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Abstract.

Background: The serotonin (5-HT) system can manipulate the processing of exogenous L-DOPA in the DA-denervated
striatum, resulting in the modulation of L-DOPA-induced dyskinesia (LID).

Objective: To characterize the effects of the serotonin precursor 5-hydroxy-tryptophan (5-HTP) or the serotonin transporter
(SERT) inhibitor, Citalopram on L-DOPA-induced behavior, neurochemical signals, and underlying protein expressions in
an animal model of Parkinson’s disease.

Methods: MitoPark (MP) mice at 20 weeks of age, subjected to a 14-day administration of L-DOPA/Carbidopa, displayed
dyskinesia, referred to as LID. Subsequent investigations explored the effects of 5-HT-modifying agents, such as 5-HTP and
Citalopram, on abnormal involuntary movements (AIMs), locomotor activity, neurochemical signals, serotonin transporter
activity, and protein expression in the DA-denervated striatum of LID MP mice.

Results: 5-HTP exhibited duration-dependent suppressive effects on developing and established LID, especially related
to abnormal limb movements observed in L-DOPA-primed MP mice. However, Citalopram, predominantly suppressed
abnormal axial movement induced by L-DOPA in LID MP mice. We demonstrated that 5-HTP could decrease
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L-DOPA-upregulation of DA turnover rates while concurrently upregulating 5-HT metabolism. Additionally, 5S-HTP was
shown to reduce the expressions of p-ERK and p-DARPP-32 in the striatum of LID MP mice. The effect of Citalopram in
alleviating LID development may be attributed to downregulation of SERT activity in the dorsal striatum of LID MP mice.

Conclusions: While both single injection of 5-HTP and Citalopram effectively mitigated the development of LID, the

difference in mitigation of AIM subtypes may be linked to the unique effects of these two serotonergic agents on L-DOPA-

derived DA and 5-HT metabolism.

Keywords: Serotonin system, Parkinson’s disease, dopamine, L-DOPA-induced dyskinesia, 5-HTP, Citalopram

INTRODUCTION

Levodopa (L-DOPA) replacement is the primary
intervention for Parkinson’s disease (PD). However,
protracted daily exposure over time may lead to
motor response fluctuations and abnormal involun-
tary movements (AIMs), known as levodopa-induced
dyskinesia (LID) [1, 2]. Despite the intricate and not
fully elucidated nature of the mechanisms underlying
LID, its fundamental origins are linked to alterations
in L-DOPA-derived dopamine (DA) metabolism,
resulting in the hyperactivation of striatal DA recep-
tors and associated signaling pathways [3-7].

L-DOPA crosses the blood-brain barrier (BBB)
and, following metabolic conversion via aromatic L-
amino acid decarboxylase (AADC), generates DA.
Subsequently, DA is sequestered by the vesicular
monoamine transporter 2 (VMAT?2) into synap-
tic vesicles and is ultimately released into the
synaptic cleft [8]. While dopaminergic neurons
are primarily responsible for DA synthesis, stor-
age and secretion, serotonergic neurons also contain
enzymes like AADC and VMAT?2, suggesting their
potential involvement in DA production. Therefore,
some studies proposed that under conditions of
dopamine neuronal damage, serotonin neurons may
absorb exogenous L-DOPA and, through intraneu-
ronal AADC and VMAT?2, synthesize and release
DA. However, the serotonin system lacks mecha-
nisms regulating DA release, leading to an excess
of synaptic DA and the onset of LID [9]. In rodents
with impaired dopamine neurons, prolonged L-
DOPA treatment increases the density of serotonergic
neuronal fibers in the striatal region. Concurrently,
an upregulation in AADC expression is evident,
indicating adaptive changes in serotonin neurons
following extended L-DOPA exposure [10]. These
investigations highlight the involvement of the sero-
tonin system in the context of LID. Consequently,
researchers have increasingly considered that sero-

tonin system function may have a mitigating effect
on LID.

Numerous findings from both preclinical and
clinical research have emphasized the efficacy of
modulating the serotonin system in preventing and
treating LID [11] [12]. This includes promoting 5-
HTI1A or 5-HT1B receptors [13—15] and inhibiting
5-HT2A receptors [16] or the serotonin transporter
(SERT) [17, 18]. Unfortunately, certain drugs directly
targeting serotonin receptors have been shown to
induce adverse effects during clinical trials, such as
exacerbating PD symptoms [19, 20] and causing a 5-
HT syndrome [21]. However, SERT inhibitors appear
to have milder side effects in treating LID, compared
to drugs that regulate serotonin receptors [21]. While
the underlying causes of these side effects remain
unclear, several studies proposed that this is related
to these drugs interfering with the interaction between
DA and serotonin [11, 22]. To alleviate the side effects
of serotonin therapy in LID treatment, some studies
have chosen the direct administration of the sero-
tonin precursor 5-hydroxytryptophan (5-HTP) owing
to its beneficial characteristics. Unlike serotonin, 5-
HTP can easily penetrate the blood-brain barrier [23].
Additionally, it regulates excessive DA levels without
affecting serotonin levels, unlike serotonin autore-
ceptor modulators. Furthermore, 5-HTP treatment
was shown to exert an anti-dyskinetic effect in an
LID rat model without compromising the efficacy
of L-DOPA [24]. Importantly, a study by Meloni et
al. involving seven LID patients who received 50 mg
of 5-HTP with L-DOPA for 4 weeks showed signif-
icant improvements in dyskinesia compared to the
placebo group [25]. Despite these promising find-
ings, a comprehensive understanding of how 5-HTP
or SERT inhibitors modulate serotonin systems in
response to various excitatory signals in LID remains
unclear. Additional preclinical research is required to
elucidate the neurochemical mechanisms underlying
the alleviation of LID development by serotoniner-
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gic drugs. This could contribute to the formulation of
novel strategies for serotonin therapy in treating LID
[11].

This study aimed to investigate the role of the sero-
tonin system on DA release and abnormal involuntary
movements in L-DOPA-responsive LID mice. Our
LID animal model was established by continuously
administering L-DOPA to MitoPark mice for 14 days,
as shown in previous research [26]. Subsequently,
two distinct treatment regimens were conducted.
Prior to L-DOPA administration in LID MP mice,
either the serotonin precursor, 5-HTP, or the SERT
inhibitor, Citalopram, was administered to modulate
DA dynamics in both the presynaptic neurons and the
synaptic cleft. Through neurochemical and cellular
analyses, we explored the effects of these sero-
tonergic target-specific modulators on monoamine
neurotransmission and dyskinesia-related biochem-
ical markers in LID mice. This study is the first to
elucidate the role of serotonin systems in the devel-
opment of LID by examining the correlation between
monoamine neurotransmission and abnormal invol-
untary movements in L-DOPA-responsive LID mice.

MATERIALS AND METHODS

Animals

Following NIH guidelines, approval for all ani-
mal protocols was secured from the National Defense
Medical Center (NDMC) Animal Care and Use Com-
mittee (TACUC 22-008 and IACUC 23-207). Detailed
information about experimental protocols and the
timing of drug administration are provided in Figs. 1,
2A, 3A, and 5A.

This experiment used 40 wild-type (WT) and 151
MitoPark (MP) mice, with 106 MP mice developing
L-dopa-induced dyskinesia (LID). The experimen-
tal animals assigned to each experiment are detailed
in Supplementary Table 1. This study utilized dif-
ferent individual experimental animals for in vitro
experiments, including high performance liquid chro-
matography (HPLC), western blot (WB), and fast
scan cyclic voltammetry (FSCV). The 20-week-
old male mice were housed at 25°C with a 12/12
light/dark cycle and continuous water and food
supply in the animal facility at NDMC with full
AAALAC accreditation. The main aim of this study
was to investigate the role of the serotonin system
in LID. Previous research has found that estrogen
affects the serotonin system [27, 28], PD symptoms
[29] and LID [30]. In addition, PD symptoms may be

influenced by menstrual cycles [31]. Hence, in these
experiments, male mice were used to preclude the
interference of estrogen.

The breeding strategy employed to generate MP
mice has been detailed in previous publications
[32-34]. The MP mice utilized in this series of exper-
iments were heterozygous for DAT-cre expression
(DAT/DATcre), and homozygous for the loxP-
flanked Tfam gene (TfamloxP/TfamloxP). Breeding
pairs used for the generation of MP mice were origi-
nally sourced from a colony maintained at the NIDA
(NIH) Intramural Program. Subsequently, these MP
mouse breeding pairs were sent to the NDMC in Tai-
wan, where comprehensive genotyping procedures
were undertaken.

Drug administration

In this experiment, dyskinesia was induced in MP
mice through the prolonged administration of L-
DOPA and carbidopa (Sigma-Aldrich, St. Louis, MO,
USA). L-DOPA (10 mg/kg)/carbidopa (5 mg/kg) was
administered twice daily, in the morning and late
afternoon (10 and 18 h within the 24-h clock), and
initiated in the MP mice at the age of 20 weeks, con-
tinuing for 14 days. During the L-DOPA/carbidopa
priming process, the brain undergoes sensitization,
altering its response to subsequent dopaminergic ther-
apies. Therefore, this experimental group is denoted
by the symbol ‘MP LID’. We examined the involve-
ment of the serotonergic system in L-DOPA-induced
dyskinesia in MP LID mice by administering sero-
tonergic drugs. All drugs utilized in this study were
dissolved in 0.9% saline and delivered via intraperi-
toneal injection to the experimental animals.

The first objective of this study was to assess
the influence of the serotonin precursor, 5S-HTP, on
L-DOPA-induced dyskinesia in MP LID mice. MP
LID mice that were administered L-DOPA/carbidopa
were subjected to either pre-treatment 30 min or post-
treatment 20 min with 5-HTP (50 mg/kg)/carbidopa
(5 mg/kg) or 0.9% saline, administered once daily for
6 consecutive days.

Subsequently, we also examined the effects of
pre-treatment with the SERT inhibitor, Citalopram
(50 mg/kg) on L-DOPA-induced dyskinesia in MP
LID mice. MP LID mice received Citalopram 30 min
before L-DOPA/carbidopa administration once daily
for 6 consecutive days.

MP LID mice underwent daily experiments, begin-
ning on the third day following the administration of
5-HTP or Citalopram. These experiments included
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Fig. 1. The experimental protocol for this study involves categorizing the experimental mice into four groups: normal animals (WT), PD mice
(MP), MP mice with L-DOPA-induced dyskinesia (MP LID), and the MP LID treatment group. L-DOPA and Carbidopa were administered
daily to the MP LID mice from Day 1 to Day 6, while WT and MP mice received only L-DOPA and Carbidopa from Day 3 to Day 6. The
experiment commenced after administering L-DOPA and Carbidopa from Day 3 to Day 5. On Day 6, 10 min after administering L-DOPA
and Carbidopa, the mice were euthanized by cervical dislocation, and their brains were then removed for subsequent experiments.

the AIM test, and locomotor test, PET scans, and
HPLC or FSCYV, and were conducted sequentially.

Behavioral tests

AIM test. The four types of movements, Axial,
Forelimb, Standing, and Paw movements, exhibited
by the mice were captured using a webcam. Subse-
quently, the investigators utilized video recordings
to assess the motor performance of the mice. We
adhered to the modified AIM guidelines for the evalu-
ation of abnormal involuntary movements, assigning
scores on a scale from 0 to 4 [35, 36]. Axial dis-
placement indicates the most significant deviation in
mouse head/neck performance observed within a 1-
min timeframe. Torsion of the neck/upper trunk by

at least 30°, 60°, 90°, and >90° leads to mice losing
their balance, correlating with 1, 2, 3, and 4 points,
respectively. Forelimb movement of the mouse within
a l-min timeframe is observed, and corresponding
scores are assigned. One point is awarded for a tiny
displacement of the forepaw around a fixed position,
while two points are assigned for large movements
causing visible displacement of the entire forelimb,
typically towards or away from the snout. Three
points are given for significant displacement of the
entire forelimb with visible engagement of shoulder
muscles, and four points are awarded for vigorous
limb displacement crossing over the midline of the
body. Standing involves the continuous standing time
of mice within 1 min. Continuous standing for 1 to 5,
6t0 10, 11 to 15, and exceeding 20 s represents scores



Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD 945

Pre 5-HTP treatment AIM test
2 2

L | 1 L L]
120 mins

90 mins 60 mins 30 mins L-DOPA
MP LID

micel III I III I I I I I I I I|

-120 -100 -80 -60 -40 20 0 20 40 60 80 100 120 140
Time post L-DOPA injection (mins)

B C D
Maximum AIM score Total AIM score (20 to 120mins)
13 = MP LID (N=8) )
= 30mins g\'j\l:7) *kk
o *60mins( =5 70 Hxk | ok
S *90mins (N=4) 8 I 1
»n 8 120mins (N=4) & 60 y ]
s = 50
P4 <
4 T 40
=]
=30

0 20 40 60 80 100120140 Q. & . © .9 .o Q .&% . & @ .©
VoL QS Voo L QS
ime post L-DOPA Injection (mins Q\’ LS Q\’ L

Pre 5-HTP treatment Pre 5-HTP treatment

Fig. 2. Administering 5-HTP (50 mg/kg) 30 min before L-DOPA (10 mg/kg) treatment was an effective method for mitigating the abnormal
AIM scores induced by L-DOPA in L-DOPA-primed MP mice (MP LID mice). A) The influence of pre-treatment with 5S-HTP at time
intervals of 30, 60, 90, and 120 min before the administration of L-DOPA on the L-DOPA-induced dyskinesia in MP LID mice. B) MP LID
mice were pre-administered 5-HTP, followed by the administration of L-DOPA at different time intervals. Following L-DOPA administration,
AIM scores were assessed at 20-min intervals, with a total of seven evaluations. Two-way ANOVA followed by a Bonferroni post hoc test
for multiple comparisons. At 30 min compared to baseline, *p <0.05, ***p <0.001; at 60 min compared to baseline, #p <0.01, ##p < 0.001.
Observation of the seven scores separately across the time span of 20 to 140 min post-L-DOPA administration, (C) the maximum AIM score
from the seven scores (maximum AIM score), and (D) the sum of the seven scores (total AIM score). The maximum AIM score and the total
AIM score were both lower when L-DOPA was administered 30 min after pre-treatment with 5-HTP (represented by the blue bar/rectangular
symbol; 30 min), as compared to the other pre-treatment 5S-HTP groups and the group without 5-HTP pre-treatment (represented by the red
bar/rectangular symbol; Baseline). In particular, the administration of L-DOPA 60 min after pre-treatment with 5-HTP (represented by the
purple bar/triangle symbol; 60 min) resulted in an elevation in the total AIM score compared to the group without 5-HTP pre-treatment
(Baseline vs. 60 min, p <0.01). One-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. At 30 min compared to

the other group, *p <0.05, **p <0.01, **¥p <0.001; at 60 min compared to Baseline, #p <0.01.

of 1,2, 3, and 4, respectively. Abnormal paw move-
ments are scored by observing the performance of
the mouse’s paw on the surface of the cylinder wall.
Mice standing on both hind paws, with one or both
front paws moving repeatedly up and down along the
surface of the cylinder wall, are scored 1 and 2 points.
Mice standing on their hind paws close to the wall of
the cylinder and moving both front paws as described
above, along with repeatedly lifting one or both hind
paws up and down, score 3 and 4 points. Each of the
four items are noted once every minute. The high-
est score achieved within 1 min based on the above
grading is considered the score for this item. The
AIM score is calculated as the sum of the four items
within a 1-min timeframe (Supplementary Figure 1).
Following the administration of L-DOPA/carbidopa
to the experimental animals, assessments were con-

ducted at 20-min intervals, resulting in a total of six
evaluations. In order to conduct a thorough evaluation
of drug effects on behavioral performance, the exper-
iment illustrated in Fig. 2 was conducted seven times,
with the remaining experiments evaluated six times.
The scores obtained from these six or seven assess-
ments were then aggregated to calculate the overall
AIM score. A higher AIM score indicated more pro-
nounced abnormal involuntary movement behaviors.
In our experiment, the average total AIM score for
normal mice (WT mice) remained below 30 points,
whereas the total AIM score for MP LID mice with
dyskinesia exceeded 30 points.

Locomotor activity. After the AIM test, the animals
underwent a locomotor activity test on the follow-
ing day. After allowing the mice to habituate in
a low-noise environment for 1h, we used activity



946 Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

A R AIM test (Day3)
T L 1
5-HTP L-DOPA OCOOTOr (Day)
Pre 5-HTP treatment I
MP LID + W
S-HTP + L-DOPA 4 20 0 20 40 60 80 100 120
(Pre 5-HTP) Time post L-DOPA injection (mins)
| AIM test (Day3)
f : Locomotor (Day4) 1
Post 5-HTP treatment L-DOFA. 5H r!—‘ 1
MP LID + W
+PL'DOE‘;; SHIP 4 -20 0 20 40 60 80 100 120
(Post 5-HTP) Time post L-DOPA injection (mins)
B C
MP LID + L-DOPA (N=7)
MP LID + L-DOPA + Saline (N=3) *k*

@ MP LID + L-DOPA + 5-HTP (N=4)
(Post 5-HTP)
MP LID + 5HTP +L-DOPA (N=7)

(Post Saline) | * %k ‘
® (Pre 5-HTP)

AIM Scores
® N o>
Mecccccccccc e e mma
\. "
/
Total AIM score
N oS »
o o o =)
s
L]
)

4 55 -~ @ Q
f= K o L L
e — PSP

X O (o] <
0 20 40 60 80100120 O QR %
Time post L-DOPA Injection (min) Q\>
MP LID + L-DOPA
D Vertical moverrlent E Horizontal movement
1 % %k %k #HitH
4000 preve ‘© 400 |
© =
3000 o
£ 0
- ©
_82000 s
5 3]
£1000 S
2
0 &
Y
Q
N e A
MP LID + L-DOPA MP LID + L-DOPA
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Fig. 3. Either pre-treatment or post-treatment with 5-HTP can effectively alleviate L-DOPA-induced dyskinesia in MP LID mice. A) The
protocol for administering 5S-HTP in MP LID mice involved the following steps: The assessment of AIM scores began immediately after the
injection of L-DOPA and continued at 20-min intervals for a total duration of 120 min. B) Although dyskinesia in MP LID mice was found
following administration of L-DOPA, the subsequent treatment with 5-HTP alleviated the abnormal symptoms in these mice. Following
a 20-min administration of L-DOPA, post-treatment with 5-HTP reduces the abnormal AIM scores at the 80th and 100th min (Two-way
ANOVA followed by a Bonferroni post hoc test for multiple comparisons. MP LID + L-DOPA + Saline compared to MP LID +5-HTP + L-
DOPA, ***p <0.001), (C) as well as reduces the cumulative AIM score from the 20th to the 120th min. One-way ANOVA followed by a
Bonferroni post hoc test for multiple comparisons. MP LID + L-DOPA + Saline compared to MP LID + 5-HTP + L-DOPA, ***p <0.001. D)
Locomotor analysis showed significant increases in MP LID groups after L-DOPA injection. The increase in vertical movement observed
in the MP LID group following L-DOPA injection was mitigated by pre- or post-treatment with 5-HTP. (MP LID + L-DOPA +saline vs.
MP LID +5-HTP + L-DOPA, p <0.001; MP LID + L-DOPA + saline vs. MP LID + L-DOPA + 5-HTP, p <0.05). One-way ANOVA followed
by a Bonferroni post hoc test for multiple comparisons. *p <0.05, ***p <0.001, compared to MP LID + L-DOPA + Saline; MP + L-DOPA
compared to MP LID + L-DOPA + Saline, ##p < 0.001; WT compared to MP, *¥*p < 0.001. E) The administration of 5-HTP as a pre-treatment
or post-treatment did not result in a reduction of the increased horizontal movement observed after L-DOPA injection. One-way ANOVA
followed by a Bonferroni post hoc test for multiple comparisons. MP + L-DOPA compared to MP LID + L-DOPA + Saline, ##p <0.001; WT

compared to MP, %9 <0.01.

boxes (45 x 45 cm) to evaluate horizontal and ver-
tical movements. L-DOPA (10 mg/kg) and carbidopa
(5mg/kg) were administered to all experimental
animals 10 min prior to conducting the locomotor
activity testing. The protocol involved the use of an
infrared beam grid to monitor mouse movements for
1 h, quantifying both the horizontal distance traveled
and the frequency of rearing behaviors.

['8F] FE-ADAM positron emission tomography
(PET) imaging of SERT function

Our previous paper provided details regarding the
synthesis of ['8F]FE-ADAM [37]. Mice received a
tail vein injection of 0.3 mCi ['3F]FE-ADAM while
under anesthesia (5% isoflurane/oxygen mixture for
induction, reduced to 2% for maintenance). Subse-
quently, all experimental animals were administered
L-DOPA (10 mg/kg) and carbidopa (5 mg/kg). Fol-
lowing injection, the mice were placed inside a
radiation barrier box. After a 20-min incubation
period, the mice were positioned within the PET scan-
ner for a static image scan that lasted approximately
20 min, with the energy window set to 250-700 KeV.
Three-dimensional brain images were subsequently
acquired and subjected to Gaussian smoothing. The
specific uptake rate (SUR) was calculated using the
formula SUR=(Volume of Interest (VOI) of stria-
tum) — (VOI of cerebellum) / VOI of cerebellum
[37, 38].

Fast scan cyclic voltammetry (FSCV) for DA
dynamics measurements in brain slices

Striatal brain slice preparation. Additional details
regarding brain slice preparation can be found in
our previous studies [39, 40]. Here, we provide a

brief description to allow reproducibility. Following
decapitation of the mice, the brain was promptly
extracted and immersed in an oxygenated (95%
02/5% CO») cold cutting solution with the following
composition in mM: sucrose 194, NaCl 30, KCl 4.5,
MgCl, 1, NaH;PO4 1.2, glucose 10, and NaHCO3
26. After 30s, the brain tissue was sectioned into
280 wm coronal slices, each containing the striatum.
Slicing was accomplished using a vibrating blade
microtome (VT 100, Leica) within a chamber filled
with the cutting solution. Subsequently, brain slices
were transferred to a chamber filled with oxygenated
artificial cerebrospinal fluid (aCSF; in mM: NaCl
126, KCI 3, MgCl, 1.5, CaCl, 2.4, NaH,PO4 1.2,
glucose 11, NaHCO3 26) and incubated at 30°C
for 30 min. Following this incubation period, those
brain slices were utilized in the FSCV experiments
below.

Fast scan cyclic voltammetry (FSCV) for DA
measurements in brain slices. The FSCV recording
protocols used in this study are also detailed in our
previous publications [41, 42]. We employed 280 pm
coronal brain slices from 22-week-old mice, which
were placed in a 0.5ml chamber at 31-33°C with
continuous aCSF perfusion at 2ml/min. A carbon
fiber electrode (7 wm diameter; Goodfellow Corp.,
Oakdale, PA, USA) was precisely inserted between
bipolar stimulation electrodes (FHC Inc., Bowdoin,
ME, USA) at a depth of 100 pm in the dorsal stria-
tum. This carbon fiber electrode assembly was filled
with a solution containing 4M potassium acetate
and 150 mM KCl. FSCV utilized a triangular wave-
form (with a scan rate of 400 V/s and a duration
of 7ms), applied every 100 ms, cycling the carbon
fiber potential from —0.4 to 1.0V and then back
to 0.4 V. A 5V voltage stimulus at 25 Hz induced
the release of dopamine (DA). Data were collected
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and analyzed using National Instruments’ A/D board
(PCI 6052E and PCI-6711E, National Instruments,
Austin, TX, USA) and custom LabView-based soft-
ware (TarHeel CV, courtesy of Drs. Joseph Cheer
and Michael Heien, University of North Carolina,
NC, USA). To evaluate the effects of 5-HTP pre-
treatment and post-treatment on the DA system in
MP LID mice, we measured DA release in the dorsal
striatum after pre-infusion of 5-HTP (0.1 uM) 20 min
followed by L-DOPA and pre-infusion of L-DOPA
20 min followed by 5-HTP. Additionally, we inves-
tigated the effect of combined L-DOPA infusion on
DA release in the dorsal striatum 20 min after Citalo-
pram (0.1 pM) infusion. We compared DA release
at 30 min after the administration of various drugs,
induced by both 10 pulses (phasic) and a single (tonic)
pulse. Electrodes were calibrated with a 0.1 uM DA
standard solution before and after the experiment to
convert current signals into DA concentrations. All
signals used in the analysis adhered to the expected
voltage-current curve for DA [43].

High performance liquid chromatography
(HPLC) analysis of DA and serotonin and their
metabolites

The HPLC experimental details are documented
in our previous publication [44]. In brief, male mice
(22 weeks old) were decapitated 10 min after receiv-
ing an injection of L-DOPA (L-DOPA 10 mg/kg and
carbidopa 5mg/kg, i.p.). The dorsal striatum was
dissected according to a mouse brain atlas, rapidly
frozen using dry ice, and stored at —80°C. Tissues
were homogenized in 1 mM oxalic acid and then cen-
trifuged at 15,000 g for 40 min at 4°C. Supernatants
were filtered through a 0.22-pum syringe filter (Milli-
pore, Bedford, MA, USA) and injected into the HPLC
system for the measurement of DA, 5-HT, and their
metabolites [DA metabolites: DOPAC and HVA;
serotonin metabolite: 5-HIAA]. Neuronal activity
was estimated by calculating DA and 5-HT turnover
rates: DA turnover rate=(DOPAC + HVA) / DA, and
5-HT turnover rate =5-HIAA / 5-HT. Linear regres-
sion analysis on a standard curve (10—1,000 nM) was
used to determine DOPAC, HVA, DA, 5-HIAA, and
5-HT concentrations by comparing sample measure-
ments with standard values.

The HPLC system was composed of a TSKgel
ODS-80TM C18 column (Tosoh, Japan), an LC-
10AD pump (Shimadzu, Japan), and an electrochem-
ical detector (Coulochem II, ESA, Chelmsford, MA,
USA) equipped with 5010 analytical cells and 5020

guard cells. Analytical cell voltages were set at 40
and 250 mV for detection potential, while the guard
cell (mobile phase cell) was maintained at 350 mV.
The mobile phase (MDTM mobile phase, ESA)
consisted of 75mM sodium dehydrogenate phos-
phate (monohydrate), 1.7 mM 1-octanesulfonic acid
(sodium salt), 100 wl/L triethylamine, 25 uM EDTA,
and 10% acetonitrile, at a pH of 3.00. It was delivered
at a flow rate of 1.0 ml/min.

Western blot analysis

Mice (22 weeks old) were decapitated 10 min post
L-DOPA injection (L-DOPA 10 mg/kg and carbidopa
5 mg/kg, i.p.). Subsequently, the dorsal striatum was
rapidly dissected according to a mouse brain atlas.
Tissues underwent homogenization in RIPA buffer
(TAAR-ZBZS5, Biotools Co., Ltd., Taiwan) enriched
with a protease inhibitor cocktail (ab20111, Abcam,
Cambridge, United Kingdom). Protein concentration
was determined using the BCA Protein Assay Kit
II (K813, Biovision, Lausen, Switzerland). These
proteins were then electrophoresed on a 12% SDS-
polyacrylamide gel and electrotransferred onto a
polyvinyl difluoride membrane. Following a 45-min
incubation in blocking buffer (2% bovine serum
albumin and Tris-buffered saline with Tween 20),
the membranes were subjected to overnight incuba-
tion with primary antibodies: D1 R (1: 1000, rabbit,
GTX100354, GeneTex, Taiwan), pERK (1:1000,
rabbit, #3179, Cell Signaling Technology, Danvers,
MA, USA), ERK (1:1000, rabbit, #9102, Cell Sig-
naling Technology, Danvers, MA, USA), pPDARPP32
(1:1000, rabbit, #5393, Cell Signaling Technol-
ogy, Danvers, MA, USA), DARPP32 (1:1000,
rabbit, #2306, Cell Signaling Technology, Danvers,
MA, USA), 5-HT1A (1:1000, rabbit, GTX02545,
GeneTex, Taiwan), 5-HT1B (1 : 1000, rabbit, NB100-
56350, Novus, Centennial, CO, USA), and [3-actin
(1:5000, rabbit, ab8227, Abcam, Cambridge, United
Kingdom). After three washes, the membranes
were exposed to a 1-h incubation with goat HRP-
linked anti-rabbit IgG antibodies (1 : 20,000, ab6721,
Abcam, Cambridge, United Kingdom). This was fol-
lowed by development using an ECL detection kit
(Amersham Life Sciences, Piscataway, NJ, USA) and
imaging with UVP ChemStudio Plus (Analytik Jena
AG, Germany). Results were subsequently normal-
ized to the level of B-actin as a loading control,
and immunoreactivity intensities were quantified in
relation to the corresponding control using NIH
Image J.
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Statistical analysis

All data were expressed as mean=+SEM and
subjected to one or two-way analysis of variance
(ANOVA), followed by a Bonferroni post hoc test for
multiple comparisons, utilizing appropriate software
(Prism 6.02; GraphPad, San Diego, CA, USA). A
p-value <0.05 was considered statistically significant.

RESULTS

The temporal effect of 5-HTP on the progression
of L-DOPA-induced dyskinesia in MP LID mice

Although the serotonergic system is a widely
recognized modulator of L-DOPA-induced dyskine-
sia (LID), the effectiveness of specifically targeting
serotonin transporters or receptors in reducing LID
in animal models is still uncertain. Hence, in this
study, our goal was to further investigate whether
time-dependent manipulation of serotonergic neu-
roplasticity through administration of serotonin
precursors or serotonin reuptake inhibitors, based
on various temporal regimens, could influence the
progression of L-DOPA-induced dyskinesia in L-
DOPA-primed MP mice. The modified AIMs [35, 36]
were monitored to assess the severity of dyskinesia
in L-DOPA-primed MP mice and to determine SHT
drug’s antidyskinetic efficacy (Supplementary Fig-
ure 1). In L-DOPA-naive MP mice, a single dose of
L-DOPA/carbidopa (MP + L-DOPA) did not result in
significant differences in AIM scores when compared
to WT mice or MP mice without L-DOPA/carbidopa
treatment (Supplementary Figure 2A). However,
after a 14-day priming, L-DOPA-treated MP mice
exhibited significantly greater LID, as indicated
by higher AIM scores after L-DOPA adminis-
tration (MP LID + Saline + L-DOPA), compared to
those without L-DOPA priming (Supplementary
Figure 2B, MP + L-DOPA vs. MP LID + Saline + L-
DOPA p <0.001). To explore the role of exogenous
serotonin and its interaction with dopamine during
the development of LID, 5-HTP, a serotonin pre-
cursor, was administered at 30, 60, 90, and 120 min
before the injection of L-DOPA/carbidopa in MP LID
mice (Fig. 2A). Pre-treatment with 5-HTP 30 min
before L-DOPA/carbidopa administration effectively
reduced the maximum AIM scores, total AIM scores,
as well as AIM scores at 20, 40, and 80 min after
L-DOPA/carbidopa treatment (Fig. 2B-D, Baseline
vs. 30 min p<0.05). However, pre-treatment with
5-HTP 60 min before L-DOPA/carbidopa adminis-

tration did not alter the maximum AIM score in MP
LID mice while it only transiently decreased AIM
score at 20 min post-L-DOPA/carbidopa. Otherwise,
it led to an increase in the total AIM score, along
with higher AIM scores at 80, 100, and 120 min
after L-DOPA/carbidopa treatment compared to
MP LID mice treated with L-DOPA/carbidopa
alone (Fig. 2B, 2D, Baseline vs. 60 min p <0.01).
Although pre-treatment with 5-HTP 90 min prior
to L-DOPA/carbidopa treatment modestly decreased
AIM score 20 min post-L-DOPA/carbidopa, it did not
affect maximum or total AIM scores in MP LID mice,
similar to the results seen with mice treated with 5-
HTP 120 min prior to L-DOPA/carbidopa treatment
(Fig. 2B-D). In summary, these results suggest that
the timing of serotonin precursor administration plays
acrucial role in interfering with abnormal presynaptic
dopamine release in L-DOPA-primed mice with sig-
nificant striatal dopamine denervation. Pre-treatment
with 5-HTP 30min prior to L-DOPA replacement
appears to be the most effective therapeutic approach
for reducing LID development.

Post-treatment with 5-HTP attenuates
established LID

In order to establish the effect of 5S-HTP treatment
on established LID, MP LID mice received saline
or 5-HTP 20 min after L-DOPA/carbidopa treatment
(Fig. 3A). Statistical analysis revealed that introduc-
tion of 5-HTP significantly reduced total AIM scores,
along with lower AIM scores at 80- and 100-min post-
L-DOPA/carbidopa administration (Fig. 3B, C, MP
LID + L-DOPA + Saline vs. MP LID + L-DOPA + 5-
HTP p<0.001). Considering the previous data on
pre-treatment of 5-HTP, these findings imply that
5-HTP treatment has a time-dependent capacity to
reduce LID severity in MP LID mice.

Next, we examined whether the administration of
5-HTP could alter locomotor activity induced by L-
DOPA/carbidopa administration in MP LID mice.
Indeed, MP mice with or without L-DOPA replace-
ment showed significant reductions in both vertical
and horizontal activities compared to WT mice,
indicating that a single dose of L-DOPA/carbidopa
failed to restore hypomobility in MP mice. Follow-
ing a 14-day L-DOPA/carbidopa priming period, the
administration of L-DOPA/carbidopa led to abnor-
mal locomotor hyperactivity (Fig. 3D, E, p <0.001).
Importantly, the administration of 5-HTP 30 min
before or 20 min after L-DOPA/carbidopa treatment
in MP LID mice could effectively mitigate abnormal



950 Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

rearing movements (Fig. 3D, p <0.05) with no signif-
icant effect on the horizontal hyperactivity (Fig. 3E,
p=0.28). Taken together, 5-HTP treatment not only
prevented the development of LID, but also signifi-
cantly alleviated existing LID in MP LID mice.

5-HTP ameliorates L-DOPA-induced synaptic
dopamine release in the striatal slices of MP LID
mice

Since the administration of 5-HTP was shown to
mitigate LID development and expression, we uti-
lized FSCV to further explore whether the addition of
serotonin precursors could temper L-DOPA-derived
abnormal DA release in the dorsal striatum. In this
experiment, we examined the effects of 5-HTP on
the L-DOPA-derived DA release in the dorsal stria-
tum, using WT and MP mice. In the dorsal striatum
of intact or compromised dopamine systems, the
infusion of L-DOPA alone, but not 5-HTP, resulted
in a substantial increase in both tonic and phasic
dopamine release (Fig. 4A, 4B; Supplementary Fig-
ures 3A, 3B, 4A, 4B, 4E, 4F, 5). While there was no
significant difference in baseline DA release between
MP and MP LID mice, the infusion of L-DOPA sig-
nificantly increased DA release in the dorsal striatum
of MP LID mice compared to MP mice (Supple-
mentary Figure 3A, B; black rectangle, p <0.001).
In WT mice, pre-treatment with 5-HTP did not alter
L-DOPA-induced dopamine release (Supplementary
Figure 5). However, in both MP and MP LID mice,
the administration of 5-HTP 20 min before L-DOPA
infusion notably decreased both tonic and phasic
DA release in the dorsal striatum (Supplementary
Figure 3C, 3D, 4C, 4D, 4G, 4H, red bar: MP LID + L-
DOPA vs. Blue bar: MP LID +5-HTP + L-DOPA;
p<0.001). In line with pre-treatment findings, the
administration of 5-HTP 20 min after L-DOPA infu-
sion markedly diminished the L-DOPA-induced
increase in dopamine release in the dorsal striatum

of MP or MP LID mice (Supplementary Figure 3E,
3F and 4E-H; red bar: MP LID + L-DOPA vs. green
bar: MP LID + L-DOPA + 5-HTP; p <0.001). In sum-
mary, both pre-treatment and post-treatment with
5-HTP demonstrated the ability to alleviate the abnor-
mal increase in both tonic and phasic DA release
induced by L-DOPA infusion in the dopamine-
denervated dorsal striatum.

Comparative assessment of the effect of a 5-HT
precursor and a SERT inhibitor on established
LID in L-DOPA-primed MP mice

Although SERT inhibitor treatment, which ele-
vates 5-HT levels similar to the administration
of 5-HT precursors, has been demonstrated to
mitigate LID in animal models of PD, there is
limited understanding of the disparity between
the effects of SERT inhibitors and 5-HT precur-
sors on L-DOPA-induced AIMs. In this study, we
further investigated whether the SERT inhibitor
Citalopram possesses specific effects on LID in
MP LID mice (Fig. 5A). Consistent with the
effects of 5S-HTP administration, which lowered the
total AIM scores in MP LID mice following L-
DOPA/carbidopa administration, pre-treatment with
Citalopram also significantly reduced the total AIM
scores (Fig. 5B, C, MP LID + Saline + L-DOPA vs.
MP LID + Citalopram + L-DOPA p <0.01). Notably,
pre-treatment with Citalopram particularly improved
(i.e., lowered) abnormal axial scores of MP LID
mice (Fig. 5D; MP LID + Saline + L-DOPA vs.
MP LID + Citalopram + L-DOPA p <0.05), whereas
pre-treatment with 5-HTP predominantly alleviated
the limb as well as standing scores (Fig. SE,
F; MP LID + Saline+L-DOPA vs. MP LID+5-
HTP +L-DOPA p<0.05). In the rearing test, both
pre-treatment with Citalopram and pre-treatment
with 5-HTP effectively improved (i.e., reduced)
the abnormal vertical activity of MP LID mice

Fig. 4. The administration of 5-HTP in the dorsal striatal slices from MP LID mice reduces dopamine release induced by supplementary
L-DOPA, as measured using FSCV (fast-scan cyclic voltammetry). Dopamine release following L-DOPA infusion showed a significant
increase in MP LID mice in both tonic release (induced by a single pulse at 25 Hz with 5 volts stimulation intensity) and phasic release
(induced by 10 pulses at 25 Hz with 5 volts stimulation intensity), as illustrated in graphs (A) and (B) respectively. The increased release of
dopamine caused by the infusion of L-DOPA could be suppressed by 5-HTP, whether administered beforehand (C, D) or afterward (E, F).
G) With tonic stimulation, the co-administration of 5-HTP effectively reduced L-DOPA-induced dopamine release in the MP LID groups.
One-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. ***p <0.001, compared to MP LID + L-DOPA (red
bar). H) With phasic stimulation, pre-treatment (blue bar, MP LID + 5-HTP + L-DOPA) or post-treatment (green bar, MP LID + L-DOPA + 5-
HTP) of 5-HTP exhibited a significant suppression of L-DOPA-induced dopamine release in striatal slices. One-way ANOVA followed by a
Bonferroni post hoc test for multiple comparisons. *#**p <0.001, compared to MP LID + L-DOPA; MP LID + 5-HTP + L-DOPA compared

to MP LID + L-DOPA + 5-HTP, #p <0.05.



A

DA (u

C

E

G

Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

Tonic (1P/25Hz/5V)

0.47 Drug infusion

Baseline

0
0 20 40 60 80 100120
Time (mins)

Tonic (1P/25Hz/5V)

L-DOPA (0.1 uM)

0.4; 5-HTP (0.1 uM)

[Baseline

=| -DOPA

o >-HTP+L-DOPA

(Pre 5-HTP)

0 20 40 60 80 100120
Time (mins)

Tonic (1P/25Hz/5V)

Baseline

5-HTP (0.1 uM)
L-DOPA (0.1 uM)

= -DOPA

L-DOPA+5-HTP

* (Post 5-HTP)

0
0 20 40 60 80 100120

Time (mins)
Tonic (1P/25Hz/5V)
*kk *kk
0.3 kkk | kkk
0.2
0.1
0.0 Q Q Q
.2 X~
9&\0 93226 OOQ 93’& 635&
P Ve S
Q¢ Q0
MP LID

B

0.5

Phasic (10P/25Hz/5V)

Drug infusion
- = | -DOPA
o5-HTP

D

0.5
04
203
502
0.1
0.0

0 20 40 60 80 100120
Time (mins)

Phasic (10P/25Hz/5V)
L-DOPA (0.1 uM)

SHTP(QAuM) oo,

. 5-HTP+L-DOPA
(Pre 5-HTP)

[Baseline

F

0 20 40 60 80 100120
Time (mins)

Phasic (10P/25Hz/5V)

5-HTP (0.1 uM)

L-DOPA (0.1 uM)

= L-DOPA

, L-DOPA+5-HTP
(Post 5-HTP)

0
0 20 40 60 80 100120

Time (mins)
H Phasic (10P/25Hz/5V)
kK %k %k ok %k
0.5 kkk [ kkok
502
0.1
0.0
\\(\0 \é\&Q OQ?‘ \é\\Q &Q
£ « Q 003’ Nl
2 v Q€ Qoe
MP LID

Fig. 4. (Continued)

951



952 Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

A Saline + Saline + Saline + Saline + Saline + Saline +
Pre Saline treatment L-DOPA L-DOPA L-DOPA L-DOPA L-DOPA L-DOPA
MP LID + I I I I _ Days after Levodopa-
Saline + L-DOPA I I I I I I v induced dyskinesi:
(Pre saline) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

AIM test Behaviortest PET HPLC

Citalopram Citalopram Citalopram Citalop Citalopram Citalop
+L-DOPA +L-DOPA +L-DOPA +L-DOPA +L-DOPA +L-DOPA

Pre Citalopram treatment I I I _ Days after Levodopa-
MP LID + I I I I I » induced dyskinesia
Citalopram + L-DOPA v ay Bav3 Biwd Sians v Dy
it ’ ay ay ay ay ay ay ay

(Pre Citalopram) AIM test Behaviortest PET  HPLC

5-HTP+ 5-HTP+ S5-HTP+ S5-HTP+ S5-HTP+ 5-HTP+
Pre 5-HTP treatment L-DOPA L-DOPA L-DOPA L-DOPA L-DOPA L-DOPA
MP LID + I I I I I _ Days after Levodopa-
5-HTP + L-DOPA I I I ¥ induced dyskinesia
(Pre5-HTP) Day1 Day 2 Day3 Day4 Day5 Day 6 Day 7

AIM test Behavior test PET HPLC

B C Total AIM scores D Axial
. *% 25
120 1 = Pre saline (N=4) %50 ”
SRS = Pre Citalopram (N=3) £ T 20
! S e —
o ! . «Pre 5-HTP (N=7) § 40 %
\ ] m-m ~
S8 30 215
@ ° 310
= 5 20
< 3 <§(
4 s 10 5
<
0 0
Q
0 20 40 60 80 100120 ,}\Q Q{b@ 32’\8
Time post L-DOPA Injection (min) Q@g ,\\q}o @b Q
Q&o <
MP LID + L-DOPA MP LID + L-DOPA
E Limbs F Stand G Vertical movement
200 — 20 * 4000 *k
m = " * %
.8 -g 2z am
£15 §15 . 23000
2 o g
@ (0] . = [ ]
6 10 s 10 2000 .
O O =
(2] n 5
= s o]
N Z5 @ 1000

¥ & 8 & 8
o ,z}oQ 1 .~ ,(}o‘? <

< ¢ LAO R
Q\Q’ Q&Q’
MP LID + L-DOPA MP LID + L-DOPA

MP LID + L-DOPA

Fig.5. Pharmacological modulation of the serotonin system can potentially affect the release of dopamine thatis implicated in the development
and manifestation of LID in MP mice. In addition to 5-HTP, Citalopram, a selective serotonin reuptake inhibitor (SERT inhibitor), was co-
administered with L-DOPA. Subsequently, the AIM score was monitored using the experimental protocol depicted in (A). B) The AIM scores
of each group were documented every 20 min following the injection of L-DOPA, over a duration of 2 h. C) The administration of 5-HTP (red
bar: MP LID + Saline + L-DOPA vs. blue bar: MP LID + 5-HTP + L-DOPA, p <0.01) or Citalopram (red bar: MP LID + Saline + L-DOPA vs.
purple bar: MP LID + Citalopram + L-DOPA, p < 0.01) resulted in a significant decrease in the total AIM scores in L-DOPA-primed MP. D) The
administration of Citalopram (p < 0.05) suppresses the occurrence of abnormal axial movements in the MP LID mice. The abnormal increase
in (E) limb movements and (F) standing behavior observed in MP LID mice can be mitigated by 5-HTP (p <0.05). G) The administration
of either 5-HTP or Citalopram ameliorates the abnormal increase in vertical activity in MP LID mice. One-way ANOVA followed by a
Bonferroni post hoc test for multiple comparisons. *p <0.05, *¥p <0.01, ***p <0.001, compared to MP LID + Saline + L-DOPA.
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Fig. 6. DA release in striatal slices detected by FSCV. Both L-DOPA-induced increments in tonic (A) and phasic (B) release were reduced
after Citalopram (0.1 uM) infusion in brain slices from MP LID groups. Overall, the administration of 5-HTP or Citalopram, effectively
suppressed both tonic (C) and phasic (D) dopamine release induced by L-DOPA infusion in the MP LID group. One-way ANOVA followed
by a Bonferroni post hoc test for multiple comparisons. *p <0.05, **p <0.01, ***p <0.001, compared to MP LID + L-DOPA.

after L-DOPA/carbidopa administration (Fig. 5G,
p<0.01). Taken together, treatment with either a
SERT inhibitor or an 5-HT precursor attenuated
established L-DOPA-induced AIMs and vertical
hyperactivity. However, the SERT inhibitor predom-
inantly mitigated abnormal body axial movements,
while the 5-HT precursor alleviated limb AIMs in
L-DOPA-induced dyskinesia.

Infusion of Citalopram decreases the synaptic
dopamine release induced by L-DOPA
administration in the striatal slices of MP LID
mice

Considering that SERT inhibitors and the 5-HT
precursor led to declines in distinct AIM sub-
types in MP LID mice, our next objective was to
explore whether the administration of Citalopram

induces alterations in dopamine release from the
synaptic cleft in the dorsal striatum of MP LID
mice (Fig. 6). The infusion of Citalopram alone
had no effect on dopamine release in the intact or
compromised dorsal striatum (Supplementary Fig-
ures 4C-F). However, in both MP and MP LID mice,
the addition of Citalopram 20 min before L-DOPA
infusion attenuated the L-DOPA-induced increase in
dopamine release in striatal slices (Supplementary
Figures 3G, 3H, 5, and Fig. 6A-D; MP+L-
DOPA vs. MP +Citalopram + L-DOPA p <0.05;
red bar: MP LID+L-DOPA vs. purple bar: MP
LID + Citalopram + L-DOPA p <0.05). Accordingly,
the inhibitory effect of Citalopram on L-DOPA-
induced increase in DA release in the DA-denervated
striatum is comparable to that of 5-HTP treatment
(Fig. 6C, D). The comparison of Pre-Citalopram with
Pre-5-HTP showed p-values of 0.4848 in the tonic
phase and 0.0930 in the phasic phase.
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5-HTP treatment, but not Citalopram, modulates
abnormal dopamine turnover in the dorsal
striatum of MP LID mice

As 5-HTP and Citalopram exhibited similar effects
on DA release in striatal slices during L-DOPA
infusion, we next aimed to determine whether the
differences in AIM subtypes observed in MP LID
mice following these two drugs were associated
with concentrations of dopamine, serotonin, and their
metabolites in the dorsal striatum (Fig. 7). The con-
centrations of dopamine and its metabolites in the
dorsal striatum of 22-week-old MP mice were sig-
nificantly lower (Fig. 7A-C), but its DA turnover
rate was significantly higher (Fig. 7D) compared to
WT mice of the same age. Although MP LID mice
exhibited a significant increase in the concentration
of DA and its metabolites compared to MP mice
without L-DOPA replacement (Fig. 7A-C), there
was, however, no change in the DA turnover rate
between the two groups (Fig. 7D). Before elucidating
the roles of 5-HTP or Citalopram on the concentra-
tion of dopamine and its metabolites in the MP LID
mice, our aim was to examine the individual effects
of 5-HTP or Citalopram in WT or MP mice. The
administration of 5-HTP alone did not affect the con-
centrations of DA and its metabolites in the dorsal
striatum of WT or MP mice. However, 5-HTP as well
as Citalopram significantly increased serotonin and
its metabolite concentrations (Supplementary Fig-
ure 7). Notably, treatment with Citalopram alone was
shown to increase the concentrations of DOPAC and
HVA in WT mice, suggesting that SERT inhibition by
Citalopram may accelerate DA metabolism in healthy
dopaminergic neurons. Pre-treatment with 5-HTP in
MP LID mice resulted in a significant reduction in
the concentration of L-DOPA-derived DA and its
metabolites as shown in Fig. 7A-C, (p <0.01). This

led to a decreased DA turnover rate in the dorsal stria-
tum compared to MP LID mice (Fig. 7D, p<0.01).
In contrast, it increased the concentrations of 5-HT
and its turnover rate in the dorsal striatum of MP
LID mice. In contrast to the results noted with 5-
HTP treatment, a single injection of Citalopram as
a pre-treatment in MP LID mice did not reduce
L-DOPA-upregulated DA turnover rate in the dor-
sal striatum. However, it did result in a significant
reduction in the concentrations of DA and HVA as
shown in Fig. 7A and 7C, (p <0.01). This suggests
that SERT inhibition by Citalopram may reduce the
release of L-DOPA-derived DA in the DA-denervated
striatum, leading to the conversion of DA to gen-
erate DOPAC in pre-synaptic neurons. Surprisingly,
Citalopram treatment did not increase the concen-
trations of 5-HT and its metabolites in the dorsal
striatum of MP LID mice (Fig. 7E-G). This suggests
that chronic replacement of L-DOPA in MP mice
may promote SERT availability, potentially inter-
fering with the blockade by Citalopram of 5-HT
reuptake.

Next, we investigated the relationship between
AIM scores and neurotransmitter levels in the dor-
sal striatum using linear regression (Supplementary
Figure 8). Statistical analysis revealed a strong
correlation between dorsal striatal DA concentra-
tion and AIM total scores, with an R? value of
0.8323 (Supplementary Figure 8A). In contrast,
AIM total scores exhibited relatively weaker cor-
relations with DA turnover rate (Supplementary
Figure 8B, R%=0.006302), serotonin concentra-
tion (Supplementary Figure 8C, R? =0.0000006317),
5-HT turnover rate (Supplementary Figure 8D,
R2= 0.02332), and DA turnover rate/5-HT turnover
rate (Supplementary Figure 8E, R? =0.0000001995).
This suggests that the total AIM score may be corre-
lated with DA concentrations in the dorsal striatum

Fig. 7. The concentrations of DA, serotonin, and their metabolites in the striatum were measured using high-performance liquid chromatog-
raphy (HPLC) in the presence or absence of L-DOPA treatment. A) The DA concentration in the striatum of MP mice was lower than that
of WT mice. The DA concentration in the striatum of MP LID mice receiving L-DOPA was higher than that in MP mice. The significant
increase in DA concentration induced by L-DOPA injection in the MP LID group can be effectively suppressed by pre-treatment with 5-HTP
or Citalopram. Only the administration of 5S-HTP was able to suppress the increase in dopamine metabolites (red bar: MP LID + Saline + L-
DOPA vs. blue bar: MP LID + 5-HTP + L-DOPA, p <0.01), including DOPAC (p <0.001) (B) and HVA (p <0.001) (C), in the MP LID group
following L-DOPA administration. The administration of Citalopram reduces only the increase in tissue concentration of HVA induced by
L-DOPA in the MP LID group. D) The DA turnover rate increased significantly in MP and MP LID groups, which was suppressed by
the administration of 5-HTP (p <0.01). The concentration of serotonin (p <0.05) (E), 5-HIAA (p<0.01) (F), and the 5-HT turnover rate
(p<0.01) (G) exhibited significant increases in the striatum in MP LID mice given 5-HTP and L-DOPA, compared to MP LID mice given
saline and L-DOPA. However, the administration of Citalopram did not have any effect on these measures. One-way ANOVA followed
by a Bonferroni post hoc test for multiple comparisons. *p <0.05, **p <0.01, ***p <0.001, compared to MP LID + Saline + L-DOPA; MP
compared to MP LID + Saline + L-DOPA, #p <0.05, ## <0.001; WT compared to MP, ¥%5 <0.001.
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rather than 5-HT concentrations. However, the con-
centrations of DOPAC and the turnover rates of 5-HT
displayed robust correlations with abnormal limb
movement (Supplementary Figure SE, R? =0.998)
and standing movement (Supplementary Figure SF,
R?=0.9948), indicating that variations in dopamine
metabolites and serotonin turnover rates in L-DOPA-
primed MP mice might play arole in distinct subtypes
of LID after treatment with these two serotoninergic
drugs.

5-HTP treatment attenuates hyperactivation of
the DI R signaling pathway in the dorsal
striatum of MP LID mice

In L-DOPA-primed MP mice, a notable elevation
in the expression of phosphorylated ERK (p-ERK)
or phosphorylated DARPP-32 (p-DARPP-32) was
detected in the dorsal striatum. Additionally, there
was a trend towards increased expression of D1 recep-
tor protein (Fig. 8A-D). The observed upregulation of
the D1 receptor signaling pathway could potentially
be linked to the development of L-DOPA-induced
dyskinesia [45]. A 30-min pre-treatment of 5-HTP
followed by L-DOPA/carbidopa administration in
MP LID mice downregulated the L-DOPA-increased
expressions of p-ERK and p-DARPP-32 (Fig. 8C,
D, p<0.01). In contrast, pre-treatment with Citalo-
pram followed by L-DOPA/carbidopa administration
exhibited little effect on the L-DOPA-induced upreg-
ulation of the D1 signaling pathway in MP LID
mice (Fig. 8C, D). Single injection of 5-HTP or
Citalopram did not affect the expression of either
the 5-HT1A or 5-HTI1B receptors in the dorsal
striatum of MP LID mice (Fig. 8E, F, p=0.47).
Taken together, the treatment with 5-HTP, which
directly increases 5-HT levels, significantly miti-
gates the L-DOPA-induced upregulation of the D1
downstream signaling pathway in the DA-denervated
striatum.

Citalopram treatment downregulates SERT
availability in the dorsal striatum of
L-DOPA-primed MP mice

Since previous studies suggested abnormal SERT
function is implicated in LID development [46, 47],
we next investigated SERT activity in MP LID mice
treated with or without 5-HT-targeting drugs fol-
lowed by L-DOPA/carbidopa replacement (Fig. 9A).
This evaluation was conducted using '8F/FE-ADAM
radioactivity (SUR) measurements obtained through
PET scans. SERT availability in the dorsal striatum
of MP mice at 22 weeks was significantly lower
than that in WT mice (Fig. 9B, p <0.01). Following
a 14-day treatment with L-DOPA/carbidopa, there
was a significant upregulation in SERT availability
in MP mice, particularly in those exhibiting higher
AIM scores (as depicted in Fig. 9B, p <0.001). Pre-
treatment with 5-HTP followed by administration of
L-DOPA/carbidopa in MP LID mice did not result
in any significant alteration in SERT availability in
the dorsal striatum, compared to the saline treated
group. In contrast, pre-treatment with Citalopram
effectively reduced the increased SERT availabil-
ity induced by L-DOPA in the dorsal striatum of
MP LID mice (Fig. 9B, p <0.05). Collectively, these
findings further support the concept that DA den-
ervation allows serotonergic neurons to play major
roles in the conversion of L-DOPA into DA and
reuptake of DA through SERT [48, 49]. Prolonged
L-DOPA replacement further enhances serotoner-
gic neuroplasticity, reinforcing SERT availability
and contributing to LID development. Importantly,
this aberrant cycling of exogenous L-DOPA-derived
extracellular DA appears to be reversible with a single
injection of a SERT inhibitor.

DISCUSSION

In this study, we first evaluated the therapeutic
potential of 5-HTP in the developing or established

Fig. 8. The expression of proteins involved in dopaminergic and serotonergic transmission was analyzed in the striatum of WT, MP, and MP
LID mice following co-treatment of L-DOPA with 5-HTP or Citalopram. A) Dopaminergic and serotonergic transmission-related protein
expression in the striatum were illustrated. B) There was no significant change in D1 receptor protein expression among these groups.
However, the administration of 5-HTP effectively suppressed the increased phosphorylation of signaling molecules in the downstream D1
pathway, specifically ERK (red bar: MP LID + Saline + L-DOPA vs. blue bar: MP LID +5-HTP + L-DOPA, p<0.01) (C) and DARPP32
(»p<0.01) (D), in the MP LID mice. In contrast, the administration of Citalopram did not have a significant effect on the phosphorylation
levels of these molecules. There were no significant changes in the expressions of 5-HT1A receptor (E) and 5-HT1B receptor (F) proteins
among these groups. One-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. **p <0.01, compared to MP
LID + Saline + L-DOPA; MP compared to MP LID + Saline + L-DOPA, ##p <0.01.



Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

MP LID + L-DOPA
Pre treatment

WT + MP+
L-DOPA L-DOPAsaline 5-HTP Citalopram
— — e QD eimem )|

W W W e D-ERK

A S WS R s ERK
A D-DARPP32
D SR TN WSS W DARPP32
i e e SR G ADPII
5T ] A
———_— > 5-1T15

- -
o [¢)]

p-ERK / ERK
o
o

MP LID + L-DOPA

5-HT1A

2.0

T

o 15 2 L

z 1.

O

‘<£ 1.0

l_

T05

Te)
0.0 Q

TRy IS
FF LSt
¥ Q€

MP LID + L-DOPA

Fig. 8. (Continued)

B D1 receptor
% 1.5
%
(D | |
=105 .
el
o
305
o
o
0.0 Q
QY FL S
P LIS
x\/ x\/ Q\ Q«QO\\{O
SR @
N\ Q€
MP LID + L-DOPA
D
p-DARPP32
& s
o 2.5 *%
& "
<D):2.0
3 1.5
& 1.0
i oo
< 0.5
Q
20.0 Q
SRS
,Q ,0 @q’ 0‘0’ (b\o
SRR
NI\ Q€
MP LID + L-DOPA
F
5-HT1B
3
E N
%
(D 2
om
=1
T
o)
0 R
LB SO
ST 5L

MP LID + L-DOPA

957



958

Y.-H. Chen et al. / Suppression of L-DOPA-Induced Dyskinesia in a Mouse Model of PD

B

WT + Saline+ Saline  WT + Saline+ L-DOPA

MP LID
+ Saline + L-DOPA

MP + Saline+ L-DOPA

SERT availability
*

5 FHHE
4 88 " .
3

[18F]FE-ADAM radioactivity (SUR)

(Pre saline)
2 m .
[
1 C
0 & Q
e S
MP LID MP LID S, éz}\(\b:ésoQ&
+5-HTP + L-DOPA  + Citalopram + L-DOPA x Q€ G\‘Q}
(Pre 5-HTP) (Pre Citalopram) g ®

MP LID + L-DOPA

Fig. 9. PET scans of serotonin transporter (SERT) activity in WT, MP and MP LID mice. A) The bioactivity or availability of the serotonin
transporter (SERT) was assessed using ['®F]FE-ADAM radioactivity (SUR) measured in PET scans. Experimental animals were given L-
DOPA and carbidopa for 20 min before undergoing PET scans. A lower activity was seen in MP mice compared to WT mice (WT + L-DOPA
vs. MP + L-DOPA, p <0.01), while an increase in activity was observed in MP LID mice. B) The SUR values in each group, plotted on a panel,
revealed that the availability of SERT in MP LID mice was higher compared to MP mice (MP +L-DOPA vs. MP LID + Saline + L-DOPA,
p<0.001). Citalopram treatment significantly attenuated the increased SERT availability in MP LID mice (MP LID + Saline + L-DOPA vs.
MP LID + Citalopram + L-DOPA, p <0.05). However, the administration of 5-HTP did not result in any significant effect on the availability
of SERT in MP LID animals. One-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. MP LID + Saline + L-
DOPA compared to MP LID + Citalopram + L-DOPA, *p <0.05; MP + L-DOPA compared to MP LID + Saline + L-DOPA, *#5 <0.001;

WT + L-DOPA compared to MP + L-DOPA, $$p <0.01.

LID in a mouse model of progressive PD. In addi-
tion, we analyzed the dynamics of DA release in
the DA-denervated striatum following the addition
of L-DOPA and serotonergic drugs. Furthermore, we
compared the effects of 5-HTP and a SERT inhibitor,
Citalopram, to clarify the correlation between abnor-
mal involuntary movements and the levels of DA,
5-HT, and their respective metabolites.

Inprevious literature, the underlying mechanism of
LID has been suggested as an abnormal increase in
DA in the dorsal striatum following chronic replace-
ment of L-DOPA [26, 50]. Furthermore, it has been
suggested that aromatic L-amino acid decarboxy-
lase (AADC) and vesicular monoamine transporter
2 (VMAT2) within the serotonin system may have
a significant influence on DA production in the con-
text of nigrostriatal dopaminergic neuron loss [51].

Together these findings suggest that the 5-HT neurons
can serve as alternatives to the damaged DA pathway,
converting L-DOPA into DA for release in the stria-
tum. However, this serotonergic neuroplasticity can
be maladaptive in the late stage of PD with chronic
replacement of L-DOPA [47]. Aberrant transmitter
release of DA from serotonin neurons is considered
to be a key initiator of LID, working in concert with
the intermittent supplementation of L-DOPA to gen-
erate pulsatile stimulation of striatal DA receptors
[12, 47, 52-54] (Fig. 10A). Thus, medications acting
on SERT or 5-HT A receptors demonstrate a signif-
icant reduction in LID development and expression
[11]. However, the effects of serotonergic agents on
the dynamic levels of DA, 5-HT, and their metabolism
in the DA-denervated striatum remained unclear. In
this study, MP mice were used to recapitulate several
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Fig. 10. Graphical illustration delineates the effects of 5-HTP and Citalopram on DA release induced by the administration of L-DOPA in MP
LID mice. A) The administration of L-DOPA induces aberrant release of DA in the synaptic cleft. The release of L-DOPA-derived DA may
be regulated by the 5-HT neurons. B) Through the administration of 5-HTP, which competes with L-DOPA for AADC, the amount of DA in
synaptic vesicles is reduced, thereby partially normalizing the abnormal DA levels in the synaptic cleft. Moreover, 5S-HTP-derived 5-HT could
activate 5-HT 1 receptors, subsequently downregulating serotonin neuron-derived DA release in the DA-denervated striatum. C) Citalopram,
by inhibiting SERT activity, may impede the reuptake of DA into presynaptic serotonin neurons, which attenuates the L-DOPA-induced
aberrant DA release in the DA-denervated striatum. In addition, Citalopram administration increases serotonin concentration in the synaptic
cleft by inhibiting SERT reuptake. Subsequently, excess 5-HT activates 5-HT1 receptors, subsequently inhibiting 5-HT neuron activity and
reducing serotonin neuron-derived DA release after L-DOPA administration.
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features of PD in humans, such as adult-onset degen-
eration of nigrostriatal dopamine circuitry and motor
deficits that are ameliorated by L-DOPA administra-
tion. Based on our previous data [55, 56], all DA
neurons that express DAT and TH experienced signif-
icant loss, including both those projecting to striatal
and those projecting to extrastriatal regions, in MP
mice aged up to 20 weeks. Accordingly, MP mice,
modeling both behavioral and biochemical character-
istics of long-term L-DOPA treatment in PD patients
provide a novel, consistent and progressive animal
model of dyskinesia to investigate the role of the
serotonin system in LID development.

5-HTP is becoming a significant drug in LID
research due to its ability to elevate 5-HT lev-
els, thereby preserving 5-HT-mediated signaling and
selectively modifying biochemical cascades associ-
ated with dyskinetic movements [24, 57]. Previous
studies have shown that the anti-dyskinetic effects of
5-HTP are mediated by both a partial displacement of
L-DOPA-derived DA storage into serotonergic vesi-
cles, and 5-HT1 receptor activation [24]. Although
false transmitter release of 5-HT from presynap-
tic terminals after administration of 5-HTP seems
not to affect the effectiveness of L-DOPA [25],
the prolonged activation of 5-HT1 receptors could
potentially diminish L-DOPA’s capacity to main-
tain motor activity in advanced stages of PD [58].
Hence, in this study, we utilized a single injec-
tion of 5-HTP to assess the immediate impact of
5-HTP on the development of LID. Interestingly,
a single administration of 5-HTP exhibited time-
dependent anti-dyskinetic properties and attenuated
the surge release of L-DOPA-derived DA in the DA-
denervated striatum. Considering that 5-HTP was
shown to easily cross the blood-brain barrier without
competition from L-DOPA [23], our results further
highlight that the application of 5-HTP has the capac-
ity to dampen aberrant serotonin neuron-derived DA
release in the DA-denervated striatum (Fig. 10B)
[24]. Importantly, treatment with 5-HTP after the
onset of LID was also able to decrease established
AIMs without compromising the improvements
induced by L-DOPA in horizontal movements (Sup-
plementary Figure 6). This implies that a single
injection of 5-HTP could potentially serve as a
treatment strategy to quickly attenuate the sudden
onset of LID in PD patients receiving L-DOPA
treatment.

While previous study showed the alleviation of
LID by 5-HTP occurring through the downregula-
tion of hyperactivated striatal AKT/mTOR/S6K and

CREB/AFosB signaling [59], our findings indicated
that an injection of 5-HTP significantly diminishes
the elevated activation of D1/DARPP32/ERK in the
striatum of LID MP mice. This small difference might
be attributed to the possibility that long-term adminis-
tration of 5-HTP could affect downstream pathways,
like mTOR signaling associated with synaptic plas-
ticity [59]. However, the immediate effect of 5-HTP
on the DA-denervated striatum depends on optimiz-
ing the quantal release of 5-HT and L-DOPA-derived
DA, either in the serotonergic or remaining dopamin-
ergic neurons within the striatum. This acute effect in
mitigating the surge release of L-DOPA-derived DA
by 5-HTP treatment may contribute directly to the
hyperactivation in downstream pathways of the D1
receptor.

In contrast to the pharmacological mechanism
of 5-HTP, a SERT inhibitor, Citalopram, functions
by blocking 5-HT reuptake to elevate synaptic 5-
HT; this indirectly activates 5-HT1 somatodendritic
autoreceptors, thereby inhibiting L-DOPA-derived
DA release in serotonin neurons within the DA-
denervated striatum (Fig. 10C) [17, 60-65]. In this
study, we showed that a single injection of Citalo-
pram reduces total AIM scores in LID MP mice,
similar to the effects observed with 5-HTP treat-
ment. In an analysis of each subtype of AIMs, we
observed that Citalopram alleviates abnormal axial
twisting but does not diminish the involuntary limb
and standing movements induced by L-DOPA treat-
ment. Additionally, Citalopram does not affect the
activation of D1/DARPP32/ERK in the striatum of
LID MP mice, while it exhibits a negative feedback
mechanism on L-DOPA-derived dopamine release as
indicated by FSCV analysis. The differences in the
improvement of subtypes of L-DOPA-induced abnor-
mal movements leads to hypotheses on whether the
two serotonergic drugs induce variations in the levels
or metabolism of DA and 5-HT in the DA-denervated
striatum. In WT mice, both 5-HTP and Citalo-
pram demonstrated the ability to elevate 5-HT levels
without affecting DA levels in the striatum (Supple-
mentary Figure 7A). However, Citalopram, through
the activation of 5-HT1 autoreceptors, interferes with
dopaminergic regulation of the raphe-striatal path-
way, leading to an increase in the metabolism of DA to
DOPAC and HVA (Supplementary Figure 7B, C). In
L-DOPA-naive or L-DOPA-primed MP mice, there
was an observed increase in the DA turnover rate in
the DA-denervated striatum, aligning with findings
from previous studies. While these two serotoner-
gic drugs could decrease DA levels in the striatum
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of LID MP mice, only 5-HTP exhibited the capacity
to further decrease DOPAC and HVA levels, thereby
downregulating DA turnover rate in the striatum. 5-
HTP also demonstrated the ability to upregulate 5-HT
turnover rates in the striatum of LID MP mice. In
our linear regression analysis, the severity of stand-
ing and vertical movement induced by L-DOPA
injection strongly correlated with DOPAC concen-
tration and the ratio of DA to 5-HT, respectively
(Supplementary Table 2; Supplementary Figure 8E).
However, the level of limb involuntary movements
showed a reverse correlation with 5-HT turnover
rate (Supplementary Table 2; Supplementary Fig-
ure 8F), suggesting that 5-HT metabolism might play
a role in the development or expression of LID.
Those correlations suggest that 5S-HTP, as opposed
to Citalopram, reduces DOPAC concentration and
upregulates 5-HT turnover rate, thereby mitigating
the severity of involuntary standing and limb move-
ments induced by L-DOPA treatment, respectively.
Thus, 5-HTP, through simultaneously regulating DA
and 5-HT metabolism, exhibits more promising anti-
dyskinetic efficacy.

However, in this study, we did not address the
potential occurrence of serotonin syndrome result-
ing from an elevated level of 5-HT due to the chronic
administration of 5-HTP treatment. Additionally, we
did not investigate the effects of serotonergic drugs
on non-motor symptoms in this L-DOPA-primed ani-
mal model. Furthermore, whether the ratio of DA to
5-HT in the striatum, which is altered in PD, inter-
feres with the effects of serotonergic agents on LID
remains an open question.

Nonetheless, we show here that single injec-
tion of 5-HTP or a SERT inhibitor disrupts the
development or establishment of L-DOPA-induced
AIMs. The immediate anti-dyskinetic effects of 5-
HTP and Citalopram are achieved by fine-tuning
the quantal release of L-DOPA-derived DA in
the DA-denervated striatum. Importantly, single
administration of 5-HTP can particularly attenuate
the L-DOPA-induced abnormal limb and stand-
ing movements without compromising L-DOPA’s
improvement in the horizontal movement through-
out the treatment period. This may be mediated by
decreasing striatal DA turnover rate but increasing 5-
HT metabolism after L-DOPA administration. While
several questions remain regarding the interplay of
monoamine metabolism and dyskinetic development,
this study establishes a novel role for serotonergic
drugs for improving the use of L-DOPA therapy in
PD.
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