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Abstract
Objective Tourette syndrome (TS) is a common neurological disorder characterized by behavioral
stereotypies. Acupuncture has been found to improve stereotypical behavior in a clinical setting, but its
mechanism remains unclear. The main pathogenesis of TS may result from the dysfunction of the
dopamine (DA) system in the substantia nigra-striatal network. Moreover, endocannabinoids have
therapeutic effects on TS by activating the CB1 receptors (CB1R). 

Methods In this study, we determined the optimal acupuncture treatment for TS. Further, we investigated
whether CB1R could mediate the effects of acupuncture treatment on behavioral stereotypies of TS and
regulate the concentration of DA in substantia nigra pars compacta (SNpc) and the dorsal striatum
(dSTR). 

Results We found that both manual acupuncture and low-frequency electroacupuncture alleviated
involuntary behavioral stereotypies in TS model mice, decreased the concentration of DA in the SNpc and
dSTR, and increased CB1R expression in dopaminergic neurons in the SNpc. Targeted knockout of CB1R
in dopaminergic neurons projecting from SNpc to dSTR reversed the effects of acupuncture. 

Conclusion Our results support that CB1R in dopaminergic neurons projecting from SNpc to dSTR is
involved in acupuncture treatment to alleviate stereotypical behavior in TS model mice.

Introduction
Tourette syndrome (TS) is a condition of the nervous system in which patients have sudden, repeated,
involuntary twitches and movements called tics [1]. The onset of TS is very painful, which seriously
reduces the quality of the patient’s life and places a heavy burden on the patient’s family and society [2–
4]. Current drug treatments for TS have serious side effects [5]. Many clinical studies have con�rmed that
acupuncture treatment of TS is bene�cial and also safer than drug treatment [6]. However, the underlying
mechanism remains unclear.

The endocannabinoid system is an integral part of the nervous system, and regulates numerous vital
functions including learning, memory, mood, anxiety, and pain perception [7]. N-arachidonoyl
ethanolamine and 2-arachidonoyl glycerol (2-AG) are naturally occurring endocannabinoids that bind to
cannabinoid receptors, speci�cally CB1R [8]. CB1R is a G protein-coupled receptor mainly distributed in
the central nervous system, and is highly expressed in basal ganglia, cerebral cortex, and hypothalamus
in particular. It can regulate motor function, psychoactivity, memory processing, and pain modulation [9].
Studies have shown that delta-9-tetrahydrocannabinol (THC), a CB1R agonist, is the main psychoactive
component of cannabis and the source of its pharmacological effects [10]. Moreover, cannabidiol (CBD)
is a compound from cannabis sativa with neuroprotective, antipsychotic, anxiolytic, and antiepileptic
effects. It can treat TS by activating CB1R [11]. In animal experiments, THC reduced the head twitch
responses in mice with TS [12]. In clinical applications, patients with TS reduced motor tics and
premonitory urges using Sativex (a cannabinoid oral spray, the main active ingredients of which are THC
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and CBD) or inhaled cannabis, which increased the levels of 2-AG [8, 13, 14]. These studies indicated that
CB1R has a relationship with TS.

TS is characterized by multiple motor and behavioral stereotypies [15]. CB1R, expressed in the dorsal
striatum (dSTR) and substantia nigra pars compacta (SNpc), plays an important role in regulating motor
function [16]. Blocking CB1R can promote movement, whereas activating CB1R can inhibit movement.
For example, blocking CB1R attenuates the typical inhibitory effects on motor function in Parkinson’s
disease, thereby promoting movement [17, 18]. Activation of the CB1R in the basal ganglia can inhibit
hyperkinetic symptoms in Huntington’s disease [19, 20]. In this study, we hypothesized whether
acupuncture alleviated behavioral stereotypies by regulating CB1R in dopaminergic neurons projecting
from the SNpc to the dSTR in a mouse model of TS.

In the present study, we aimed to elucidate the mechanism underlying the effects of acupuncture on TS in
regulating the DA system via CB1R in the SNpc and dSTR. We used two TS mice models: TS transgenic
mice, maintained on a Balb/c congenic background, which is currently the best TS mice model [21], and
3,3’- iminodipropionitrile (IDPN) induced TS mice model [22]. Since CB1R �ox mice maintained on a
C57BL/6 congenic background, the IDPN-induced TS model was used in the virus injection experiments.
First, we observed the effects of manual acupuncture, low-frequency electroacupuncture (EA) and high-
frequency EA on behavioral stereotypies of TS transgenic mice to determine the e�cacy of the
acupuncture methods. Next, the expression of CB1R and the concentration of DA in the SNpc and dSTR
were measured in both TS transgenic mice and IDPN-induced TS model mice. Finally, we speci�cally
knocked out CB1R in dopaminergic neurons projecting from the SNpc to the dSTR to verify the role of
CB1R in the DA system in the therapeutic effect of acupuncture. Our study aimed to investigate whether
CB1R in dopaminergic neurons projecting from the SNpc to the dSTR is involved in acupuncture
treatment of TS.

Methods

Animals
All D1CT-7 mice (TS transgenic mice, Stock No: 008367) and their wildtype (WT) littermates (male, aged 8
weeks, and 18–21 g) maintained on a Balb/c congenic background were purchased from Jackson
Laboratory (USA). All CB1R �ox mice and their WT mice (male, aged 8 weeks, and 18–21 g) maintained
on a C57BL/6 congenic background were bought from Cyagen Biosciences Laboratory (Guangzhou,
China). All animal experimental protocols conformed to the Animal Management Rules of the Chinese
Ministry of Health, and the study was approved by the Animal Ethics Committee of the Huazhong
University of Science and Technology. The mice were maintained in a controlled environment with a
temperature of 21 ± 1°C and relative humidity of 60% ± 10% under a 12 h light/dark cycle (lights on at 7
a.m.). The mice were housed individually in standard polypropylene plastic cages (318 mm × 202 mm ×
136 mm) with sawdust bedding and water and food ad libitum (Xietong Pharmaceutical Biotechnology
Limited Liability Company, Jiangsu, China).
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Acupuncture Treatment
At �rst, we set up the WT control group (control group), TS transgenic model group (TS group), TS
transgenic model with manual acupuncture group (manual acupuncture group), TS transgenic model
with low-frequency EA group (low-frequency EA group), TS transgenic model with high-frequency EA
group (high-frequency EA group) and TS transgenic model with sham acupuncture group (sham
acupuncture group) on D1CT-7 mice. Then, we set up the control group (control group), IDPN-induced TS
model group (IDPN group), IDPN-induced TS model with manual acupuncture group (manual
acupuncture group), IDPN-induced TS model with low-frequency EA group (low-frequency EA group) and
IDPN-induced TS model with sham acupuncture group (sham acupuncture group) on CB1R �ox mice and
their WT littermates, respectively.

In manual acupuncture group, low-frequency EA group, high-frequency EA group and sham acupuncture
group, the mice were treated by acupuncture once every other day for 28 days. Acupuncture was applied
at acupoints “Baihui” (GV20) and “Yintang” (GV29). GV20 is located in the middle of the parietal bone,
when the two ears are straight up, the top of the head is in the middle. GV29 is located at the midpoint of
the line connecting the highest points above the two eye sockets. The selection of acupoints is based on
the evidence of previous study [23]. In manual acupuncture group, two acupuncture needles (0.18 mm ⋅
13 mm) were inserted 2–3 mm into GV20 and GV29 acupoints, and manually rotated for 20 s every 5 min
(twisting speed 100–200 times/min), 30 min each time. The treatment time of low-frequency EA group,
high-frequency EA group and sham acupuncture group was the same as that of manual acupuncture
group. In low-frequency EA group and high-frequency EA group, EA (1 mA) was administered with
different frequencies (2 Hz, 100 Hz) for 30 min, needles were not manually twisted. The current was
transferred by a modi�ed current constant Han’s Acupoint Nerve Stimulator (LH202; Huawei Co., Ltd.,
Beijing, China). In sham acupuncture group, needles were only shallowly inserted into the GV20 and GV29
for 30 min without manual twisting or electrical stimulation.

During acupuncture treatment, each mouse was placed in a homemade bag but not given any
anesthetics, and they were not in contact with the experimenter. The homemade clothes were made with
a piece of 10 cm ⋅ 10 cm jean. Limbs of mouse were pulled out through the holes in the clothes. The edge
of the clothes was fastened by clips. The control group, TS group and IDPN group also used the
homemade bag to be �xed to exclude the stress response. The animals remained awake during treatment
and showed no evident signs of distress.

Idpn-induced Tourette Syndrome Model
TS transgenic model mice did not need to be modeled in that they showed behavioral stereotypies up to 3
weeks old. With CB1R �ox mice, we used IDPN to induce TS model. The adaptation period between arrival
at the laboratory and the start of testing was one week. After one week, the control group mice were
intraperitoneally (i.p.) injected with saline (0.9%) once a day for seven consecutive days. The IDPN-
induced TS model group mice were intraperitoneally injected with IDPN (350 mg/kg, Sigma, St. Louis, MO,



Page 6/28

USA) once a day for seven consecutive days. The ethological score between each group was balanced,
by referring to the evaluation grade of stereotypy (Table S1). On the eighth day, the score of stereotyped
behavior of mice was greater than or equal to 2 points, which proved a successful IDPN-induced TS
model.

Viruses Constructs And Surgery
Retro tyrosine hydroxylase (TH)-cre virus (rAAV-TH-NLS-Cre-WPRE-pA) was microinjected into the bilateral
dSTR of CB1R �ox mice or WT littermates, to speci�c knockout of CB1R in dopaminergic neurons
projecting from the SNpc to the dSTR. Retro TH-cre virus was acquired from Wuhan BrainVTA Scienti�c
and Technical Corporation.

Before surgery, each mouse was anesthetized with iso�urane and �xed by a stereotaxic apparatus (RWD
Instruments, China). A 1.5-cm-long longitudinal incision was made along the midline of the skull, and the
periosteum was gently removed from the exposed surface of the surgical area. The coordinates of the
dSTR were as follows: 0.5 mm from the bregma, 1.5 mm lateral from the midline, and 2.7 mm ventral to
the skull. Desired virus vectors (200 nL) were injected into the dSTR at a rate of 30 nL per 60 s.

Behavioral Tests
The stereotyped behavior test was conducted by two trained and independent observers who were
familiar with the measurements but blinded to the group allocation. They grouped the mice themselves
and then randomly tested all mice and scored them according to the random number table method.
Finally, the results were correctly counted by an experimenter who was aware of the group allocation. The
observers placed the mice in the box and recorded a 30-min video for each mouse. The apparatus used
for stereotyped behavior was a round, black plastic box with a diameter of 16 cm and height of 14 cm,
and the camera was placed at the top. The light condition during the observation period was created with
an LED tube (consistent with the illumination of the usual living environment of the mouse), which lasted
throughout the experiment. Before test, the observers sprayed the inside and bottom of the box and the
transparent lid with 75% alcohol and wiped it with a paper towel. Each animal was observed for 1 min
every 5 min for a total of six periods. One or more episodes in accordance with the grades were used to
obtain the corresponding score and calculate the average score on the basis of results from two
observers, as objective indicators of behavioral changes (Table S1).

To assess the motor coordination of mice, they were individually placed on a rotarod (YLS-4C, Yiyan,
Jinan, China) for 5 min at 4 rpm at 10:00 a.m. and 5:00 p.m. for three days before the formal test, to
allow the mice to learn how to use the apparatus. The rotarod moved at an initial speed of 4 rpm and
subsequently accelerated to 40 rpm in 5 min. Mice were held by tail and placed on the rotarod, facing
away from the direction of rotation. The falling time after the acceleration began was recorded. Each
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mouse received three test sessions with at least a 5-min interval between them, and the average time was
calculated.

To evaluate the muscle strength of mice, we performed a grip strength test. We followed the
manufacturer's instructions for the grip strength meter (YLS-13A, Zhenghua, Anhui, China), and the
statistical indicator was the grip force (g). Mice were placed on a base plate (230 mm × 250 mm) in front
of a grasping bar. The bar was �tted to a force transducer connected to a peak ampli�er. The mice were
pulled with their tails when grasping the bar. The maximal grip force was measured within 20 seconds.

We used a 50 cm × 50 cm black-walled open �eld test box, and a camera was installed directly above to
record the trajectory. After each mouse was tested, 75% alcohol was sprayed on the test area, wiped with
a paper towel, and then the next mouse was placed. During the test, the mice were allowed to move freely
in the test area. The test duration for each mouse was 10 min. This study recorded the movement
trajectory, total distance (mm), and resting time (s) of each mouse. The data were processed and
analyzed using the SuperMaze software (Xinsoft SuperMaze Animal Behavior Analysis System,
Shanghai, China).

Measurements Of Da
After sacri�cing the mouse, brain tissue was immediately removed. After weighing, specimens were
homogenized in 3 ml of acid butyl alcohol and centrifuged at 3000 g for 5 min, and then the supernatant
was collected. The supernatant (0.4 ml) was added to 0.8 ml of n-heptane and 0.16 ml of 0.1 N HCl,
vortexed for 5 min, and centrifuged at 3000 g for 5 min at room temperature. The water phase (256 µl)
was collected and mixed with 1.025 ml of 0.1 mol/L sodium tetraborate buffer, 51 µl of 0.002% CuCl2, 51
µl of 0.25% potassium ferricyanide, 51 µl of 10% mercaptoethanol, 256 µl of 8 mol/L NaOH, and 102 µl of
10 mol/L glacial acetic acid. After mixing thoroughly, the solution was placed into boiling water for 10
min, until it was cooled to room temperature; the solution was added to 205 µl of 45% phosphate buffer
and then placed into boiling water for 10 min. The �uorescence intensity of DA was measured at 410/270
nm by an F-4500 Fluorescence Spectrophotometer (Hitachi, Japan) and DA concentration was
determined by comparing to a standard DA dilution.

Western Blot
The brain tissues were excised from mice immediately after the mice were anesthetized with 1% sodium
pentobarbital anesthesia (50 mg/kg, i.p.) and decapitated. The tissues were homogenized in RIPA lysis
buffer (40 mg/ml for tissues, Beyotime Biotechnology, Nanjing, China) and 2 mM phenylmethylsulfonyl
�uoride, put on ice for 30 min, and centrifuged at 12,000 g for 15 min at 4°C. Then, we took the
supernatant and discarded the pellet. The protein concentrations of the supernatant were determined
using the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, China). Each sample was denatured
with loading buffer at 95°C for 5 min, and separated with a 10–12% glycine SDS-PAGE (sodium dodecyl
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sulfate polyacrylamide gel electrophoresis) gel. The proteins were transferred onto a polyvinylidene
�uoride (PVDF) membrane, and blocked for 1 h in 5% non-fat milk in Tris-buffered saline (TBS)
containing 0.1% Tween-20 on a shaker at room temperature. The membrane was incubated with rabbit
anti-CB1R antibody (1:1000, 93815S, Cell Signaling Technology) and mouse anti-GAPDH antibody
(1:10000, 60004-1-Ig, Proteintech) on a shaker at 4°C overnight. After washing three times for 10 min in
0.1% TBS–Tween 20 (pH 7.4) at room temperature, the membrane was then incubated with horseradish
peroxidase-conjugated secondary antibodies from Santa Cruz Biotechnology: goat anti-rabbit secondary
antibody (1:20,000, sc-2004) or goat anti-mouse secondary antibody (1:20,000, sc-2005) for 1 h on a
shaker at room temperature, and washed three times for 10 min with 0.1% TBS–Tween 20 (pH 7.4) on a
shaker. The enhanced chemiluminescence method (ECL Plus Western blotting detection reagents, Pierce,
Rockford, IL, USA) was used to visualize the protein bands. Image Lab software was used for imaging on
a computer-assisted imaging analysis system (Quantity One, Bio-Rad, UK). The optical density of each
band was then measured with an imaging analysis system and normalized with the housekeeping gene
GAPDH. Results of independent experiments were expressed as the % change over the protein amount in
the control group. Densitometry analysis of the gel images was performed using the ImageJ software
(NIH, Bethesda, MD, USA). The layouts of gel images were based on the GraphPad prism 5.01 (GraphPad
Company, USA).

Immuno�uorescence Labeling
Mice were deeply anesthetized with 1% sodium pentobarbital anesthesia (50 mg/kg, i.p.) and
transcardially perfused with 100 ml of 37°C normal saline followed by 50 ml of 4% paraformaldehyde in
0.1 M phosphate buffer (PBS, pH 7.4) at 4°C for �xation. The brain tissues were quickly separated and
post-�xed for 6–8 h in the same �xative solution and dehydrated in 20% sucrose in 0.1 M PBS for 24 h
and 30% sucrose in 0.1 M PBS for 24 h at 4°C. The sections were cut (10 µm in thickness) on a cryostat,
mounted onto gelatin-coated slides, and air-dried overnight.

The sections were rinsed in 0.01 M PBS and blocked for 1 h with 5% donkey serum and 0.2% Tween-20 in
PBS, and then incubated with the following primary antibodies at 37°C for 1 h and at 4°C overnight: rabbit
anti-CB1R (1:200, 93815, Cell Signaling Technology), mouse anti-TH (1:500, GB12181, Servicebio), rabbit
anti-Cre Recombinase (1:200, P06956, Cell Signaling Technology) and mouse anti- glial �brillary acidic
protein (GFAP) (1:200, GB12096, Servicebio). Subsequently, sections were washed four times in PBS for 5
min and incubated with the corresponding secondary antibodies: donkey anti-rabbit IgG conjugated with
DyLight 488 (1:400, 711-545-152, Jackson Immune Research), donkey anti-mouse IgG conjugated with
DyLight 594 (1:400, 715-585-150, Jackson Immune Research), Cy3 conjugated goat anti-rabbit IgG
(1:300, GB21303, Servicebio) and 488-conjugated goat anti-mouse IgG (1:400, GB25301, Servicebio).
Sections were washed four times with 0.05% Tween-20 in PBS for 5 min and then cover-slipped. Olympus
BX51 �uorescence microscope was used to view the sections, and images were captured using Qimaging
Camera and QCapture software. Five to six sections were randomly selected from each mouse. Images
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were analyzed using the NIH Image J software (Bethesda, MD, USA). The layouts of the images were
based on Photoshop CS5 (ADOBE Company, USA).

Data Analysis
All data analyses were conducted using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA).
Data are presented as the mean ± SEM. Normality of data was checked by Shapiro–Wilk test. We used
one-way analysis of variance (ANOVA) and Tukey’s post hoc test to analyze behavioral data between
different groups. P < 0.05 was considered statistically signi�cant.

Results

Manual acupuncture and low-frequency EA alleviated
behavioral stereotypies of TS transgenic mice
We used TS transgenic mice and their wildtype (WT) littermates to compare the different therapeutic
effects of manual acupuncture and low-frequency and high-frequency EA on behavioral stereotypies, the
concentration of DA, and the expression of CB1R in the SNpc and dSTR (Fig. S1).

The stereotyped behavior test evaluated behavioral stereotypies in different groups. Before acupuncture
treatment, the scores of stereotyped behavior in the acupuncture groups were signi�cantly higher than
those of the control group (P < 0.05, Fig. 1A), indicating successful modeling of TS. After 28 days of
acupuncture treatment (Fig. 1B), the scores of stereotyped behavior in the manual acupuncture (P < 0.05)
and low-frequency EA (P < 0.05) groups were signi�cantly lower than those of the TS group, but still
higher than that of the control group (P < 0.05). However, the scores of stereotyped behavior of mice in the
high-frequency EA and sham acupuncture groups were not signi�cantly different from those in the TS
group (P > 0.05).

In the rotarod and grip strength tests, manual acupuncture, low-frequency EA, high-frequency EA, and
sham acupuncture had no in�uence on retention time on the rotarod and the grip force, compared with
the control group (P > 0.05, Figs. 1C-F). Thus, acupuncture had no effect on the motor coordination ability
and forelimb muscle strength of the TS transgenic mice.

In the open �eld test (Fig. S2A was the trajectory in the open �eld test), before the acupuncture treatment,
the total distance travelled within the �rst 10 minutes in TS, manual acupuncture, low-frequency EA, high-
frequency EA, and sham acupuncture groups were signi�cantly increased (P < 0.05, Fig. S2B) compared
to that of the control group. Similarly, the resting time within the �rst 10 min was signi�cantly decreased
(P < 0.05, Fig. S2C) in TS and all acupuncture groups compared to that of control group. After
acupuncture treatment, the total distance travelled in the manual acupuncture and low-frequency EA
groups was signi�cantly decreased (P < 0.05, Fig. S2D), and the resting time was signi�cantly increased
(P < 0.05, Fig. S2E) compared with that of the TS group. Contrastingly, the total distance and resting time
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of the high-frequency EA and sham acupuncture groups did not signi�cantly change (P > 0.05, Figs. S2D,
E) compared with that of TS group. Thus, our results indicate that treatment with manual acupuncture
and low-frequency EA, but not high-frequency EA or sham acupuncture, decreases open �eld locomotion
in TS transgenic mice.

Manual acupuncture and low-frequency EA decreased the
concentration of DA, and increased the expression of CB1R
in the SNpc and dSTR of TS transgenic mice
The concentration of DA in the TS group was signi�cantly higher than that in the control group in the
SNpc and dSTR (P < 0.05, Figs. 2A, B). Manual acupuncture and low-frequency EA signi�cantly reversed
the level of DA in the SNpc (P < 0.05, Fig. 2A) and dSTR (P < 0.05, Fig. 2B), while high-frequency EA and
sham acupuncture did not affect the level of DA (P > 0.05).

The expression of CB1R in the dSTR and SNpc regions was signi�cantly lower in the TS group than that
in the control group (P < 0.05; Fig. 2D, F). Manual acupuncture and low-frequency EA, but not high-
frequency EA or sham acupuncture (P > 0.05), signi�cantly increased the expression of CB1R in the dSTR
(P < 0.05, Fig. 2D) and SNpc (P < 0.05, Fig. 2F).

Consequently, the high-frequency EA was determined as an ineffective acupuncture treatment, while
manual acupuncture and low frequency EA were deemed effective. Therefore, we used manual
acupuncture and low-frequency EA for further experiments.

Manual acupuncture and low-frequency EA increased the
CB1R expression in TH-positive neurons in the SNpc of
IDPN-induced TS model mice
Immuno�uorescence labeling was used to detect the expression CB1R in TH-positive (a speci�c marker of
DA neurons) neurons in the SNpc of WT littermates of CB1R �ox mice. Compared to the control group,
IDPN signi�cantly decreased the ratio of CB1R-positive neurons to TH-positive neurons in the SNpc (P < 
0.05, Fig. 3). Manual acupuncture (P < 0.05) and low-frequency EA (P < 0.05), but not sham acupuncture
(P > 0.05), increased the expression CB1R in TH-positive neurons. Thus, acupuncture signi�cantly
upregulated the expression of CB1R in the SNpc of IDPN-induced TS model mice.

Speci�c knockout of CB1R in dopaminergic neurons
projecting from the SNpc to the dSTR reversed the effects
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of manual acupuncture and low-frequency EA on behavioral
stereotypies of IDPN-induced TS mice
Further, to verify whether speci�c knockout of CB1R in dopaminergic neurons projecting from the SNpc to
the dSTR could affect stereotyped behavior in TS mice, we injected retro TH-cre virus (rAAV-TH-NLS-Cre-
WPRE-pA) bilaterally in the dSTR of CB1R �ox mice and their WT littermates (Fig. S3) and treated them
with acupuncture to observe any change in stereotypies (Fig. S4).

After speci�c knockout of CB1R in dopaminergic neurons projecting from the SNpc to the dSTR, the
protein expression of CB1R in the SNpc of CB1R �ox mice was signi�cantly decreased (P < 0.05, Fig. S5)
compared with the levels in their WT littermates. The total CB1R knockout e�ciency was approximately
48%.

Immuno�uorescence was used to label Cre recombinase and TH neurons in the SNpc of CB1R �ox mice.
Cre recombinase-positive cells accounted for approximately 80% of TH-positive neurons (Figs. S6A, D),
and the co-labeling rate of CB1R- and TH-positive neurons was lower than 3%, indicating that the
knockout e�ciency of CB1R in dopaminergic neurons was greater than 97% (Figs. S6B, D). The co-
labeling of CB1R and GFAP, a marker of astrocyte activation, was approximately 80% (Figs. S6C, D). This
indicated that CB1R was speci�cally knocked out in dopaminergic neurons of SNpc, but not in astrocytes.

Behaviorally, the scores of stereotyped behavior in the IDPN, manual acupuncture, low-frequency EA, and
sham acupuncture groups were signi�cantly higher than those in the control group (P < 0.05, Figs. 4A, 5A)
before acupuncture treatment, thus indicating successful modeling of TS. The retention times on the
rotarod in the IDPN, manual acupuncture, low-frequency EA, and sham acupuncture groups were
signi�cantly lower than those in the control group (P < 0.05, Figs. 4C, 5C). Grip strength was not
signi�cantly different between the groups (P > 0.05, Figs. 4E, 5E), indicating that IDPN or acupuncture had
no effect on forelimb muscle strength in mice.

After 28 days of acupuncture treatment, the scores of stereotyped behavior in the IDPN group were
signi�cantly higher than those of the control group (P < 0.05, Fig. 4B). The scores of stereotyped behavior
in the manual acupuncture and low-frequency EA groups (P < 0.05), but not in the sham acupuncture
group (P > 0.05), were signi�cantly lower than those in the IDPN group. After speci�c knockout of CB1R in
dopaminergic neurons projecting from the SNpc to the dSTR, the scores of stereotyped behavior in the
IDPN group were signi�cantly higher than those of the control group (P < 0.05, Fig. 5B). Manual
acupuncture, low-frequency EA, or sham acupuncture had no in�uence on the scores of stereotyped
behavior compared with that of the IDPN group (P > 0.05).

Further, the retention time on the rotarod in the IDPN group was signi�cantly lower than that of the control
group (P < 0.05, Fig. 4D). The retention time on the rotarod in the manual acupuncture (P < 0.05) and low-
frequency EA groups (P < 0.05), but not in the sham acupuncture group (P > 0.05), was signi�cantly higher
than that in the IDPN group but still signi�cantly lower than that in the control group. This indicated that
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motor coordination in mice was signi�cantly weakened after IDPN modeling, and acupuncture restored
motor coordination in TS mice. Similarly, after speci�c knockout of CB1R in dopaminergic neurons
projecting from the SNpc to the dSTR, the retention time on the rotarod in the IDPN group was
signi�cantly lower than that in the control group (P < 0.05, Fig. 5D). Manual acupuncture, low-frequency
EA, or sham acupuncture had no in�uence on the retention time on the rotarod, compared with that of the
IDPN group (P > 0.05). In both, CB1R �ox mice (Fig. 5F) and their WT littermates (Fig. 4F), IDPN, manual
acupuncture, low-frequency EA, or sham acupuncture treatment had no in�uence on the grip force
compared with that of the control when tested on the forelimb grip test (P > 0.05).

In the open �eld test (Fig. S7A was the trajectory in the open �eld test), IDPN treatment signi�cantly
increased the total distance travelled (P < 0.05, Fig. S7B, C) and decreased the resting time (P < 0.05, Figs.
S7D, E) in mice compared with that of the control group. Compared to the IDPN group, the total distance
of the manual acupuncture group (P < 0.05) and low-frequency EA group (P < 0.05), but not the sham
acupuncture group (P > 0.05), was signi�cantly decreased (Fig. S7C), and the resting time was
signi�cantly increased (Fig. S7E).

In the open �eld test (Fig. S8A was the trajectory in the open �eld test), IDPN signi�cantly increased the
total distance (P < 0.05, Figs. S8B, C) and decreased the resting time (P < 0.05, Figs. S8D, E) in CB1R �ox
mice compared to that in the control group. Moreover, after speci�c knockout of CB1R in dopaminergic
neurons projecting from the SNpc to the dSTR, manual acupuncture, low-frequency EA, or sham
acupuncture treatment had no in�uence on the total distance and resting time compared with that of the
IDPN group (P > 0.05, Figs. S8C, E).

Targeted knockout of CB1R in dopaminergic neurons
projecting from the SNpc to the dSTR reversed the effect of
manual acupuncture and low-frequency EA on the
concentration of DA in IDPN-induced TS mice
The concentration of DA in the IDPN group was signi�cantly higher in the SNpc and dSTR (P < 0.05,
Figs. 6A, B) compared to that of the control group. Manual acupuncture (P < 0.05) and low-frequency EA
(P < 0.05), but not sham acupuncture (P > 0.05, Figs. 6A, B), signi�cantly lowered the level of DA. However,
after speci�c knockout of CB1R in dopaminergic neurons projecting from the SNpc to the dSTR, there
was no signi�cant difference in the concentration of DA in the SNpc and dSTR in the manual
acupuncture, low-frequency EA, and sham acupuncture groups compared to the level in the IDPN group
(P > 0.05, Figs. 6C, D).

Discussion
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In this study, we determined whether CB1R is involved in the mechanism of acupuncture relieving
behavioral stereotypies. We found that both manual acupuncture and low-frequency EA alleviated
involuntary behavioral stereotypies and decreased open �eld locomotion in both TS transgenic mice and
IDPN-induced TS model mice, whereas high-frequency EA had no effect. Manual acupuncture and low-
frequency EA decreased the concentration of DA in the SNpc and dSTR in the two TS mice models, and
increased CB1R expression in TH-positive neurons in the SNpc of IDPN-induced TS model mice.
Speci�cally, knockout of CB1R in dopaminergic neurons projecting from the SNpc to the dSTR reversed
the effect of manual acupuncture and low-frequency EA on behavioral stereotypies, open �eld locomotion
and the concentration of DA in the SNpc and dSTR of IDPN-induced TS model mice.

We have showed that manual acupuncture performed at acupoints “Baihui” (GV20) and “Yintang” (GV29)
alleviated behavioral stereotypies in IDPN-induced TS model mice [23]. EA is a complex acupuncture
technique that uses electrical stimulation to enhance its effect, and it is effective in treating nervous
system diseases [24]. Clinical studies have con�rmed that EA on head could regulate monoamine
transmitters in the central nervous system, thus playing a role in protecting dopaminergic neurons and
alleviating behavioral stereotypies [25]. We found that manual acupuncture and low-frequency EA, but not
high-frequency EA, could alleviate behavioral stereotypies. Our results identi�ed effective acupuncture
methods that may guide the use of acupuncture in the clinical treatment of TS.

The earliest use of cannabis in China can be traced back to 2700 BC, and the use of cannabis as a
medicine by ancient Chinese was reported in Pen-ts’ao Ching [26]. The use of cannabinoids to treat TS
has been investigated since 1980 [27]. Studies have shown that the oral CB1R agonist THC can alleviate
involuntary behavioral stereotypies in patients with TS [28, 29]. Our study found that the expression of
CB1R in the dSTR and SNpc of the TS group was signi�cantly lower than that of the control group.
Manual acupuncture and low-frequency EA signi�cantly increased the expression of CB1R. These results
indicate that the therapeutic effect of acupuncture may be related to the upregulation of CB1R in the
dSTR and SNpc by acupuncture.

TS is associated with neurological disorders and may result from dysfunctional basal ganglia pathways
[30]. Hyperactivity of the dopaminergic system in cortico-striato-thalamo-cortical circuits plays an
essential role in the manifestation of tics [31, 8]. CB1R regulates transmission in dopaminergic neurons
[32]. Presynaptic CB1R binds endocannabinoids to inhibit neurotransmitter release and is abundantly
expressed in brain regions with dopaminergic neuron terminal projections, such as the dSTR and SNpc
[16]. Activation of CB1R regulates motor function by inhibiting the activity of dorsal striatal medium spiny
projection neurons and substantia nigra dopaminergic neurons [33]. In the dSTR and SNpc, CB1R
activation inhibits presynaptic DA release and affects DA uptake, thus affecting the activity of
dopaminergic neurons [34]. In this study, CB1R �ox mice were injected with retro TH-cre virus into the
bilateral dSTR to speci�cally knockout of CB1R in dopaminergic neurons projecting from the SNpc to the
dSTR. It reversed the effect of manual acupuncture and low-frequency EA on behavioral stereotypies,
open �led locomotion and reduced the concentration of DA in the SNpc and dSTR of TS mice. This result
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indicated that CB1R in dopaminergic neurons projecting from the SNpc to the dSTR is involved in the
therapeutic effect of acupuncture on TS.

Previous studies have demonstrated that 2 Hz EA can signi�cantly increase the 2-AG level in the midbrain
[35], thus we hypothesized that acupuncture can up-regulate the endocannabinoid content in the
striatum. Acupuncture may upregulate and activate CB1R in dopaminergic neurons projecting from the
SNpc to the dSTR, and then inhibit DA synthesis in the SNpc and DA release in the dSTR. Since our
previous study have showed that acupuncture also decreases the expression of dopamine D1 receptor
(D1R) and D2 receptor (D2R) in the striatum [23], decreased activation of D1R and D2R inhibits the direct
pathway and enhances the indirect pathway, respectively, thus inhibiting movement (Fig. 7). This possible
mechanism is consistent with the previous studies that report the bene�cial effects of cannabis on TS
[32].

Conclusion
Our study found that manual acupuncture and low-frequency EA alleviated behavioral stereotypies by
activating CB1R in dopaminergic neurons projecting from the SNpc to the dSTR and decreasing the
concentration of DA in the SNpc and dSTR. Therefore, our study clari�es the neurobiological mechanism
of acupuncture and contributes to the clinical application of acupuncture in the treatment of TS.
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Figure 1

Effects of manual acupuncture and EA on stereotyped behavior, motor coordination, and muscle strength
in TS transgenic mice. (A) The baseline stereotyped behavior scores of mice in the WT control group
(CON group), TS transgenic model group (TS group), TS transgenic model with manual acupuncture
group (ACU group), TS transgenic model with low-frequency EA group (2 Hz EA group), TS transgenic
model with high-frequency EA group (100 Hz EA group) and TS transgenic model with sham acupuncture
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group (SHAM group) on day 0. (B) Effects of acupuncture on stereotyped behavior scores in mice of each
group on day 29. (C) The baseline latency to fall in the rotarod test in mice of each group on day 0. (D)
Effects of acupuncture on latency to fall in the rotarod test in mice of each group on day 29. (E) The
baseline forelimb grip force in mice of each group on day 0. (F) Effects of acupuncture on forelimb grip
force in mice of each group on day 29. Data are expressed as means ± SEM (n = 10 mice in each group).
*P < 0.05, compared with the CON group; #P < 0.05, compared with the TS group, +P < 0.05, compared with
the ACU group.

Figure 2

Effects of manual acupuncture and EA on DA concentration and CB1R protein expression in the SNpc
and dSTR of TS transgenic mice. (A) Quantitative analysis of DA concentration in the SNpc of different
groups. (B) Quantitative analysis of DA concentration in the dSTR of different groups. (C) Representative
gel images showed the protein levels of CB1R in the dSTR tissues obtained from different groups.
GAPDH was used as a loading control. (D) Summary data showed the effects of acupuncture on protein
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level of CB1R in the dSTR. (E) Representative gel images showed the protein levels of CB1R in the SNpc
tissues obtained from different groups. GAPDH was used as a loading control. (F) Summary data
showed the effects of acupuncture on protein level of CB1R in the SNpc. Data are expressed as means ±
SEM (n = 5 mice in each group). *P < 0.05, compared with the CON group; #P < 0.05, compared with the
IDPN group; +P < 0.05, compared with the ACU group.

Figure 3

Effects of manual acupuncture and low frequency EA on the number of CB1R-positive neurons on TH-
positive neurons in the SNpc in WT of IDPN-induced TS model mice. (A) CB1R labeling (red); TH labeling
(green); DAPI (blue). The white square, a locally enlarged area. White arrows indicate cells that are co-



Page 22/28

labeled. Scale bar for merge images, 100 μm. Scale bar for high magni�cation images (high mag), 50
μm. (B) Summary graph shows the percentage of co-labeled CB1R and TH immunoreactivity in the total
of TH-positive cells in the SNpc of WT mice in the control group (CON group), IDPN-induced TS model
group (IDPN group), IDPN-induced TS model with manual acupuncture group (ACU group), IDPN-induced
TS model with low-frequency EA group (2 Hz EA group) and IDPN-induced TS model with sham
acupuncture group (SHAM group). Data are expressed as means ± SEM (n = 4 mice in each group). *P <
0.05, compared with the CON group; #P < 0.05, compared with the IDPN group; +P < 0.05, compared with
the ACU group.
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Figure 4

Effects of manual acupuncture and low frequency EA on stereotyped behavior, motor coordination, and
muscle strength in WT of IDPN-induced TS model mice. (A) The baseline stereotyped behavior scores of
WT mice in the control group (CON group), IDPN-induced TS model group (IDPN group), IDPN-induced TS
model with manual acupuncture group (ACU group), IDPN-induced TS model with low-frequency EA
group (2 Hz EA group) and IDPN-induced TS model with sham acupuncture group (SHAM group) on day
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22. (B) Effects of acupuncture on stereotyped behavior scores in WT mice of each group on day 50. (C)
The baseline latency to fall in the rotarod test in WT mice of each group on day 22. (D) Effects of
acupuncture on latency to fall in the rotarod test in WT mice of each group on day 50. (E) The baseline
forelimb grip force in WT mice of each group on day 22. (F) Effects of acupuncture on forelimb grip force
in WT mice of each group on day 50. Data are expressed as means ± SEM (n = 10 mice in each group). *P
< 0.05, compared with the CON group; #P < 0.05, compared with the IDPN group, +P < 0.05, compared with
the ACU group.
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Figure 5

Effects of manual acupuncture and low frequency EA on stereotyped behavior, motor coordination, and
muscle strength in CB1R �ox of IDPN-induced TS model mice. (A) The baseline stereotyped behavior
scores of CB1R �ox mice in the control group (CON group), IDPN-induced TS model group (IDPN group),
IDPN-induced TS model with manual acupuncture group (ACU group), IDPN-induced TS model with low-
frequency EA group (2 Hz EA group) and IDPN-induced TS model with sham acupuncture group (SHAM
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group) on day 22. (B) Effects of acupuncture on stereotyped behavior scores in CB1R �ox mice of each
group on day 50. (C) The baseline latency to fall in the rotarod test in CB1R �ox mice of each group on
day 22. (D) Effects of acupuncture on latency to fall in the rotarod test in CB1R �ox mice of each group
on day 50. (E) The baseline forelimb grip force in CB1R �ox mice of each group on day 22. (F) Effects of
acupuncture on forelimb grip force in CB1R �ox mice of each group on day 50. Data are expressed as
means ± SEM (n = 10 mice in each group). *P < 0.05, compared with the CON group.

Figure 6

Effects of manual acupuncture and low frequency EA on DA concentration in the SNpc and dSTR in WT
and CB1R �ox of IDPN-induced TS model mice. (A) Quantitative analysis of DA concentration in the SNpc
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of different groups in WT mice. (B) Quantitative analysis of DA concentration in the dSTR of different
groups in WT mice. (C) Quantitative analysis of DA concentration in the SNpc of different groups in CB1R
�ox mice. (D) Quantitative analysis of DA concentration in the dSTR of different groups in CB1R �ox
mice. Data are expressed as means ± SEM (n = 3 mice in each group). *P < 0.05, compared with the CON
group; #P < 0.05, compared with the IDPN group; +P < 0.05, compared with the ACU group.

Figure 7

Hypothesis diagram of experimental mechanism. (A) In TS model mice, the expression of CB1R in
dopaminergic neurons projecting from the SNpc to the dSTR is downregulated, CB1R could not inhibit the
synthesis and release of DA, which increases the synthesis of DA in the SNpc and the release of DA in the
dSTR. And then DA acts on D1R and D2R up-regulated by TS in the dSTR, thereby enhancing the direct
pathway and inhibiting the indirect pathway, respectively, thus promoting movement. (B) In TS model
mice with acupuncture treatment, acupuncture signi�cantly upregulates the expression of CB1R in
dopaminergic neurons projecting from the SNpc to the dSTR, which inhibits the synthesis of DA in the
SNpc and the release of DA in the dSTR. Since acupuncture also decreases the expression of D1R and
D2R in the dSTR, decreased activation of D1R and D2R inhibits the direct pathway and enhances the
indirect pathway, respectively, thus inhibiting movement.
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