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L-3,4-dihydroxyphenylalanine (L-DOPA) is the most common treatment for patients with Parkinsons disease (PD). However,
long term use of L-DOPA for PD therapy lead to abnormal involuntary movements (AIMs) known as dyskinesia. Fatty acid amide
hydrolase (FAAH) is enriched protein in basal ganglia, and inhibition of the protein reduces dyskinetic behavior of mice. Palmitoyl
serotonin (PA-5HT) is a hybrid molecule patterned after arachidonoyl serotonin, antagonist of FAAH. However, the effect of PA-
5HT on L-DOPA-induced dyskinesia (LID) in PD have not yet been elucidated. To investigate whether PA-5HT relieve LID in PD
and decrease hyperactivation of dopamine D1 receptors, we used the 6-hydroxydopomine (6-OHDA)-lesioned mouse model of
PD and treated the L-DOPA (20 mg/kg) for 10 days with PA-5HT (0.3 mg/kg/day). The number of wall contacts with the forelimb
in the cylinder test was significantly decreased by 6-OHDA lesion in mice and the pharmacotherapeutic effect of L-DOPA was
also revealed in PA-5HT-treated mice. Moreover, in AIMs test, PA-5HT-treated mice showed significant reduction of locomotive,
axial, limb, and orofacial AIMs score compared to the vehicle-treated mice. LID-induced hyper-phosphorylation of ERK1/2 and
overexpression of FosB/AFosB was markedly decreased in 6-OHDA-lesioned striatum of PA-5HT-treated mice, indicating that PA-
5HT decreased the dopamine D1 receptor-hyperactivation induced by chronic treatment of L-DOPA in dopamine-denervated
striatum. These results suggest that PA-5HT effectively attenuates the development of LID and enhance of ERK1/2 phosphorylation
and FosB/AFosB expression in the hemi-parkinsonian mouse model. PA-5HT may have beneficial effect on the LID in PD.
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as dyskinesia in patients with PD [2, 3]. Currently, LID in PD is
mediated by changes in the basal ganglia activity and alteration
of the serotonin (5-HT) terminal [4-6]. Serotonergic neurons
synthesise dopamine (DA) through decarboxylation of L-DOPA
to dopamine by amino-acid decarboxylase, and store and release
dopamine into their synaptic cleft [7, 8]. L-DOPA-induced DA
release is sensitive to serotonin pharmacological manipulation and
the lesion of 5-HT neurons [9, 10].

Conjugates of fatty acid with amino acids or monoamine
neurotransmitters act as a signalling molecule in various biological
processes [11-13]. N-acyl serotonin, with fatty acid chains, is
endogenously formed and is present in the gastrointestinal tract of
pigs and mice [13]. N-acyl serotonin has the ability to inhibit fatty
acid amide hydrolase (FAAH) in vitro [13] and prevent glutamate-
induced oxidative cytotoxicity in HT-22 cells [14]. N-palmitoyl
serotonin (PA-5-HT), the N-acyl serotonin with palmitoyl chain,
showed a remarkable protective effect against glutamate-induced
cytotoxicity and oxidative stress, and markedly suppressed the
glutamate-induced activation of ERK in the late phase [14]. The
modulation of fatty acid amide (FAA) levels via inhibition of
FAAH is of potential therapeutic interest for patients with PD [15].
Inhibition of FAAH and the transient receptor potential vanilloid
1 (TRPV1) receptor reduces L-DOPA-induced dyskinesia and
hyperactivity in an animal model of PD [16, 17]. PA-5-HT is a
hybrid molecule patterned after arachidonoyl serotonin, a dual
antagonist of FAAH and TRPV1 receptor [18, 19]. However, the
effect of PA-5-HT on LID in PD has not yet been investigated.

Previous studies reported that alternate of D1 dopamine
receptor (DIR) associated protein in L-DOPA-induced dyskinesia
(LID; [20, 21]). Chronic treatment of L-DOPA triggers a DIR
pathway that includes cAMP-dependent kinase [22-24]. The
enhanced DIR signalling is observed in the phosphorylation of
extracellular signal-regulated protein kinases (ERKs)1/2, mitogen-
and stress-activated kinase 1 (MSK1), and histone H3 [25-27].
Therefore, chronic treatment of L-DOPA induces transcriptional
alteration in the striatum such as FosB/AFosB expression [28-30].
The increase of FosB/AFosB expression by prolonged treatment of
L-DOPA triggers the development of L-DOPA-induced abnormal
behavioural responsiveness and dyskinesia [31].

In this study, to assess the anti-dyskinetic effect of PA-5HT
in PD, we used the 6-hydroxydopamine (6-OHDA)-induced
hemiparkinsonian mouse model, and evaluated LID using the
abnormal involuntary movements (AIMs) scoring test. We
administered the L-DOPA at 10 mg/kg/day dosage for 10 days
in vehicle- and PA-5HT (0.3 mg/kg/day)-treated mice. The
effects of the PA-5HT on hyper-phosphorylation of ERK1/2 and
overexpression of FosB/AFosB was investigated in the striatum of
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an animal model of PD showing LID.
MATERIALS AND METHODS

Animals

Eight-week-old male C57BL/6] mice (25~28 g) were provided by
the Korea Research Institute of Bioscience and Biotechnology. The
animals were housed in a temperature (21~22°C) and humidity
(50~60%) controlled environment and specific-pathogen-free
condition with a 12-h light/dark cycle (light: 7 AM to 7 PM,
dark: 7 PM to 7 AM). The animals were allowed free access to
autoclaved food and water (Purina Inc., Hwasung-si, Korea). The
cages were filled with bedding made of chopped wood particles
(J. Rettenmaier & S6hne GmbH + Co. KG, Rosenberg, Germany).
Allanimal experiments were approved by the Institutional Animal
Use and Care Committee of the Korea Research Institute of
Bioscience and Biotechnology and were performed in accordance
with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

Drugs

6-OHDA was purchased from Sigma-Aldrich Co. LLC (St.
Louis, MO, USA) and diluted with 0.02% ascorbic acid in saline.
Desipramine (25 mg/kg), L-DOPA (20 mg/kg), and the peripheral
DOPA decarboxylase inhibitor benserazide hydrochloride
(12 mg/kg) were purchased from Sigma-Aldrich Co. LLC and
dissolved in saline immediately before use. PA-5HT (0.3 mg/kg)
was purchased from Cayman Chemical (MI, USA), evaporated
with ethanol and immediately diluted in saline. D-amphetamine
(D-AMPH, 5 mg/kg) was purchased from USP (Rockville, MD,
USA) and then dissolved in saline.

6-OHDA lesions

Mice were treated with desipramine (25 mg/kg, intraperitoneal
(i.p.)) 30 min before the surgery to prevent noradrenergic neuron
damage. Mice were anaesthetised with a mixture of ketamine
hydrochloride and xylazine hydrochloride, as described previously
[32], and mounted on a stereotactic frame (Stoelting Europe,
Dublin, Ireland) that was equipped with a mouse adaptor. Mice
received unilateral injections of 6-OHDA in 3-uL volumes (5 pg/
pL, at the injection speed of 1 uL/min) into the left side of the
SNc at the following coordinates according to the mouse brain
atlas of Paxinos and Franklin (2001): anteroposterior (AP), -3.0
mm; lateral (L), -1.3 mm; and dorsoventral (DV), -4.7 mm [33].
Mice were left on a warming plate until they woke up from the
anaesthesia and then returned to their home cages until use. To
avoid dehydration, lesioned mice received sterile saline (10 mL/kg,
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i.p.) for 3 days. In addition, during the first week post-surgery, food
pellets soaked in water were placed in a shallow vessel on the floor
of the cages in the evening.

Cylinder test

Cylinder test was described in a previous study [33]. Cylinder
test assessed the behavioural effects of the 6-OHDA-induced
lesions and improvements of acute treatments with L-DOPA on
sensorimotor function. Before the 6-OHDA lesion, 2 weeks later
the 6-OHDA injection, and 30 min after the first injection of
L-DOPA, each mouse was placed in an acrylic cylinder (diameter,
15 cm; height, 27 cm), and we counted the number of contacts
on the wall with the right or left forepaw for 5 min. The use of the
impaired (right) forelimb was expressed as a percentage of the
total number of supporting wall contacts.

D-AMPH-induced rotation test

For mice administered with PA-5-HT, D-AMPH-induced
rotation was measured 2 weeks after the 6-OHDA injections. We
screened for mice showing high levels of asymmetric rotations in
response to administration of D-AMPH. Turning behaviours that
were induced after D-AMPH (5 mg/kg, i.p.) administration were
recorded for 60 min in an observation cylinder (diameter, 20 cm;
height 13 cm). The number of ipsilateral rotations was analysed by
a SMART video-tracking program (Panlab S.I, Barcelona, Spain).
The selected mice were separated into two groups for an injection
of either vehicle (n=9) or PA-5-HT (n=8, 0.3 mg/kg/day;, peroral).

Abnormal involuntary movements (AIMs) test

Four weeks after the 6-OHDA injections, lesioned mice
were treated with L-DOPA (20 mg/kg, i.p.) and benserazide
hydrochloride (12 mg/kg, i.p.) for 10 days. On days 5 and 10 of
the L-DOPA injections, AIMs were assessed by observers who
were blind to the treatment groups. Each mouse was individually
placed in a separate glass cylinder, and dyskinetic behaviours were
assessed for 1 min (monitoring period) in every 20-min block
for a period of 120 min. The AIMs score corresponds to the sum
of the individual scores for each subtype. AIMs subtypes: axial
(contralateral dystonic posture of the neck and upper body toward
the side contralateral to the lesion), limb (jerky and fluttering
movement of the limb contralateral to the side of the lesion),
orolingual (vacuous jaw movements and tongue protrusions), and
locomotive (tight contralateral turns). Each subtypes was scored
from 0 to 4: 0, absent; 1, occasional; 2, frequent; 3, continuous;
4, continuous and not interruptible by other stimulations. A
composite score was obtained by the addition of the scores for
axial, limb, and orofacial AIMs (ALO score) according to the
176
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report that composite AIMs scores more closely reflect human
dyskinetic behaviour compared to the locomotive AIMs score
(LOC score) (27,33, 34].

Immunohistochemistry

Immunohistochemistry was conducted as described previously
[35]. Briefly, 30 min after the last L-DOPA injection, the brains
were removed, post-fixed overnight, and then cut into 40-um
coronal sections with a vibratome (Vibratome VT1000A, Leica
Microsystems GmbH, Wetzlar, Germany). Free-floating sections
were incubated in phosphate buffer saline (PBS) containing
3% hydrogen peroxide (H,0O,) (v/v), rinsed 3 times in PBS, and
blocked with 5% horse serum (HS) for 1 h at room temperature.
Sections were incubated overnight at 4°C with the primary
antibodies. The primary antibodies were rabbit polyclonal
antibodies for TH (Pel-Freez, RRID:AB_461064). After washing,
the sections were incubated with biotinylated secondary anti-
rabbit IgG (Vector Laboratories, Inc., Burlingame, CA, USA), which
was followed by the avidin-biotinylated peroxidase complex (ABC
kit, Vector Laboratories, Inc., PK6100) and 3,3'-diaminobenzidine
(DAB; Sigma-Aldrich Co. LLC, D5637). Sections containing the
SNc at AP -3.0 to -3.6 mm from the bregma were selected, and
immunoreactive cells from the lesioned and unlesioned SNc¢
were counted under a microscope. Qualitative evaluations of the
immunoreactive cells were performed in a blind manner in terms
of genotype and treatment by following the procedure introduced
by Park et al. (2014) [33].

Immunoblotting

Western blot analysis was described in a previous study
[36]. Thirty minutes after the last L-DOPA injection, mice
were sacrificed, and the striatum was quickly removed and
homogenised in a RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1% Nonidet P-40,0.1% SDS, and 0.1% sodium deoxycholate)
containing a cocktail of protease inhibitors (Roche). Protein
samples were separated by 10% SDS-PAGE, and then transferred
onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad,
Hercules, CA). Blots were incubated with primary antibodies
(Phospho-ERK1/2 (Thr202/Tyr204; Cell Signaling Technology,
RRID:AB_331646), ERK1/2 (Cell Signaling Technology,
RRID:AB_10695746), FosB/AFosB (Cell Signaling Technology,
RRID:AB_2106903) or actin (Millipore) followed by secondary
antibodies, and specific signals were visualised using an enhanced
Ez West Lumi plus (WSE-7120L, ATTO Corporation, Tokyo,
Japan). Western blot images were quantified using Quantity One
1-D analysis software, version 4.6.1 (Bio-Rad).

http://dx.doi.org/10.5607/en.2016.25.4.174



en

PA-5HT Suppresses L-dopa-induced Dyskinesia

Statistical analysis

GraphPad PRISM software (GraphPad Software, Inc., La Jolla,
CA, USA) was used to perform statistical analyses. Two-sample
comparisons were conducted with Students t tests, whereas
multiple comparisons were made with a two-way analysis of
variance (ANOVA), followed by a Bonferroni post hoc test or one-
way ANOVA, followed by a Tukey-Kramer’s post hoc test. All the
results are presented as meanststandard error of the mean. Any
difference with a p value less than 0.05 were considered statistically

significant.

RESULTS

6-OHDA lesion-induced motor deficit was rescued by acute
L-DOPA treatment in vehicle-treated and PA-5HT-treated
groups

To investigate the effect of PA-5-HT on LID in PD, 6-OHDA-
induced hemiparkinsonian mouse model was used [33]. Two
weeks after the 6-OHDA lesion, we screened for mice showing
high level of asymmetric rotations in responses to administration
of D-amphetamine (D-AMPH) (Fig. 1B). The selected mice
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Fig. 1. Effects of 6-OHDA lesions on vehicle- and PA-5HT-treated mice. (A) Schematic of the 6-OHDA-lesion, drug injection and behavioral tests. (B)
D-AMPH-induced rotations in vehicle- and PA-5HT- treated mice for 60 min (n=8-9). (C) Right forelimb use by vehicle- and PA-5HT-treated mice in
the cylinder test before (pre-test) and after 6-OHDA injection (6-OHDA), and 30 min after the first treatment of L-DOPA (6-OHDA/L-DOPA) (n=8-9).
Western blots (D) and immunostaining (E) of TH in the striatum and SNc of vehicle- and PA-5HT- treated mice. Scale bar 500 pum. **p<0.01, significant
differences between indicated groups. One-way ANOVA followed by a Tukey-Kramer post hoc test. Data are presented as the mean+SEM. D-AMPH:
D-amphetamine; PA-5HT: Palmitoyl serotonin; 6-OHDA: 6-hydroxydopamine; L-DOPA: L-3,4-dihydroxyphenylalanine; TH: tyrosine hydroxylase;
SNc: substantia nigra pars compacta.
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were then separated into two groups: vehicle-treated and PA-
5HT-treated groups (D-AMPH-induced rotations: vehicle,
293.42+52.15 and PA-5HT, 312.2+63.72 and percentage of
forelimb use: vehicle, 27.69+4.89% and PA-5HT, 31.30+2.33%).
Two weeks after the behavioural screening, L-DOPA was
administered in both groups. 6-OHDA-lesion induced reduced
number of wall contacts with the forelimb of mice in the cylinder
test (Fig. 1C, p<0.01). In the first administration of L-DOPA, we
observed the therapeutic effects in both groups in the cylinder test
(Fig. 1C, p<0.01). The efficacy of the 6-OHDA lesions was verified
using western blotting and immunohistochemistry to detect the
decrease in tyrosine hydroxylase (TH) level in the striatum (Fig.
1D) and SNc¢ (Fig. 1E). In immunoblotting, TH depletion levels
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levels were 78.99+4.98 and 69.96+7.71 in vehicle and PA-5-HT. We
did not observe any correlation between the reduction of TH and
the severity of AIMs (TH fiber in the striatum, r=0.156, p=0.549;
TH-positive cells in SN¢, r=0.293, p=0.2526). 6-OHDA lesion in
the SNc in mice effectively induced dopaminergic neuronal death
in the SNc and fibre loss in the striatum.

PA-5HT reduced the L-DOPA induced dyskinesia in
hemiparkinsonian mice

In order to investigate whether PA-5HT exerts an inhibitory
effect on the LID of PD, the mice were administered L-DOPA
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(20 mg/kg/day) with vehicle or PA-5HT (0.3 mg/kg/day) for 10
days. On day 5, we performed the AIMs test in the vehicle-treated
and PA-5HT-treated groups (Fig. 2A). Differences in the total
AIM scores were observed between vehicle-treated and PA-5HT-
treated groups (Fig. 2B). Differences in axial, limb, and orofacial
AIM (ALO AIMs) scores were not significant at this time point
(vehicle; 9+0.89 and PA-5HT 6.38+0.533, p=0.064, Fig. 2C), but
locomotive AIMs (LOC AIMs) score was significantly decreased
in the PA-5HT-treated group (vehicle; 4.33+0.84 and PA-5HT;
0.88+0.56, p<0.05, Fig. 2D). On day 10, differences in the total
AIM scores were observed between vehicle-treated and PA-5HT-
treated groups (Fig. 2E and F). ALO AIMs scores were significantly
decreased in the PA-5HT-treated group (vehicle; 19.44+1.41
and PA-5HT; 10.25+0.88, p<0.01, Fig. 2G), and LOC AIMs score
was also significantly decreased in the PA-5HT-treated group
(vehicle; 8+0.96 and PA-5HT; 2.88+0.63, p<0.01, Fig. 2H). PA-5HT
treatment significantly reduced axial, limb, and locomotive AIM
scores on day 10 compared to the vehicle-treated group (Fig. 3A, B
and D), but had no effect on orofacial AIM scores (Fig. 3C).

PA-5HT suppressed the hyper-phosphorylation of ERK1/2
in the 6-OHDA-lesioned striatum

Previous studies indicated that pERK1/2 is implicated in
the degree of LID [37]. ERK is strongly activated by chronic
treatment of L-DOPA in the 6-OHDA-lesioned striatum [38, 39].
Plant extracts or compounds having therapeutic effects on LID
reduced phosphorylation of ERK in the dopamine-denervated
striatum [37, 40]. We examined whether lower AIM scores in the
PA-5HT-treated group are associated with the phosphorylation
level of ERK1/2 protein. On day 11, the vehicle-treated and PA-
5HT-treated mice were sacrificed after 30 min of L-DOPA
treatment and western blot analysis was performed using the
processed samples from the unlesioned and 6-OHDA-lesioned
striatum. In the vehicle-treated group, phospho-ERK1/2 levels
were significantly increased in the 6-OHDA-lesioned striatum
compared with the unlesioned striatum (Fig. 4). In contrast,
phosphorylation of ERK1/2 was not changed in the 6-OHDA-
lesioned striatum of PA-5HT-treated mice (Fig. 4).

PA-5HT suppressed the overexpression of FosB and AFosB
in the 6-OHDA-lesioned striatum

Previously, the increased FosB/AFosB expression induced by
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chronic treatment of L-DOPA in dopaminergic depletion striatum
was reported [39, 41]. Induction of their expression occurs in
the striatal medium spiny neurons that express dopamine D1
receptors and is regulated by the activation of ERK1/2 [39, 41,
42]. On day 11, the vehicle-treated and PA-5HT-treated mice
were sacrificed after 30 min of L-DOPA treatment and western
blot analysis was performed using the processed samples from
the unlesioned and 6-OHDA-lesioned striatum. The expression
of FosB and AFosB was markedly increased in the 6-OHDA-
lesioned striatum of the vehicle-treated mice, compared with the
unlesioned striatum of the mice, but induction of FosB and AFosB
expression in the lesioned striatum was not revealed in the PA-

A B

5HT-treated mice (Fig. 5).
DISCUSSION

The present study demonstrated the protective effect of PA-
5HT on LID in a 6-OHDA-induced hemi-Parkinsonian mouse
model. The therapeutic effect of L-DOPA was not altered by PA-
5HT treatment with L-DOPA in the PD animal model. Moreover,
abnormal increase of ERK1/2 phosphorylation and FosB/AFosB
expression induced by prolonged treatment of L-DOPA were
significantly inhibited in the 6-OHDA lesioned striatum of PA-
5HT-treated mice.
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“*p<0.01. Data are presented as the mean+SEM. L-DOPA: L-3 4-dihydroxyphenylalanine; 6-OHDA: 6-hydroxydopamine; PA-5HT: Palmitoyl serotonin.
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Fig. 5. Overexpression of FosB/AFosB by chronic L-DOPA is reduced in the 6-OHDA-lesioned striatum of PA-5HT-treated mice. Protein levels
of FosB and AFosB were evaluated by western blots (A). AFosB (B) and FosB (C) levels in the 6-OHDA lesioned versus unlesioned striata (n=8-
9). One-way ANOVA followed by a Tukey-Kramer post hoc test.*p<0.05 and **p<0.01. Data are presented as the mean+SEM. L-DOPA: L-3,4-
dihydroxyphenylalanine; 6-OHDA: 6-hydroxydopamine.
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Previously, FAAH inhibitors have been shown to reduce
hyperdopaminergia-related hyperactivity in mice [43, 44]. The
reduction of LID was seen when FAAH inhibition was combined
with an antagonist of TRPV1 receptor [17]. Although the effect of
PA-5HT on TRPV1 receptor has not been studied, PA-5-HT was
found to be a potent FAAH inhibitor [13]. PA-5HT is one of the
hybrid molecules patterned after arachidonoyl serotonin and is
abundantly presents in the gastrointestinal tract of pigs and mice
[13]. Arachidonoyl serotonin inhibits both FAAH and TRPV1
receptor [18, 19]. Furthermore, FAAH and TRPV1 receptor are
enriched in the basal ganglia, including the striatum, substantia
nigra, and globus pallidus [45-47]. Under conditions in which
FAAH activity is blocked, endocannabinoid anandamide is
increased both intracellularly and extracellularly [48]. Increased
anandamide level in the striatum may have benefits in the
treatment of patients with PD [49]. However, amelioration of LID
by FAAH inhibitors is consistent with some, but not all. Moreover,
turther studies are needed to understand biological roles of PA-
5HT and investigate effects of FAAH by treatment with PA-5HT
in vivo.

The long-term administration of L-DOPA to 6-OHDA-lesioned
mice triggered activation of dopamine D1 receptor dependent
signalling pathway [20, 22, 25]. The pharmacological inhibition of
D1R-associated pathway, protein kinase A, ERK1/2, dopamine-
and cAMP-regulated phosphoprotein (Mr 32 kDa), and adenylyl
cyclase type 5 significantly attenuated dyskinesia in PD animal
models [22, 32, 50]. FosB/AFosB expression occurred in neurons
that express D1Rs in LID [35] and decreased in dyskinesia by the
inhibition of DIR-dependent proteins [32, 51]. Moreover, LID-
associated phosphorylation of ERK1/2 is implicated in DIR-
mediated pathway and attenuated in DARPP32-null mice [25].
PA-5HT markedly suppressed the glutamate-induced activation
of ERK in the late phase [13]. In the present study, enhanced
ERK1/2 phosphorylation and FosB/AFosB expression induced
by chronic L-DOPA treatment were effectively suppressed by
the co-treatment of PA-5HT in the hemi-Parkinsonian mouse
model. However, the regulatory mechanism of PA-5HT on these
signalling pathways in the striatum has not yet been elucidated.
Further studies are needed to investigate the effects of PA-5HT
on the striatal synaptic plasticity and dopaminergic system. In
previous reports, systemic and local administration of anandamide
affected the striatal synaptic plasticity [52], tyrosine hydroxylase
activity [53], and dopamine release and cAMP synthesis [54]
in the striatum. Enhancing the anandamide level by PA-5HT-
mediated inhibition of FAAH in the striatum may affect striatal
supersensitivity to L-DOPA and AIM caused by chronic treatment
of L-DOPA. Moreover, TRPV receptor inhibitor reduced

http://dx.doi.org/10.5607/en.2016.25.4.174

L-DOPA-induced FosB/AFosB expression in the dopamine-
depleted striatum [55].

In conclusion, the co-treatment of PA-5HT with L-DOPA, the
N-acyl serotonin with palmitoyl chain, can suppress the AIM
induced by prolonged administration of L-DOPA in the 6-OHDA
lesioned mouse model. Furthermore, the associated molecular
changes, pERK and FosB/ AFosB expression, mediated by DIR
signalling in mice were reduced by the systemic administration of
PA-5HT. These data suggest that the PA-5HT may have beneficial
effect on dopamine replacement therapy in PD.
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