
INTRODUCTION

Levodopa (L-DOPA) is the gold standard for treating pa-
tients with Parkinson’s disease (PD), the second most com-
mon age-related neurodegenerative disease (Reeve et al., 
2014; Tambasco et al., 2018). However, approximately 70% 
of patients who receive L-DOPA experience involuntary move-
ments within 5 years, called L-DOPA-induced dyskinesia (LID) 
(Pandey and Srivanitchapoom, 2017). It is accompanied by 

abnormal movements, including uncontrolled body writhing 
and twisting. (Thanvi et al., 2007). 

In the normal state, several neuronal systems maintain 
appropriate dopamine concentrations by its expulsion and 
reuptake. Since both dopaminergic and serotonergic (5-HT) 
neurons possess aromatic L-amino acid decarboxylase that 
converts L-DOPA to dopamine, these neuronal systems mod-
ulate dopamine release from the intrasynaptic cleft in spiny 
projection neurons (SPNs). As PD progresses with the de-
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Long-term administration of levodopa (L-DOPA) to patients with Parkinson’s disease (PD) commonly results in involuntary dyski-
netic movements, as is known for L-DOPA-induced dyskinesia (LID). 5-Hydroxytryptophan (5-HTP) has recently been shown to 
alleviate LID; however, no biochemical alterations to aberrant excitatory conditions have been revealed yet. In the present study, 
we aimed to confirm its anti-dyskinetic effect and to discover the unknown molecular mechanisms of action of 5-HTP in LID. We 
made an LID-induced mouse model through chronic L-DOPA treatment to 6-hydroxydopamine-induced hemi-parkinsonian mice 
and then administered 5-HTP 60 mg/kg for 15 days orally to LID-induced mice. In addition, we performed behavioral tests and an-
alyzed the histological alterations in the lesioned part of the striatum (ST). Our results showed that 5-HTP significantly suppressed 
all types of dyskinetic movements (axial, limb, orolingual and locomotive) and its effects were similar to those of amantadine, the 
only approved drug by Food and Drug Administration. Moreover, 5-HTP did not affect the efficacy of L-DOPA on PD motor mani-
festations. From a molecular perspective, 5-HTP treatment significantly decreased phosphorylated CREB and ΔFosB expression, 
commonly known as downstream factors, increased in LID conditions. Furthermore, we found that the effects of 5-HTP were not 
mediated by dopamine1 receptor (D1)/DARPP32/ERK signaling, but regulated by AKT/mTOR/S6K signaling, which showed dif-
ferent mechanisms with amantadine in the denervated ST. Taken together, 5-HTP alleviates LID by regulating the hyperactivated 
striatal AKT/mTOR/S6K and CREB/ΔFosB signaling.
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nervation of the dopaminergic neurons in the brain, L-DOPA 
is merely converted into dopamine by 5-HT neurons. Unlike 
dopaminergic neurons, 5-HT neurons do not have dopamine 
uptake functions, so that excessive dopamine levels in the 
synaptic cleft are induced. Consequently, a surge in dopamine 
concentration generates hyperactivated dopamine 1 receptor 
(D1)-downstream molecular signals and other aberrant bio-
chemical signals, which lead to involuntary movement disor-
ders (Calabresi et al., 2008; Cenci, 2014). Amantadine is the 
only medication approved by Food and Drug Administration 
(FDA) for LID therapy (Sharma et al., 2018). It normalizes ex-
citatory signals by maintaining the closed status of glutamate 
N-methyl-D-aspartate (NMDA) receptor channels and reduc-
ing calcium influx into the postsynaptic neurons (Blanpied et 
al., 2005; Inzelberg et al., 2006; Junho and de Oliveira, 2019). 
However, its narrow therapeutic window along with severe 
side effects, including constipation, vomiting and decreased 
appetite, makes it difficult for the patients to take the medica-
tion (Pandey and Srivanitchapoom, 2017).

To overcome these limitations, several targets have been 
presented for LID research. Among them, regulating the 5-HT 
system seems to be crucial, since dopamine and 5-HT, trans-
located by vesicular monoamine transporter 2, release com-
petitively in the synaptic cleft of the 5-HT neurons (Carta et 
al., 2008). It was discovered that the 5-HT1 receptor agonist 
reduces L-DOPA-derived dopamine release and subsequent 
LID development by activating the 5-HT autoreceptor, which 
plays a role in regulating the release of neurotransmitters 
(Carta et al., 2007). In addition, chronic administration of the 
5-HT1 receptor agonist, eltoprazine, alleviated dyskinesia by 
normalizing D1/extracellular signal-regulated kinase (ERK) 
and mechanistic target of rapamycin (mTOR) signal and re-
storing synaptic plasticity in an LID-induced rat model (Ghigl-
ieri et al., 2016). On the other hand, targeting the 5-HT autore-
ceptor might have the disadvantage of extensively decreasing 
dopamine concentration and 5-HT release in the synaptic cleft, 
which lead to mood disorders, such as depression (Albert et 
al., 1996; Kannari et al., 2001; Nautiyal and Hen, 2017).

5-Hydroxytryptophan (5-HTP), a precursor of 5-HT, has 
also been explored in LID research due to its advantages. In 
contrast to 5-HT, 5-HTP can easily cross the blood-brain bar-
rier (Nakatani et al., 2008). Moreover, it dampens excessive 
dopamine levels but does not decline 5-HT levels, unlike the 
5-HT autoreceptor. In previous studies, Tronci et al. (2013) 
found that treatment with 5-HTP had an anti-dyskinetic effect 
in an LID-induced rat model without interfering with L-DOPA 
efficacy. In addition, they discovered that seven patients with 
LID taking 50 mg 5-HTP with L-DOPA for 4 weeks, showed sig-
nificant improvement in dyskinesia compared to the placebo 
group, including five patients, using a unified dyskinesia rating 
scale and unified Parkinson’s disease rating scale IV (Meloni 
et al., 2020). These studies showed the potential effects of 
5-HTP in treating LID; however, the biochemical modulations 
of 5-HTP in response to various excitatory signals occurring in 
LID have not yet been elucidated.

The objective of this study was to confirm whether 5-HTP 
produces an anti-dyskinetic effect in LID-induced mice and to 
explore its unknown molecular mechanisms. First, we chroni-
cally administered L-DOPA to hemi-parkinsonian mice to in-
duce LID manifestations. To confirm the anti-dyskinetic effect 
of 5-HTP, we performed an abnormal involuntary movements 
(AIMs) test after 5-HTP treatment for 15 days. In addition, we 

checked whether the drug may alter the motor improvement 
of L-DOPA by performing the cylinder test. Finally, to discov-
er the 5-HTP effect on abnormally hyperactivated molecular 
signals, pathological factors related to LID were analyzed by 
Western blotting in the striatum (ST) of mice.

MATERIALS AND METHODS

Animals and drug administration 
6-weeks-old ICR mice (30-34 g) were used in this study. 

The mice were purchased from Daehan Biolink Co. Ltd. (Eum-
seong, Korea). All mice were housed in cages (40×25×18 cm) 
under controlled humidity (60 ± 10%), temperature (23 ± 1°C) 
and a 12-h light/dark cycle with a free access to water and 
food. The mice were housed for 7 days before the experi-
ments. All animal experiments in this study were conducted in 
accordance with the Animal Care and Use guidelines of Kyung 
Hee University, Seoul, Korea (approval number; KHUASP 
(SE)-20-316). 

To make a hemi-parkinsonian mouse model, 6-hydroxydo-
pamine (6-OHDA; Sigma-Aldrich, MO, USA) surgeries were 
performed under anesthesia with tribromoethanol (312.5 mg/
kg, intraperitoneal [i.p.]). The surgical procedures were per-
formed as previously described (Eo et al., 2019). Briefly, at a 
rate of 0.5 μL/min, the animals in the SHAM group received 
2 μL vehicle (saline with 0.1% ascorbic acid) stereotaxically 
and the remaining animals were injected with 6-OHDA (8 μg/
μL) to the right ST (coordinates with respect to bregma in mm: 
AP 0.5, ML 2.0, DV−3.0) using a Hamilton syringe (Hamilton, 
NV, USA). After a recovery period of 14 days, we performed 
an apomorphine-induced rotation test, and the mice that did 
not perform 125 turns in 25 min were excluded from the pres-
ent study.

To prepare LID-induced mice, we followed a previously 
described procedure (Huh et al., 2018). Except for the ani-
mals in the SHAM (vehicle-lesioned, n=7) and PD (6-OHDA-
lesioned, n=6) groups, which received the vehicle (saline, per-
oral [p.o.]), the remaining animals were treated with L-DOPA 
with benserazide (80 mg/kg with 20 mg/kg, p.o.) for 28 days 
from 21th day after surgery and then tested for LID modeling 
through the AIMs test. 

L-DOPA-treated mice were divided into three groups: (1) 
LID group (oral cotreatment with L-DOPA and vehicle as sa-
line, n=6), (2) 5-HTP group (oral cotreatment with L-DOPA and 
5-HTP 60 mg/kg, n=6) and (3) AMAN group (oral cotreatment 
of L-DOPA and amantadine 40 mg/kg, n=5). From the 49th day 
after surgery, 5-HTP and amantadine were administered 1 h 
before L-DOPA administration for 15 days. Drugs were dis-
solved in saline, and L-DOPA was specifically used in suspen-
sions under shading conditions. L-DOPA, benserazide, 5-HTP 
and amantadine were purchased from Sigma-Aldrich.

Behavior tests
The AIMs test was used to evaluate the severity of LID in an-

imals (Azkona et al., 2014; Paolone et al., 2015; Hamadjida et 
al., 2018; Calabrese et al., 2020). To check the anti-dyskinetic 
effects of 5-HTP, the test was assessed by scoring the severity 
of the four subtypes individually. Each subtype was scored on 
a scale from to 0-4 (0=absent, 1=occasionally (<50% observa-
tion time), 2=frequent (>50% observation time), 3=continuous 
and disrupted by threatening stimulation, 4=present all time, 
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severe, not disrupted). The total AIMs score was calculated by 
summing the scores of the four subtypes or those of each ses-
sion. As soon as L-DOPA was administered, each mouse was 
placed in a cylinder (diameter 135 mm; height 225 mm) and 
observed for 1 min every 20 min for 180 min by two individu-
ally trained researchers.

To investigate the effect of drugs on L-DOPA efficacy, we 
performed a cylinder test on the 13th day of drug treatment. 
Each mouse was placed in a cylinder (diameter 110 mm; 
height 150 mm) 1 h after L-DOPA administration. The left or 
right movements of the forepaws touching the wall were re-
corded for 5 min for each mouse. The contralateral paw use 
was calculated as follows:

(The number of times the right forepaw touches the wall) / 
(The number of times the total forepaw touches the wall)×100 
(%).

Tissue preparation and Western blot analysis
1h after L-DOPA administration, the animals were sacrificed 

by cervical dislocation on the 16th day of drug administration. 
The 6-OHDA-injected right ST regions were dissected and 
stored at –80°C until histological analysis. To investigate the 
effect of 5-HTP on pathological factors related to LID, ST was 
lysed using RIPA buffer containing protease and phospha-
tase following the manufacturer’s instructions (ThermoFisher, 
Waltham, MA, USA). 

To determine the biochemical mechanism of 5-HTP ac-
tion in LID, we analyzed the mice of ST by Western blotting. 
Proteins were equalized at the same concentration using the 
Bradford assay (Bio-Rad, Hercules, CA, USA). After proteins 
were separated by size using 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, they were transferred to 
the polyvinylidene difluoride (PVDF) membranes (Millipore, 
Burlington, MA, USA). The membranes were incubated with 
5% skim milk or 5% BSA (Bio-Rad) in 25 mM Tris-Cl, 150 mM 
NaCl, and 0.005 % Tween-20 for 1 h and then incubated with 
primary antibodies in 1% skim milk or 5% BSA overnight at 
4°C. Primary antibodies were delta FBJ murine osteosarcoma 
viral oncogene homolog B (ΔFosB), dopamine and cyclic ad-
enosine monophosphate regulated phosphorylation of 32 kDa 
(DARPP32), phospho-Thr202/Thr204-ERK1/2 (P-ERK1/2) 
a serine/threonine-specific protein kinase (AKT), phospho-
Ser437-AKT (P-AKTS473), mTOR, phospho-Ser2481-mTOR 
(P-mTORS2481), ribosomal S6 kinase (S6K), phospho-Thr389-
S6K (P-S6KT389), GAPDH; (cell signaling, MA, USA); ERK, 
cyclic adenosine monophosphate response element-bind-
ing protein (CREB), Phospho-Ser133-CREB (P-CREBS133); 
(Santa Cruz, CA, USA), and phospho-Thr34-DARPP32 (P-
DARPP32T34); (Phosphosolutions, CO, USA). After washing 
for 15 min with Tris-buffered saline containing 1% Tween 20, 
the membranes were incubated with secondary antibodies for 
1 h. Immunoactive bands were developed using an ECL re-
agent and visualized using the ChemiDocTM XRS+ system 
(Bio-Rad).

Statistical analysis 
All statistical parameters were calculated using GraphPad 

Prism 8.0.1 software (GraphPad Software, San Diego, CA, 
USA). Values are expressed as mean ± standard error of the 
mean (SEM). The results were analyzed by one-way analysis 
of variance (ANOVA) followed by Dunnett’s multiple compari-
son test or two-way ANOVA followed by Dunnett’s multiple 

comparison test. Additionally, the correlation analysis was an-
alyzed by Pearson’s correlation coefficient. Differences with a 
p-value less than 0.05 were considered statistically significant.

RESULTS

5-HTP reduced dyskinetic movements in LID-induced 
mice

To confirm whether treatment with 5-HTP decreased dys-
kinetic movements in LID-induced mice, we conducted an 
AIMs test for 180 min on the 14th day of drug treatment (Fig. 
1A). From 20 min to 140 min after L-DOPA administration, 
mice in the 5-HTP group showed significantly suppressed 
abnormal dyskinetic movements compared to those in the 
LID group, which was similar to that observed in the AMAN 
group. In particular, at 60 min after L-DOPA treatment, mice 
in the LID group showed the highest AIMs score during the 
test sessions; however, the 5-HTP-treated group significantly 
reduced score compared with the LID group (Fig. 1B). In ad-
dition, the total AIMs score of the 5-HTP group, which is the 
sum of the four AIMs subtype scores for 180 min, decreased 
compared with that of the LID group (Fig. 1C). In an aspect of 
the area under curve (AUC) of graph for changing AIMs score 
over time, we also found that increased AUC in the LID group 
was significantly attenuated by treatment of 5-HTP (Fig. 1D). 
Additionally, the 5-HTP group showed similar effects as those 
of the AMAN group.

5-HTP reduced AIMs per each subtype
To determine the subtypes of the anti-dyskinetic effect of 

5-HTP, the AIMs scores for the four subtypes were compared. 
The four subtypes of AIMs scores were highly increased in 
LID-induced mice. As shown in Fig. 2A, the increased axial 
AIMs score in the LID group was significantly diminished by 
treatment with 5-HTP 60 mg/kg. Additionally, other subtype 
results showed that mice of the 5-HTP group had significant-
ly decreased dyskinetic movements compared to those of 
chronically L-DOPA treated mice (Fig. 2B-2D). The inhibitory 
effect showed similar impact on the AMAN group.

5-HTP did not interfere with L-DOPA efficacy on 
parkinsonian motor behavior

For LID therapies, maintaining the efficacy of L-DOPA is 
as important as suppressing dyskinesia. Therefore, we per-
formed a cylinder test to evaluate its intervention on the L-
DOPA effect. The forelimb usage on the contralateral side of 
the lesioned part in the PD group (Fig. 3) was significantly 
lower than that of the SHAM group. However, L-DOPA admin-
istration resulted in a significant recovery. In addition to the 
LID group, the 5-HTP and AMAN groups did not show a dis-
turbance on the L-DOPA effect, indicating that 5-HTP does not 
interfere with L-DOPA efficacy.

5-HTP normalized aberrant CREB and ΔFosB signaling, 
but did not affect D1/DARPP32/ERK signaling in LID-
induced mouse ST

We next investigated whether 5-HTP altered several pos-
sible factors related to abnormal signals caused by excessive 
dopamine in the ST of LID mice. First, we evaluated the ex-
pression of phosphorylated CREB and ΔFosB, which are com-
monly known downstream factors in LID conditions. As shown 
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in Fig. 4A and 4B, chronic treatment of L-DOPA increased 
phosphorylation of CREB and ΔFosB expression compared 
with the PD group, but mice treated with 5-HTP 60 mg/kg 
orally showed normalization of both overexpressed protein 
levels of phosphorylated CREB and ΔFosB similar to those 
of amantadine treated mice. Next, we assessed the com-
monly altered D1/DARPP32/ERK pathway to elucidate how 
these downstream scales were regulated. Phosphorylation of 
DARPP32 and ERK levels was excessively increased in the 
LID group (Fig. 4C, 4D). Interestingly, treatment of amanta-
dine in LID-induced mice inhibited its phosphorylation, but oral 
administration of 60 mg/kg 5-HTP did not affect its expression. 
Taken together, we found that 5-HTP regulated ΔFosB and 
CREB signaling, but not by D1/DARPP32/ERK signaling, un-
like amantadine.

5-HTP normalized AKT/mTOR/S6K pathway in LID-
induced mouse ST

In order to determine an additional pathway for regulating 
phosphorylated CREB and ΔFosB, we analyzed another path-
way, AKT/mTOR, which could also be activated by the 5-HT 
receptor (Meffre et al., 2012). As shown in Fig. 5A, phosphory-
lation of AKT was highly elevated in the ST of LID mice com-
pared to that of PD mice. However, its levels were stabilized 
in the 5-HTP group. In addition, the AKT downstream factor, 
mTOR, was significantly phosphorylated by chronic L-DOPA 
treatment. Consistent with the change in AKT expression, the 
5-HTP group showed an inhibitory effect on the phosphoryla-
tion of mTOR compared with the LID group (Fig. 5B). We also 
found that 5-HTP mediated the AKT/mTOR signal similar to 
that of the AMAN group. By confirming that 5-HTP mediated 
AKT/mTOR, we evaluated whether 5-HTP could specifically 
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regulate mTOR downstream factors, such as S6K. Phosphor-
ylation of S6K in the LID group was significantly increased 
compared to that in the PD group. Elevated phosphorylation 
of S6K was significantly decreased in the 5-HTP group, which 
was not observed in the AMAN group (Fig. 5C).

Striatal biomolecules altered by 5-HTP correlated with 
dyskinesia induction

The relationship between the total AIMs score and ex-
pression of proteins modified by 5-HTP 60 mg/kg treatment 
such as ΔFosB and phosphorylated CREB, AKT, mTOR and 
S6K was analyzed by Pearson’s correlation. Altered factors 
by 5-HTP were positively correlated with development of LID 
(Fig. 6). Particularly, expression of ΔFosB and phosphorylated 
CREB, mTOR and S6K showed statistically significant cor-
relation with AIMs score. Collectively, 5-HTP reduced LID by 
modulating AKT/mTOR/S6K and CREB/ΔFosB signals.

DISCUSSION

In this study, we aimed to demonstrate whether 5-HTP 
would have similar anti-dyskinetic effects as those of aman-
tadine as a positive control, while maintaining the movement 
improvement in PD. In addition, we analyzed the unknown 
pathological molecular pathways in the LID condition. Our 
study revealed that treatment with 5-HTP reduced LID and 
sustained L-DOPA efficacy in parkinsonian motor disorders 
as much as amantadine in dyskinetic mice. In addition, for 
the first time, we found that 5-HTP specifically modulated the 
AKT/mTOR and CREB/ΔFosB pathways, independent of D1/
DARPP32/ERK signaling. 

5-HTP is attracting attention in LID research because of its 
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compared to the SHAM group. Data were analyzed by one-way ANOVA, followed by Dunnett’s post hoc test. #p<0.05 compared with the PD 
group; **p<0.01 and *p<0.05 compared with the LID group. Values were presented as means ± of SEM. SHAM: vehicle-lesioned mouse 
(n=7), PD: 6-OHDA-lesioned mouse (n=6), LID: 6-OHDA-lesioned mouse treated with vehicle+L-DOPA (n=6), 5-HTP: 6-OHDA-lesioned 
mouse treated with 5-HTP+L-DOPA (n=6), AMAN: 6-OHDA-lesioned mouse treated with AMAN+L-DOPA (n=5).
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non-reducing ability of 5-HT levels as opposed to the 5-HT 
autoreceptor agonist, which is well established in this area 
(Tronci et al., 2013; Paolone et al., 2015; Meloni et al., 2020). 
It is interpreted that 5-HTP maintains 5-HT mediated signals, 
and furthermore, selectively modulates biochemical cascades 
related to dyskinetic movements. Our data indicated that 
5-HTP treatment showed similar effects as those of amanta-
dine in terms of the behavior aspects (Fig. 1-3), but differed 
in molecular mechanisms. Specifically, the expression of the 
hyper-activated D1/DARPP32/ERK pathway was decreased 
by amantadine, but not by 5-HTP (Fig. 4). Amantadine, a pre-
viously approved drug for LID, acts not only as an NMDA re-
ceptor antagonist but also as a dopamine receptor agonist; 
therefore, its use for long-term treatment of LID remains con-
troversial (Pettorruso et al., 2012; Marxreiter et al., 2017). In 
addition, D1-mediated signaling plays a primary role in motor 
circuit and LID occurrence in the ST (Aubert et al., 2005; Nishi 
et al., 2011). Therefore, various targets involved in D1 medi-
ated cAMP regulation have been proposed; however, it raises 
concerns that direct regulation of D1 signaling could suppress 
locomotive activity as seen in PD. Therefore, alternative thera-
pies that regulate aberrant biochemical signals have more ad-
vantages than the direct regulation of specific receptor activity 
for LID (Urs et al., 2015). Therefore, 5-HTP overcomes the 
disadvantages of specific receptor target therapies and at the 

same time, controls LID by showing a similar ability as that of 
amantadine. 

In excitatory biochemical signals, the D1-downstreatm 
molecular pathway called D1/DARPP32/ERK signaling is 
triggered when the surge of dopamine activates D1 at the 
post-synapse in SPNs of dyskinetic mice by increasing cyclic 
adenosine monophosphate (cAMP) production (Feyder et 
al., 2011). We first hypothesized that 5-HTP would reduce el-
evated activation of D1/DARPP32/ERK through downregula-
tion of cAMP levels by activating 5-HT1A/B receptor (Shimizu 
and Ohno, 2013), as in a previous study, it was discovered 
that the effect of 5-HTP on LID was partially agonistic towards 
5-HT1A/B receptor (Tronci et al., 2013). In our study, we con-
firmed that 5-HTP did not affect the D1/DARPP32/ERK path-
way. Several studies have suggested alternative pathways 
that regulate phosphorylated CREB, mTOR and truncation 
of FosB, but not by the D1/DARPP32/ERK pathway. Ryu et 
al. (2021) reported that coadministration of β-lapachone with 
L-DOPA attenuated LID by regulating the glycogen synthase 
kinase 3β pathway, but did not significantly impact the D1/ERK 
pathway in denervated ST. In addition, Eshraghi et al. (2020) 
observed that the mTOR pathway could be mediated inde-
pendent of ERK signaling. Taken together, these results could 
indicate that the inhibitory effect of dyskinesia is not necessar-
ily mediated through D1-mediated signaling. 
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Fig. 5. Molecular mechanisms of 5-HTP on the AKT/mTOR/S6K signaling in the ST. Expressions of P-AKTS473/AKT (A), P-mTORS2481/mTOR 
(B) and P-S6KT389/AKT (C) in the lesioned ST were quantified as compared to the SHAM group. Data were analyzed by one-way ANOVA, 
followed by Dunnett’s post hoc test. ##p<0.01 and #p<0.05 compared with the PD group; **p<0.01 and *p<0.05 compared with the LID group. 
Values were presented as means ± of SEM. SHAM: vehicle-lesioned mouse (n=7), PD: 6-OHDA-lesioned mouse (n=6), LID: 6-OHDA-le-
sioned mouse treated with vehicle+L-DOPA (n=6), 5-HTP: 6-OHDA-lesioned mouse treated with 5-HTP+L-DOPA (n=6), AMAN: 6-OHDA-le-
sioned mouse treated with AMAN+L-DOPA (n=5).
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Our results also suggested that 5-HTP specifically acted on 
the mTOR pathway, unlike amantadine that did not alter the 
phosphorylated S6K expression (Fig. 5). Amantadine reduced 
the phosphorylation of mTOR in hepatitis A-infected Huh7 
cells (Sasaki-Tanaka et al., 2022). However, its effect on S6K 
phosphorylation was not elucidated yet. S6K activity is mainly 
mediated by phosphorylation on T389 or T229 site, which 
independently regulate its activity. Unlike T389 site that we 
analyzed, the phosphorylation on T229 requires PDK1 (phos-
phoinositide-dependent protein kinase 1) activation. (Magnu-
son et al., 2012). Amantadine is an anti-virus agent against 
virus A that is affected by PDK1/AKT/mTOR pathway (Murray 
et al., 2012). Collectively, amantadine might induce the phos-
phorylation of T229, not T389. However, further study about 
molecular mechanism of amantadine should be needed. 

The mTOR pathway is a promising target for LID. Regard-
ing the behavioral aspect, acute and chronic administration 
of rapamycin, an mTOR complex1 inhibitor, diminished dys-
kinesia with sustaining L-DOPA efficacy on motor symptoms 
in hemiparkisonian rodent model (Brugnoli et al., 2016; Cal-
abrese et al., 2020). Phosphorylated S6K, the mTOR down-
stream cascade, also robustly increased in the dyskinetic mice, 
which has a strong positive correlation with the relevance of 
the total AIMs score (Eshraghi et al., 2020). Furthermore, the 
regulation of mTOR signaling is closely involved in synaptic 
plasticity, which impacts dyskinesia. In the LID condition, loss 
of striatal bidirectional synaptic plasticity occurred (Picconi et 
al., 2018); however, pre-administration of rapamycin restored 
the loss of synaptic plasticity in LID-induced rats (Calabrese 
et al., 2020). Besides, S6K1 knockout mice showed deficits 
in the early phase of LTP related to memory acquisition in the 
hippocampus (Antion et al., 2008). Also, striatal mTOR/S6K 
signaling altered by 5-HTP showed strongly high correlation 
with dyskinesia (Fig. 6). Based on these above mentions, 
5-HTP actions by the regulation of mTOR signaling could play 
a significant role in the treatment of LID.

In addition, the AKT/mTOR pathway is also associated with 
5-HT receptors, especially, 5-HT1, 2 and 6 receptors in sev-
eral disease models. For example, the activation of 5-HT1A 
receptor stimulated AKT/mTOR signaling and showed an anti-
depressant effect by ketamine in the rodent medial prefrontal 
cortex (Chaki and Fukumoto, 2019). In addition, cannabis pro-
moted the AKT/mTOR pathway through the 5-HT2 receptor in 
the mouse cortex (Ibarra-Lecue et al., 2018). Also, Meffre et 
al. (2012) discovered that the 5-HT6 receptor induced AKT/
mTOR activation in the prefrontal cortex of schizophrenia ro-
dent models. Thus, considering several previous studies com-
prehensively, 5-HTP administration would specifically affect 
the AKT/mTOR pathway by activating 5-HT receptors.

By taking L-DOPA gradually, increased phosphorylation of 
CREB has been also found and then produces ΔFosB, which 
is also associated with LID development and synaptic plastic-
ity (Nestler et al., 2001; Alberini, 2009; Sharma et al., 2015; 
Beck et al., 2019). Hence, normalization of increased CREB 
phosphorylation and ΔFosB levels is important in the LID sys-
tem. AKT has been reported to mediate CREB and mTOR 
through 5-HT receptors (Chilmonczyk et al., 2017). In previous 
studies, 5-HT stimulated AKT, CREB and 5-HT7 receptor- me-
diated AKT/CREB signaling is involved in liver regeneration 
in rat hepatocytes (Svejda et al., 2013; Ballou et al., 2018). In 
our findings, 5-HTP modulated not only the AKT/mTOR path-
way but also CREB phosphorylation and ΔFosB (Fig. 4, 5). 

Therefore, normalization of abnormal molecular ratio might 
be beneficial for the regulation of impaired synaptic plasticity. 
However, further studies are needed to assess the potential 
contribution to the loss of depotentiation in SPNs.

Considering that 5-HTP acts as a 5-HT1A/B receptor ago-
nist and its regulation system of mTOR, it might regulate glu-
tamate levels. In fact, the 5-HT1 receptor agonist, eltoprazine, 
attenuated LID by decreasing the elevated glutamate level 
(Paolone et al., 2015). Moreover, Brugnoli et al. (2016) discov-
ered that elevated striatal glutamate levels were diminished 
by treatment with rapamycin in 6-OHDA-lesioned L-DOPA-
treated mice. It is well established that glutamate levels in the 
ST increase under LID conditions. Thus, further studies on the 
regulation of glutamate levels and related pathways by 5-HTP 
need to be conducted.

Taken together, our present study demonstrated that the 
administration of 5-HTP specifically modulated AKT/mTOR/
S6K and CREB/ΔFosB pathway-related synaptic plasticity in 
LID-induced mouse ST. Moreover, these effects evoked simi-
lar anti-dyskinetic effects compared to amantadine without 
worsening L-DOPA efficacy. In view of the above-mentioned 
results, 5-HTP might prevent L-DOPA-induced dyskinetic 
movements by specifically regulating phosphorylation of 
AKT and simultaneously normalizing mTOR/S6K and CREB/
ΔFosB signaling in PD.
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