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ABSTRACT
The novel small-molecule psychomotor stabilizer, IRL790, is
currently in clinical trial for treatment of levodopa-induced
dyskinesia and psychosis in patients with Parkinson disease.
Here, we used naïve mice to investigate the effects of acute
systemic administration of IRL790 on protein levels and phos-
phorylation states of proteins relevant for synaptic plasticity and
transmission. IRL790 increased pro–brain-derived neurotrophic
factor protein levels and phosphorylation at Ser1303 of the
N-methyl-D-aspartate (NMDA) subtype 2B glutamate receptor
(NR2B) in prefrontal cortex. IRL790 also increased the phos-
phorylation states at Ser19, Ser31, and Ser40, respectively, of
tyrosine hydroxylase in striatum. IRL790 reduced protein levels
of the NR2B receptor in striatum but not in prefrontal cortex.

Taken together, we report that systemically administered IRL790
rapidly elicits changes in protein level and phosphorylation state
of proteins associated with a beneficial effect on synaptic
markers and neurotransmission.

SIGNIFICANCE STATEMENT
The novel small-molecule psychomotor stabilizer, IRL790, is
currently in clinical trial for treatment of levodopa-induced
dyskinesia and psychosis in patients with Parkinson disease.
In this study, we report that systemically administered IRL790
rapidly elicits changes in protein level and phosphorylation state
of proteins associated with a beneficial effect on synaptic
markers and neurotransmission.

Introduction
Psychomotor stabilizers are novel treatments for neuropsy-

chiatric disorders and neurodegenerative diseases, which
form a distinct pharmacological class showing antidyskinetic,
antipsychotic, and tentatively procognitive properties (Pet-
tersson et al., 2010). They are recognized to promote their
effects by modulating dopamine- and glutamate-dependent
behaviors. IRL790 is primarily a dopamine D3 receptor
antagonist with psychomotor-stabilizing properties in vivo
(Waters et al., 2017, 2020). At higher concentrations, IRL790
also antagonizes dopamine D2 receptors. However, IRL790
has no effect on spontaneous locomotor activity over a wide
dose range in the intact rat (Waters et al., 2020). In the
unilateral 6- hydroxydopamine (6-OHDA) lesioned rat model,
IRL790 dose-dependently reduces dyskinesias associated
with prolonged levodopa treatment without affecting gen-
eral locomotor activity (Waters et al., 2020). In addition to

antidyskinetic effects, IRL790 displays antipsychotic proper-
ties (Waters et al., 2020). IRL790 is developed for treatment of
complications associated with therapy in Parkinson disease
(PD). It is safe and tolerable in PD patients and appears to
counteract levodopa-induced dyskinesias (LIDs)(Svennings-
son et al., 2018). IRL790 is currently in a clinical phase 2
efficacy study for LID in PD. Hence, this DAD3/D2modulating
compound was developed to meet the desirable profile of
optimal antidyskinetic and antipsychotic efficacy with mini-
mal extrapyramidal side effects and sedative properties
(Waters et al., 2017, 2020), whereas extrapyramidal side effect
liability has been associated with D2 receptor blockade and
receptor dissociation rate (Kapur and Seeman, 2000). The
IRL790 profile is distinct from the strong D2 antagonists (e.g.,
haloperidol) and sedative compounds (e.g., clozapine and
quetiapine), displaying moderate effects on dopamine metab-
olites, slightly increased serotonergic effects, and subtle
behavioral stimulation properties (Waters et al., 2017). IRL790
increases extracellular DA, norepinephrine (NE), and acetylcho-
line (ACh) levels and induces concomitant increases in striatal
DA, DA metabolites, and Arc mRNA expression (Waters et al.,
2020). IRL790 also increases cortical levels of immediate early
genes, possibly because of increased DA and cholinergic trans-
mission in cortical areas.
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The overall goal of this study was to investigate the
preclinical pharmacology of IRL790 in mice and its effects on
biochemical measures of synaptic transmission and plasticity.
Changes in receptor protein level and/or phosphorylation
state, signal transduction proteins, and transcription factors
(TFs) implicated in synaptic plasticity might suggest mecha-
nism of action pathways for IRL790. We performed biochem-
ical measurements of relevant receptors, downstream
signaling targets, and TFs that were selected based on 1) the
properties of the IRL790 compound, 2) the screening pro-
cedure that was applied in the development of the IRL790
compound, and 3) neuromolecular changes that have been
associatedwith LID (Jenner, 2008). To characterize the effects
of this compound, we thus investigated the phosphorylation
state and protein levels of intracellular proteins, receptors,
and TFs involved in the dopaminergic, glutamatergic, BDNF,
and MEK/MAPK pathways that are relevant for synaptic
plasticity and transmission (Qi et al., 2009).

Material and Methods
Mice. Fourteen-week-oldmale C57BL/Jmicewere purchased from

Charles River and used for the described experiments. The mice were
housed five per cage under a normal light/dark cycle (7 AM to 7 PM) in
a clean facility (temperature 20–23°C and humidity 40%–60%) and
with free access to water and standard rodent chow. Mice were
acclimatized for 1 week before experiments were performed. All
experiments were approved by the local ethical committee in Stock-
holm and in agreement with the European Community Council
Directive of November 24, 1986 (86/609/EEC), on the ethical use of
animals.

Drug Administration and Sample Collection. IRL790 ([2-(3-
fluoro-5-methanesulfonylphenoxy)ethyl](propyl)amine) was synthe-
sized at Integrative Research Laboratories, Sweden (Waters et al.,
2020). The dose range was selected based on prior experience in rats
and mice (in communication with Integrative Research Laboratories)
to be pharmacologically relevant, i.e., to capture typical behavioral
and neurochemical effects, and to be in a well tolerated range. A total
of 3–10 mg is well tolerated in mice and was considered pharmaco-
logically relevant based on allometric scaling based on rat dosages.
Two separate experiments were performed. In the first experiment,
mice (n = 6 per treatment group) were injected intraperitoneally with
IRL790 (3 or 10mg/kg) or sterile saline.One group ofmicewas injected
with the D2 antagonist haloperidol 2 mg/kg (Janssen, Denmark) as
a control for correctly performed injections (n=4). Haloperidol results
were thus comparedwith previously published resultswhen available.
Mice were euthanized 30 minutes postinjection by cervical dislocation
followed by decapitation, and the brain was removed and snap-frozen
in isopentane cooled with dry ice. Dissection of striatum and pre-
frontal cortex was performed for each animal, and samples were
stored at 280°C and subsequently prepared for protein analysis. In
the second experiment, mice were injected intraperitoneally with
IRL790 (3mg/kg), haloperidol (2 mg/kg), or saline (n = 6 per treatment
group) and euthanized 15 or 30 minutes after drug administration.
Striatum and prefrontal cortex tissues were collected for each animal
as described in the first experiment.

Open-Field Test. Mice in the first experiment were tested in an
open-field test to assay locomotor activity. Mice were treated accord-
ing to the different treatment regimens, and 20minutes postinjection,
theywere placed in a 55-cm� 55-cm squared box for 10minutes. Total
distance traveled, average speed, and time spent in the center zone
were endpoints measured using an automated video tracking system
(Ethovision XT 8; Noldus, Wageningen, Netherlands).

Western Blot Analysis. Protein was extracted from fresh-frozen
striatum, and prefrontal cortical samples were collected and stored in
280°C. Tissue samples were lysed in 1% SDS and homogenized using

sonication (Epishear Probe sonicator; Active motif). Samples were
boiled for 10 minutes and then centrifuged for 10 minutes at 10,000
rpm. Protein concentration was determined using the BCA assay
(Pierce BCA protein assay kit; Thermoscientific) according to the
manufacturer’s protocol. Loading sample buffer was added to each
sample following quantification. For analysis, 30 mg protein of each
sample was separated on acrylamide gels by using the Bio-Rad
system. Different running gel concentrations were used depending
on themolecular size of the investigated protein, ranging from7.5% for
high molecular weight proteins (200 kDa) to 15% for low molecular
weight proteins (10–20 kDa). Gels were first run at 120 V for
10 minutes and then 160 V for 50–80 minutes. Proteins were then
transferred to an Immobilion-FL polyvinylidene difluoride (PVDF)
membrane (Millipore) overnight at 50 mA. The membrane was
blocked in 5% (w/v) dry milk in TBS/Tween 20 for 1 hour at room
temperature, followed by primary antibody incubation. Membranes
were incubated overnight at +4°C with specific primary antibodies
diluted in 5% drymilk dissolved in TBS/Tween 20. After washing with
TBS/Tween 20, membranes were incubated 1 hour at room temper-
ature with specific anti-mouse or anti-goat horseradish peroxidase
secondary antibodies, diluted 1:6000 in 5% drymilk in TBS/Tween 20.
Immunoblotting was carried out with phosphorylation state-specific
antibodies and with antibodies that are not phosphorylation state-
specific. Immunoreactive proteins were visualized by using the
chemiluminescence ECL detection system (GE Healthcare) and
autoradiography or fluorescent detection by using secondary anti-
bodies covalently labeled with fluorescent dyes in the near-infrared
spectrum. The following protein targets were analyzed using the ECL
system: anti-phospho-Ser845 and anti-phospho-Ser831 GluR1, anti-
phospho-Ser896 and anti-phospho-Ser897 NR1, anti-phospho-Ser473

AKT and anti-phospho-Thr308 AKT, anti-phospho-Tyr816 TrkB, anti-
Arc, anti-proBDNF, anti-BDNF, anti-GluR1, anti-NR1, anti-AKT, and
anti-TrkB. Antibody dilutions used 1:500–1:2000. Densitometry was
performed using the ImageJ software (National Institutes of Health).
Combined detection of total protein and phospho-protein using
quantitative infrared Western blot analysis was applied on the
following targets: phospho-Ser19, phospho-Ser31 and phospho-Ser40

tyrosine hydroxylase (TH), total TH, phospho-Ser1303 NR2B, total
NR2B, phospho-Ser133 CREB, total CREB, phospho-Ser217/221 MEK,
total MEK, phospho-Ser9 GSK3b, total GSK3b, phospho-Thr286/287

CAMKII, total CAMKII, phospho-Thr183/185 (p42) and phospho-
Thr202/204 (p44) MAPK, total MAPK, phospho-Thr34, phospho-Thr75

DARPP-32, and total DARPP-32. The membranes were coincubated
with specific primary rabbit anti-phospho antibodies and mouse
primary antibodies specific for the total protein. Membranes were
first incubated with the primary antibodies diluted in 5% dry milk in
TBS/Tween 20. Proteins were detected with a mixture of infrared dye
800CW goa-anti-rabbit IgG (1:20,000) and infrared dye 680CW goat-
anti--mouse IgG (1:25,000) labeled secondary antibodies diluted in
0.01% SDS/5% dry milk in TBS/Tween 20 for 1 hour at room
temperature in dark conditions. The LiCor Odyssey CLx Infrared
Imaging system was used for signal detection. Protein quantification
was performed by using the Image Studio version 3.1 software. Levels
of phospho-protein, normalized to total protein levels in the samewell,
were quantified by analysis of fluorescence intensities. Calnexin or
Actin (used for anti-phospho-Ser896, anti-phospho-Thr308, anti-phos-
pho-Ser473, total NR1, total Akt, and anti-phospho-Ser897 NR1) were
used as loading control (housekeeping protein) and run on the same
gel as the target protein being analyzed. The experimental conditions
did not have any effect on the protein levels of the housekeeping
proteins (data not shown). Normalization was performed for all
samples. For the multiplex fluorescent detection, the phospho-
specific signal was normalized against the total level of the target
protein, using the target protein as its own internal loading control
(phosphorylated protein signal/total protein signal)/percent control
group. Relative total protein level was calculated as a ratio between
(total protein signal/house-keeping protein signal)/percent control
group. For protein targets that were analyzed using the ECL system,
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relative levels were calculated as a ratio between [(phosphorylated
protein/house-keeping protein)/(total protein/house-keeping protein)]/
percent control group. For Western blotting, we analyzed n = 6 per
treatment group except for the haloperidol treated group in experi-
ment 1 (n = 4).

Statistical Analysis. Data analysis was performed by comparing
the mice treated with 3 mg/kg IRL790, 10 mg/kg IRL790, and
haloperidol, respectively, with the saline-treated control group using
one-way analysis of variance (ANOVA) and Dunnett’s test specifically
testing differences between groups treated with IRL790 versus the
control group (GraphPad Prism5). We used the Dunnett method
specifically for testing our data with control group design, as it is
a powerful statistical method that can discover relatively small but
significant differences among groups. The Dunnett’s test has greater
statistical power to detect a difference than the omnibus ANOVA test
and thus has the power to identify statistical differences even when
the ANOVA fails to do so. The Dunnett’s test does not require
a significant omnibus F-test before proceeding (Cardinal and Aitken,
2006). The figure legends describe the statistical analysis based on the
overall ANOVA and the post hoc Dunnett’s test. Data distribution was
assumed to be normal, but this was not formally tested. Data are
reported as mean 6 S.E.M. or box and whisker plots showing the
median, with the box extending from the 25th to the 75th percentile
and the whiskers showing the smallest value up to the largest.
Bonferroni correction was not implemented in the statistical analysis
of the different protein targets. We have marked the graphs as
significant when the Dunnett’s test has shown P , 0.05 between
control and treatment groups. P values less than 0.05 were considered
significant.

Results
Dose Finding. We first studied the effects of high and low

dose of IRL790 onmotor effects inmice because the preclinical
characterization of IRL790 has been exclusively done in rat
(Waters et al., 2017, 2020). Mice were treated with 3 and
10 mg/kg, respectively, and tested for locomotor activity
20 minutes postadministration. Time spent in the center zone
of an open field is a measure of normal exploratory behavior,
whereas less time in the center zone indicates an anxiety-like
behavior (Crawley, 1985). The different treatment regimens
did not have an effect on the exploratory behavior (Fig. 1A).
However, we observed that administration of IRL790 at the
higher dose (10 mg/kg) caused hypolocomotion with signifi-
cantly reduced total distance traveled (Fig. 1B) and reduced
average speed (Fig. 1C) compared with the control group,
whereas mice treated with lower dose (3 mg/kg) showed no
difference compared with the controls. Total distance traveled
and average speed was on average reduced by half but with
a smaller reduction compared with haloperidol-treated mice.
IRL790 Upregulates proBDNF Protein Levels in

Prefrontal Cortex. We next assessed the protein levels
and the phosphorylation state of neurotrophic factors and
TFs by using Western blotting for Arc, proBDNF, BDNF,
TrkB, and phosphorylation at Tyr816 of TrkB and at Ser133 of
the protein CREB. Our analysis showed that both proBDNF
and BDNF were expressed and quantifiable in striatum and
prefrontal cortex (Yang et al., 2009). Interestingly, we ob-
served increased protein levels of proBDNF in prefrontal
cortex at 30 minutes postadministration in the mice injected
with 3 mg/kg of IRL790 (Fig. 2A). There was no difference in
proBDNF levels in striatum (Fig. 2B) or mature BDNF
protein levels in the prefrontal cortex (Fig. 2C) or striatum
(Fig. 2D) between the treatment groups (Supplemental Fig. 1).

Furthermore, there were no significant differences in Arc
and TrkB protein levels or the phosphorylation state at
Tyr816 of TrkB and Ser133 of CREB at 30 minutes post-
administration in the prefrontal cortex or striatum, respec-
tively (Supplemental Fig. 2).
IRL790 Upregulates TH Activity and Presynaptic

Regulation of Dopamine Synthesis. It has been sug-
gested that IRL790 increases DA turnover in basal ganglia
and cortical regions and extracellular DA, NE, and Ach levels
as measured by in vivo microdialysis (Waters et al., 2020).
Tyrosine hydroxylase (TH) is the rate-limiting enzyme of
catecholamine synthesis and is phosphorylated at Ser resi-
dues Ser19, Ser31, and Ser40 through the actions of CAMKII,

Fig. 1. High dose of IRL790 (10 mg/kg) exerts an effect on locomotor
activity. Mice were treated with IRL790 (L (low dose) = 3 mg/kg and H
(high dose) = 10 mg/kg) and the D2 antagonist haloperidol (2 mg/kg) and
tested for locomotor activity 20 minutes postadministration. (A) The
IRL790 doses tested did not show any effect on anxiety-related
behavior compared with the control group. IRL790 H (10 mg/kg)
promoted a sedative effect similar to haloperidol with significantly
reduced total distance traveled (F(3,20) = 68.00, P , 0.0001) (B) and
reduced average speed (F(3,20) = 83.85, P , 0.0001) (C). Bars are
presented as mean 6 S.E.M. n = 6 per group; n = 4 treated with
haloperidol. One-way ANOVA followed by Dunnett’s multiple compar-
ison test was used. *** P value , 0.001
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Extracellular signal-regulated protein kinases 1 and 2 (ERK1/
2), and protein kinase A (PKA), respectively (Salvatore et al.,
2001; Dunkley et al., 2004). We next used two-color detection
and quantification of infrared fluorescent Western blotting to
assess the phosphorylation levels of TH because of its critical
involvement in the presynaptic synthesis of catecholamine.
We assessed the striatum, which is the largest component
of the basal ganglia and part of the dopaminergic pathway.
There was a significant increase in phosphorylation at Ser40
in striatum inmice treated with 10mg/kg of IRL790 compared
with the controls 30 minutes postadministration (Fig. 3A;
Supplemental Fig. 3). The phosphorylation state at Ser31 in
the striatumwas significantly increased inmice treatedwith 3
or 10mg/kg of IRL790 compared with the controls, 30 minutes
postadministration (Fig. 3B). We also observed an increase in
phosphorylation at Ser19 in striatum in mice treated with
10 mg/kg of IRL790 compared with the controls at 30 minutes
postadministration (Fig. 3C). The total levels of TH were not
different between the treatment groups (Fig. 3D). Hence, we
found that IRL790 increased phosphorylation at all serine
residues that directly or indirectly associate with increased
TH activity.
Acute Administration of IRL790 Exerts No Effect on

Postsynaptic Regulation of Glutamate Signaling. We
next assessed the phosphorylation state of AMPA and NMDA
receptors, as they associate with various states of synaptic
plasticity e.g., long-term potentiation and long-term depres-
sion (Derkach et al., 2007; Paoletti et al., 2013). At the studied
doses, there were no changes in phosphorylation at Ser831
and Ser845 on the AMPAGluR subunit, the Ser896, Ser897 on
the NR1 subunit, or the Ser1303 on the NR2B subunit
between IRL790-treated groups and controls at 30 minutes
postadministration in the striatum (Supplemental Fig. 4) or
cortical tissues (Supplemental Fig. 5), respectively. How-
ever, we observed reduced total protein levels of the NR2B
subunit in the striatum of mice treated with a 3-mg/kg dose

of IRL790 (Fig. 3E) but not in the prefrontal cortex (Fig. 3F;
Supplemental Fig. 6).
Acute Administration of IRL790 Exerts No Effect on

the Phosphorylation State of Intracellular Signaling
Proteins. There is a vast number of proteins that are central
for intracellular signaling, of which we next assessed the
phosphorylation state of proteins involved in the MEK/MAPK
pathway and GSK3b, CaMKII, and Akt signaling, including
Ser217/221-MEK, Thr183/Tyr185-p42 MAPK, Thr202/
Tyr204-p44 MAPK, Ser9-GSK3b, Thr286-CaMKIIb, Thr287-
CaMKIIa, Thr308-Akt, Ser473-Akt. Acute systemic admin-
istration of IRL790, however, had no overt effects on any of
these phosphorylation sites at 30 minutes postadministra-
tion in striatum (Supplemental Fig. 7) or prefrontal cortex
(Supplemental Fig. 8), respectively. Dopamine- and cAMP-
regulated neuronal phosphoprotein (DARPP32) is a target for
dopamine, which has the ability to modulate the activity of
protein phosphatase 1 (PP-1) and PKA, regulating physiologic
and pharmacological stimuli (Svenningsson et al., 2004). We
measured the phosphorylation of DARPP32 at both Thr34 and
Thr75 in striatum but observed no difference in phosphoryla-
tion state between the controls and IRL790-treated mice
(Supplemental Fig. 9).
Rapid Phosphorylation Changes Induced by IRL790.

We next wanted to investigate if there were any effects at an
earlier time point by administering the same dose of 3mg/kg of
IRL790 and by analyzing the exact same panel of proteins
using Western blotting. In addition to assessing phosphoryla-
tion states already at 15 minutes postadministration, we also
repeated the 30-minute time point to validate our initial
findings in a separate experiment. Data are here only shown
for the proteins with significant differences between treat-
ment groups following 15 minutes of IRL790 administration
(dose 3 mg/kg). Phosphorylation at Ser31 of TH was signifi-
cantly increased in striatum in mice treated with 3 mg/kg of
IRL790 compared with the controls already at 15 minutes

Fig. 2. Acute administration of IRL790
upregulated proBDNF protein levels in pre-
frontal cortex. (A) The levels of proBDNF in
prefrontal cortex increased in the mice
injectedwith IRL790 (3mg/kg) at 30minutes
postadministration (F(3,18) = 2.94, P = 0.061)
as assessed by immunoblotting. The overall
P value for the ANOVA was not significant;
however, Dunnett’s test, specifically compar-
ing groups on IRL790 vs. controls, indicated
a significant difference between mice treated
with IRL790 (3 mg/kg) and controls. There
was no difference in proBDNF protein levels
in striatum (B), mature BDNF in prefrontal
cortex (C), or mature BDNF in striatum (D)
in mice treated with 3 and 10 mg/kg IRL790
and controls (n = 6 per group; n = 4 treated
with haloperidol). ctrl, control. L = low
dose, 3mg/kg andH=high dose, 10mg/kg.
* P value , 0.05,
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postadministration (Fig. 4A) and at 30 minutes postadminis-
tration of IRL790, which validated our result in the first
experiment (Fig. 4B; Supplemental Fig. 10, A and B). There
was no statistical difference in phosphorylation at Ser19 and
Ser41 of TH at 15 minutes of treatment (data not shown). We
observed a significant increase in phosphorylation at Ser1303
of the NR2B at 15 minutes postadministration in the pre-
frontal cortex compared with the controls (Fig. 4C;
Supplemental Fig. 10, C and D). Notably, there was no change
in phosphorylation of NR2B at Ser1303 at 30 minutes post-
administration, thus confirming the observation in the first
experiment (Fig. 4D). In addition, there was no increase in
proBDNF or BDNF protein levels in prefrontal cortex or
striatum at 15 minutes postadministration of IRL790
(3 mg/kg). We next combined all data from the two separate
experiments (experiment 1 and 2) with 30-minute adminis-
tration of IRL790 3 mg/kg to increase the sample size. Pooled
data showed that proBDNF (Fig. 4E) protein levels were
significantly increased in the prefrontal cortex of IRL790-
treated mice but not mature BDNF levels (Fig. 4F). As an
additional observation, haloperidol increased Ser845 phos-
phorylation on the AMPAGluR1 subunit in striatum, with the
greatest increase observed at 15 minutes but still elevated at
30 minutes (data not shown), confirming previous studies,

which have shown that haloperidol increases Ser845 but not
Ser831 phosphorylation at GluR1 (Håkansson et al., 2006).

Discussion
In this study, we investigated the effects of the novel small

molecule, IRL790, on synaptic markers. First, we showed
a difference on locomotor activity between the high and low
dose of IRL790, and we showed that mice treated with IRL790
displayed no anxiety-like behavior. Our findings further pro-
vide evidence that IRL790 exerts biochemical changes in
naïve mouse brain, including increased proBDNF protein
levels in prefrontal cortex and increased phosphorylation of
serine residues that associate with increased TH activity in
striatum. Furthermore, we showed that compared with con-
trols, the total levels of NR2Bwere reduced in striatum ofmice
treated with IRL790 and that IRL790 rapidly (already at
15 minutes postdrug administration) phosphorylated the
NR2B in the prefrontal cortex.
Our data suggest that rapid upregulation of proBDNF

protein levels in prefrontal cortex constitutes one molecular
mechanism of action of IRL790. proBDNF is the precursor of
BDNF, where the latter has emerged as an essential regulator
of synaptic plasticity, neuronal survival, and differentiation,

Fig. 3. Acute administration of IRL790
increased phosphorylation at Ser40,
Ser31, and Ser19 of TH in striatum. (A)
Phosphorylation increased at Ser40 in
mice treated with IRL790 (10 mg/kg)
compared with the controls 30 minutes
postadministration (F(3,18) = 7.40, P =
0.002) as assessed by immunoblotting.
(B) Phosphorylation was increased at
Ser31 in mice treated with both 3 and
10 mg/kg of IRL790 compared with the
controls (F(3,18) = 17.91, P , 0.00001). (C)
Phosphorylation at Ser19 was increased
in mice treated with IRL790 (10 mg/kg)
compared with the controls (F(3,18) = 2.86,
P = 0.066). (D) The protein levels of total
TH showed no difference between treat-
ment groups. Data corresponding to total
TH levels based on assessment of phos-
phorylation at Ser40 is shown here. (E)
The total protein levels of the NR2B
subunit were reduced in striatum in mice
treated with IRL790 (3 mg/kg) at
30 minutes postadministration (F(3,18) =
2.77, P = 0.071), but not in prefrontal
cortex (F) as assessed by immunoblotting.
The overall P value for the ANOVA was
not significant for analysis of total NR2B
levels in striatum. However, Dunnett’s
test, specifically comparing groups on
IRL790 vs. controls, indicated a signifi-
cant difference between mice treated with
IRL790 (3 mg/kg) and controls (n = 6 per
group; n = 4 treated with haloperidol; n =
3 treated with haloperidol in prefrontal
cortex). ctrl, control. L = low dose, 3 mg/kg
and H, high dose = 10 mg/kg. * P value ,
0.05, *** P value , 0.001
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especially in areas of the brain that are associated with
learning, memory, and higher thinking (Cunha et al., 2010).
BDNF activity is further associated with increased long-term
potentiation that improves learning and memory by strength-
ening the communication between specific neurons (Figurov
et al., 1996). Interestingly, studies have provided evidence
implicating BDNF in the pathogenesis of neurodegenerative
diseases, such as Huntington disease (HD), Alzheimer disease
(AD), and PD (Zuccato and Cattaneo, 2009). For example,
multiple studies have shown that BDNF levels are reduced in
HD, AD, and PD postmortem brain studies (Connor et al.,
1997; Holsinger et al., 2000; Peng et al., 2005a) and that
BDNF depletion contributes to neurodegeneration in the
brain (Zuccato and Cattaneo, 2009). Wnt-BDNFKO mice
lacking BDNF in themidbrain were shown to have a reduction
of dopaminergic neurons in substantia nigra ((Baquet et al.,
2005), whereas mice treated with antisense oligonucleotides
targeting BDNF displayed impaired behavior (Porritt et al.,
2005). Accordingly, preclinical studies have shown beneficial
effects of increasing BDNF levels, which has made BDNF an
attractive therapeutic target for neurodegenerative diseases
(Zuccato and Cattaneo, 2009). However, studies have shown

that L-dopa treatment induces sprouting of serotonin axons
and increased BDNF protein levels in the striatum andmotor/
premotor cortices in the 6-OHDA rat model of PD (Rylander
et al., 2010). Moreover, a recent study by Tronci et al. showed
that BDNF overexpression induced sprouting of serotonin
neuron terminals and exacerbation of LID, suggesting a path-
ophysiological role of BDNF in 6-OHDA lesioned rats (Tronci
et al., 2017). These results are of importance considering that
IRL790 is developed to treat LID and psychosis, and we here
show that IRL790 upregulates proBDNF protein levels in
prefrontal cortex. However, results have been reported show-
ing that IRL790 alleviated LID without affecting levodopa-
induced therapeutic effects (Waters et al., 2020).
Phosphorylation of TH at Ser40 increases TH activity,

whereas phosphorylation at Ser31 also increases TH activity
but to a lesser extent (Dunkley et al., 2004). The phosphory-
lation of TH at Ser19 exerts no direct effect on TH activity.
Instead, it increases the rate of Ser40 phosphorylation,
leading to increased TH activity. Of note is that treatments
that stimulate Ser31 phosphorylation alone may lead to
increased dopamine biosynthesis (Mitchell et al., 1990).
Studies have found that TH activity was reduced in the brains

Fig. 4. Acute administration of IRL790
induces rapid phosphorylation changes.
(A) Phosphorylation at Ser31 of TH in
striatum increased in mice treated with
IRL790 (3 mg/kg) compared with the
controls already at 15 minutes postadmi-
nistration as assessed by immunoblotting
(F(2,15) = 16.98, P = 0.0001) and (B)
30 minutes postadministration (F(2,15) =
14.42, P = 0.0003). (C) There was a sig-
nificant increase in phosphorylation at
Ser1303 of the NR2B at 15 minutes
postadministration in prefrontal cortex in
the IRL790 (3 mg/kg) treated mice com-
pared with the controls (F(2,15) = 3.70, P =
0.049). (D) There was no change in
phosphorylation of NR2B at Ser1303 at
30 minutes postadministration (n = 6 per
group). (E) Pooling of data from the first
and the second experiment confirmed
a significant increase in proBDNF protein
levels (F(2,31) = 3.09, P = 0.060), but not
BDNF levels (F), in the prefrontal cortex
of IRL790-treated mice compared with
controls (n = 12 per group; n = 10 for
haloperidol treated mice). The overall P
value for the ANOVA was not significant;
however, Dunnett’s test, specifically com-
paring groups treated with IRL790 vs.
controls, indicated a significant difference
between low-dose IRL790-treated mice
(3 mg/kg) and controls. ctrl, control. L =
low dose, 3 mg/kg and H = high dose,
10 mg/kg.* P value , 0.05, ** P value
,0.01, *** P value ,0.001
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of AD patients compared with healthy individuals (Sawada
et al., 1987) and that alterations in the enzymatic activity of
THmay be involved in disorders such as PDand schizophrenia
because of its rate-limiting role in the biosynthesis of catechol-
amines, catalyzing the hydroxylation of L-tyrosine to DOPA
(Nagatsu and Sawada, 2007). Interestingly, early studies
found reduction of TH expression and decreased TH activity
in PD brains in the nigro-striatum as well as in the adrenal
medulla, which is considered to contribute to catecholeamine
deficiency (Nagatsu and Sawada, 2007). The molecular activ-
ity, i.e., homo-specific activity, however, was increased in PD
brains, suggesting a compensatory increase in TH activity
(Mogi et al., 1988). It is, however, not clear when the observed
enzyme changes occur in relation to the neuronal degenera-
tion of the catecholamine neurons in PD. Interestingly,
a-synuclein has been shown to interact with TH and to repress
TH activity, not only by inhibiting phosphorylation at Ser40 of
TH but also by stimulating protein phosphatase 2A activity,
resulting in decreased dopamine synthesis (Perez et al., 2002;
Peng et al., 2005b). In this context it is also worth mentioning
14-3-3 proteins that have been associated with PD based on
their presence in Lewy bodies and binding to PD-associated
proteins, including TH (Foote and Zhou, 2012). TH is activated
by phosphorylation-dependent (Ser19 and Ser40) binding
to 14-3-3 proteins (Kleppe et al., 2001). In contrast to a-
synuclein, the 14-3-3 proteins are known to exert a neuro-
protective effect by promoting cell survival by inhibiting
apoptotic processes via multiple mechanisms (Foote and
Zhou, 2012). For example, the beneficial effects of 14-3-3
proteins have been shown in cellular toxin-induced models
of PD. Intricate interactions between these three proteins
may thus be important in the regulation of dopamine
biosynthesis in PD. Therapeutic agents that increase the
intrastriatal TH activity and maintain relevant DA concen-
trations are hypothetically expected to alleviate PD symp-
toms. Thus, although our observed effects of IRL790 on TH
phosphorylation states suggest potential for increased TH
activity, we need to further investigate if increasing the
phosphorylation at Ser19 and Ser40 of TH induced by
IRL790 might help increase the TH activity and dopamine
synthesis in PD.
NMDARs are essential for excitatory neurotransmission

and synaptic plasticity in the nervous system. Our results
showed that IRL790 elicited rapid changes with increased
phosphorylation at Ser1303 of NR2B in prefrontal cortex. In
addition, IRL790 induced downregulation of total protein
levels of the NR2B subunit in the striatum of mice treated
with IRL790. PKA, PKC, and especially CAMKII activity
induces the phosphorylation at Ser1303 of NR2B, which is
associated with increased Ca2+ and is critical for synaptic
plasticity, learning, and memory (Salter et al., 2009). In
contrast, alterations in NMDAR function and in the balance
between downstream kinases and phosphatases can occur in
pathologic conditions and lead to neuronal excitotoxicity.
Studies indicate that changes in glutamatergic transmission
are implicated in disorders such asHD, PD, and schizophrenia
(Loftis and Janowsky, 2003) and that compounds that modu-
late the transmission at NMDA receptors have therapeutic
potential in PD (Johnson et al., 2009) and HD (Frank and
Jankovic, 2010). Moreover, the dopaminergic stabilizer prido-
pidine is suggested to exert its positive effects through
modulation of both dopamine transmission and activation of

cortical glutamate transmission through NMDA receptors
(Ponten et al., 2010).
Previous work studying the effects of IRL790 in rats showed

that the IRL790 profile is distinct from strong, conventional
DA D2 blockers such as haloperidol (Waters et al., 2017). In
our experimental setting, haloperidol increased phosphoryla-
tion at Ser845 on the AMPA GluR1 subunit in striatum,
similarly to previous studies using lower doses, which have
shown that haloperidol increases Ser845 but not Ser831
phosphorylation (Håkansson et al., 2006). Furthermore, there
are studies showing effects of haloperidol on the MEK/MAPK
pathways, although these show dose effects of the drug.
However, our results are in line with previous studies showing
that higher doses of haloperidol (2 and 4 mg/kg) exerted no
effects on phosphorylation state of the MEK/MAPK proteins
(p-Ser217/221-MEK1/2, p-Thr202/Tyr204-ERK1/2) compared
with 0.5 and 1 mg/kg, which lead to biphasic phosphorylation
responses (Kim et al., 2008). Nevertheless, discrepancies
between our results and other studies likely reflect kinetics
and dose-response effects, which thus need to be accounted for
when interpreting the results reported in this study. Further-
more, we focused our efforts on measuring the biochemical
effects of IRL790 in naïve mouse brain, whereas previous
studies used the rat as study model. Although some bio-
chemical parameters such as absorption may be reasonably
extrapolated between different species (e.g., mice, rats) and
from animals to humans, other parameters might be less
predictable (e.g., protein binding and drug metabolism) (Lin,
1995). In addition, it is important to note that the effects of
IRL790 might be different in a pathologic state given its
characteristic psychomotor stabilizing effects (Waters et al.,
2017). Hence, these biochemical aspects should be taken into
consideration, as the changes we found in mice might differ in
other species, including humans, and should thus be subject to
further investigation.
IRL790 is developed for treatment of complications associ-

ated with therapy in PD, primarily LIDs. In fact, there is
preliminary data that IRL790 counteracts LIDs in PD
patients (Svenningsson et al., 2018), and IRL790 shows clear
antidyskinetic effects in rats (Waters et al., 2020). Studies
have reported a higher mortality rate toward dopaminergic
lesioning by 6-hydroxydopamine in mice than rats (Lundblad
et al., 2004). It is therefore more cumbersome to reproducibly
study LIDs inmice than rats, so we did not attempt to perform
LID studies here.
In summary, this study shows the effects of IRL790, a novel

small molecule with psychomotor stabilizing properties
in vivo, in naïve mouse brain by assessing its effects on
proteins with implications in synaptic plasticity and trans-
mission. Our results demonstrated rapid stimulatory effects of
IRL790 on proBDNF protein levels, TH activity, and NR2B
phosphorylation, hence providing valuable information to the
ongoing clinical studies investigating the effects of IRL790.
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