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Abstract
Although L-3,4-dihydroxyphenylalanine (L-DOPA) is currently the most effective medication for treating Parkinson’s
disease (PD) motor symptoms, its prolonged administration causes several adverse effects, including dyskinesia. To
identify the mechanisms underlying the effects of acupuncture on L-DOPA-induced dyskinesia (LID), antidyskinetic
effects of acupuncture were investigated in two mouse models of PD. Acupuncture stimulation at GB34 alleviated
abnormal involuntary movements (AIMs) in Pitx3-deficient aphakia mice (ak/ak) following L-DOPA administration
and these effects were reproduced in 6-hydroxydopamine (6-OHDA)-lesioned mice with LID. A transcriptome
analysis of the hypothalamus revealed pro-melanin-concentrating hormone (Pmch) gene was highly expressed in
acupuncture-treated mouse from ak/ak model of LID as well as 6-OHDA model of LID. Acupuncture combined
with the administration of MCH receptor antagonist did not have any beneficial effects on dyskinesia in L-DOPA-
injected ak/ak mice, but the intranasal administration of MCH attenuated LID to the same degree as acupuncture in
both ak/ak and 6-OHDA mice with LID. A gene expression profile with a hierarchical clustering analysis of the
dyskinesia-induced ak/ak mouse brain revealed an association between the mechanisms underlying acupuncture and
MCH. Additionally, altered striatal responses to L-DOPA injection were observed after prolonged acupuncture and
MCH treatments, which suggests that these treatment modalities influenced the compensatory mechanisms of LID. In
summary, present study demonstrated that acupuncture decreased LID via hypothalamic MCH using L-DOPA-
administered ak/ak and 6-OHDA mouse models and that MCH administration resulted in novel antidyskinetic effects
in these models. Thus, acupuncture and MCH might be valuable therapeutic candidates for PD patients suffering
from LID.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized by various motor symptoms, including rigidity,
tremor, and/or slowness of movements, that result from the
progressive depletion of dopaminergic neurons in the
substantia nigra (SN) [1]. The dopamine precursor L-3,4-
dihydroxyphenylalanine (L-DOPA) is predominantly admin-
istered for the treatment of PD and initially counteracts the
motor symptoms of this disease [2]. However, prolonged L-
DOPA administration produces abnormal involuntary move-
ments (AIMs), including chorea and dystonia, that are referred
to as L-DOPA-induced dyskinesia (LID) [3]. LID degrades
the quality of life of PD patients and may even be more dis-
abling to patients than the disease itself [4]. Therapeutic strat-
egies for LID usually involvemodifying the dose and frequen-
cy of L-DOPA treatment as well as prescribing other
antidyskinetic medications, such as amantadine and clozapine
[5]. However, these antidyskinetic agents are also associated
with high incidence rates of adverse effects [6, 7] and, thus,
novel and safer therapies are needed.

Acupuncture has been effectively used as a treatment for
various neurological diseases, including PD [8–10] and stroke
[11, 12], in Asian countries for more than 5000 years. Recent
clinical trials of acupuncture for PD have shown that it may be
an efficacious adjunct therapy with conventional medicine
[13–15]. Using a translational approach, our research group
previously reported that acupuncture treatment improves mo-
tor function in a PD animal model by enhancing dopamine
transmission and normalizing post-synaptic proteins such as
pDARPP-32 and FosB in the striatum [16]. Acupuncture also
exerts synergistic effects with L-DOPA in terms of improving
motor function in 6-hydroxydopamine (6-OHDA)-lesioned
PD mice, which suggests that acupuncture may be beneficial
as a combination therapy with conventional treatments [10].
To further elucidate its role during combination therapy with
L-DOPA, our research group demonstrated that acupuncture
alleviates AIMs, which is a behavioral method for assessing
LID in animals, and that these changes are associated with the
normalization of alterations in γ-aminobutyric acid (GABA)
content in the SN and FosB expression in the striatum [10].
Taken together, these findings indicate that acupuncture may
be an effective antidyskinetic therapy for motor problems in-
duced by L-DOPA. However, the manner in which acupunc-
ture treatments that stimulate peripheral acupoints result in the
normalization of striatal alterations in LID models remains
unclear.

Acupuncture stimulates specific peripheral tissues called
acupoints that transmit signals to the central nervous system
and exerts its therapeutic effects via the integration of activi-
ties in several brain regions [17, 18]. For example, the hypo-
thalamus is a critical region for the response to acupuncture
[19–23]. Despite the fact that the current diagnostic and

therapeutic characterizations of PD largely emphasize motor
symptomatology, a gradually increasing understanding of
non-motor symptom complexes indicates that PD, as a syn-
drome, involves multiple systems and is not merely due to
deficiencies in nigrostriatal dopamine [24, 25]. The hypothal-
amus is the center for homeostasis and is associated with sev-
eral non-motor symptoms of PD patients, such as abnormal
sleep behaviors [26, 27]. Our group recently demonstrated that
acupuncture activates melanin-concentrating hormone
(MCH) neurons in the lateral hypothalamus, which increases
the release of MCH in the SN, and that this is associated with
improvements in motor function and dopaminergic neuropro-
tection in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced and A53T alpha-synuclein overexpression
mouse models of PD [28].

Thus, to extend these previous findings, the present study
investigated whether the hypothalamus plays an important
role in the antidyskinetic effects of acupuncture on LID
models using Pitx3-deficient ak/ak mice and 6-OHDA-
treated mice. A microarray analysis revealed that there was
an increase in pro-MCH (Pmch) levels following acupuncture
treatment in LID models that was similar to that observed in
PDmodels [28]. Additionally, to further understand the role of
MCH in acupuncture, these effects were assessed after a chal-
lenge administration of MCH receptor 1 (MCH1R) antago-
nist. The present study observed novel antidyskinetic effects
after treatment with MCH, which have not been previously
demonstrated.

Methods and Materials

Animals

This research was performed mainly in the homozygous
Pitx3-deficient aphakia mice (ak/ak) on a C57BL/6 back-
ground, the Pitx3 ak/ak Pmch −/− mice and corresponding
male C57BL/6 mice. Pitx3 ak/ak mice derived from the mat-
ing of heterozygous mice and Pitx3 ak/ak Pmch −/− double
knockout mice derived from the mating of homozygous mice
(Jackson Laboratory, Bar Harbor, Maine, USA) were deter-
mined through genetic analysis of mouse tail-tip DNA via
PCR. Pitx3 ak/ak mice and Pmch −/− mice were initially
purchased from the Jackson Laboratory. The Pitx3 ak/akmice,
Pitx3 ak/ak Pmch −/− mice and the wild-type mice (C57BL/
6) used in this research were 3 to 5 or 4 to 6 months old and
weighed 24–30 g at the start of each experiment.

The 6-OHDA-lesioning was also applied to 8- to 10-week-
old male C57BL/6 mice (Samtako, Gyoung Gi-Do, Republic
of Korea) weighing 24–26 g each.

All the mice were kept under standard laboratory condi-
tions with ad libitum feeding on a 12-h/12-h light/dark sched-
ule. All the experiments were approved by the Dongguk
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University Animal Care Committee for animal welfare
(IACUC-2017-020-1) and were conducted according to the
guidelines of the National Institutes of Health and the
Korean Academy of Medical Sciences.

Microinjection and Apomorphine Test

The C57BL/6 mice were anesthetized with a mixture of
tiletamine and zolazepam (30 mg/kg, i.p., sterilized water,
Zoletil 50, Virbac, France) and with xylazine (10 mg/kg,
i.p., Rompun, Bayer Korea, Republic of Korea) in the saline.
A unilateral injection of either saline or solution of 6-OHDA-
HCl (3.0 μg/μl dissolved in saline containing 0.02% ascorbic
acid, 2 μl injection for twice, Sigma-Aldrich, MO, USA;
H4381) into the right striatum was conducted on each mouse
according to the mouse brain atlas: + 1.0 mm of AP, − 2.1 mm
of ML, − 3.2 mm of DV and + 0.3 mm of AP, − 2.3 mm of
ML, − 3.2 mm of DV. After a stereotaxic surgery, mice were
maintained for 14 days in their home cages without any inter-
vention for recovery.

The apomorphine-induced rotations were tested on the
15th day at post-lesion for screening of inducing experimental
parkinsonism. A counterclockwise rotation (contralateral to
the lesioned right side) induced by a subcutaneous injection
of apomorphine hydrochloride hemihydrate (0.8 mg/kg, dis-
solved in saline, Sigma-Aldrich; A4393) was counted for
5 min. A mouse less than 30 turnings was excluded and only
the mice over 30 apomorphine-induced turnings were includ-
ed in the research.

Drugs and Acupuncture Treatment

The L-DOPA (20 mg/kg or 25 mg/kg, i.p., saline, Levodopa,
Sigma-Aldrich; D9628) with the peripheral DOPA decarbox-
ylase inhibitor benserazide hydrochloride (12.5 mg/kg, i.p.,
saline, Sigma-Aldrich; B7283) were injected once a day ac-
cording to the previous published studies [29, 30].

The acupuncture treatment was applied 30 min before L-
DOPA injection at GB34 acupoint (in a depression anterior
and distal to the head of the fibula) or non-acupoint (in the
muscle on the hips). A sterilized acupuncture needle (0.18mm
in diameter and 8 mm in length; Haenglim-seoweon
Acuneedle Co., Republic of Korea) was inserted bilaterally
to depth of 3 mm and was turned bi-directionally for 15 s (at
a rate of two spins per seconds; one spin is composed of a 180°
clockwise rotation and a 180° counterclockwise rotation) by
ungloved fingers.

MCH (0.1 or 0.5 μg/30 μl, i.n., saline, Tocris Biosciences,
Bristol, UK; 3806) was administered intranasally to the mice
30 min before L-DOPA injection. Selective MCH1R antago-
nist (Tc-MCH7c; 10 mg/kg, i.p., dissolved in 2 μl dimethyl
sulfoxide and distilled water, Tocris Biosciences; 4365) was
injected 30 min before performing the acupuncture treatment.

Experimental Procedure

For the first set of experiments to examine the acupuncture
effect on dyskinesia, Pitx3-deficient aphakia mice (3 to
5 months old, total n = 19, ♂15 ♀4) were randomly distribut-
ed to three groups: saline group (n = 5, ♂4 ♀1), L-DOPA
group (n = 6, ♂5 ♀1), and L-DOPA + ACU group (n = 8,
♂6 ♀2). For 36 days, L-DOPA was injected once a day to
L-DOPA group mice and L-DOPA + ACU group mice and
saline solution was injected to Saline group mice.
Acupuncture treatment on GB34 was administered to L-
DOPA + ACU group mice 30 min before L-DOPA injection,
6 days a week. Behavior tests were recorded at days 8, 22, and
36 by measuring the duration of three-paw dyskinesia
(Fig. 1a).

The second set of experiments was executed to verify the
Pmch upregulation by acupuncture in LID-induced 6-OHDA
mice. C57BL/6 mice (8 to 10 weeks old, total n = 45,♂) were
randomly assigned to five groups: control group (n = 8,♂), 6-
OHDA group (n = 9, ♂), 6-OHDA + ACU group (n = 3, ♂),
L-DOPA group (n = 8,♂), L-DOPA + ACU group (n = 9,♂),
L-DOPA + NA group (n = 8,♂). Except the control group, all
the mice in 6-OHDA, 6-OHDA +ACU, L-DOPA, L-DOPA +
ACU, and L-DOPA + NA groups were administered the 6-
OHDA injection. Then, each mouse in L-DOPA, L-DOPA +
ACU, and L-DOPA + NA groups was injected L-DOPA in-
traperitoneally once a day for 10 days, whereas the mice in
control, 6-OHDA, and 6-OHDA + ACU groups were injected
saline. Thirty minute before the L-DOPA injection, L-DOPA
+ ACU and L-DOPA + NA group mice were applied the
insertion of acupuncture needle on either GB34 or control
point bilaterally. The 6-OHDA + ACU group mice also got
the acupuncture treatment at GB34 30 min before saline in-
jection. Behavior tests were recorded at day 28 from the 6-
OHDA injection (equal to day 10 from the start of L-DOPA
injection) by evaluating the AIM assessment score (Fig. 2a).

The third set of experiments to verify the mediating role of
MCH in acupuncture LID-reducing effect, Pitx3-deficient
aphakia mice (4 to 6 months old, total n = 33, ♂28 ♀5) were
randomly categorized to five groups: saline group (n = 6, ♂5
♀1), L-DOPA group (n = 6, ♂5 ♀1), L-DOPA + ACU group
(n = 7, ♂6 ♀1), L-DOPA + NA group (n = 7, ♂6 ♀1) and L-
DOPA + ACU + TC-MCH7c group (n = 7,♂6♀1). L-DOPA
injection was applied to L-DOPA group, L-DOPA + ACU
group, L-DOPA + NA group, and L-DOPA + ACU + TC-
MCH7c group mice once a day for 28 days. The acupuncture
treatments on GB34 were carried out in the L-DOPA + ACU
and L-DOPA +ACU+ TC-MCH7c group mice 6 days a week
(L-DOPA + NA group mice were applied on non-acupoints).
The L-DOPA + ACU + TC-MCH7c group mice were intra-
peritoneally injected with Tc-MCH7c, a selective MCH1R
antagonist, 30 min before the acupuncture treatment 6 days a
week. Behavior tests on LIDmovement were recorded at days
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5, 12, 19, and 26 by measuring the duration of three-paw
dyskinesia (Fig. 3a).

To clarify the MCH effect in LID, we studied the effects of
MCH administration (0.5 μg/30 μl, i.n.) in the fourth set of
experiments with Pitx3 ak/akmice and Pitx3 ak/ak Pmch −/−
mice. Pitx3 ak/ak mice (4 to 6 months old, total n = 16, ♂13
♀3) were randomly categorized to three groups: saline group
(n = 5, ♂4 ♀1), L-DOPA group (n = 5, ♂4 ♀1) and L-DOPA
+ MCH group (n = 6, ♂5 ♀1). The Pitx3 ak/ak Pmch −/−
mice were referred as the Pmch −/− + L-DOPA group (4 to
6 months old, n = 4, ♂2 ♀2). L-DOPA injection was applied
to L-DOPA group, L-DOPA + MCH group, and Pmch −/− +
L-DOPA group mice once a day for 28 days. The MCH

treatments were administered in the L-DOPA + MCH group
mice 6 days a week. Behavior tests on LID movement were
recorded at days 5, 12, 19 and 26 bymeasuring the duration of
three-paw dyskinesia (Fig. 4a).

In the last set of experiments to examine theMCH effect on
LID, each C57BL/6 mouse (9-week-old, total n = 57, ♂) was
allocated to five groups: control group (n = 10, ♂), 6-OHDA
group (n = 10, ♂), L-DOPA group (n = 12, ♂), L-DOPA +
MCH 0.1 group (n = 12, ♂), and L-DOPA + MCH 0.5 group
(n = 13, ♂). Control group mice and the other group mice
were injected with saline and 6-OHDA respectively through
stereotaxic surgery. After the resting period, L-DOPA injec-
tion once a day to L-DOPA, L-DOPA + MCH 0.1, and L-

Fig. 1 Effects of acupuncture on L-3,4-dihydroxyphenylalanine (L-
DOPA)-induced dyskinesia (LID) and the upregulation of hypothalamic
Pmch in Pitx3-deficient aphakiamice. aDay schedule of Experiment 1 in
Pitx3-deficient aphakiamice. Beginning on day 1, the mice were injected
with saline or L-DOPA and received acupuncture or underwent restraint
stress 30min prior to L-DOPA injection. Black bold lines indicate periods
of prolonged administration of L-DOPA once a day with or without
acupuncture treatment. Acupuncture treatment was performed 6 days a
week and is indicated by blue circles. Behavioral tests of dyskinetic
movements were conducted on days 8, 22, and 36. b The interventions,
including acupuncture on GB34 (n = 8) or restraint stress (n = 6), were
performed 20min prior to L-DOPA injection. Twenty minutes after the L-
DOPA injection, the dyskinetic movements of each mouse were recorded
for 4 min. c Three-paw dyskinesia tests were conducted on days 8, 22,
and 36; acupuncture treatment significantly attenuated dyskinesia on day

36. Black, blue, and purple circles indicate the L-DOPA (n = 6), L-DOPA
+ ACU (n = 8) and Saline group (n = 5), respectively; a one-way analysis
of variance followed by Bonferroni post hoc analyses were conducted. d
Heat map of candidate gene expression values in the hypothalamus of the
L-DOPA and L-DOPA + ACU groups. Candidate genes were obtained
via gene expression profiling analyzed with one-way ANOVAs that re-
vealed significant differences between the L-DOPA and L-DOPA + ACU
groups. The colors scaled from green to red denote a value of log2 fold
change of each gene expression level. e Plot of altered genes in the L-
DOPA + ACU group compared with the L-DOPA group and significant
changes in the expression of the Pmch gene; the x-axis denotes volume
and the y-axis denotes a log2 fold change. Data were expressed as the
mean ± SEM and statistical analysis was performed by using one-way
ANOVA followed by the Bonferroni post hoc tests. *p < 0.05 compared
to L-DOPA group

Mol Neurobiol (2019) 56:2408–2423 2411



DOPA + MCH 0.5 group mice and saline injection to control
and 6-OHDA group mice began. L-DOPA + MCH 0.1 or L-
DOPA + MCH 0.5 group mice were treated with MCH ad-
ministration of 0.1 μg/30 μl or 0.5 μg/30 μl each 30 min
before L-DOPA injection. Behavior tests were recorded at
days 22, 25, and 28 from the 6-OHDA injection (equal to days
4, 7, and 10 from the start of L-DOPA injection) by evaluating
the AIM assessment score (Fig. 5a).

Behavior Tests

Three-Paw Dyskinesia

The L-DOPA-induced dyskinetic events in Pitx3 ak/ak mice
were analyzed through quantifying the incidence of abnormal
stereotypic paw movements after L-DOPA administration.
Each mouse was put in a plastic transparent cylinder (20 cm
tall and 12 cm diameter) 20 min after L-DOPA injection and a
4-min video recorded their motor activity. The video-recorded

paw movements were analyzed by calculating a total duration
of all three-paw dyskinetic events. According to the previous
publications [31, 32], when a mouse moves both front paws
repeatedly up and down and stands close to the wall of cylin-
der on its one hind paw, lifting up and down the other hind
paw and in turns changing the standing paw, it was evaluated
to a three-paw dyskinesia.

Abnormal Involuntary Movements (AIM)

The L-DOPA-induced dyskinetic event in 6-OHDA mouse
was quantified by measuring the AIM assessment score.
The AIM assessment score consists of four different sub-
types according to the following topographic distribution:
(1) axial dystonia: axial rotation or lateral flexion of the
neck and upper body to the side contralateral to the in-
duced 6-OHDA lesion; (2) forelimb dyskinesia: purposeless
movements or dystonic posturing of the forelimb contralat-
eral to the lesion; (3) orolingual dyskinesia: tongue

Fig. 2 Acupuncture modulated the mRNA expression levels of Pmch in
the hypothalamus of 6-hydroxydopamine (6-OHDA)-lesioned mice fol-
lowing chronic L-DOPA administration. a Day schedule of experiment 2
in C57BL/6 mice. On day 1, the mice were anesthetized and received an
injection of either saline or 6-OHDA into the right striatum. After a
recovery period of 14 days, apomorphine tests were carried out on day
15 to validate the Parkinson’s disease (PD) model. Mice not exhibiting
PD-like symptoms were excluded and dopamine-denervated mice were
divided into their respective groups. Following a rest period of 4 days
after the apomorphine test, the LID experimental schedule was initiated;
either L-DOPA or saline was injected and acupuncture treatment or re-
straint stress was performed. Black bold lines refer to periods of
prolonged administration of L-DOPAwith or without acupuncture treat-
ment and blue circles refer to acupuncture treatment performed once a day

for 10 days. Behavioral tests were carried out on day 28. b Acupuncture
treatment produced antidyskinetic effects in dyskinesia-induced 6-
OHDA-lesioned mice. Acupuncture stimulation on GB34 (n = 9) and
non-acupoints (n = 8) significantly reduced dyskinesia compared to the
L-DOPA group (n = 8) but the antidyskinetic effects of non-acupoint
stimulation were weaker than those of GB34 treatment. The saline-
injected 6-OHDA-lesioned mice (n = 9) showed no dyskinetic behavior.
c Acupuncture treatment upregulated the mRNA expression of hypotha-
lamic Pmch; a relative fold change was detected with quantitative poly-
merase chain reaction (qPCR) analysis (each n = 3–4). Data were
expressed as the mean ± SEM and statistical analysis was performed by
using one-way ANOVA followed by the Bonferroni post hoc tests. +++p
< 0.001 compared to CON group; **p < 0.01; ***p < 0.001 compared to
L-DOPA group; #p < 0.05 compared to L-DOPA + ACU group
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protrusion and jaw movement toward the side contralateral
to the lesion; and (4) locomotive dyskinesia: increased lo-
comotion or circling movements away from the lesioned
side, sometimes accompanied by grabbing motion of a
paw. A severity of each subtype was scored from 0 to 4;
0 = absent, 1 = occasional, 2 = frequent, 3 = continuous
but suspended by tactile stimuli, and 4 = continuous, severe
and not suspended by tactile stimuli. The sum of each four
subtype score was calculated as the total AIM score. The
AIM assessment of each mouse was conducted for 1 min,
six times every 20 min (beginning at 20 min after L-DOPA
administration to 120 min) [33].

Western Blotting

Brain tissues were homogenized in CyQUANT® cell ly-
sis buffer, 20× (diluted 1/20, 200 μl per each sample,
I n v i t r o g e n , O r e g o n , U SA ; C 7 0 2 7 ) . A f t e r

homogenization, each sample was centrifuged at
12,000 rpm for 20 min at 4 °C and the supernatants were
collected. Then the amount of protein was measured
using the BCA protein assay and equal amounts of each
sample proteins were mixed with SDS-PAGE loading
buffer, 5× (diluted 1/5, Biomedic, Republic of Korea;
BM657E) and heated at 95 °C for 10 min.

Each protein samples (9 μg) were separated by 10% sodi-
um dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by Western blotting with the following
primary antibodies: β-actin (1:15,000 dilution, Sigma-
Aldrich) and FosB (1:200 dilution, Cell Signaling
Technology, Danvers, MA, USA), followed by the secondary
rabbit or mouse (1:10,000 dilution, Pierce Biotechnology,
Rockford, IL, USA) antibodies. The bands were visualized
using an enhanced chemiluminescence system (West Pico;
Pierce Biotechnology), and the band intensity was quantified
with the densitometry using image QI software.

Fig. 3 Acupuncture attenuated dyskinetic movements via alterations of
melanin-concentrating hormone (MCH)/MCH receptor 1 (MCH1R) sig-
naling inPitx3-deficient aphakiamice with dyskinesia. aDay schedule of
experiment 3 in Pitx3-deficient aphakia mice. Beginning on day 1, the
mice were injected with L-DOPA once a day and received acupuncture on
GB34 or a non-acupoint or underwent restraint stress 6 days a week.
Black bold lines refer to periods of prolonged administration of L-
DOPA once a day and multi-color circles represent acupuncture on
GB34 (L-DOPA + ACU group n = 7) or a non-acupoint (n = 7), Tc-
MCH7c injection (n = 7), or restraint stress (n = 6) 6 days a week.

Behavioral tests assessing dyskinetic movements were performed on days
5, 12, 19, and 26. b Three-paw dyskinesia in LID-induced Pitx3-deficient
ak/ak homozygous mice was recorded on days 5, 12, 19, and 26.
Acupuncture treatment suppressed abnormal paw movements and Tc-
MCH7c blocked the dyskinesia-reducing effects of acupuncture. Data
were expressed as the mean ± SEM and statistical analysis was performed
by using one-way ANOVA followed by the Bonferroni post hoc tests. *p
< 0.05 compared to L-DOPA group; #p < 0.05 compared to L-DOPA +
ACU group
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Whole Transcript Expression Arrays

Total RNAwas isolated from the mouse samples (hypothala-
mus and striatum each) with the RNeasy MiniKit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instruc-
tions. RNA purity and integrity were evaluated by ND-1000
Spectrophotometer (A260/A280 ratio in range of 1.8 to 2.1;
NanoDrop, Wilmington, USA) and Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, USA). The Affymetrix
Whole Transcript Expression array process was executed ac-
cording to the manufacturer’s protocol (GeneChip Whole
Transcript PLUS reagent Kit).

Then, 100 ng of eachRNA samplewas processed using aWT
Amplification Kit and WT Terminal Labeling Kit. cDNA was
synthesized from each isolated RNA sample (100 ng) by using
the PrimersMix and ss-cDNAMaster Mix of the GeneChipWT
(Whole Transcript) Amplification kit as described by the manu-
facturer. The synthesized sense cDNAwas then fragmented by
UDG (uracil DNA glycosylase) and APE 1 (apurinic/apyrimidic
endonuclease 1) and each fragment was biotin-labeled with TdT

(terminal deoxynucleotidyl transferase) using the GeneChip WT
Terminal labeling kit.

Approximately 5.5 μg of fragmented and labeled DNA
target was hybridized to the Affymetrix GeneChip Mouse
2.0 STArray at 45 °C for 16 h. Hybridized arrays were washed
and stained on a GeneChip Fluidics Station 450 and scanned
on a GCS3000 Scanner (Affymetrix, Santa Clara, California).
Signal values were computed using the Affymetrix®
GeneChip™ Command Console software.

Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)

From each mouse brain sample, total RNA was obtained
using the RNeasy Mini Kit (QIAGEN). Using a spectro-
photometer, the extracted RNA was quantified and only
the samples with an A260/A280 of 1.8 or more were
taken for reverse transcription with the SuperScript III
First-Strand (Invitrogen, Carlsbad, CA; 18,080-044).
Real-time PCR was performed using a LightCycler®

Fig. 4 Novel antidyskinetic effects of MCH in L-DOPA-treated Pitx3 ak/
akmice. aDay schedule of experiment 4 in Pitx3-deficient aphakiamice.
Beginning on day 1, the mice were injected with L-DOPA once a day and
MCH was administered (intranasal [i.n.]) 6 days a week. Black bold lines
refer to periods of prolonged administration of L-DOPA once a day and
orange circles refer to MCH administration 6 days a week. Behavioral
tests of dyskinetic movements were performed on days 5, 12, 19, and 26.
b Three-paw dyskinesia in LID-induced Pitx3-deficient ak/ak

homozygous mice was recorded on days 5, 12, 19, and 26. MCH admin-
istration (n = 6) produced a significant antidyskinetic effect compared to
L-DOPA group (n = 5), similar to that of acupuncture. The degree of
dyskinesia induction did not differ in Pmch −/− Pitx3 ak/ak mice (n =
4). Data were expressed as the mean ± SEM and statistical analysis was
performed by using one-way ANOVA followed by the Bonferroni post
hoc tests. *p < 0.05 compared to L-DOPA group
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Nano Instrument (Roche Molecular Systems, Inc.) with
the SYBR Premix Ex Taq (Takara, Republic of Korea;
RR420A). 95 °C for 15 min, 94 °C for 15 s, 55 °C or
58 °C (according to primer Tac2 and Actb or Lcn2) for
30 s, and 72 °C for 30 s; steps 2–4 were repeated 45
times with the following primers: Pmch, 5′-TTC AAA
GAA CAC AGG CTC CA-3′ and 5′-GCC AAC ATG

GTC GGT AGA CT-3′; Tac2, 5′-TGA CTG GCC CTC
TCT GAG TT-3′ and 5′-TGC TTT GCA ACC TCG TCT
CT-3′; Lcn2, 5′-GCC CTG AGT GTC ATG TGT CT-3′
and 5′-GAA CTG ATC GCT CCG GAA GT-3′; Actb, 5′-
CAT CCG TAA AGA CCT CTA TGC CAA C-3′ and 5′-
ATG GAG CCA CCG ATC CAC A-3′ [34]. The results
of Actb mRNA were used as an internal control probe.

Fig. 5 Verification of the MCH-induced antidyskinetic effects in L-
DOPA-treated 6-OHDA mice. a Day schedule of experiment 3 in
C57BL/6 mice. Beginning on day 1, the mice were anesthetized and
received an injection of either saline or 6-OHDA into the right striatum.
After a recovery period of 14 days, apomorphine tests were performed on
day 15 to validate the PD model. Mice not exhibiting PD-like symptoms
were excluded and dopamine-denervated mice were randomly divided
into their respective groups. After a rest period of 4 days following the
apomorphine test, the LID experimental schedule was initiated. L-DOPA
or salinewas injected and the i.n. administration ofMCH or application of
restraint stress were performed. Black bold lines refer to periods of
prolonged administration of L-DOPA and orange circles refer to the ad-
ministration of MCH (0.1 μg/30 μl or 0.5 μg/30 μl once a day for

10 days). Behavioral tests were carried out on days 22, 25, and 28. b
The administration of 0.5 μg/30 μl MCH (n = 13) produced
antidyskinetic effects on days 22, 25, and 28 in dyskinesia-induced 6-
OHDA mice (n = 12), while 0.1 μg/30 μl MCH (n = 12) produced the
same effects on day 28. c Alterations in FosB expression in the striatum;
representative bar graph showing the normalized optical densities of
FosB contents revealed by Western blot analyses. FosB expression was
elevated by the induction of LID and attenuated byMCH treatment. Data
were expressed as the mean ± SEM and statistical analysis was performed
by using one-way ANOVA followed by the Bonferroni post hoc tests.
&&p < 0.01; &&&p < 0.001 compared to 6-OHDA group; **p < 0.01; ***p
< 0.001 compared to L-DOPA group
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Statistical Analysis

All data analysis and statistical parameter calculation were
conducted using the SPSS Statistics (version 23.0,
International Business Machines Corp.), the R 3.0.2 (www.r-
project.org) and ClueGo and CluePedia Cytoscape apps.
Behavioral data were expressed as the mean ± standard error
of the mean (SEM). Data analysis was performed by using
one-way analysis of variance (ANOVA) followed by the
Bonferroni post hoc tests. A criterion for statistical signifi-
cance was p < 0.05.

Results

Effects of Acupuncture Treatment on LID in Pitx3
ak/ak Mice

The present study employed an LID model using ak/ak mice
because the bilateral dyskinetic symptoms and bilateral degen-
eration of dopaminergic neurons in these mice provide a use-
ful model for mimicking human PD patients. Before the start
of experiments, we conducted a preliminary test to evaluate
LID development in ak/ak mice (n = 15). The degree of dys-
kinetic movements varied until the third week from the first L-
DOPA injection and at 4-weeks, the LID behaviors of each
mouse appeared to be in a constant level. Then, we tested the
acupuncture effect on LID behaviors (Fig. 1a, b) and found
that acupuncture on GB34 alleviates dyskinetic events in ak/
ak mice (Fig. 1c). One-way ANOVA showed a significant
effect of groups in dyskinetic behaviors (F (2, 16) = 21.523,
p < 0.05). That chronic L-DOPA (25mg/kg) injections admin-
istered to ak/ak mice (n = 6) induced three-paw dyskinetic
movements compared to saline-injected ak/ak mice (n = 4)
(p < 0.05), whereas acupuncture treatment at GB34 (n = 8)
resulted in behavioral improvements (p < 0.05), consistent
with previous studies [10] were found through Bonferroni
post hoc test. More specifically, the L-DOPA + ACU group
exhibited significant reductions in dyskinetic movements
compared with the L-DOPA group (Fig. 1c and
Supplementary material).

Identification of Hypothalamic Genes Related
to the Antidyskinetic Effects of Acupuncture

Based on previous findings [19, 25, 28], it was hypothesized
that the hypothalamus would be a crucial mediator of the
effects of acupuncture treatment in the LID model. Thus, an
mRNA microarray analysis of the hypothalamus of mice in
the L-DOPA and L-DOPA + ACU groups was performed to
identify potential hypothalamic biochemical factors that me-
diated the antidyskinetic effects of acupuncture.We found that
the acupuncture treatment resulted in the changes of global

gene expression in hypothalamus compared to L-DOPA injec-
tion (Fig. 1d, e). We identified six downregulated genes and
two upregulated genes (|fold change| ≥ 4) in acupuncture-
treated hypothalamus (Fig. 1e). Of the various hypothalamic
genes regulated by acupuncture, we observed that the most
upregulated gene was the Pmch, which showed the highest
volume among the significantly regulated genes by acupunc-
ture implying an obvious quantitative change. Since it has
been reported that MCH, generated from Pmch gene, acts as
a neurotransmitter or neuromodulator in a broad array of neu-
ronal functions in central nervous system, we hypothesized
that Pmch might be a key factor for the antidyskinetic effects
of acupuncture (Fig. 1d, e).

Validation of the Antidyskinetic Effects
of Acupuncture and the Upregulation of Pmch mRNA
in 6-OHDA Mice with LID

To validate the above-mentioned findings, we investigated
whether the improvements in LID and the upregulation of
the hypothalamic level of Pmch mRNA induced by acupunc-
ture in Pitx3 ak/ak mice could be reproduced in 6-OHDA
mice. The 6-OHDA injection was conducted to C57BL/6
male mice and the apomorphine test confirmed the dopami-
nergic depletion (success rate was about 77.2%). By using the
successfully lesioned mice (n = 37), the acupuncture effects
on LID behaviors were studied (Fig. 2a). One-way ANOVA
revealed a significant difference in groups for AIM scores (F
(2, 22) = 22.79, p < 0.001) and Bonferroni post hoc tests
showed that the L-DOPA + ACU group (n = 9) exhibited a
significant reduction in total AIM score compared to L-DOPA
group (n = 8) (p < 0.001), which is an assessment of dyskinetic
movements in 6-OHDA PD models, at day 28 (i.e., day 10
from the beginning of L-DOPA injections). Acupuncture stim-
ulation at non-acupoints (n = 8) also decreased dyskinetic
movements (p < 0.01) but the scores following this stimula-
tion were significantly higher than those of the L-DOPA +
ACU group (p < 0.05) (Fig. 2b). The qRT-PCR analysis was
performed with mRNA extracted from the hypothalamus of
the 6-OHDA mice (one-way ANOVA, F (5, 16) = 44.18, p <
0.001) and, consistent with the data from the Pitx3 ak/ak
mouse model, the relative mRNA expression level of Pmch
was higher in the L-DOPA + ACU group than both in the L-
DOPA group (p < 0.01) and in the L-DOPA + NA group (p <
0.01) (Fig. 2c).

Mediating Role of MCH on the Antidyskinetic Effects
of Acupuncture in Pitx3-Deficient ak/ak Mice

To verify the involvement of the MCH/MCH1R pathway in
the antidyskinetic effects of acupuncture treatment, three-paw
dyskinetic behavior resulting from chronic L-DOPA injec-
tions was assessed in Pitx3-deficient ak/ak mice following
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the administration of the MCH1R antagonist Tc-MCH7c.
Prolonged L-DOPA injections induced abnormal three-paw
movements and the quantified dyskinesia periodically in-
creased from days 5 to 26. One-way ANOVA showed a sig-
nificant effect of group for LID development (F (3, 25) =
4.208, p < 0.05) and Bonferroni post test revealed that acu-
puncture treatment (n = 7) alleviated these abnormal paw
movements to a significant degree at day 26 (versus L-
DOPA group (n = 6), p < 0.05), whereas the administration
of Tc-MCH7c (n = 7) reversed the antidyskinetic effects of
acupuncture treatment (p < 0.05) (Fig. 3b).

Modulating Effects of MCH on LID in Pitx3-Deficient
ak/ak Mice

To determine the involvement of the MCH system in LID
induction or reduction, three-paw dyskinetic behavior
resulting from chronic L-DOPA injections was assessed in
Pitx3-deficient ak/ak mice treated with intranasal MCH and
Pmch-deficient transgenic mice. Prolonged L-DOPA injec-
tions induced three-paw dyskinetic movements and the quan-
tified dyskinetic behaviors periodically increased from days 5
to 26. A significant effect of groups was found with one-way
ANOVA (F (2, 15) = 6.257, p < 0.05) and post test showed the
i.n. administration of MCH (n = 6) reduced the occurrence of
dyskinetic events (p < 0.05), similar to acupuncture treatment.
The knockout of Pmch in the Pitx3 ak/ak mice (n = 4) had no
influence on the induction of abnormal paw movements (Fig.
4b).

Effects of MCH Treatment on LID in 6-OHDA-Lesioned
Mice

To confirm the role that MCH plays in the attenuation of LID,
we checked it in 6-OHDA-lesioned mice after 6-OHDA in-
jections and following apomorphine tests (success rate was
about 78.3%) (Fig. 5a). MCH agents (0.1 μg/30 μl or
0.5 μg/30 μl) were intranasally administered to L-DOPA-
injected 6-OHDA mice and one-way ANOVA revealed a sig-
nificant effect of groups for AIM scores (F (2, 34) = 17.020, p
< 0.001). Significant antidyskinetic effects were observed in
both the L-DOPA + MCH 0.1 group (n = 12) and L-DOPA +
MCH 0.5 group (n = 13) but the 0.5 μg/30 μl dose lowered
total AIM scores faster and to a greater extent than the 0.1 μg/
30 μl dose (Fig. 5b). More specifically, the dyskinetic behav-
iors of the L-DOPA + MCH 0.5 group decreased (p < 0.001)
to a level similar to that of the acupuncture-treated mice
shown in the second set of experiments at the same time
(Figs. 2b and 5b). The FosB contents of the dopamine-
denervated striatal areas of each group were measured and
analyzed with one-way ANOVA (F (4, 15) = 16.264, p <
0.001). It was revealed that LID induced an upregulation of
FosB (L-DOPA group versus 6-OHDA group, p < 0.001),

which is consistent with previous findings [10, 35]. On the
other hand, MCH treatment (0.5 μg/30 μl) reduced FosB ex-
pression (L-DOPA + MCH 0.5, p < 0.001 vs. L-DOPA) as
observed in dyskinetic behaviors (Fig. 5b, c).

Similarities in Global Gene Expression in the Striatum
Following MCH and Acupuncture Treatments

To further the current understanding of the MCH mechanisms
underlying the effects of acupuncture, a transcriptome analysis
was performed in the striatum of Pitx3-deficient ak/ak mice
(saline, L-DOPA, L-DOPA + ACU, and L-DOPA + MCH
groups). A battery of changes in global gene expression in
the striatum of aphakia mice was revealed by analyses of
the saline, L-DOPA, L-DOPA + ACU, and L-DOPA +
MCH groups. Remarkably, the striatum samples of the L-
DOPA + ACU, and L-DOPA + MCH groups merged into
one cluster (Fig. 6a). Furthermore, the genes significantly
modulated by acupuncture relative to the L-DOPA group were
compared with the genes modulated by MCH using ClueGo
and CluePedia, which are apps of Cytoscape, and candidate
genes for the study of LID-reducing mechanisms were iden-
tified (Fig. 6b). Subsequently, the expression levels of Tac2
and Lcn2 mRNAwere shown to be significantly upregulated
in the L-DOPA +ACU (Tac2, p < 0.05; Lcn2, p < 0.05) and L-
DOPA + MCH groups (Tac2, p < 0.01; Lcn2, p < 0.001) by
qPCR, which is consistent with the results of the transcriptome
analysis and expression levels of Cartpt mRNA were also
increased but failed to reach statistical significance (Fig. 6c).

Discussion

The present study found that acupuncture produced
antidyskinetic effects against LID in both Pitx3-deficient ak/
ak and 6-OHDA-induced PD mice. Additionally, the Pmch
gene was shown to be upregulated in the hypothalamus by
acupuncture treatment in the LID models and the administra-
tion of MCH had a novel antidyskinetic effect in both 6-
OHDA and Pitx3 ak/ak mice. On the other hand, an
MCH1R antagonist prevented the LID-reducing effects of
acupuncture. To the best of our knowledge, this is the first
study to demonstrate the antidyskinetic role of MCH in a
model of PD, as well as the mediation of hypothalamic
MCH in the antidyskinetic effects of acupuncture.

Acupuncture has potential as an adjunct therapy for PD
with conventional treatments such as L-DOPA. Acupuncture
treatment not only improved dopaminergic transmission in the
striatum in an MPTP-induced mice PD model [16] but also
synergistically enhanced the efficacy of low-dose L-DOPA in
a 6-OHDA-induced mice PD model [10]. The previous study
showed that acupuncture treatment results in antidyskinetic
effects by rebalancing GABA contents in the SN [10].
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Although acupuncture affects various regions of the brain [17,
18], the hypothalamus is considered to be one of the most
important ones [19–23]. Thus, the present study aimed to

identify genes in the hypothalamus that mediate the
antidyskinetic effects of acupuncture by performing a gene
expression profiling analysis. Microarray analysis revealed

Fig. 6 Transcriptome analyses of
genes associated with the
antidyskinetic effects of
acupuncture and MCH in the
striatum. aHierarchical clustering
of the microarray data performed
using the R 3.0.2 with lowest
adjusted p value from local
pooled error test. A hierarchical
clustering analysis revealed that
the L-DOPA + ACU and L-
DOPA + MCH groups were clas-
sified into the same cluster. b The
grouped networks visualized by
ClueGo and CluePedia using
Gene Ontology categories. Of the
common genes regulated by both
L-DOPA + ACU and L-DOPA +
MCH groups, the networks indi-
cated that the neuropeptide sig-
naling pathway and cellular re-
sponse to nutrient level plays ma-
jor roles. c Confirmatory qPCR
analyses of Tac2, Lcn2, and
Cartpt in the striatum. Data were
expressed as the mean ± SEM and
statistical analysis was performed
by using one-way ANOVA
followed by the Bonferroni post
hoc tests. *p < 0.05; **p < 0.01;
***p < 0.001 compared to L-
DOPA group
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that the expression levels of Pmch in the hypothalamus were
significantly upregulated following acupuncture treatment in
ak/ak mice with LID. The increased expression of Pmch was
also observed in an LIDmodel of 6-OHDA-induced PDmice,
while further research is needed whether Pmch genes was
upregulated specifically by acupuncture on GB34, because
those changes by other acupoint or non-acupoint have yet
investigated in this LID models. Interestingly, the previous
study of our team demonstrated that acupuncture increased
Pmch gene expression in the hypothalamus and led to the
activation of hypothalamic MCH neurons which, in turn, re-
lease MCH in the SN, activating post-synaptic MCH1R and
resulting in dopaminergic neuroprotection [28]. In the present
study, we also compared the effects of acupuncture under
conditions with or without the MCH1R antagonist Tc-
MCH7c (10 mg/kg, i.p.) to determine whether the effects of
acupuncture are specifically mediated by MCH1R. The
antidyskinetic effects of acupuncture were substantially atten-
uated following pretreatment with the MCH1R antagonist.
These data support the idea that the effects of acupuncture
are dependent on MCH1R and are not unspecific effects.

MCH is a hypothalamic peptide consisting of a cyclic 19-
amino acid structure that is synthesized exclusively in the
lateral hypothalamus and zona incerta. The lateral hypothala-
mus is a target brain region stimulated by acupuncture treat-
ment [19–23]. Takeshige et al. [22] reported that the stimula-
tion of an acupoint activates specific brain regions, including
the lateral hypothalamus, through afferent pathways. Choi et
al. [19] found that electroacupuncture regulates natural killer
cell activity by modulating activity in the lateral hypothala-
mus, which suggests that this region is important for the ef-
fects of acupuncture.MCH neurons project widely throughout
the central nervous system, which implies that theymay play a
role as a neurotransmitter and/or neuromodulator in the regu-
lation of a variety of physiological functions [36–38]. MCH
operates as a neuropeptide in the regulation of the sleep-wake
cycle, feeding behaviors, and learning and memory formation
[37, 39, 40]. Additionally, patients with PD exhibit a massive
loss of MCH-expressing neurons in the hypothalamus, which
may lead to deficiencies in sleep regulation, energy homeo-
stasis, and the control of autonomic function [41, 42].
However, the role of MCH in LID has yet been elucidated.

Next, the present study aimed to determine whether the
acupuncture-induced release of MCH played an essential role
in the modulation of LID. Thus, the antidyskinetic effects of
MCH in an LID model using Pitx3 ak/ak mice were assessed
by directly introducing MCH to the brain via i.n. administra-
tion. This method allows peptides to enter the brain rapidly
and directly because they can bypass the blood–brain barrier
[43]. The present results indicated that MCH treatment (i.n.)
significantly alleviated AIMs in Pitx3 ak/akmice as well as in
an LID model of 6-OHDA-induced PD mice. The present
finding thatMCH and acupuncture exert antidyskinetic effects

in addition to their previously identified antiparkinsonian ef-
fects [28] suggests that these therapeutic modalities may be
effective strategies for PD patients because they inhibit the
progress of the disease as well as reduce the adverse effects
of L-DOPA. To clarify whether depletion of the MCH gene
was associated with the induction of LID, the dyskinetic phe-
nomena of Pmch and Pitx3 double knockout mice were
assessed but no significant differences were found. Thus,
MCH may not be directly involved in the development of
LID. Further research is necessary to identify the exact role
of MCH in the development of LID.

Several studies have reported links between the MCH sys-
tem and the mesolimbic dopamine pathway in terms of the
modulation of hedonic properties. Depending on the condi-
tions, dopamine-associated responses may increase following
either MCH administration or MCH deficiencies. For exam-
ple, MCH deficiencies enhance locomotor responses to re-
peated amphetamine administration, which is related to dopa-
mine release and reuptake in the mesolimbic pathway [44]. On
the other hand, the intracerebroventricular (i.c.v.) administra-
tion of MCH heightens cocaine-induced locomotor activities
that are based on a buildup of dopamine in the synapse [45].
Our research group reported that the administration of MCH
in the nigrostriatal pathway improves impaired motor function
induced by dopamine depletion in a PD model [28] and it also
alleviate abnormal behaviors induced by exogenously in-
creased dopamine (LID). These findings suggest that MCH
plays a modulating role in the homeostasis of dopaminergic
activity. A variety of studies have demonstrated an interaction
between the MCH and dopaminergic systems but the detailed
mechanisms underlying the manner in whichMCH influences
the dopaminergic system remain to be further elucidated.

To better understand how acupuncture and MCH regulate
LID, changes in gene expression were assessed with tran-
scriptome analyses of the striatum. A hierarchical clustering
analysis revealed that the L-DOPA + ACU and L-DOPA +
MCH groups were classified in the same cluster, which sup-
ports the notion that MCHmediates the effects of acupuncture
on LID. Of the common genes regulated by both acupuncture
and MCH, the grouped networks visualized via ClueGo indi-
cated that LID-regulating mechanisms in the striatum were
associated with the cellular response to extracellular stimuli
(neuropeptide signaling pathway, cellular response to nutrient
levels, and blood microparticles) and functions related to gene
expression (translational initiation, ribonucleoprotein granule,
helicase activity, and the PPAR signaling pathway); more spe-
cifically, the Tac2, Lcn2, andCartpt genes were highly linked.
Tac2 encodes the gene neurokinin B (NKB), which is a
tachykinin neuropeptide that preferentially binds to
neurokinin-3 receptors (NK3Rs) [46]. NKB/NK3R signaling
is involved in the regulation of dopaminergic transmission
[47, 48] and Zhang et al. [49] demonstrated that the mRNA
expression of NKB increases following L-DOPA injections
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into the striatal region of 6-OHDA-lesioned rats. The first
speculation of these authors was that elevations in NKB are
related to the induction of LID. However, the injection of an
NK3R antagonist potentiated abnormal L-DOPA-induced
contralateral rotations, which suggests that the L-DOPA-
induced release of NKB might be a rescue mechanism. Lcn2
encodes a lipocalin-2 (LCN2) protein, which is involved in
cellular iron transport [50]. LCN2 is a multifunctional protein
related to neuroinflammation [50–52]. In terms of its associa-
tion with PD, LCN2-deficient mice exhibit attenuations in
dopaminergic cell death and motor dysfunction induced by
MPTP and 6-OHDA [51]. However, recent findings suggest
that LCN2 functions as a Bhelp me signal^ following stroke-
induced neuronal injury to promote the differentiation of mi-
croglia and astrocytes into phenotypes beneficial for recovery
[52]. In the case of sepsis, a lack of LCN2 results in the ele-
vation of inflammatory molecules and the exacerbation of
behavioral phenotypes; thus, LCN2 may play a compensatory
role during abnormal changes in the brain [53]. These discrep-
ancies could be interpreted as a context-dependent role for
LCN2 under conditions of neuroinflammation [50]. Based
on these previous reports, it is postulated that the
acupuncture- and MCH-induced upregulation of Tac2 and
Lcn2 expression in the striatum might contribute to reducing
the adverse effects of L-DOPA as a type of compensatory
mechanism. However, further studies would be necessary to
elucidate the exact roles of NKB/NK3R and LCN2 in LID.
Though the increase of Cartpt expression failed to reach sta-
tistical significance, a network analysis suggested that Cartpt
might also play a role in this mechanism. It encodes cocaine-
and amphetamine-regulated transcript (CART), which has
been well documented to affect the reward and reinforcement
of a drug via modulation of the mesolimbic dopamine systems
[54]. Recently, CART has drawn attention due to its role in
neurodegenerative diseases because it may afford neuropro-
tective effects [55, 56]. In PD, pretreatment with CART (i.p.)
prevents MPTP-induced dopaminergic neuronal cell loss and
motor dysfunction [55, 56]. Furthermore, Upadhya et al. [57]
reported that CART treatment (i.c.v.) attenuates contralateral
rotations followed by apomorphine or L-DOPA administra-
tion and CART treatment per se induces ipsilateral rotations
in unilateral 6-OHDAmice, which suggests a modulatory role
of CARTon dopamine systems in PD and LID models. Taken
together, these results suggest that the antidyskinetic effects of
acupuncture andMCHmight be caused by d the enhancement
of compensatory responses against abnormal changes induced
by L-DOPA administration in the striatum. However, the pres-
ent study only suggests this possibility and, thus, the direct
roles of the NKB/NK3R and/or LCN2 systems in the modu-
lation of LID require further examination.

The present study has several issues and limitations that
need to be addressed. First, acupuncture stimulation is a type
of peripheral stimulation that induces central modulatory

effects. Previous studies have shown that acupuncture in-
creases extracellular signal-regulated kinase (ERK) phosphor-
ylation in local skin tissues of acupoint GB34 and that the
central modulatory effects of acupuncture are reduced by the
local blockage of phosphor-ERK [58], which indicates the
role of acupuncture in peripheral and central crosstalk.
However, the present study could not identify a signaling link
between local acupuncture stimulation and the lateral hypo-
thalamus. If the modulatory role of this peripheral (acupunc-
ture)-central connection is revealed, then the associated bene-
ficial effects thereof can be expanded for patients with neuro-
logical diseases experiencing adverse effects. The present
study also could not elucidate a direct link between hypotha-
lamic MCH and changes in the striatum. Emerging studies are
using novel techniques such as optogenetics, live imaging,
and tracing in evaluating pathways and the techniques can
help clarify this connection. Additionally, the precise brain
regions responsive to MCH after i.n. administration should
be further clarified. It has also been reported that many brain
regions, including the basal ganglia (striatum and SN
reticulata) [59, 60] and areas outside the basal ganglia (motor
and somatosensory cortices, bed nucleus of the stria
terminalis, dorsal hippocampus, zona incerta, lateral habenula,
and/or frontal cortex) [61–63] are affected by LID. Because
intranasally administered MCH can spread to whole brain
regions, we cannot rule out the fact that brain areas other than
the striatum might be responsive to this treatment.
Additionally, it is well-known that MCH regulates homeosta-
sis and metabolism and, thus, it is possible that MCH may
cause abnormal feeding behaviors. However, the present re-
sults showed that the i.n. administration of MCH for 36 days
did not induce a greater degree of weight gain than the admin-
istration of saline. Although the peripheral actions ofMCH are
not well understood, MCH1Rs are located in peripheral tis-
sues and MCH knockout mice exhibit lower levels of intesti-
nal inflammation [64], reductions in intestinal tumorigenesis
[65], and an increased mortality against intestinal pathogens
[66]. Because small amounts of intranasally administered
MCH can enter the bloodstream, the peripheral function of
MCH should also be considered [66]. Thus, the development
of MCH as a pharmacological treatment for LID will require
long-term monitoring to rule out the occurrence of possible
adverse events.

Conclusions

In summary, the present study found that hypothalamic Pmch
expression was upregulated by acupuncture treatment and that
the administration of an MCH antagonist reversed the
antidyskinetic effects of acupuncture in both the Pitx3 ak/ak
and 6-OHDA-induced PD mice models of LID. Additionally,
the present study was the first to report that MCH exhibited
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antidyskinetic effects in these models. Thus, the effects of
acupuncture and MCH may be beneficial for overcoming
LID in patients with PD.

Authors’ contributions HJ Park designed experiment and wrote, edited,
and revised the manuscript. J Kim and SH Jeon designed experiment and
revised the manuscript. YK Kim, AR Lee, and H Park performed exper-
iments. S Ahn and J Yoo analyzed and interpreted the data. YK Kim, AR
Lee, and HJ Park contributed materials and method tools. YK Kim wrote
the draft. All authors had input into the manuscript and have approved the
manuscript for publication.

Funding Information This research was supported by grants from the
National Research Foundation of Korea funded by the Korean govern-
ment (NRF-2017R1A2B4009963) and from the Korea Institute of
Oriental Medicine (grant K18182).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Dauer W, Przedborski S (2003) Parkinson’s disease: mechanisms
and models. Neuron 39(6):889–909

2. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE
(2010) Systematic review of levodopa dose equivalency reporting
in Parkinson’s disease. Mov Disord 25(15):2649–2653. https://doi.
org/10.1002/mds.23429

3. Phillips JR, Eissa AM, Hewedi DH, Jahanshahi M, El-Gamal M,
Keri S, Moustafa AA (2016) Neural substrates and potential treat-
ments for levodopa-induced dyskinesias in Parkinson’s disease.
Rev Neurosci 27(7):729–738. https://doi.org/10.1515/revneuro-
2016-0009

4. Hechtner MC, Vogt T, Zollner Y, Schroder S, Sauer JB, Binder H,
Singer S, Mikolajczyk R (2014) Quality of life in Parkinson’s dis-
ease patients with motor fluctuations and dyskinesias in five
European countries. Parkinsonism Relat Disord 20(9):969–974.
https://doi.org/10.1016/j.parkreldis.2014.06.001

5. Vijayakumar D, Jankovic J (2016) Drug-induced dyskinesia, part 1:
treatment of levodopa-induced dyskinesia. Drugs 76(7):759–777.
https://doi.org/10.1007/s40265-016-0566-3

6. Kong M, Ba M, Ren C, Yu L, Dong S, Yu G, Liang H (2017) An
updated meta-analysis of amantadine for treating dyskinesia in
Parkinson’s disease. Oncotarget 8(34):57316–57326. https://doi.
org/10.18632/oncotarget.17622

7. Yaw TK, Fox SH, Lang AE (2016) Clozapine in parkinsonian rest
tremor: a review of outcomes, adverse reactions, and possible
mechanisms of action. Mov Disord Clin Pract 3(2):116–124

8. Chae Y, Lee H, Kim H, Kim CH, Chang DI, Kim KM, Park HJ
(2009) Parsing brain activity associated with acupuncture treatment
in Parkinson’s diseases.MovDisord 24(12):1794–1802. https://doi.
org/10.1002/mds.22673

9. Chen FP, Chang CM, Shiu JH, Chiu JH, Wu TP, Yang JL, Kung
YY, Chen FJ et al (2015) A clinical study of integrating acupuncture
and Western medicine in treating patients with Parkinson’s disease.
Am J Chin Med 43(3):407–423. https://doi.org/10.1142/
S0192415X15500263

10. Kim SN, Doo AR, Park JY, Choo HJ, Shim I, Park JJ, Chae Y, Lee
B et al (2014) Combined treatment with acupuncture reduces

effective dose and alleviates adverse effect of L-dopa by normaliz-
ing Parkinson’s disease-induced neurochemical imbalance. Brain
Res 1544:33–44. https://doi.org/10.1016/j.brainres.2013.11.028

11. Kim JH, Choi KH, Jang YJ, Bae SS, Shin BC, Choi BT, Shin HK
(2013) Electroacupuncture acutely improves cerebral blood flow
and attenuates moderate ischemic injury via an endothelial mecha-
nism in mice. PLoS One 8(2):e56736. https://doi.org/10.1371/
journal.pone.0056736

12. Li L, Zhang H, Meng SQ, Qian HZ (2014) An updated meta-
analysis of the efficacy and safety of acupuncture treatment for
cerebral infarction. PLoS One 9(12):e114057. https://doi.org/10.
1371/journal.pone.0114057

13. Aroxa FH, Gondim IT, Santos EL, Coriolano MD, Asano AG,
Asano NM (2017) Acupuncture as adjuvant therapy for sleep dis-
orders in Parkinson’s disease. J Acupunct Meridian Stud 10(1):33–
38. https://doi.org/10.1016/j.jams.2016.12.007

14. Mizushima T (2011) Treatment results between matched pair of L-
dopa medication treatment and acupuncture treatment combination
on Parkinson disease—the randomized controlled trial between 2
groups. Kampo Med 62(6):691–694

15. Wang F, Sun L, Zhang XZ, Jia J, Liu Z, Huang XY, Yu SY, Zuo LJ
et al (2015) Effect and potential mechanism of electroacupuncture
add-on treatment in patients with Parkinson’s disease. Evid Based
Complement Alternat Med 2015:692795. https://doi.org/10.1155/
2015/692795

16. Kim SN,DooAR, Park JY, Bae H, ChaeY, Shim I, LeeH,MoonW
et al (2011) Acupuncture enhances the synaptic dopamine availabil-
ity to improve motor function in a mouse model of Parkinson’s
disease. PLoS One 6(11):e27566. https://doi.org/10.1371/journal.
pone.0027566

17. Chae Y, Chang DS, Lee SH, JungWM, Lee IS, Jackson S, Kong J,
Lee H et al (2013) Inserting needles into the body: a meta-analysis
of brain activity associated with acupuncture needle stimulation. J
Pain 14(3):215–222. https://doi.org/10.1016/j.jpain.2012.11.011

18. Chae Y, Lee H, Kim H, Sohn H, Park JH, Park HJ (2009) The
neural substrates of verum acupuncture compared to non-
penetrating placebo needle: an fMRI study. Neurosci Lett 450(2):
80–84. https://doi.org/10.1016/j.neulet.2008.11.048

19. Choi GS, Oha SD, Han JB, Bae HS, Cho YW, Yun YS, Lee WK,
Ahn HJ et al (2002) Modulation of natural killer cell activity affect-
ed by electroacupuncture through lateral hypothalamic area in rats.
Neurosci Lett 329(1):1–4

20. Hsieh JC, Tu CH, Chen FP, ChenMC,Yeh TC, ChengHC,WuYT,
Liu RS et al (2001) Activation of the hypothalamus characterizes
the acupuncture stimulation at the analgesic point in human: a pos-
itron emission tomography study. Neurosci Lett 307(2):105–108

21. Liu S, ZhouW, Ruan X, Li R, Lee T,Weng X, Hu J, Yang G (2007)
Activation of the hypothalamus characterizes the response to acu-
puncture stimulation in heroin addicts. Neurosci Lett 421(3):203–
208. https://doi.org/10.1016/j.neulet.2007.04.078

22. Takeshige C, Oka K, Mizuno T, Hisamitsu T, Luo CP, Kobori M,
Mera H, Fang TQ (1993) The acupuncture point and its connecting
central pathway for producing acupuncture analgesia. Brain Res
Bull 30(1–2):53–67

23. Yu Z, Xia Y, Ju C, Shao Q, Mao Z, Gu Y, Xu B (2013)
Electroacupuncture regulates glucose-inhibited neurons in treat-
ment of simple obesity. Neural Regen Res 8(9):809–816. https://
doi.org/10.3969/j.issn.1673-5374.2013.09.005

24. Dexter DT, Jenner P (2013) Parkinson disease: from pathology to
molecular disease mechanisms. Free Radic Biol Med 62:132–144.
https://doi.org/10.1016/j.freeradbiomed.2013.01.018

25. Langston JW (2006) The Parkinson’s complex: parkinsonism is just
the tip of the iceberg. Ann Neurol 59(4):591–596. https://doi.org/
10.1002/ana.20834

26. Breen DP, Nombela C, Vuono R, Jones PS, Fisher K, Burn DJ,
Brooks DJ, Reddy AB et al (2016) Hypothalamic volume loss is

Mol Neurobiol (2019) 56:2408–2423 2421

https://doi.org/10.1002/mds.23429
https://doi.org/10.1002/mds.23429
https://doi.org/10.1515/revneuro-2016-0009
https://doi.org/10.1515/revneuro-2016-0009
https://doi.org/10.1016/j.parkreldis.2014.06.001
https://doi.org/10.1007/s40265-016-0566-3
https://doi.org/10.18632/oncotarget.17622
https://doi.org/10.18632/oncotarget.17622
https://doi.org/10.1002/mds.22673
https://doi.org/10.1002/mds.22673
https://doi.org/10.1142/S0192415X15500263
https://doi.org/10.1142/S0192415X15500263
https://doi.org/10.1016/j.brainres.2013.11.028
https://doi.org/10.1371/journal.pone.0056736
https://doi.org/10.1371/journal.pone.0056736
https://doi.org/10.1371/journal.pone.0114057
https://doi.org/10.1371/journal.pone.0114057
https://doi.org/10.1016/j.jams.2016.12.007
https://doi.org/10.1155/2015/692795
https://doi.org/10.1155/2015/692795
https://doi.org/10.1371/journal.pone.0027566
https://doi.org/10.1371/journal.pone.0027566
https://doi.org/10.1016/j.jpain.2012.11.011
https://doi.org/10.1016/j.neulet.2008.11.048
https://doi.org/10.1016/j.neulet.2007.04.078
https://doi.org/10.3969/j.issn.1673-5374.2013.09.005
https://doi.org/10.3969/j.issn.1673-5374.2013.09.005
https://doi.org/10.1016/j.freeradbiomed.2013.01.018
https://doi.org/10.1002/ana.20834
https://doi.org/10.1002/ana.20834


associated with reduced melatonin output in Parkinson’s disease.
Mov Disord 31(7):1062–1066. https://doi.org/10.1002/mds.26592

27. PaganoG,Molloy S, Bain PG, Rabiner EA, Chaudhuri KR, Brooks
DJ, Pavese N (2016) Sleep problems and hypothalamic dopamine
D3 receptor availability in Parkinson disease. Neurology 87(23):
2451–2456. https://doi.org/10.1212/WNL.0000000000003396

28. Park JY, Kim SN, Yoo J, Jang J, Lee A, Oh JY, Kim H, Oh STet al
(2016) Novel neuroprotective effects of melanin-concentrating hor-
mone in Parkinson’s disease. Mol Neurobiol. https://doi.org/10.
1007/s12035-016-0258-8

29. Lim SA, Xia R, Ding Y, Won L, Ray WJ, Hitchcock SA, McGehee
DS, Kang UJ (2015) Enhanced histamine H2 excitation of striatal
cholinergic interneurons in L-DOPA-induced dyskinesia.
Neurobiol Dis 76:67–76. https://doi.org/10.1016/j.nbd.2015.01.
003

30. Santini E, Heiman M, Greengard P, Valjent E, Fisone G (2009)
Inhibition of mTOR signaling in Parkinson’s disease prevents L-
DOPA-induced dyskinesia. Sci Signal 2(80):ra36. https://doi.org/
10.1126/scisignal.2000308

31. Ding Y, Restrepo J, Won L, Hwang DY, Kim KS, Kang UJ (2007)
Chronic 3,4-dihydroxyphenylalanine treatment induces dyskinesia
in aphakia mice, a novel genetic model of Parkinson’s disease.
Neurobiol Dis 27(1):11–23. https://doi.org/10.1016/j.nbd.2007.03.
013

32. Solis O, Espadas I, Del-Bel EA, Moratalla R (2015) Nitric oxide
synthase inhibition decreases l-DOPA-induced dyskinesia and the
expression of striatal molecular markers in Pitx3(-/-) aphakia mice.
Neurobiol Dis 73:49–59. https://doi.org/10.1016/j.nbd.2014.09.
010

33. LundbladM, Picconi B, Lindgren H, Cenci MA (2004) A model of
L-DOPA-induced dyskinesia in 6-hydroxydopamine lesionedmice:
relation to motor and cellular parameters of nigrostriatal function.
Neurobiol Dis 16(1):110–123. https://doi.org/10.1016/j.nbd.2004.
01.007

34. Wang X, Wang M, Dong W, Li Y, Zheng X, Piao F, Li S (2013)
Subchronic exposure to lead acetate inhibits spermatogenesis and
downregulates the expression of Ddx3y in testis of mice. Reprod
Toxicol 42:242–250. https://doi.org/10.1016/j.reprotox.2013.10.
003

35. Ahn S, Song TJ, Park SU, Jeon S, Kim J, Oh JY, Jang J, Hong S et
al (2017) Effects of a combination treatment of KD5040 and L-
dopa in a mouse model of Parkinson’s disease. BMC
Complement Altern Med 17(1):220. https://doi.org/10.1186/
s12906-017-1731-2

36. Karlsson C, Rehman F, Damdazic R, Atkins AL, Schank JR,
Gehlert DR, Steensland P, Thorsell A et al (2016) The melanin-
concentrating hormone-1 receptor modulates alcohol-induced re-
ward and DARPP-32 phosphorylation. Psychopharmacology
233(12):2355–2363. https://doi.org/10.1007/s00213-016-4285-y

37. Monti JM, Torterolo P, Lagos P (2013) Melanin-concentrating hor-
mone control of sleep-wake behavior. Sleep Med Rev 17(4):293–
298. https://doi.org/10.1016/j.smrv.2012.10.002

38. Presse F, Conductier G, Rovere C, Nahon JL (2014) The melanin-
concentrating hormone receptors: neuronal and non-neuronal func-
tions. Int J Obes Suppl 4(Suppl 1):S31–S36. https://doi.org/10.
1038/ijosup.2014.9

39. Della-Zuana O, Presse F, Ortola C, Duhault J, Nahon JL, Levens N
(2002) Acute and chronic administration of melanin-concentrating
hormone enhances food intake and body weight in Wistar and
Sprague-Dawley rats. Int J Obes Relat Metab Disord 26(10):
1289–1295. https://doi.org/10.1038/sj.ijo.0802079

40. Monzon ME, de Souza MM, Izquierdo LA, Izquierdo I, Barros
DM, de Barioglio SR (1999) Melanin-concentrating hormone
(MCH) modifies memory retention in rats. Peptides 20(12):1517–
1519

41. Diniz GB, Bittencourt JC (2017) The melanin-concentrating hor-
mone as an integrative peptide driving motivated behaviors. Front
Syst Neurosci 11:32. https://doi.org/10.3389/fnsys.2017.00032

42. Li N, Nattie E, Li A (2014) The role of melanin concentrating
hormone (MCH) in the central chemoreflex: a knockdown study
by siRNA in the lateral hypothalamus in rats. PLoS One 9(8):
e103585. https://doi.org/10.1371/journal.pone.0103585

43. Serova LI, Laukova M, Alaluf LG, Sabban EL (2013) Intranasal
infusion of melanocortin receptor four (MC4R) antagonist to rats
ameliorates development of depression and anxiety related symp-
toms induced by single prolonged stress. Behav Brain Res 250:
139–147. https://doi.org/10.1016/j.bbr.2013.05.006

44. Pissios P, Frank L, Kennedy AR, Porter DR, Marino FE, Liu FF,
Pothos EN, Maratos-Flier E (2008) Dysregulation of the
mesolimbic dopamine system and reward in MCH-/- mice. Biol
Psychiatry 64(3):184–191. https://doi.org/10.1016/j.biopsych.
2007.12.011

45. Chung S, Hopf FW, Nagasaki H, Li CY, Belluzzi JD, Bonci A,
Civelli O (2009) The melanin-concentrating hormone system mod-
ulates cocaine reward. Proc Natl Acad Sci U S A 106(16):6772–
6777. https://doi.org/10.1073/pnas.0811331106

46. Sandweiss AJ, Vanderah TW (2015) The pharmacology of
neurokinin receptors in addiction: prospects for therapy. Subst
Abuse Rehabil 6:93–102. https://doi.org/10.2147/SAR.S70350

47. Misono K, Lessard A (2012) Apomorphine-evoked redistribution
of neurokinin-3 receptors in dopaminergic dendrites and neuronal
nuclei of the rat ventral tegmental area. Neuroscience 203:27–38.
https://doi.org/10.1016/j.neuroscience.2011.12.018

48. Overton P, Elliott PJ, Hagan RM, Clark D (1992) Neurokinin ago-
nists differentially affect A9 and A10 dopamine cells in the rat. Eur
J Pharmacol 213(1):165–166

49. Zhang X, Andren PE, Chergui K, Svenningsson P (2008)
Neurokinin B/NK3 receptors exert feedback inhibition on L-
DOPA actions in the 6-OHDA lesion rat model of Parkinson’s
disease. Neuropharmacology 54(7):1143–1152. https://doi.org/10.
1016/j.neuropharm.2008.03.005

50. Ferreira AC, DaMesquita S, Sousa JC, Correia-Neves M, Sousa N,
Palha JA, Marques F (2015) From the periphery to the brain:
lipocalin-2, a friend or foe? Prog Neurobiol 131:120–136. https://
doi.org/10.1016/j.pneurobio.2015.06.005

51. Kim BW, Jeong KH, Kim JH, Jin M, Lee MG, Choi DK, Won SY,
McLean C et al (2016) Pathogenic upregulation of glial lipocalin-2
in the parkinsonian dopaminergic system. J Neurosci 36(20):5608–
5622. https://doi.org/10.1523/JNEUROSCI.4261-15.2016

52. Xing C, Wang X, Cheng C, Montaner J, Mandeville E, Leung W,
van Leyen K, Lok J et al (2014) Neuronal production of lipocalin-2
as a help-me signal for glial activation. Stroke 45(7):2085–2092.
https://doi.org/10.1161/STROKEAHA.114.005733

53. Kang SS, Ren Y, Liu CC, Kurti A, Baker KE, Bu G, Asmann Y,
Fryer JD (2017) Lipocalin-2 protects the brain during inflammatory
conditions. Mol Psychiatry. https://doi.org/10.1038/mp.2016.243

54. Vicentic A, Jones DC (2007) The CART (cocaine- and
amphetamine-regulated transcript) system in appetite and drug ad-
diction. J Pharmacol Exp Ther 320(2):499–506. https://doi.org/10.
1124/jpet.105.091512

55. Mao P, Meshul CK, Thuillier P, Goldberg NR, Reddy PH (2012)
CART peptide is a potential endogenous antioxidant and preferen-
tially localized in mitochondria. PLoSOne 7(1):e29343. https://doi.
org/10.1371/journal.pone.0029343

56. Mao P, Meshul CK, Thuillier P, Reddy PH (2013) Neurotransmitter
CART as a new therapeutic candidate for Parkinson’s disease.
Pharmaceuticals (Basel) 6(1):108–123. https://doi.org/10.3390/
ph6010108

57. Upadhya MA, Shelkar GP, Subhedar NK, Kokare DM (2016)
CART modulates the effects of levodopa in rat model of

2422 Mol Neurobiol (2019) 56:2408–2423

https://doi.org/10.1002/mds.26592
https://doi.org/10.1212/WNL.0000000000003396
https://doi.org/10.1007/s12035-016-0258-8
https://doi.org/10.1007/s12035-016-0258-8
https://doi.org/10.1016/j.nbd.2015.01.003
https://doi.org/10.1016/j.nbd.2015.01.003
https://doi.org/10.1126/scisignal.2000308
https://doi.org/10.1126/scisignal.2000308
https://doi.org/10.1016/j.nbd.2007.03.013
https://doi.org/10.1016/j.nbd.2007.03.013
https://doi.org/10.1016/j.nbd.2014.09.010
https://doi.org/10.1016/j.nbd.2014.09.010
https://doi.org/10.1016/j.nbd.2004.01.007
https://doi.org/10.1016/j.nbd.2004.01.007
https://doi.org/10.1016/j.reprotox.2013.10.003
https://doi.org/10.1016/j.reprotox.2013.10.003
https://doi.org/10.1186/s12906-017-1731-2
https://doi.org/10.1186/s12906-017-1731-2
https://doi.org/10.1007/s00213-016-4285-y
https://doi.org/10.1016/j.smrv.2012.10.002
https://doi.org/10.1038/ijosup.2014.9
https://doi.org/10.1038/ijosup.2014.9
https://doi.org/10.1038/sj.ijo.0802079
https://doi.org/10.3389/fnsys.2017.00032
https://doi.org/10.1371/journal.pone.0103585
https://doi.org/10.1016/j.bbr.2013.05.006
https://doi.org/10.1016/j.biopsych.2007.12.011
https://doi.org/10.1016/j.biopsych.2007.12.011
https://doi.org/10.1073/pnas.0811331106
https://doi.org/10.2147/SAR.S70350
https://doi.org/10.1016/j.neuroscience.2011.12.018
https://doi.org/10.1016/j.neuropharm.2008.03.005
https://doi.org/10.1016/j.neuropharm.2008.03.005
https://doi.org/10.1016/j.pneurobio.2015.06.005
https://doi.org/10.1016/j.pneurobio.2015.06.005
https://doi.org/10.1523/JNEUROSCI.4261-15.2016
https://doi.org/10.1161/STROKEAHA.114.005733
https://doi.org/10.1038/mp.2016.243
https://doi.org/10.1124/jpet.105.091512
https://doi.org/10.1124/jpet.105.091512
https://doi.org/10.1371/journal.pone.0029343
https://doi.org/10.1371/journal.pone.0029343
https://doi.org/10.3390/ph6010108
https://doi.org/10.3390/ph6010108


Parkinson’s disease. Behav Brain Res 301:262–272. https://doi.org/
10.1016/j.bbr.2015.12.031

58. Park JY, Park JJ, Jeon S, Doo AR, Kim SN, Lee H, Chae Y,
Maixner W et al (2014) From peripheral to central: the role of
ERK signaling pathway in acupuncture analgesia. J Pain 15(5):
535–549. https://doi.org/10.1016/j.jpain.2014.01.498

59. Bastide MF, Meissner WG, Picconi B, Fasano S, Fernagut PO,
Feyder M, Francardo V, Alcacer C et al (2015) Pathophysiology
of L-dopa-induced motor and non-motor complications in
Parkinson’s disease. Prog Neurobiol 132:96–168. https://doi.org/
10.1016/j.pneurobio.2015.07.002

60. Jenner P (2008) Molecular mechanisms of L-DOPA-induced dys-
kinesia. Nat Rev Neurosci 9(9):665–677. https://doi.org/10.1038/
nrn2471

61. Alam M, Rumpel R, Jin X, von Wrangel C, Tschirner SK, Krauss
JK, Grothe C, Ratzka A et al (2017) Altered somatosensory cortex
neuronal activity in a rat model of Parkinson’s disease and
levodopa-induced dyskinesias. Exp Neurol 294:19–31. https://doi.
org/10.1016/j.expneurol.2017.04.011

62. Bastide MF, Dovero S, Charron G, Porras G, Gross CE, Fernagut
PO, Bezard E (2014) Immediate-early gene expression in structures
outside the basal ganglia is associated to l-DOPA-induced

dyskinesia. Neurobiol Dis 62:179–192. https://doi.org/10.1016/j.
nbd.2013.09.020

63. Cerasa A, Koch G, Donzuso G, Mangone G, Morelli M, Brusa L,
Stampanoni Bassi M, Ponzo V et al (2015) A network centred on
the inferior frontal cortex is critically involved in levodopa-induced
dyskinesias. Brain 138(Pt 2):414–427. https://doi.org/10.1093/
brain/awu329

64. Kokkotou E, Moss AC, Torres D, Karagiannides I, Cheifetz A, Liu
S, O’Brien M, Maratos-Flier E et al (2008) Melanin-concentrating
hormone as a mediator of intestinal inflammation. Proc Natl Acad
Sci U S A 105(30):10613–10618. https://doi.org/10.1073/pnas.
0804536105

65. Nagel JM, Geiger BM, Karagiannis AK, Gras-Miralles B, Horst D,
Najarian RM, Ziogas DC, Chen X et al (2012) Reduced intestinal
tumorigenesis in APCmin mice lacking melanin-concentrating hor-
mone. PLoS One 7(7):e41914. https://doi.org/10.1371/journal.
pone.0041914

66. Karagiannis AK, Ziogas DC, Gras-Miralles B, Geiger BM, Nagel J,
Trebicka E, Najarian R, Cherayil BJ et al (2013) Increased suscep-
tibility of melanin-concentrating hormone-deficient mice to infec-
tion with Salmonella enterica serovar typhimurium. Infect Immun
81(1):166–172. https://doi.org/10.1128/IAI.00572-12

Mol Neurobiol (2019) 56:2408–2423 2423

https://doi.org/10.1016/j.bbr.2015.12.031
https://doi.org/10.1016/j.bbr.2015.12.031
https://doi.org/10.1016/j.jpain.2014.01.498
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1016/j.pneurobio.2015.07.002
https://doi.org/10.1038/nrn2471
https://doi.org/10.1038/nrn2471
https://doi.org/10.1016/j.expneurol.2017.04.011
https://doi.org/10.1016/j.expneurol.2017.04.011
https://doi.org/10.1016/j.nbd.2013.09.020
https://doi.org/10.1016/j.nbd.2013.09.020
https://doi.org/10.1093/brain/awu329
https://doi.org/10.1093/brain/awu329
https://doi.org/10.1073/pnas.0804536105
https://doi.org/10.1073/pnas.0804536105
https://doi.org/10.1371/journal.pone.0041914
https://doi.org/10.1371/journal.pone.0041914
https://doi.org/10.1128/IAI.00572-12

	Acupuncture...
	Abstract
	Introduction
	Methods and Materials
	Animals
	Microinjection and Apomorphine Test
	Drugs and Acupuncture Treatment
	Experimental Procedure
	Behavior Tests
	Three-Paw Dyskinesia
	Abnormal Involuntary Movements (AIM)

	Western Blotting
	Whole Transcript Expression Arrays
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
	Statistical Analysis

	Results
	Effects of Acupuncture Treatment on LID in Pitx3 ak/ak Mice
	Identification of Hypothalamic Genes Related to the Antidyskinetic Effects of Acupuncture
	Validation of the Antidyskinetic Effects of Acupuncture and the Upregulation of Pmch mRNA in 6-OHDA Mice with LID
	Mediating Role of MCH on the Antidyskinetic Effects of Acupuncture in Pitx3-Deficient ak/ak Mice
	Modulating Effects of MCH on LID in Pitx3-Deficient ak/ak Mice
	Effects of MCH Treatment on LID in 6-OHDA-Lesioned Mice
	Similarities in Global Gene Expression in the Striatum Following MCH and Acupuncture Treatments

	Discussion
	Conclusions
	References


