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Jing-an oral liquid alleviates Tourette syndrome via the NMDAR/MAPK/CREB
pathway in vivo and in vitro
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ABSTRACT
Context: Jing-an oral liquid (JA) is a Chinese herbal formula used in the treatment of Tourette syndrome
(TS); however, its mechanism is unclear.
Objective: To investigate the effects of JA on amino acid neurotransmitters and microglia activation
in vivo and in vitro.
Materials and methods: Sixty male Sprague–Dawley rats were divided into a control group and 5 TS
groups. TS was induced in rats with intraperitoneal injection of 1-(2,5-dimethoxy-4-iodophenyl)-2-amino-
propane (1mg/kg) and in BV2 cells with lipopolysaccharide. Control and model rats were administered
saline, whereas treatment groups were administered JA (5.18, 10.36, or 20.72 g/kg) or tiapride (a benza-
mide, 23.5mg/kg) by gavage once daily for 21 days. Stereotypic behaviour was tested. The levels of N-
methyl-D-aspartate receptor (NMDAR)/mitogen-activated protein kinase/cAMP response element-binding
protein (CREB)-related proteins in striatum and BV2 cells were measured via western blots. CD11b and
IBa1 levels were also measured. Ultra-high-performance liquid-chromatography was used to determine
c-aminobutyric acid (GABA), glutamic acid (Glu), and aspartic acid (ASP) levels.
Results: JA markedly alleviated the stereotype behaviour (25.92±0.35 to 13.78± 0.47) in rats. It also
increased NMDAR1 (0.48±0.09 to 0.67 ± 0.08; 0.54±0.07 to 1.19±0.18) expression and down-regulated
the expression of p-ERK, p-JNK, p-P38, and p-CREB in BV2 cells and rat striatum. Additionally, Glu, ASP,
GABA, CD11b, and IBa1 levels were significantly decreased by JA.
Discussion and conclusions: JA suppressed microglia activation and regulated the levels of amino acid
neurotransmitters, indicating that it could be a promising therapeutic agent for TS.
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Introduction

Tourette syndrome (TS) is the most common mental and motor
disorder in children. Its clinical manifestations are multiple
motor and phonic tics, often accompanied by attention deficit
hyperactivity disorder, mood disorder, and obsessive-compulsive
disorder (OCD), some of which can continue into adulthood
(Szejko et al. 2020). Studies have shown that the incidence of TS
is 0.4–3.8% internationally and this rate increases annually
(Robertson 2008a, 2008b). For the treatment of TS, the first pref-
erence should be given to psychoeducation and to behavioural
approaches. The pharmacological interventions include aripipra-
zole, haloperidol, tiapride, clonidine, and guanfacine. The aeti-
ology and pathogenesis of TS are complex and still unclear.
There has been an increasing interest in neurotransmitter imbal-
ance in current research. It has been reported that TS is associ-
ated with an imbalance in the levels of amino acid
neurotransmitters in the cortico-striato-thalamo-cortex (CSTC)
loop (Albin and Mink 2006). For example, the levels of glutam-
ate (Glu) and c-aminobutyric acid (GABA) in the CSTC loop

were increased and related to improved selective motor inhib-
ition in children with TS in a previous study (Mahone et al.
2018). Additionally, it has been shown that Glu release in the
CSTC loop is directly associated with tic disorder behaviour in
D1CT-7 mice (TS transgenic model) (O’Brien et al. 2018).

Microglia are innate immune effector cells in the brain that
play a crucial role in physiological processes in the central ner-
vous system (CNS) (Arcuri et al. 2017). It has been found that
there is a correlation between the state of microglia and the
occurrence of TS. Moreover, it has been reported that the
expression of microglia transporter proteins in the bilateral caud-
ate nucleus is increased in children with TS (Kumar et al. 2015).
Additionally, an analysis of the autopsy reports for TS patients
reveals an increased number of CD45þ expressing microglia cells
in striatal areas of the basal ganglia (Lennington et al. 2016).
Over-activated microglia cells produce reactive oxygen species,
inflammatory cytokines, chemokines, and Glu (Takeuchi and
Suzumura 2014). The release of excitatory amino acids by micro-
glia is a key mediator of excitotoxic damage. Microglia cells
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express various Glu receptors (GluRs); however, the N-methyl-D-
aspartate receptor (NMDAR) is crucial for the activity of Glu.
Unfortunately, the relationship between NMDAR and signaling
mechanisms in TS is unknown. Recent evidence suggests that
mitogen-activated protein kinase (MAPK) plays a critical role in
regulating the neurochemical and pathophysiological properties
of NMDAR (Haddad 2005). As one of the downstream targets of
MAPK signaling, cyclic AMP response element-binding protein
(CREB) can be phosphorylated. Moreover, MAPK signaling, in
the presence of excitatory neurotransmitters and stress is
involved in the development of CNS diseases (Koga et al. 2019).

Jing-an Oral Liquid (JA) is a Chinese herbal formulation con-
sisting of eight herbs: Rehmannia glutinosa Libosch.
(Scrophulariaceae), Bombyx mori Linnaeus. (infected with
Beauveria bassiana Bals.) (Bombycidae), Paeonia lactiflora Pall.
(Ranunculaceae), Gastrodia elata Bl. (Orchidaceae), Curcuma
wenyujin Y.H.Chen et C.Ling (Zingiberaceae), Pheretima aspergil-
lum E.Perrier (Megascolecidae), Uncaria rhynchophylla (Miq.)
Miq. Ex Havil. (Rubiaceae), and Buthus martensii Karsch
(Buthidae). Children with TS in China have been clinically
treated with JA for many years. JA was formulated based on the
compatibility theory of herbal formulation in traditional Chinese
medicine, it can nourish Shen Yin, settle Liver Wind, resolve
phlegm, and calm the mind. However, the mechanism underly-
ing the beneficial effects of JA in TS children is unknown.

In the present study, we investigated the effects of JA on 1-
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)-induced
TS in rat as well as in lipopolysaccharide (LPS)-treated BV2
microglia cells. The levels of several amino acid neurotransmit-
ters in the BV2 cells and the brain tissues of the rats were inves-
tigated. Additionally, the activation level of microglia was
evaluated to explore the possible biochemical mechanisms under-
lying the beneficial effects of JA in TS in vivo and in vitro.

Materials and methods

Drugs and reagents

Tiapride hydrochloride tablets (batch number, H32025477) were
purchased from Jiangsu Nhwa Pharma. Co., Ltd. (Xuzhou,
China). DOI (CAS number, 42203-78-1) and LPS (Escherichia
coli, 055:B5; EC number, 297-473-0) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Foetal bovine serum (FBS), peni-
cillin/streptomycin, Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (F12), and phosphate-buffered saline (PBS) were
obtained from Bio-Channel Biotechnology Co., Ltd. (Nanjing,
Jiangsu, China) unless otherwise stated. Cell Counting Kit-8
(CCK-8) was obtained from Dojindo Molecular Technologies
(Shanghai, China).

Preparation of JA extract

JA was provided by the Pharmaceutical Department of Nanjing
Hospital of Chinese Medicine Affiliated to Nanjing University of
Chinese Medicine (Nanjing, China). The formulation contained
Rehmannia glutinosa (no. 20201014JA-01), Bombyx mori (no.
20201014JA-02), Paeonia lactiflora (no. 20201014JA-03),
Gastrodia elata (no. 20201014JA-04), Curcuma wenyujin (no.
20201014JA-05), Pheretima aspergillum (no.20201014JA-06),
Uncaria rhynchophylla (no. 20201014JA-07), and Buthus marten-
sii (no. 20201014JA-08) at a ratio of 12:9:9:9:9:9:6:3. The total
weight of the herbs was 66 g. The Latin names of the herbs were
obtained from the Chinese Pharmacopoeia (2015). Voucher

specimens are stored at the Central Laboratory of Nanjing
Hospital. The eight herbs were soaked 10 times in pure water for
30min, after which extraction was performed at 100 �C for 2 h.
The JA solution prepared was then concentrated to obtain a
1.5 g/mL extract.

Analysis of the main constituents in JA extract by ultra
high-performance liquid-chromatography (UHPLC)-tandem
mass spectrometry (MS/MS)

The main components of the JA formulation were identified by
UHPLC-MS/MS. Chromatographic separation was performed
using 1290 Infinity High-Performance Liquid Chromatography
system (Agilent Technologies, Inc., Santa Clara, CA, USA). The
sample was separated on an Agilent ZORBAX Eclipse Plus C18
column (2.1� 50mm, 1.8 lm) at 30 �C. The mobile phase con-
sisted of methyl alcohol (A) and 0.1% formic acid-acetonitrile
(B), and was run at a flow rate of 0.3mL/min in gradient elution
as follows: 0–5min: 90–65% B; 5–20min: 65–60% B; 20–25min:
60–10% B; 25–27min: 10% B; 27–28min: 10–90% B; and
28–29min: 90% B. MS/MS analysis was performed using an
Agilent 6460 Triple Quad LC/MS system. The collision voltages
of the positive and negative ion sources were 4000 and 3500V,
respectively. The temperature and the flow rate of the drying gas
were 350 �C and 10 L/min, respectively.

Preparation of medicated rat serum

Male Sprague-Dawley rats (n¼ 25; weight, 180 ± 20 g) were
obtained from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (license number, SCXK [Zhe] 2019-0001; Beijing,
China) and randomly divided into five groups (n¼ 5 per group)
for the study. Three groups were administered JA at a low,
medium, or high dose (5.18, 10.36, or 20.72 g/kg, respectively);
the doses were named JA-L, JA-M, and JA-H, respectively. One
group was administered tiapride hydrochloride (23.5mg/kg),
whereas the last group was administered saline at the same vol-
ume once daily for 5 days. All the test formulations were admin-
istered intragastrically. Rats were anaesthetized by 1% sodium
pentobarbital (40mg/kg, i.p.). Blood was collected from the
abdominal aorta and centrifuged for 15min (3000 rpm, 4 �C).
Serum was sterilized by vacuum filtration and stored at �80 �C.
A flow chart of all procedures is shown in supplemen-
tary methods.

Cell culture

BV2 cells were grown in F12 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. The culture medium was
changed every day. The cells were maintained at 37 �C in a
humidified atmosphere containing 95% O2 and 5% CO2.

Cell viability

BV2 cell viability was assessed using CCK-8 according to the
manufacturer’s instructions. The cells were seeded in 96-well
plates (1� 104 cells/well). After 24 h of incubation, the cells were
treated with different concentrations of LPS (0, 0.1, 0.25, 0.5, 1,
2, or 5 lg/mL) or JA (5, 10, 15, 20, or 30%) for 24 h. Next, 10 lL
CCK-8 solution was added into each well and followed by incu-
bation of the plate for 2 h. Optical density was determined at
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450 nm using an Epoch microplate spectrophotometer (Bio-Tek
Instruments, Winooski, VT, USA).

Animal study

Male Sprague–Dawley rats (n¼ 60; weight, 180 ± 20 g) obtained
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
were housed under a 12 h day/night cycle at room temperature
(22 �C) for the study. The rats were randomly divided into con-
trol, DOI (model), DOIþ tiapride (23.5mg/kg tiapride),
DOIþ JA-L (5.18mg/kg JA) group, DOIþ JA-M (10.36mg/kg
JA) group and DOIþ JA-H (20.72mg/kg JA) groups (n¼ 10 per
group). All DOI-treated groups were administered 1mg/kg DOI
via intraperitoneal injection. The control group was injected
intraperitoneally with normal saline at the same volume for
21 days as indicated in our previous reports. All experimental
protocols were approved by the Animal Studies Ethics
Committee of Nanjing University of Chinese Medicine (approval
number, 202111A005). Rats were anaesthetized by 1% sodium
pentobarbital (40mg/kg, i.p.). The cerebrospinal fluid (CSF) were
collected and stored at �80 �C for UHPLC analysis. After CSF
collection, striatum tissues were collected and stored at �80 �C
for western blotting, quantitative polymerase chain reaction (q-
PCR), immunofluorescence and immunohistochemical analysis.
The sample preparation of rat brain corpus striatum for western
blotting and sample collection of cerebrospinal fluid are
described in supplementary methods.

Behavioural tests

Two tests were performed in this experiment: grading of stereo-
typy and classification of stereotype behaviour. Stereotyped
behaviour was evaluated by observing DOI-treated rats as
described in our previous study (Long et al. 2019). Evaluation of
stereotyped behaviour was based on the following scoring crite-
ria: 0, no stereotyped behaviour; 1, rotational behaviour; 2, exces-
sive up and down movement of the head and neck; 3, excessive
head and neck movements plus rotation; 4, lateral head swing
and excessive up and down movement of the head. Stereotyped
behaviour was classified as follows: mouth and claw movement,
self-biting, spinning, head shaking (many swings from left to
right and up and down), dance-like movement and licking and
biting the cage. The number of occurrences of the above behav-
iours was recorded during a 1 h observational period, and one
point was recorded for each occurrence.

Western blotting

Western blot analyses were performed with the BV2 cells and
striatum tissue excised from the rats. In each instance, the sam-
ple was homogenized with radioimmunoprecipitation assay buf-
fer containing phosphatase and protease inhibitors (Beyotime,
Shanghai, China). Total protein concentration was quantified
using a BCA Protein Assay Kit. Protein samples (40 lg/lane)
were separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene difluoride
membranes. The membranes were blocked with 5% bovine
serum albumin (BSA; Solarbio, Beijing, China) for 1 h and then
incubated with different primary antibodies at 4 �C overnight.
The primary antibodies used were rabbit anti-NMDAR1 (1:1000;
Abcam, Cambridge, UK), rabbit anti-CD11b (1:1000, Abcam),
rabbit anti-extracellular signal-related kinase (ERK) 1/2 (1:1000;

Cell Signalling Technology [CST], Danvers, MA, USA), rabbit
anti-phospho-ERK1/2 (1:1000, CST), rabbit anti-JNK (1:1000,
CST), rabbit anti-phospho-JNK (1:1000,CST), rabbi anti-P38
(1:1000, CST), rabbit anti-phospho-P38 (1:1000, CST), rabbit
anti-CREB (1:1000, Abcam), rabbit anti-phospho-CREB (1:1000,
Abcam), and rabbit anti-GAPDH (1:10000, Abcam). After
5min of washing in Tris-buffered saline with 0.1% TweenVR 20,
the membranes were incubated with goat anti-rabbit immuno-
globulin G (1:2000, Abcam) for 1 h at room temperature and
analyzed using an Immobilon Western kit (Merck Millipore,
Burlington, MA, USA). The bands were analyzed using a
chemiluminescence detection system and quantified by densi-
tometry using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Quantitative polymerase chain reaction (q-PCR)

Total RNA was extracted from BV2 cells and striatum tissue
with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA). RNA purity was determined using a NanoDrop 2000 sys-
tem (Thermo Fisher Scientific), and cDNA was synthesized using
a HiScript III RT SuperMix for qPCR Kit at 37 �C for 15min.
Next, qPCR was performed using SYBR Green kit (Takara,
Dalian, China) and an ABI 7500 instrument (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The reaction system was
comprised of 10 lL of 2�ChamQ SYBR qPCR Master Mix, 6lL
of template DNA, 0.8 lL of forward and reverse primers, and
added RNase-free water to a final volume of 20 lL. The primers
used for the rats were as follows: NMDAR1 forward,
AGCGGGTAAACAACAGAACAAAA; NMDAR1 reverse,
GAATCGGCCAAAGGGACTGAA; CREB forward, ATTTCAT
TACAAAGGGCGCAAA; CREB reverse, ATATATGCAAATGG
CTGGTCCC; CD11b forward, ACCACTCATTGTGGGCAGC
TC; CD11b reverse, CACCGGCTTCATT CATCATGTC; IBa1
forward, TCCGAGGAGACGTTCAGTTAC; IBa1 reverse, CAG
TTGGCTTCTGGTGTTCTT; GADPH forward, ATCACCATCT
TCCAGGAGCGA; and GADPH reverse, AGCCTTCTCCATGG
TGGTGGA. The primers used for the BV2 cells were as follows:
NMDAR1 forward, GAAAACCTCGACCAACTGTCC; NMDAR1
reverse, GTCGTCCTCGCTTGCAGA; CREB forward, GAGCAG
ACAACCAGCAGAGT; CREB reverse, TGGCATGGATACCT
GGGCTA; CD11b forward, TCGCTACGTAATTGGGGTGG;
CD11b reverse, TAGATGCGATGGTGTCGAGC; IBa1 forward,
AGCCTGAGGAGATTTCAACAGTT; IBa1 reverse, CCTCAG
ACGCTGGTTGTCTT; GADPH forward, GGGTCCCAGCTTAG
GTTCATG; and GADPH reverse, AATCCGTTCACACCGAC
CTT. The amplification criteria were as follows: pre-deformation:
95 �C, 30 s, 1 Rep; and PCR reaction: 95 �C, 4 s, 60 �C, 34 s, 40
Reps. Gene expression was normalized to that of the housekeeping
gene GAPDH.

Immunofluorescence analysis of striatum tissue

NMDAR, p-CREB, and CD11b expression in the striatum was
evaluated by immunofluorescence. Briefly, the brain tissue was
frozen and the mid-part of the striatum was cut into 20lm slices
in the coronal plane. The slices were washed three-times in PBS
(pH 7.4) for 5min each time, blocked with 10% goat serum, and
incubated with the following primary antibodies overnight at
4 �C: anti-phospho-CREB (1:1000, Abcam), NMDAR (1:1000,
Abcam), and CD11b (1:1000, Abcam). The slices were then incu-
bated with goat anti-rabbit secondary antibody (1:500, Beyotime)
for 2 h in the darkness at room temperature, and washed three-
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times in PBS for 10min each time. Images were captured using a
fluorescence microscope (IX71; Olympus Corporation,
Tokyo, Japan).

Immunohistochemical analysis

IBa1, p-P38, p-ERK, p-JNK, and p-CREB expression in the stri-
atum tissue were evaluated by immunohistochemistry. The tis-
sues were first embedded in paraffin, sliced dewaxed in xylene,
and soaked in 3% hydrogen peroxide. Next, the tissues were
blocked with 5% BSA and incubated with the corresponding pri-
mary antibody at 4 �C overnight. The samples were then incu-
bated with the corresponding secondary antibody for 1 h at
room temperature, stained with diaminobenzidine (Solarbio) for
5min, and observed under a fluorescence microscope.

Assay of amino acid neurotransmitters

The levels of amino acid neurotransmitters in CSF and BV2 cells
were measured in this test. Briefly, 160 lL/500 lL of extraction
solution (acetonitrile: methanol: water, 2:2:1) was added to the
samples, after which the samples were vortexed for 30 s and soni-
cated in an ice water bath for 15min. The samples were then
incubated at �40 �C for 1 h and centrifuged at 12,000 rpm for
15min at 4 �C. Next, 80 lL of each supernatant was transferred
into separate auto-sampler vials for UHPLC/MS/MS analysis.
The UHPLC analysis was carried out using an Agilent 1290
Infinity II UHPLC System (Agilent Technologies, Inc.), equipped
with a Waters ACQUITY UPLC BEH Amide column
(100� 2.1mm, 1.7 lm). The mobile phase was comprised of 1%
formic acid in water (A) and 1% formic acid in acetonitrile (B).
The column temperature was set at 35 �C. The auto-sampler
temperature was set at 4 �C and the injection volume was 1lL.
An Agilent 6460 Triple Quadrupole Mass Spectrometer (Agilent
Technologies, Inc.), equipped with an Agilent Jet Stream
Electrospray Ionization interface was used for the assay. The ion
source parameters were as follows: capillary voltage, þ4000/-
3500V; nozzle voltage, þ500/-500V; gas (nitrogen, N2) tempera-
ture, 300 �C; gas (N2) flow rate, 5 L/min; sheath gas (N2) tem-
perature, 250 �C; sheath gas flow rate, 11 L/min; and nebulizer
pressure, 45 psi. The Agilent MassHunter Workstation Software
(B.08.00, Agilent Technologies, Inc.) was used for multiple-reac-
tion monitoring (MRM) data acquisition and processing.

Statistical analysis

Data were analyzed using GraphPad Prism (version 8.4.2;
GraphPad Software Inc., San Diego, CA, USA). All the data
obtained have been presented as mean ± standard deviation (SD).
Group values were analyzed for a normal distribution.
Parametric data that were normally distributed were analyzed
using one-way ANOVA. Pairwise comparison used Tukey’s test.
Meanwhile parametric data that were not normally distributed
were analyzed using non-parametric test. The behaviour test
scores were analyzed using the Mann-Whitney test. Statistical
significance was considered at p< 0.05.

Results

Identification of the major components of JA

The total ion and MRM chromatogram for JA are shown in
Figure 1. According to the Chinese Pharmacopoeia (2015), the
components identified in JA were: isorhynchophylline, rhynchol-
phylline, gastrodin, catalpol, curcumin, and paeoniflorin (Figure
1). The concentrations of the components are listed in Table 1.

Effects of JA on the behaviour of rats with TS

Stereotypy score was higher in the group with TS than in the
control group. The results showed that stereotype score
decreased significantly after the rats were treated with tiapride or
JA; however, this was not observed in the model group. The clas-
sification stereotype behaviour score was higher in the model
group than in the control group. Additionally, the score
decreased significantly after the rats were treated tiapride or JA
(Figure 2).

Effects of JA on BV2 cell viability

BV2 cells were treated with rat serum containing JA (5, 10, 15,
20, or 30%) for 24 h to confirm that the neuroprotective property
of JA is not due to a cytotoxic effect. The BV2 cells were treated
with LPS (0, 0.1, 0.25, 0.5, 1, 2, and 5 lg/mL) for 24 h. JA did
not alter the viability of BV2 cells at the various concentrations
tested, suggesting that the neuroprotective property of JA is not
as a result of a cytotoxic effect (Figure 3). Therefore, JA was
used at a concentration of 10% in the subsequent experiments.
Moreover, LPS significantly reduced cell viability at concentra-
tions above 1lg/mL (p< 0.05).

Effects of JA on the NMDAR/MAPK/CREB signaling pathway
in BV2 cells and the rat striatum

In order to explore the effect of JA on the NMDAR/MAPK/
CREB signaling pathway, we measured the levels of p-ERK1/2,
p-JNK, p-P38, p-CREB, and NMDAR1 in the striatum as well as
in the LPS-stimulated BV2 cells. As shown in Figure 4, the
expression levels of p-ERK1/2, p-JNK, p-P38, and p-CREB
increased in the BV2 cells and the striatum tissues of rats in the
model group (p< 0.05). However, JA decreased the phosphoryl-
ation of ERK, JNK, P38, and CREB (p< 0.05). Furthermore,
NMDAR1 expression was significantly decreased in the TS group
but was increased by JA. The effect of JA on microglia activation
was also explored in this experiment. The results showed that
CD11b expression increased in the TS model group (p< 0.05),
but was decreased by JA (p< 0.05), suggesting that JA inhibit
the over activation of microglia.

Effects of JA on the mRNA levels of NMDAR, CREB, and
CD11b in BV2 cells and the rat striatum

The mRNA levels of CREB significantly deceased and the levels
of NMDAR1 mRNA significantly increased in the rat striatum as
well as in BV2 cells in TS group. Both triapride and JA
decreased CREB level and increased NMDAR1 levels (p< 0.05,
Figure 5). These results were consistent with those obtained
from the Western blot analysis. Compared to the control group,
the model group showed higher mRNA levels of CD11b and
IBa1; however, JA decreased the mRNA levels of CD11b and
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IBa1 in the BV2 cells as well as in the striatum tissues of rats in
the model group (p< 0.05). These results suggest that JA can
inhibit microglia over activation in TS.

Immunohistochemical analysis

To further investigate the MAPK/CREB signaling pathway in TS,
an immunohistochemical technique was used to measure the
expression levels of various related proteins in the rat striatum.
Compared to the control group, the model group showed higher
expression levels of p-JNK, p-ERK, p-P38, p-CREB, and IBa1
(p< 0.05). Additionally, the results showed that JA decreased the
levels of p-JNK, p-ERK, p-P38, p-CREB, and IBa1 (p< 0.05,
Figure 6).

Immunofluorescence analysis

The fluorescence produced by NMDAR1 was weaker whereas
that produced by CD11b and p-CREB was stronger in the model

Figure 1. HPLC analysis of JA. Numbers 1–6 represent isorhynchophylline, rhyncholphylline, paeoniflorin, curcumin, catalpol, and gastrodin, respectively.

Table 1. Components identified in JA.

Components Concentration (lg/mL)

Isorhynchophylline 2.5
Rhyncholphylline 0.8
Gastrodin 20.87
Catalpol 20.3
Curcumin 0.7
Paeoniflorin 1101.8
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group than in the control group. After the treatment with JA-H,
the fluorescence intensity of CD11b and p-CREB decreased,
whereas that of NMDAR1 increased (Figure 7). The results sug-
gest that more microglia cells were activated in the TS group
compared to the other groups.

Effect of JA on the levels of amino acid neurotransmitters in
rat CSF and BV2 cells

The pathogenesis of TS is closely related to the levels of neuro-
transmitters; therefore, we measured the levels of GABA, Glu,
and ASP in rat CSF and BV2 cells. The levels of Glu and ASP in

CSF were significantly higher in the rats with TS than in the
control rats (p< 0.05). Moreover, JA-M and JA-H significantly
decreased the levels of Glu and ASP (p< 0.05), whereas only JA-
H decreased the level of ASP (p< 0.05) (Figure 8). GABA level
did not differ significantly among the groups (p> 0.05) (Figure
8(C)). The levels of Glu, ASP, and GABA increased in the LPS-
treated BV2 cells; however, only JA-H decreased the levels of
these amino acid neurotransmitters (p< 0.05). JA-L and JA-M
did not alter the levels of Glu, ASP, and GABA (p> 0.05)
(Figure 8(D)). The lowest detection concentrations of Glu, ASP,
and GABA were 8488, 2100, and 2778 nmol/L, respectively, in
rat CSF and 6.54, 0.689, and 0.0183 nmol/L, respectively, in
BV2 cells.

Discussion

In this study, the selective 5-HT2A/2C agonist DOI was used to
induce TS in rats. The behavioural indicators of TS in rats are
more stable and can simulate the behavioural characteristics of
TS in humans better than those of other animal models
(Ishiguro et al. 2016). Similar to our previous finding, DOI sig-
nificantly enhanced stereotyped behaviour and classification of
stereotyped behaviour associated with TS in the present study
(Long et al. 2019a).

The pathogenesis of TS is associated with abnormal levels of
excitatory amino acid neurotransmitters such as Glu, ASP, and
GABA within the CSTC loop. An increase in the ratio of excita-
tory to inhibitory amino acids has been proposed to underlie the
pathogenesis of neuropsychiatric disorders such as TS, autism
spectrum disorder, and OCD (Aida et al. 2015). GABA is the
main inhibitory amino acid neurotransmitter, therefore, an
imbalance in the Glu/GABA ratio in the CSTC loop can lead to

Figure 2. Effects of JA on (A) stereotype behaviour and (B) classification stereo-
type behaviour. Data are presented as mean± SD. ##Indicates p< 0.01 when data
are compared to those for the control group. ��Indicates p< 0.01 when data are
compared to those for the model group. JA Low: JA low dosage (5.18 g/kg); JA
Medium: JA medium dosage (10.36 g/kg); JA High: JA high dosage (20.72 g/kg).

Figure 3. Effects of JA-containing and tiapride-containing rat medium on the viability of BV2 cells. (A–D) Viability of the cells. (E) BV2 cells were treated with various
concentrations of LPS (0–5mg/mL) for 24 h. Data are presented as mean± SD of the results three independent experiments (��indicates p< 0.01 when data are com-
pared to those for the control). Jing-an Low dosage, medicated rat serum containing JA low dosage (5.18 g/kg); Jing-an Medium dosage, medicated rat serum contain-
ing JA medium dosage (10.36 g/kg); Jing-an High dosage, medicated rat serum containing JA high dosage (20.72 g/kg); Tiapride, medicated rat serum containing
tiapride (23.5mg/kg).
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Figure 4. Effects of JA on the NMDAR/MAPK/CREB pathway in (A) the rat striatum and (B) BV2 cells. Data are presented as mean± SD. # and ## indicate p< 0.05 and
p< 0.01, respectively, when data are compared to those for the control group. � and ��Indicate p< 0.05 and p< 0.01, respectively, when data are compared to those
for the model group.
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tic-like behaviour (Kanaan et al. 2017). However, reports on
GABA levels in TS are inconsistent. It has been reported that
GABA concentrations in the primary sensorimotor cortex is
lower in TS patients than in healthy children (Puts et al. 2015).
However, our previous results indicated that the levels of Glu
and GABA in striatum were significantly higher in rats with TS
than in control rats (Long et al. 2019b). CSF is a colourless and
transparent liquid that fills in each cerebral ventricle. When
lesions form in the CNS and the metabolism of nerve cells is

disturbed, changes occur in the properties and composition of
CSF. However, it is not clear if changes in the levels of amino
acid neurotransmitters in the brain are consistent with changes
in the levels of amino acid neurotransmitters in the CSF. To
clarify this, we evaluated the levels of Glu, ASP, and GABA in
both CSF and BV2 cells in this research.

Our results showed that the levels of amino acid neurotrans-
mitters in the CNS differed greatly among the groups. Specially,
the levels of Glu and ASP were significantly increased in the

Figure 5. Effects of JA on NMDAR/CREB and CD11b levels in (A) the rat striatum and (B) BV2 cells. Data are presented as mean± SD. ##Indicates p< 0.01 when data
are compared to those for the control group. � and ��Indicate p< 0.05 and p< 0.01, respectively, when data are compared to those for the model group.

Figure 6. Effects of JA on p-JNK, p-ERK, p-p38, p-CREB, and IBa1 levels in the rat striatum. The levels of the various proteins were assessed in an immunohistochemi-
cal analysis. Scale bar ¼ 50lm.
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CNS of rats with TS. Additionally, JA-M and JA-H significantly
decreased the levels of Glu and ASP, whereas JA-L decreased the
level of ASP. GABA levels did not differ significantly among the
groups. The levels of Glu, ASP, and GABA in BV2 cells were
also investigated. The results showed that the levels of these three
neurotransmitters increased in the model cells, but were
decreased by only JA-H, indicating that similar changes occur in
the levels of Glu, ASP, and GABA in CSF and brain tissue in TS.
Additionally, there are abnormalities in the levels of these excita-
tory and inhibitory neurotransmitters in TS. Our results also
showed that inhibition of amino acid neurotransmitters was not
due to toxicity to microglia, as the various concentrations
(5–30%) of JA in the rat serum did not alter the viability of
microglia cells.

Microglia are the resident immune cells of the CNS.
Abnormally activated microglia secrete high levels of amino
acids, which can result in neurological damage. CD11b and IBa1
are the signature proteins of microglia. The binding neurotrans-
mitters to receptors are important for activation downstream sig-
naling pathway. Over the last decade, there has been increasing
evidence that microglia can express various functional GluRs,
including a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid,
kainite, and NMDARs (Murugan et al. 2013). Furthermore, it was

observed in another study that MK801 (a non-competitive
NMDAR antagonist) inhibits LPS-induced microglia activation
(Thomas and Kuhn 2005). The expression of functional GluRs is
evident in microglia, and GluR activation is known to be associ-
ated with Glu release, cytokine release, microglia activation, and
nitric oxide production (Byrnes et al. 2009; Murugan et al. 2011;
Beppu et al. 2013). Therefore, GluRs on microglia may be a thera-
peutic target for neurological disorders involving micro-
glia activation.

In the present study, we found that the NMDAR/MAPK/
CREB pathway is involved in the occurrence of TS. NMDARs
are reported to be closely involved in the pathogenesis of TS in
the Chinese Han population (Che et al. 2015). Moreover, it has
been shown that the levels of NMDAR in the cortex and stri-
atum decreases in rats with TS, but can be increased with treat-
ment of Jian-Pi-Zhi-Dong decoction (Zhang et al. 2020).
Similarly, we found that NMDAR level decreased in both the
striatum and BV2 cells in the TS model group; however, after
the treatment with JA, NMDAR level increased significantly and
became higher than in the model group, both in vitro and
in vivo. No direct link has been reported to occur between
NMDAR and CREB activation in TS. MAPK signaling pathways
that involve ERK1/2, P38 MAPK, and JNK, play important roles
in various human diseases. It was found in a previous study that
the microglia inactivation induced by ketamine (non-competitive
antagonist of NMDAR) may be mediated via inhibition of p-
ERK1/2 activity (Chang et al. 2009). In addition, activation of
MAPK signaling has been observed in histidine decarboxylase
(Hdc) knockout mice that exhibit TS-like phenomenology
(Rapanelli et al. 2014, 2018). Moreover, MAPK phosphorylates
CREB in the presence of excitatory neurotransmitters and is
involved in CNS disorders (Koga et al. 2019). There are very
limited reports on CREB involvement in TS. It has been reported
that p-CREB level does not change in iminodipropionitrile-
treated mice but can be increased by a Chinese herbal formula-
tion (Chen et al. 2019). This evidence suggests that the
NMDAR/MAPK/CREB pathway may be involved in microglia
activation and the production of amino acid neurotransmitters
in TS. However, further investigations are required to ascertain
whether abnormal levels of amino acid neurotransmitters and
microglia hyper-activation occur via the NMDAR/MAPK/CREB
pathway. The findings of the present study indicated increased
levels of p-JNK, p-ERK, p-P38, and p-CREB in the TS group.
Additionally, significant microglia activation and disruption in
the levels of amino acid neurotransmitters were observed. It was
also found JA inhibited the NMDAR/MAPK/CREB pathway,
suppressed microglia activation, and regulated the levels of
amino acid neurotransmitters. In the present study, we found
tiapride had literally the same effects as JA in alleviating the
severity of stereotyped behaviour in rats. While, first, the effects
of JA on regulating the levels of amino acid neurotransmitters in
BV2 cells and CSF of rats are more stable than that of tiapride.
JA was effective both in the microglia cell model (BV2) and CSF,
tiapride only regulated the levels of neurotransmitters in CSF
according to the existing literature. The targets of tiapride are
relatively single, while the targets of JA are more. Second, tiapr-
ide as a benzamide with low antipsychotic action, a study found
27.1% TS patients had mild or moderate adverse effects includ-
ing dizziness, nausea, and dry mouth (Fekete et al. 2021). While
no obvious adverse events of JA were observed in our previ-
ous study.

The present study had some limitations. First, JA is a com-
pound prescription formulation; therefore, the mechanism of

Figure 7. Representative image of the immunofluorescence assay performed on
striatal tissues. Specimens were stained for (A) NMDAR (red), (B) CD11b (green),
(C) p-CREB (green), and (D) 40,6-diamidino-2-phenylindole (blue). Scale bar
¼ 50lm.
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Figure 8. Chromatogram for GABA, Glu, and ASP in (A) CSF and (B) BV2 cells. The levels of amino acid neurotransmitters in (C) CSF and (D) BV2 cells. Data are pre-
sented as mean± SD. # and ##Indicate p< 0.05 and p< 0.01, respectively, when data are compared to those for the control group. � and ��Indicate p< 0.05 and
p< 0.01, respectively, when data are compared to those for the model group.
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action and pharmacokinetic properties of each herb must be
verified. Additionally, the study was mainly focused on
NMDAR1; consequently, the roles of other GluRs are unclear.

Conclusions

The present study showed that JA was effective in alleviating the
severity of stereotyped behaviour and improving the classification
stereotyped behaviour in rats with TS. Moreover, JA decreased
the levels of Glu, ASP, and GABA. It also inhibited microglia
activation and regulated the NMDAR/MAPK/CREB signaling
pathway in TS in vitro and in vivo. Our data show that JA may
be a promising therapeutic agent for the clinical treatment of TS,
which provides a basis for perfecting studies on the mechanism
of action of JA in the treatment of TS.
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