyskinesia (by 44% and 47%, both P <0.001) and PLBs (by 44% and 39%, P <0.01 and P <0.001) when compared to
vehicle treatment. When LY-487,379 and LY-354,740 were administered concurrently with LY-341,495, the anti-dyskinetic
and anti-psychotic benefits were abolished. When administered with L-DOPA in the absence of LY-487,379 and LY-354,740,
LY-341,495 did not worsen dyskinesia or PLBs and did not hamper L.-DOPA anti-parkinsonian action. Our results indicate
that the anti-dyskinetic and anti-psychotic effects of mGlu,-positive allosteric modulation and mGlu,,; orthosteric stimula-
tion are reversed by mGlu,,; orthosteric blockade.
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Introduction
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philippe.huot@mcgill.ca In advanced Parkinson’s disease (PD), many patients are

afflicted by motor complications, which encompass both
motor fluctuations and dyskinesia, as well as by psychotic
manifestations (Hely et al. 2005). Treatment options for
motor complications and psychosis are limited, they are
not effective for all patients, and they may lead to adverse
effects. For instance, the anti-dyskinetic agent amantadine
(Hauser et al. 2017; Pahwa and Hauser 2017; Pahwa et al.
2017) may trigger hallucinations (Postma and Van Tilburg
1975), while entacapone, which is used to confer further
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psychosis conferred by pimavanserin was only 13%, com-
pared to 6% by placebo, in a Phase III trial (Cummings et al.
2014).

In recent experiments performed in the 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned primate
with the positive allosteric modulator (PAM) LY-487,379
(Sid-Otmane et al. 2020) and the orthosteric agonist (OA)
LY-354,740 (Frouni et al. 2019), we have shown that
metabotropic glutamate 2 (mGlu,) receptor activation
may alleviate both dyskinesia and psychosis-like behav-
iours (PLBs) and enhance the anti-parkinsonian action of
L-DOPA.

Here, we sought explore of the mechanism underlying the
anti-dyskinetic, anti-psychotic, and anti-parkinsonian effects
of LY-487,379 and LY-354,740. To do so, we have admin-
istered each compound in combination with the mGlu,;
orthosteric antagonist LY-341,495 (Kingston et al. 1998)
and assessed the resulting effects on L-DOPA-induced dys-
kinesia, PLBs, and L-DOPA anti-parkinsonian action in the
MPTP-lesioned marmoset, which has high predictivity of
the efficacy of drugs in clinical trials (Veyres et al. 2018).

Materials and methods
Animals

Six (3 males and 3 females) common marmosets (Callithrix
jacchus; McGill University breeding colony) weighing
300-450 g and aged between 3 and 7 years were used in the
experiments.

Marmosets were pair-housed under conditions of con-
trolled temperature (24 + 1 °C), humidity (50 +5%), and a
12 h light/dark cycle (07:15 lights on). They had unlimited
access to water, with fresh fruits and food (Mazuri® mar-
moset jelly) served twice daily. Their housing cages were
enriched with primate toys and perches. Prior to the start of
studies, animals were acclimatised to handling, sub-cutane-
ous (s.c.) injections, as well as to transfers to observation
cages for behavioural experiments. Animals were cared for
in accordance with a protocol approved by the Montreal
Neurological Institute and McGill University Animal Care
Committees, both in accordance with regulations defined by
the Canadian Council on Animal Care.

Induction of parkinsonism, dyskinesia, and PLBs

Parkinsonism was induced by injections of MPTP hydro-
chloride (MilliporeSigma, Oakville, ON, Canada) 2 mg/
kg s.c. once daily or every other day for 5 days, tailored
to the animals’ reaction to MPTP, as detailed in (Hama-
djida et al. 2018b). The MPTP administration phase was
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followed by a 6-week recovery period to allow the devel-
opment of stable parkinsonism (Hamadjida et al. 2018b,
¢, d; Kwan et al. 2019).

Dyskinesia and PLBs were induced by once daily
oral administration of L-DOPA/benserazide (henceforth
referred to as L-DOPA, 15/3.75 mg/kg; MilliporeSigma)
for a minimum of 30 days. This treatment regimen was
previously demonstrated to elicit stable L-DOPA-induced
dyskinesia and PLBs (Hamadjida et al. 2017, 2018a, b,
¢, d). Moreover, such doses of L-DOPA were shown to
lead to plasma exposure comparable to that achieved with
L-DOPA in the clinic (Huot et al. 2012b; Zhang et al.
2003).

Behavioural experiments

LY-487,379, LY-354,740, and LY-341,495 were purchased
from Cedarlane Laboratories (Burlington, ON, Canada).
LY-487,379 was dissolved in 25% DMSO in 0.9% NaCl,
while LY-354,740 and LY-341,495 were dissolved in 0.9%
NaCl.

Experiments were divided in two series. The first
series investigated the effect of LY-341,495 on the ben-
efits conferred by LY-487,379, by adding the following
treatments to L-DOPA: vehicle/vehicle, LY-487,379/vehi-
cle, vehicle/LY-341,495, and LY-487,379/LY-341,495.
After a 1-month washout period, the second set of experi-
ments assessed the effect of LY-341,495 on the thera-
peutic actions of LY-354,740. The following treatments
were administered in combination with L-DOPA: vehicle/
vehicle, LY-354,740/vehicle, vehicle/LY-341,495, and
LY-354,740/LY-341,495.

On experimental days, marmosets were injected with a
therapeutic dose of L-DOPA (15/3.75 mg/kg) in combina-
tion with the treatments described above. The doses of
LY-487,379 (10 mg/kg) and LY-354,740 (1 mg/kg) were
selected from prior pharmacokinetic (Gaudette et al. 2017,
2018) and behavioural (Frouni et al. 2019; Sid-Otmane
et al. 2020) experiments that we conducted in the marmo-
set with these 2 molecules. The dose of LY-341,495 (1 mg/
kg) was selected based on the rat literature (Tizzano et al.
2002; Okamura et al. 2003).

Drugs were injected s.c. and administration schedules
of both series of experiments were randomised according
to a Latin square design. After administration of a given
treatment, each animal was placed individually into an
observation cage (36 X 33 X 22 in) containing food, water,
and a wooden perch, and left undisturbed for the 6-h dura-
tion of the experiment. At least 72 h were left between
each treatment in any marmoset. Behaviours were recorded
via webcam for post hoc analysis by an experienced move-
ment disorder neurologist blinded to the treatment given.
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Evaluation of parkinsonism, dyskinesia, and PLBs

The scales used for assessment of parkinsonism (Huot et al.
2011, 2012a, 2014), dyskinesia (Huot et al. 2011, 2012a,
2014), and PLBs (Fox et al. 2010, 2006; Visanji et al. 2006)
have been extensively used and detailed previously. On each
of these scales, the higher the score, the greater the disability.

The parkinsonism scale comprises measures of range
of movement (0-9), bradykinesia (0-3), posture (0-1),
and attention/alertness (0—1). For each observation period,
a global parkinsonian disability score is calculated as a
combination of the behaviours mentioned above, equally
weighted, according to the following formula: (range of
movement X 1) + (bradykinesia X 3) + (posture X 9) + (alert-
ness X 9). The maximal parkinsonian disability score per
observation period is 36.

The dyskinesia rating scale evaluates each of chorea
(0—4) and dystonia (0—4), and the score attributed during any
observation period is the most severe dyskinesia observed,
either chorea or dystonia. The PLBs rating scale assesses
each of hyperkinesia (0—4), hallucinatory-like behaviour
(0—4), repetitive grooming (0—4) and stereotypies (0—4); the
PLBs score attributed during any observation period being
the most severe between these four behaviours.

Parkinsonism, dyskinesia, and PLBs scores were assessed
for 5 min every 10 min and were cumulated for each 30 min
across the entire 6 h of observation.

Statistical analysis

Time courses of dyskinesia, PLBs, and parkinsonism are
presented as the median, and were analysed by computing
the area under the curve (AUC), after which parametric non-
repeated-measures one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison post hoc test was
performed. For all experiments, statistical significance was
set to P <0.05. Statistical analyses were computed using
GraphPad Prism 8.4.0 (GraphPad Software Inc, La Jolla,
CA, USA).

Results

Treatments were well tolerated by the animals, no sedation
was noted.

LY-341,495 reverses the anti-dyskinetic
and anti-psychotic benefits,
but not the anti-parkinsonian effect, of LY-487,379

Dyskinesia

Figure 1a illustrates the dyskinesia time course following
treatment administration, while Fig. 1b depicts the AUC

of the time course. As expected, LY-487,379 significantly
reduced global dyskinesia severity, but the benefit was lost
after concurrent administration of LY-487,379/1.Y-341,495,
while LY-341,495 alone did not worsen dyskinesia, when
compared to vehicle treatment (F 5 55, =12.07, P <0.001,
one-way ANOVA). LY-487,379 diminished dyskinesia
severity by 44% (P <0.001, Tukey’s post hoc test). This anti-
dyskinetic effect was no longer present when LY-341,495
was added to LY-487,379 (P <0.01 when LY-487,379 is
compared to LY-487,379/LY-341,495 and P> 0.05 when
LY-487,379/LY-341,495 is compared to vehicle, Tukey’s
post hoc test), while dyskinesia severity after administra-
tion of L-DOPA/LY-341,495 was not different to that elicited
by L-DOPA alone, but was significantly more severe than
after the addition of LY-487,379 to L.-DOPA (P <0.001 when
LY-487,379 is compared to LY-341,495, Tukey’s post hoc
test).

PLBs

Figure 1c illustrates the PLBs time course following treat-
ment administration, while Fig. 1d depicts the AUC of
the time course. LY-487,379 significantly reduced global
PLBs severity, but the benefit was no longer present after
concurrent administration of LY-487,379/LY-341,495,
while LY-341,495 alone did not worsen PLBs, when com-
pared to vehicle treatment (F 3,5, =5.68, P <0.01, one-
way ANOVA). LY-487,379 diminished PLBs severity by
44% (P <0.01, Tukey’s post hoc test). This anti-psychotic
effect was not encountered when LY-341,495 was added to
LY-487,379 (P> 0.05 when LY-487,379/LY-341,495 was
compared to vehicle, Tukey’s post hoc test). PLBs severity
after administration of L-DOPA/LY-341,495 was not differ-
ent to that elicited by L-DOPA alone (P > 0.05, Tukey’s post
hoc test).

Parkinsonism

Figure 1e illustrates the parkinsonian disability time course
following treatment administration, while Fig. 1f depicts
the AUC of the time course. As in our previous studies,
LY-487,379 significantly reduced global parkinsonism
(F(320)=4.98, P<0.01, one-way ANOVA). LY-487,379
enhanced L-DOPA anti-parkinsonian action by reducing
parkinsonism by 46% (P <0.01, Tukey’s post hoc test).
While LY-341,495 did not significantly enhance L-DOPA
anti-parkinsonian action, a non-significant 33% reduction of
parkinsonism was obtained (P =0.07 when L-DOPA/vehicle
is compared to L-DOPA/LY-341,495). Similarly, a non-sig-
nificant 35% reduction of parkinsonism was obtained when
LY-487,379/LY-341,495 was added to L-DOPA (P =0.06
when compared to L-DOPA/vehicle).
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Fig. 1 a Time course of
dyskinesia in MPTP-lesioned
marmosets treated with
L-DOPA in combination with
vehicle, LY-487,379 10 mg/
kg, LY-341,495 1 mg/kg or
combination thereof. Each time
point represents the cumulated
dyskinesia scores for every

5 min observation period dur-
ing the preceding 30 min. The
maximal dyskinesia score at
any time point is 12. b AUC of
the time course of dyskinesia. ¢
Time course of PLBs in MPTP-
lesioned marmosets treated with
L-DOPA in combination with
vehicle, LY-487,379 10 mg/
kg, LY-341,495 1 mg/kg or
combination thereof. Each time
point represents the cumulated
PLBs scores for every 5 min
observation period during the
preceding 30 min. The maximal
PLBs score at any time point

is 12. d AUC of the time
course of PLBs. e Time course
of parkinsonism in MPTP-
lesioned marmosets treated with
L-DOPA in combination with
vehicle, LY-487,379 10 mg/
kg, LY-341,495 1 mg/kg or
combination thereof. Each time
point represents the cumulated
parkinsonian disability scores
for every 5 min observation
period during the preceding

30 min. The maximal parkinso-
nian disability score at any time
point is 108. f AUC of the time
course of parkinsonism. In a, ¢,
and e, data are presented as the
median; in b, d and f, data are
presented as the mean with the
SEM and the individual values.
*#P<0.01; ***P <0.001

LY-341,495 reverses the anti-dyskinetic
and anti-psychotic benefits of LY-354,740

Dyskinesia

Figure 2a illustrates the dyskinesia time course following
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treatment administration, while Fig. 2b depicts the AUC
of the time course. As expected, LY-354-740 significantly

reduced global dyskinesia severity, but the benefit was lost
after concurrent administration of LY-354,740/1.Y-341,495,
while LY-341,495 alone did not worsen dyskinesia, when

compared to vehicle treatment (F 5 55,=16.04, P <0.001,
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one-way ANOVA). LY-354,740 diminished dyskinesia  compared to LY-354,740/LY-341,495 and P> 0.05 when
severity by 47% (P <0.001, Tukey’s post hoc test). This anti-  LY-354,740/LY-341,495 is compared to vehicle, Tukey’s
dyskinetic effect was no longer present when LY-341,495  post hoc test), while dyskinesia severity after administra-
was added to LY-354,740 (P <0.05 when LY-354,740 is tion of L-DOPA/LY-341,495 was not different to that elicited

Fig.2 a Time course of global dyskinesia
dyskinesia in MPTP-lesioned *
marmosets treated with *

L-DOPA in combination with
vehicle, LY-354,740 1 mg/

kg, LY-341,495 1 mg/kg, or
combination thereof. Each time
point represents the cumulated
dyskinesia scores for every

5 min observation period dur-
ing the preceding 30 min. The
maximal dyskinesia score at
any time point is 12. b AUC of
the time course of dyskinesia. ¢
Time course of PLBs in MPTP-
lesioned marmosets treated
with L-DOPA in combination 0 . \
with vehicle, LY-354,740 1 mg/ 0 100 200 300 400 veh 354 341 354/341
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by L-DOPA alone, but was significantly more severe than
after the addition of LY-354,740 to L.-DOPA (P <0.001 when
LY-354,740 is compared to LY-341,495, Tukey’s post hoc
test).

PLBs

Figure 2c illustrates the PLBs time course following treat-
ment administration, while Fig. 2d depicts the AUC of
the time course. LY-354,740 significantly reduced global
PLBs severity, but the benefit was no longer present after
simultaneous administration of LY-354,740/LY-341,495,
while LY-341,495 alone did not worsen PLBs, when com-
pared to vehicle treatment (F 3 ,5,=11.57, P<0.001, one-
way ANOVA). LY-354,740 diminished PLBs severity by
39% (P <0.001, Tukey’s post hoc test). This anti-psychotic
effect was lost when LY-341,495 was added to LY-354,740
(P<0.001 when LY-354,740 was compared to LY-341,495,
P <0.05 when LY-354,740 was compared to LY-354,740/
LY-341,495 and P> 0.05 when LY-354,740/LY-341,495 was
compared to vehicle, Tukey’s post hoc test). PLBs’ severity
after administration of L-DOPA/LY-341,495 was not differ-
ent to that elicited by L-DOPA alone (P > 0.05, Tukey’s post
hoc test).

Parkinsonism

Figure 2e illustrates the parkinsonian disability time course
following treatment administration, while Fig. 2f depicts
the AUC of the time course. When added to L-DOPA,
LY-354,740, LY-341,495, or LY-354,740/LY-341,495 did
not have any effect on global parkinsonism (F3 55, =1.38,
P>0.05, one-way ANOVA).

Discussion

Here, we have found that LY-341,495 reverses the anti-
dyskinetic and anti-psychotic, but not the anti-parkinso-
nian, effects conferred by LY-487,379, while it abolished
the anti-dyskinetic and anti-psychotic benefits elicited by
LY-354,740. Of note, LY-341,495, when added to L-DOPA
without concurrent administration of LY-487,379 or
LY-354,740, did not exacerbate dyskinesia or PLBs.

These results are in agreement with the previous stud-
ies that we performed, in which we showed that both
LY-487,379 (Sid-Otmane et al. 2020) and LY-354,740
(Frouni et al. 2019) reduce L-DOPA-induced dyskinesia
and PLBs and may also enhance L-DOPA anti-parkinsonian
action. Moreover, the experiments reported here provide
mechanistic insights into the actions of LY-487,379 and
LY-354,740.
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LY-487,379 is a highly selective PAM that appears to
bind solely to mGlu, receptors (Pinkerton et al. 2004; Schaf-
fhauser et al. 2003), which makes mGlu,-positive allosteric
modulation its putative mechanism of action, although it
has not been ruled out that other mechanisms might under-
lie its action in vivo in the marmoset, notably because its
metabolism in the primate has not been characterised and it
is unknown whether active metabolites with off-target affin-
ity might play a role in its actions. In contrast, LY-354,740 is
an mGlu,,; OA, with approximately fivefold greater affinity
at mGlu, than mGlu; receptors (Monn et al. 1997; Schoepp
et al. 1997), making it difficult to attribute any beneficial
effect to an mGlu,-selective mechanism of action.

LY-341,495 is a selective mGlu,,; orthosteric antagonist
with similar affinity for both mGlu, and mGlu, receptors
(Kingston et al. 1998). The reversal of the anti-dyskinetic
and anti-psychotic benefits conferred by LY-487,379 when
LY-341,495 was added to LY-487,379 provides pharma-
cological support to the hypothesis that positive allos-
teric modulation of mGlu, receptors underlies the actions
of LY-487,379. Indeed, we do not believe that orthosteric
blockade of mGlu; receptors by LY-341,495 contributed to
the reversal of the anti-dyskinetic effects that we encoun-
tered here, although the argument for psychosis is not as
straightforward.

Pertaining to dyskinesia, a recent study discovered that
mGlu; activation amplifies mGlus receptor signalling (Di
Menna et al. 2018). Because mGlus negative allosteric mod-
ulation has been investigated pre-clinically and clinically
as an anti-dyskinetic approach in PD (Johnston et al. 2010;
Tison et al. 2016), blockade of mGlu, receptors might reduce
signalling at mGlus receptors, which should reduce dyskine-
sia; in our current experiments, this would have translated by
a greater reduction of dyskinesia upon administration of the
combination LY-487,379/L.Y-341,495. Here, that the anti-
dyskinetic benefit conferred by LY-487,379 was lost after
LY-341,495 was added points towards an mGlu,-preferential
mechanism of action for dyskinesia.

In the case of PD psychosis, an mGlu,-mechanistic claim
is more difficult to make based on the results of the current
study. Indeed, mGlusy activation is regarded as a promis-
ing anti-psychotic strategy (Conde-Ceide et al. 2015; Rook
et al. 2015). Based upon the interaction between mGlu; and
mGlus receptors discussed in the paragraph above, antago-
nising mGlu; receptors might have exacerbated PD psy-
chosis; as such, the reversal of the anti-psychotic effect of
LY-487,379 when it was combined with LY-341,495 might
be due to the actions of LY-341,495 at both mGlu, and
mGlu, receptors, which limit the conclusions that can be
drawn. Further studies that would employ selective mGlu,
or mGlu; negative allosteric modulators are warranted.
Molecules with such selectivity, e.g., the mGlu; receptor
negative modulators such as ML289 (Sheffler et al. 2012)
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or ML337 (Wenthur et al. 2013), or the mixed mGlu, ago-
nist and mGlu; antagonist LY-395,756 (Li et al. 2015),
might help to provide further pharmacological evidence
that an mGlu,-selective mechanism underlies the actions of
LY-487,379 and LY-354,740 in experimental parkinsonism.

An unexpected finding of our experiments was the
apparent, albeit non-significant, anti-parkinsonian effect of
LY-341,495. It is noteworthy that this possible anti-parkinso-
nian effect was obtained only in one of the two sets of exper-
iments (those with LY-487,379), in which it failed to reach
statistical significance, despite a trend. Whether significant
differences would have been encountered with a different
molecule or a greater number of animals remains unclear.
Indeed, when administered alone, LY-341,495 enhanced the
anti-parkinsonian action of L-DOPA and did not reverse the
extra anti-parkinsonian benefit achieved with LY-487,379.
While requiring careful appraisal, our results, nevertheless,
suggest that mGlu; blockade may elicit an anti-parkinso-
nian effect when administered with L-DOPA. Further stud-
ies are needed to determine the potential mechanisms and
brain areas that may underlie the anti-parkinsonian effect of
antagonising mGlu, receptors.

In summary, the experiments reported here have shown
that the mGlu,; orthosteric antagonist LY-341,495 reverses
the anti-dyskinetic and anti-psychotic effects achieved upon
positive allosteric modulation of mGlu, receptors (LY-
487,379 experiments) and orthosteric stimulation of mGlu,;
receptors (LY-354,740 experiments). While our results pro-
vide mechanistic insights into the actions of LY-487,379 and
LY-354,740, further studies are needed, with more selective
molecules, especially selective mGlu, orthosteric antago-
nists or negative allosteric modulators, to achieve a better
comprehension of the pharmacology underlying the possible
beneficial effects of mGlu,-positive allosteric modulation
and orthosteric stimulation in PD.
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