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Abstract
LY-404,039 is an orthosteric agonist of metabotropic glutamate 2 and 3 receptors  (mGluR2/3) that may harbour additional 
agonist effect at dopamine  D2 receptors. LY-404,039 and its pro-drug, LY-2140023, have previously entered clinical tri-
als as treatment options for schizophrenia. They could therefore be repurposed, if proven efficacious, for other conditions, 
notably Parkinson’s disease (PD). We have previously shown that the  mGluR2/3 orthosteric agonist LY-354,740 alleviated 
L-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesia and psychosis-like behaviours (PLBs) in the 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned marmoset. Unlike LY-404,039, LY-354,740 does not stimulate dopamine 
 D2 receptors, suggesting that LY-404,039 may elicit broader therapeutic effects in PD. Here, we sought to investigate the 
effect of this possible additional dopamine  D2-agonist action of LY-404,039 by assessing its efficacy on dyskinesia, PLBs 
and parkinsonism in the MPTP-lesioned marmoset. We first determined the pharmacokinetic profile of LY-404,039 in the 
marmoset, in order to select doses resulting in plasma concentrations known to be well tolerated in the clinic. Marmosets were 
then injected L-DOPA with either vehicle or LY-404,039 (0.1, 0.3, 1 and 10 mg/kg). The addition of LY-404,039 10 mg/kg 
to L-DOPA resulted in a significant reduction of global dyskinesia (by 55%, P < 0.01) and PLBs (by 50%, P < 0.05), as well 
as reduction of global parkinsonism (by 47%, P < 0.05). Our results provide additional support of the efficacy of  mGluR2/3 
orthosteric stimulation at alleviating dyskinesia, PLBs and parkinsonism. Because LY-404,039 has already been tested in 
clinical trials, it could be repurposed for indications related to PD.
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Introduction

Chronic administration of the dopamine precursor 
L-3,4-dyhydroxyphenylalanine (L-DOPA), the most effec-
tive treatment of Parkinson’s disease (PD), ultimately leads 
to motor complications such as L-DOPA-induced dyski-
nesia (Dawson and Dawson 2003). Ninety-five percent of 
patients eventually suffer from dyskinesia after 15 years of 
L-DOPA therapy (Hely et al. 2005). On top of the motor 
complications, 50% of patients with advanced PD also suf-
fer symptoms of psychosis (Hely et al. 2005). Amantadine, 
which is thought to act primarily through antagonism of 
N-methyl-D-aspartate (NMDA) glutamate receptors, is the 
only US FDA-approved treatment for dyskinesia (Rascol 
et al. 2021). However, development of tolerance (Thomas 
et al. 2004) and psychiatric side effects such as confu-
sion and hallucinations (Postma and Van Tilburg 1975) 
limit the use of amantadine. Due to these limitations of 
amantadine, the discovery of novel treatments to alleviate 
dyskinesia is crucial.

Metabotropic glutamate 2 receptors  (mGluR2) are 
densely expressed at the pre-synaptic terminals in the 
striatum, where they modulate glutamatergic transmission 
(Picconi et al. 2002). Dyskinetic symptoms from chronic 
L-DOPA administration are thought to result from hyper-
active glutamatergic transmission in the synaptic cleft 
of neurons in the striatum (Cenci 2014; Huot et  al. 
2013). Enhanced glutamatergic transmission triggers 
excessive activation of ionotropic glutamate receptors, 
notably through hyperactivation of post-synaptic gluta-
mate receptors such as NMDA and  mGluR5 (Reiner and 
Levitz 2018).  mGluR2/3 create a negative feedback mecha-
nism to regulate excessive glutamate release and maintain 
homeostasis in the synaptic cleft (Gregory and Goudet 
2021). Dyskinesia expression could therefore be dimin-
ished by reducing glutamate levels, notably via  mGluR2/3 
activation.  mGluR2/3 are also connected to other neuropsy-
chiatric disorders such as anxiety disorders, depression, 
mood disorders, addiction and psychotic disorders (Conn 
and Jones 2009).

We have previously shown that  mGluR2 activation, 
via both orthosteric stimulation (Frouni et al. 2019) and 
positive allosteric modulation (Frouni et al. 2021; Nuara 
et al. 2020; Sid-Otmane et al. 2020), reduces dyskine-
sia in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-lesioned marmoset, a non-human primate with 
high predictive value of the success of drugs in clinical 
settings (Beaudry and Huot 2020; Veyres et al. 2018). 
Here, we have expanded our study of  mGluR2 receptor 
activation with the  mGluR2/3 orthosteric agonist (OA) 
LY-404,039 (pomaglumetad) on the severity of dyskine-
sia. We concurrently assessed the effects of LY-404,039 

on psychosis-like behaviours (PLBs) and parkinsonian dis-
ability. LY-404,039 is a potent  mGluR2/3 orthosteric ago-
nist (Rorick-Kehn et al. 2007). Because of poor oral bio-
availability (Annes et al. 2015), a pro-drug (LY-2140023 
[pomaglumetad methionyl]) was developed and tested in 
the clinic (Downing et al. 2014; Patil et al. 2007) and has 
well established safety, tolerability and pharmacokinetic 
(PK) profiles in human, suggesting that it could be repur-
posed for the treatment of PD. An additional interest of 
LY-404,039 in the specific context of PD stems from a 
possible interaction with dopamine  D2 receptors. It has 
been shown that LY-404,039 displays significant affinity 
for the dopamine  D2 receptor, with a dissociation con-
stant at  D2

High of 8.2–12.6 nM (Seeman 2013; Seeman and 
Guan 2009). This is lower than the dissociation constants 
of 92–149 nM for human  mGluR2/3, which suggests that 
LY-404,039 will bind to  D2 at clinical doses. This poten-
tial agonist action at dopamine  D2 receptors suggests that 
it may have an anti-parkinsonian effect, although the  D2 
agonist effect remains unclear and controversial.

Methods

Animals

Twelve common marmosets (Callithrix jacchus; 300–450 g; 
McGill University breeding colony) were used in the experi-
ments detailed below, 6 for the PK experiments and 6 for the 
behavioural studies, with an equal number of female and 
male animals in all settings. Animals were aged between 2 
and 6 years old at the time of experiments and were housed 
in groups of 2 under conditions of controlled temperature 
(24 ± 1 °C), humidity (50 ± 5%) and light (12-h light/dark 
cycle, on 07:15 a.m.). They had unlimited access to water, 
with food (Mazuri® marmoset jelly, boiled eggs, boiled 
pasta, nuts, legumes) and fresh fruits served twice daily. 
Cages were enriched with primate toys and perches. Animals 
were acclimatised to handling, sub-cutaneous (s.c.) injec-
tions, as well as transfers to observation cages prior to the 
experiments. Marmosets were cared for in accordance with 
a protocol approved by McGill University and the Montreal 
Neurological Institute-Hospital (The Neuro) Animal Care 
Committees, both in accordance with the regulations of the 
Canadian Council on Animal Care.

The marmosets were previously used in other studies. Mar-
mosets utilised in the PK studies were given a 30-day wash-
out period before the start of the current experiments, during 
which they were not administered any drug or chemical sub-
stance. MPTP-lesioned marmosets had also been employed in 
previous studies. Prior to the experiments reported here, they 
were allowed a 30-day washout period, to ensure complete 
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washout of previous treatments. During this washout, they 
were only administered L-DOPA/benserazide on a daily basis 
to maintain the dyskinesia and PLB phenotypes stable. No 
animals were excluded for any behavioural reasons.

Pharmacokinetic profile of LY‑404,039

As we have previously reported (Gaudette et al. 2017, 2018; 
Kwan et al. 2021), we used a sparse sampling technique to 
collect a minimal volume of blood from marmosets (Tse and 
Nedelman 1996). Following administration of LY-404,039 
(0.3 mg/kg s.c.; MilliporeSigma, Oakville, ON, Canada), 
blood samples were collected at 10 time points, baseline, 
5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h and 8 h. 
Additional samples were collected at 30 min, 1 h and 2 h 
from marmosets after s.c. administration LY-404,039 0.1, 
0.3 and 1 mg/kg. Plasma was isolated by centrifugation and 
stored at − 80° until analysis. Levels of LY-404,039 were 
determined by high-performance liquid chromatography and 
tandem mass spectrometry (Kang et al. 2022). Plasma PK 
parameters were determined from the mean concentration 
value at each time point by a non-compartmental analysis 
method using PKSolver (Rowland and TN 1995; Zhang et al. 
2010). Area under the curve (AUC) was calculated using the 
linear trapezoidal rule. AUC 0-t, AUC 0-∞, maximal plasma 
concentration  (Cmax), time to  Cmax  (Tmax), elimination rate 
constant (λz), terminal half-life  (T1/2), relative clearance 
(CL/F), relative volume of distribution  (Vz/F) and mean 
residence time (MRT) were all calculated.

Induction of parkinsonism, dyskinesia 
and psychosis‑like behaviours

Six marmosets were rendered parkinsonian by daily injec-
tions of MPTP hydrochloride (2 mg/kg, s.c., Millipore-
Sigma) over 5 days. Animals were given a month recovery 
period for development and stabilisation of parkinsonian 
symptoms. Animals were then orally administered L-DOPA/
benserazide (15/3.75 mg/kg, MilliporeSigma) once daily for 
a minimum of 30 days, a treatment schedule that was shown 
to elicit stable dyskinetic and psychotic phenotypes (Hama-
djida et al. 2018a, 2018b, 2017; Hamadjida et al. 2018c, 
d) and lead to clinically relevant plasma levels of L-DOPA 
(Huot et al. 2012b).

Assessment of parkinsonism, dyskinesia and PLBs

On days of assessment, marmosets were administered 
LY-404,039 (0.1, 0.3, 1, 10 mg/kg s.c.) or vehicle (0.9% 
NaCl) in combination with L-DOPA (15/3.75 mg/kg s.c., 
MilliporeSigma). Drug administration followed a randomised 

schedule according to a within-subject design that ensured 
all animals received all treatments. Following administra-
tion of treatment, each marmoset was placed in an individual 
observation cage (36 × 33 × 22 in) that contained water, food 
and a wooden perch and left undisturbed for 6 h. Treatments 
were separated by minimum of 72 h for complete drug clear-
ance. Behaviours were recorded via webcam. Dyskinesia, 
PLBs and parkinsonism were all scored post hoc using pre-
viously validated scales (Fox et al. 2010; Huot et al. 2012a, 
2011, 2014; Visanji et al. 2006) by a single experienced 
rater blinded to the treatment, to minimise inter-individual 
variability in the scoring of each animal. Over the course 
of a 6-h observation period, behaviours were examined for 
5 min every 10 min. Parkinsonian disability was assessed 
for range of movement, bradykinesia, posture and attention/
alertness. Range of movement was scored on a scale from 0 
to 9, where 0 = running, jumping and use of limbs for differ-
ent activities and 9 = no movement. Bradykinesia was scored 
from 0 to 3, where 0 = normal initiation and speed of move-
ment and 3 = prolonged freezing, akinesia and immobile. 
Postural abnormality was scored 0 or 1, where 0 = normal 
balance with upright body posture and head is held up and 
1 = impaired balance, prone body posture with head down. 
Attention/alertness was scored 0 or 1, where 0 = normal 
head checking and movement of neck is smooth in differ-
ent directions and in small movements and 1 = less or no 
head checking, and head is in one position for more than 
50% of the time. Global parkinsonian disability score was 
calculated as a combination of the behaviours mentioned 
above for each observation period using this formula: (range 
of movement × 1) + (bradykinesia × 3) + (posture × 9) + (alert-
ness × 9), with 36 as the highest possible parkinsonian dis-
ability score per 5-min period. Dyskinesia rating evaluated 
chorea and dystonia, which were both scored on a scale from 
0 to 4, where 0 = absent, 1 = mild, present less than 70% of 
the observation period and animal can eat and perform nor-
mal activity, 2 = moderate, 3 = marked and 4 = severe, present 
more than 70% of the observation period and animal is una-
ble to perform normal activity. The PLB rating scale meas-
ured each of hyperkinesia (0-4), hallucinatory-like behaviour 
(0-4), repetitive grooming (0-4) and stereotypies (0-4); the 
PLB score attributed during any observation period was the 
most severe of these 4 behaviours. On the PLB rating scale, 
0 = absent and 4 = present for more than 30% of the observa-
tion period and disabling.

Statistical analysis

Time courses of parkinsonian disability, dyskinesia and 
PLB scores are presented as the median. The AUC of the 
time courses are graphed as the mean ± SEM (referred 
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to as “global” scores hereafter) and was analysed using 
one-way analysis of variance (ANOVA) followed by 
Tukey’s post test. Parkinsonian disability, dyskinesia 
and PLB scores at peak dose (90–150 min after admin-
istration) are graphed as the median with individual 
values and were analysed using Friedman followed by 
Dunn’s post test. Statistical analyses were performed 
with GraphPad Prism 9.4.1 (GraphPad Software Inc., 
San Diego, CA, USA).

Results

LY-404,039 was well tolerated by marmosets, regardless 
of the dose administered. We did not notice any adverse 
effect. The original data files are available as supplementary 
materials.

Pharmacokinetic profile of LY‑404,039

Plasma PK parameters of LY-404,039 in the marmoset are 
shown in Table 1. After s.c. administration of LY-404,039 at 
0.3 mg/kg,  Cmax was 731.7 ng/mL,  Tmax was observed at 1 h 
and a  T1/2 was 32 min. Additionally,  Cmax of 211.6 ng/mL 
and 2625.4 ng/mL was observed following s.c. administra-
tion at doses of 0.1 and 1 mg/kg, respectively, suggesting 
concentration-time profiles appear linear.

Effect of LY‑404,039 on dyskinesia

As presented in Fig. 1A and B, LY-404,039 significantly 
diminished global dyskinesia severity (F(4,25) = 4.223, 
P < 0.01, one-way ANOVA). Specifically, the addition of 
LY-404,039 1 and 10 mg/kg to L-DOPA alleviated global 
dyskinesia when compared to vehicle, by ≈44% (P < 0.05, 
Tukey’s post test) and ≈55% (P < 0.01, Tukey’s post test), 
respectively.

As shown in Fig.  1C, LY-404,039 also diminished 
the severity of peak dose dyskinesia (Friedman statis-
tic (FS) = 17.41, P < 0.01); LY-404,039 1 and 10 mg/kg 

Table 1  Derived PK parameters in the plasma following s.c. adminis-
tration of LY-404,039

AUC , area under the curve; CL/F, relative clearance; Cmax, maximal 
plasma concentration; F, bioavailability; MRT, mean residence time; 
PK, pharmacokinetic; T1/2, terminal half-life; Tmax, time to maximal 
plasma concentration; Vz, relative volume of distribution
Data are presented as the mean

Dose 0.1 mg/kg 0.3 mg/kg 1.0 mg/kg

PK parameters
AUC 0-t (ng h/mL) 1062.4
AUC 0-∞ (ng h/mL) 1063.0
Cmax (ng/mL) 211.6 731.7 2625.4
Tmax (h) 0.5 1.0 0.5
λz (1/h) 1.30
T1/2 (h) 0.53
CL/F (L/h/kg) 0.28
Vz/F (L/kg) 0.22
MRT (h) 1.26
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Fig. 1  Effect of LY-404,039 on L-DOPA-induced dyskinesia in the 
MPTP-lesioned marmoset. A Time course of dyskinesia over the 6-h 
observation period. Each time point represents the median cumulated 
dyskinesia scores for every 5-min observation period during the pre-
ceding 30 min. The maximal dyskinesia score at any time point is 12. 
B Area under the curve of dyskinesia time course. LY-404,039 1 and 
10 mg/kg significantly reduced the global dyskinesia, by ≈44% and 

≈55%, respectively. C Dyskinesia severity at peak dose (90-150 min 
after treatment administration). LY-404,039 1 and 10 mg/kg reduced 
the severity of peak dose dyskinesia by ≈45% and ≈55%, respec-
tively. The maximal dyskinesia score at any time point is 24. Data 
are presented as the median (A), the mean ± SEM (B) and the median 
with individual values (C). *: P < 0.05; **: P < 0.01; ***: P < 0.001
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significantly reduced peak dyskinesia severity, by ≈45% 
(P < 0.05, Dunn’s post test) and ≈55% (P < 0.01, Dunn’s 
post test), respectively, when compared to vehicle treatment.

Effect of LY‑404,039 on PLBs

Figure 2A shows the time course of PLBs over the 6-h obser-
vation period and Fig. 2B shows the AUC of the time course. 
We found that LY-404,039 significantly diminished global 

PLBs severity (F(4,25) = 3.273, P < 0.05, one-way ANOVA). 
Specifically, when added to L-DOPA, LY-404,039 10 mg/kg 
alleviated global PLBs when compared to vehicle, by ≈50% 
(P < 0.05, Tukey’s post test).

LY-404,039 also reduced the severity of peak dose PLBs 
(FS = 16.73, P < 0.01, Fig. 2C). Thus, LY-404,039 1 and 
10 mg/kg significantly alleviated peak PLBs severity by 
≈38% (P < 0.05, Dunn’s post hoc test) and ≈53% (P < 0.01, 
Dunn’s post hoc test), respectively, when compared to vehi-
cle treatment.
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Fig. 2  Effect of LY-404,039 on L-DOPA-induced PLBs in the MPTP-
lesioned marmoset. A Time course of PLBs over the 6-h observation 
period. Each time point represents the median cumulated PLB scores 
for every 5-min observation period during the preceding 30 min. The 
maximal PLB score at any time point is 12. B Area under the curve of 
PLBs time course. LY-404,039 10 mg/kg significantly reduced global 

PLBs, by ≈ 50%. C PLBs severity at peak dose (90-150  min after 
treatment administration). LY-404,039 1 and 10  mg/kg reduced the 
severity of peak dose PLBs, by ≈38% and ≈53%, respectively. The 
maximal PLB score at any time point is 24. Data are presented as the 
median (A), the mean ± SEM (B) and the median with individual val-
ues (C). *: P < 0.05; **: P < 0.01
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Fig. 3  Effect of LY-404,039 on parkinsonian disability in the MPTP-
lesioned marmoset. A Time course of parkinsonism over the 6-h 
observation period. Each time point represents the median cumu-
lated parkinsonism scores for every 5-min observation period during 
the preceding 30 min. The maximal parkinsonism score at any time 
point is 108. B Area under the curve of parkinsonism time course. 

LY-404,039 10  mg/kg significantly enhanced the anti-parkinsonian 
action of L-DOPA. Administration of LY-404,039 10 mg/kg parkin-
sonism reduced global parkinsonian disability by ≈47% when com-
pared to L-DOPA alone. Data are presented as the median (A) and 
the mean ± SEM (B). *: P < 0.05; **: P < 0.01
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Effect of LY‑404,039 on parkinsonism

In Fig. 3A and B, we show that LY-404,039 had a signifi-
cant effect on global parkinsonism severity (F(4,25) = 3.274, 
P < 0.05, one-way ANOVA). Thus, combining LY-404,039 
10 mg/kg with L-DOPA diminished global parkinsonian 
disability when compared to vehicle, by ≈47% (P < 0.05, 
Tukey’s post test, Fig. 3B).

Discussion

In the experiments reported here, we have demonstrated the 
effects of LY-404,039 as an adjunct to L-DOPA. LY-404,039 
significantly attenuated the severity of dyskinesia and PLBs, 
while enhancing the anti-parkinsonian benefits of L-DOPA. 
The result of this study provides further support for acute 
 mGluR2/3 orthosteric activation as an effective therapeutic 
strategy to reduce motor and non-motor complications in 
PD. LY-404,039 10 mg/kg consistently elicited the most sig-
nificant reduction in dyskinesia, PLBs and parkinsonism, 
while the dose of 1 mg/kg also displayed anti-dyskinetic effi-
cacy. Whereas it cannot be ruled out that greater effects on 
each of dyskinesia, PLBs and parkinsonism might have been 
obtained had we administered higher doses of LY-404,039, 
we ultimately elected not to do so, as such doses would have 
led to plasma exposure greater than that documented to be 
well tolerated in human (Annes et al. 2015; Patil et al. 2007; 
Rorick-Kehn et al. 2007; Mehta et al. 2018). It should be 
noted that U-shaped anti-dyskinetic dose-response curves 
were observed with  mGluR2 activators in the 6-hydroxydo-
pamine (6-OHDA)-lesioned rat (Frouni et al. 2019; Hama-
djida et al. 2020), but not in the MPTP-lesioned marmoset 
(Frouni et al. 2019, 2021; Sid-Otmane et al. 2020), including 
here.

Although the specific mechanism(s) and cellular pop-
ulations underlying the therapeutic effect of  mGluR2/3 
activation remain poorly characterised, reduction of glu-
tamatergic neurotransmission and restoration of gluta-
matergic balance in the striatum may play an important 
role (Fabbrini et al., 2007; Muguruza et al. 2016). This 
is due to the fact that overactive glutamatergic transmis-
sion due to increased glutamatergic levels in the stria-
tum is a defining characteristic of dyskinesia (Cenci and 
Konradi 2010). The brain regions at which  mGluR2/3 are 
expressed also support this possibility, as they are stra-
tegically located pre-synaptically at the cortico-striatal 
pathway in the basal ganglia.  mGluR2/3 agonists decrease 
pre-synaptic glutamate release and blunt the hyper-gluta-
matergic condition that is associated with the dyskinetic 
state. Specifically, it is believed that  mGluR2/3 stimulation 
activates  Gαi/o protein, which in turn inhibits adenylate 
cyclase (AC) that converts ATP to cAMP (Li et al. 2015). 

The resulting lower cAMP level limits the activity of vari-
ous ion channels and members of serine/threonine-specific 
protein kinase A (PKA) family (Anwyl, 1999), which in 
turn diminishes pre-synaptic glutamate release. While 
mechanistically different, amantadine achieves a similar 
effect by antagonising glutamate binding to NMDA recep-
tors to mitigate the over-activity of the direct striatal out-
put pathway in dyskinesia (Sharma et al. 2018).

As LY-404,039 interacts in a virtually equipotent man-
ner with both  mGluR2 and  mGluR3, the individual roles of 
each receptor in the anti-dyskinetic mechanism of  mGluR2/3 
agonists remain undetermined. However, we would suggest 
that the compound acted primarily through activation of 
 mGluR2 rather than  mGluR3. Indeed, there is a cross-talk 
between  mGluR3 and  mGluR5, resulting in an increase of 
 mGluR5 downstream signalling following  mGluR3 activa-
tion (Di Menna et al. 2018). As  mGluR5 negative allosteric 
modulation is considered a potential anti-dyskinetic strategy 
(Bezard et al. 2014; Tison et al. 2016), any activating action 
at  mGluR3 might result in a worsening of dyskinesia sever-
ity, thereby countering the anti-dyskinetic benefits conferred 
by  mGluR2 activation.

Regarding the anti-psychotic effects, we would propose 
that  mGluR2 activation within the infero-temporal cortex 
may be the primary mechanism through which LY-404,039 
diminished L-DOPA-induced PLBs. Thus, antagonism of 
serotonin (5-HT) type 2A receptors (5-HT2AR) with pima-
vanserin (Cummings et al. 2014) alleviated PD psychosis 
in a randomised controlled clinical trial and pimavanserin 
is now used in the USA for the treatment of PD psychosis. 
5-HT2AR and  mGluR2 receptors form functional heterodi-
mers, in which 5-HT2AR antagonism and  mGluR2 stimula-
tion produce similar downstream signalling effects (Fribourg 
et al. 2011), which could theoretically underlie the anti-psy-
chotic action of LY-404,039.

In addition, we found that LY-404,039 significantly 
augmented the anti-parkinsonian action of L-DOPA. 
Whereas no head-to-head comparison was performed 
in the current series of experiments, this enhancement 
appears to be of greater magnitude when compared 
to our previous work in the same animal model with 
other  mGluR2/3 activators such as OA LY-354,740 
(Frouni et al. 2019) and the positive allosteric modu-
lator (PAM) LY-487,379 (Sid-Otmane et  al. 2020). 
For instance, LY-354,740 enhanced the anti-parkinso-
nian action of L-DOPA by 17% (Frouni et al. 2019), 
while the additional anti-parkinsonian benefit obtained 
with LY-487,379 was 15% (Sid-Otmane et al. 2020). 
It is noteworthy that the degree to which LY-404,039 
enhanced the anti-parkinsonian action of L-DOPA is 
almost threefold greater than that of LY-354,740 and 
LY-487,379 at 47%. We propose two possible explana-
tions for these differences. First, it is possible that the 
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once described possible dopamine  D2-agonist effect of 
LY-404,039 may have played a role in this extra anti-
parkinsonian effect (Seeman 2013; Seeman and Guan 
2009). Second, we previously tested the  mGluR2 PAM 
CBiPES in the MPTP-lesioned marmoset (Frouni et al. 
2021) and discovered a 43% enhancement of L-DOPA 
anti-parkinsonian action. CBiPES is structurally derived 
from LY-487,379 but has improved PK properties and 
improved brain distribution (Johnson et  al. 2005). 
Although we have not determined brain concentrations 
of LY-404,039 in the marmoset, it is possible that better 
PK/pharmacodynamic properties of the compound may 
explain its seemingly greater anti-parkinsonian effect, 
when compared to LY-354,740 and LY-487,379. On a 
similar note, it would be interesting to eventually assess 
the anti-parkinsonian action of LY-404,039 as mono-
therapy, especially considering its purported interaction 
with dopamine  D2 receptors.

LY-404,039 and its prodrug LY-2140023, which enhances 
the oral bioavailability of LY-404,039, have already under-
gone clinical trials for the treatment of schizophrenia 
(Adams et al. 2013; Liu et al. 2012; Mehta et al. 2018; Patil 
et al. 2007). In one such trial, LY-2140023 (or olanzapine as 
an active control) was administered to patients with schizo-
phrenia (Patil et al., 2007). They reported that the treatment 
was not only safe and well-tolerated, but the patients showed 
statistically significant improvements in both positive and 
negative symptoms of schizophrenia compared to placebo, 
demonstrating its anti-psychotic properties. In subsequent 
trials, patients treated with LY-2140023 did not significantly 
improve compared to placebo (Adams et al. 2013). In addi-
tion, LY-2140023 was tested in a magnetic resonance imag-
ing study (Mehta et al. 2018), as well as a pharmacogenetic 
study (Liu et al. 2012). LY-404,039 and LY-2140023 have 
therefore entered several clinical trials, during which they 
were safe and well tolerated.

In summary, our results provide additional evidence that 
orthosteric stimulation of  mGluR2/3 receptors may be an 
effective approach for simultaneously reducing dyskine-
sia and psychosis, while providing additional anti-parkin-
sonian effect, when combined with L-DOPA. In the case 
of LY-404,039, a possible agonistic effect at dopamine  D2 
receptors might make this molecule especially suited as an 
adjunct therapeutic in PD. Moreover, as mentioned above, 
LY-404,039 is essentially ready for clinical testing in PD 
patients, as it has previously undergone studies in the clinic 
for psychiatric conditions.
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