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Abstract
Background : Tourette syndrome (TS) is a neuropsychiatric disorder with onset in childhood that warrants effective therapies. Gut
microbiota can affect central physiology and function via the microbiota–gut-brain axis. Therefore, the gut microbiota plays an
important role in somemental illnesses. A small clinical trial showed that fecal microbiota transplantation (FMT) may alleviate TS
symptoms in children. Herein, FMT effects and mechanisms were explored in a TS mouse model.
Methods : TS mice model (TSMO) (n= 80) were established with 3,30-iminodipropionitrile, and 80 mice were used as controls.
Mice were grouped into eight groups andwere subjected to FMTwith feces from children ormicewith or without TS, orwere given
probiotics. Fecal specimens were collected 3weeks after FMT. 16S rRNA sequencing, behavioral observation, and serum serotonin
(5-HT) assay were performed. Differences between groups were analyzed using Mann-Whitney U test and Kolmogorov-Smirnov
(KS) tests.
Results : A total of 18 discriminative microbial signatures (linear discriminant analysis score> 3) that varied significantly between
TS and healthy mice (CONH) were identified. A significant increase in Turicibacteraceae and Ruminococcaceae in TSMO after
FMT was observed (P< 0.05). Compared with non-transplanted TSMO, the symptoms of those transplanted with feces from
CONHwere alleviated (W= 336, P= 0.046). In the probiotic and FMT experiments, the serum 5-HT levels significantly increased
in TSMO that received probiotics (KS= 1.423, P= 0.035) and in those transplanted with feces from CONH (W= 336.5,
P= 0.046) compared with TSMO without transplantation.
Conclusions : This study suggests that FMTmay ameliorate TS by promoting 5-HT secretion, and it provides new insights into the
underlying mechanisms of FMT as a treatment for TS.
Keywords: Tourette syndrome; Fecal transplantation; Microbiota; Serotonin
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Introduction

Tourette syndrome (TS) is a chronic neurological disorder
of unknown cause characterized by recurrent motor and
vocal tics.[1-4] Although current therapies may partly
improve these manifestations, inadequate control of tics
and adverse side effects remain as challenges in the
treatment of TS.[5-9] The causes of TS are unknown, but
some evidence suggests that dysfunction of the dopami-
nergic pathways within the cortico-striato-cortico-frontal
circuitry, failure of cortical inhibition of inappropriate
motor programs generated in the basal ganglia, deficits in
cerebral maturation, especially for striatal interneuron
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migration, and abnormalities in the cortico-basal
ganglia-thalamo-cortical loops may be involved in TS.[10]

The gut microbiota plays an important role in some
mental illnesses, such as depression, autism spectrum
disorder, and Parkinson disease via the microbiota-gut-
brain axis.[11-14] Therefore, fecal microbiota transplanta-
tion (FMT) has been considered as a potential method to
rebalance the gut microbiota. Indeed, its efficacy has been
demonstrated in autism spectrum disorder and epilep-
sy.[15,16] Herein, we aimed to explore whether the gut
microbiota could contribute to TS and if FMT could
ameliorate TS symptoms in a mouse model.
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Methods

Ethical approval

This study was approved by the biomedical research ethic
committee of Cheeloo Children’s Hospital of Shandong
University (approval No. ETYY-2020230). Every effort
was made to minimize the number of animals and reduce
their suffering. All procedures used in this study were in
accordance with our institutional guidelines and complied
with the international ethics and humane standards for
animal use.
Animal model

A total of 200 Kunming-specific pathogen-free (SPF)
healthy mice (CONH) were provided by the laboratory
animal center of Shandong Province. The mice were
housed in an SPF animal room in cages. The feeding
temperature was maintained at 18 to 29°C, and the
humidity was maintained at 40% to 70%. The mice were
given SPF maintenance feed and free ultrapure water for
drinking. They were used for the experiments after 1 week
of acclimation following the task schedule outlined in
Figure 1.

A total of 160 mice were randomly divided into CONH
and TS mice (TSMO) groups, which comprised healthy
and TSMO, respectively. The CONH group was sub-
divided into four groups (20 mice in each group) that
underwent FMT with feces from TS children (HTSC
group), feces from healthy children (CHHC group), feces
from TS mice (HTSM group), and feces from healthy mice
(CHHM group). The TSMO group was similarly divided
into four groups (20 mice in each group), which received
feces from healthy children transplanted (MFHC group)
or from healthy mice (MFHM group), or were adminis-
trated probiotics (MPro group) or were left untreated
(MCon group). TheMPro andMCon groups were used to
determine whether probiotic intervention or fecal trans-
plantation was more effective. Pro Chang was obtained
from Shandong Tanke Biotechnology Co., Ltd (Shandong,
China) which is a complex of seven probiotics and two
Figure 1: Schematic diagram of the in vivo experiment.
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prebiotics, including Lactobacillus acidophilus, Bifido-
bacterium longum, Lactobacillus paracasei, Lactobacillus
rhamnosus, Lactobacillus fermentum, Lactobacillus bel-
veticus, Streptococcus thermophilus, fructooligosacchar-
ides, and isomaltose oligosaccharides. The Pro Chang was
diluted 2:50 (m:V) using a gavage (0.3mL each time).

The TS model was established according to the method
described by Diamond et al[17] by administering 150
mg·kg�1·d�1 3,30-iminodipropionitrile (IDPN; Merck
KGaA, Germany). In accordance with the original
report,[17] the mice showed no significant change in
activity after modeling according to the ethological score;
hence the dose of IDPN was increased to 350
mg·kg�1·d�1. All mice showed different degrees of
abnormal behavior and activities.[18] The ethological
scores were evaluated as outlined in Table 1.[17,18]
Preparation of fecal liquid and FMT

Fecal specimens were collected from TS and healthy
children, as well as CONH and TSMO. Fresh feces from
each group were collected and immediately weighed.
Based on the method of Zhang et al[19] for the preparation
of fecal bacteria liquid, fresh feces were mixed immedi-
ately with sterile saline (1:5 [w/v]). After homogenization
in a biosafety cabinet, the large particles were serially
filtered through layers of gauze (10, 30, and 100 mesh),
and the suspension was collected in 2-mL sterile centrifuge
tubes. The suspension was centrifuged at 1858� g at 4°C
for 3 min. The supernatant was discarded, and the pellet
was resuspended in a normal saline. The mixture was
vortexed, centrifuged again, and the pellet was resus-
pended in normal saline solution. All the above operations
were performed in a low-temperature environment (4°C),
and the processing time was under 1 h.

An antibiotic mixture (500mg of ampicillin, 250 mg of
vancomycin, 500 mg of neomycin, and 250 mg of
metronidazole) (Merck KGaA) was administered to the
mice by gavage daily for 3 days before FMT. For FMT, the
mice were transferred to separate cages (n= 1/cage).
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Table 1: Mice stereotyped behavior score.

Score Stereotype

0 Normal activity
1 Circling behavior (clockwise or counterclockwise rotation)
2 Excessive vertical movement of the head and neck
3 Excessive movement of the neck and circling behavior
4 Swinging the head to the side combined with excessive

vertical movement of the head and neck
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The fresh bacterial solution (0.3 mL) was injected into the
stomach of the mouse by gavage for a total of eight times
over the subsequent 3 weeks. Afterward, the mice were
observed for 30 min.
Chromatographic assay of serum serotonin (5-HT)

Mice in each groupwere fastedwithout water for 24 h after
the last administration, and were randomly selected from
each group. 2 to 3mL of bloodwas collected from the orbit
and stored in an eppendorf tube. After standing at 4°C for 2
h, the blood was centrifuged at 2500�g for 10 min in a
refrigerated centrifuge. The upper serumwas collected and
stored at �80°C for later use. The same amount of 5%
perchloric acid solution was added into serum, and then
mixed evenly in a vortex mixer for 30 s. Then the mixture
was placed at room temperature for 10–15 min, and
centrifuged at a rate of 11,100�g for 5 min. Finally 25mL
of supernatant was taken for chromatographic analysis.
Sample collection, DNA extraction, and sequencing

Fecal specimenswere collected 2weeks after FMT in sterile
2-mL tubes containing pure chilled ethanol, frozen within
30min, and stored at� 80°Cuntil analysis. GenomicDNA
was extracted using the cetyltrimethylammonium bromide
method. An equivalent of 1mL of each sample was used for
DNA quantification using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).
Theamplificationof theV3-V4 regionof the16S rRNAwas
performed to analyze the bacterial population and execute
amplification of the variable region. Polymerase chain
reaction (PCR) was conducted using the bacterial universal
forwardprimers319F (50-ACTCCTACGGGAGGCAGC
AG-30) and the reverse 806R (50-GGA CTA CHV GGG
TWT CTA AT-30). The PCR products were verified by
electrophoresis on 1% (w/v) agarose gels in Tris-borate-
EDTA (TBE) buffer stained with Genecolour I (GeneBio
Systems, Oakville, ON, Canada) and visualized under
ultraviolet (UV) light. Amplicons were first purified using
the QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany), quantified using NanoDrop 2000, and then
pooled in equal concentrations. Pooled amplicons (2 nmol/
L) were subjected to sequencing using an Illumina HiSeq
2500 (Illumina, San Diego, CA, USA), following the
standard Illumina platform protocols.
Analysis of 16S rRNA sequence

The 16S rRNA sequence paired-end data set was joined
and quality-filtered using the FastLength Adjustment
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Shortreads software (FLASH, http://ccb.jhu.edu/soft
ware/FLASH/index.shtml). All sequence analyses were
conducted using the Quantitative Insights Into Microbial
Ecology (QIIME, version 1.9.1, http://qiime.org/) software
suite,[20] as per the QIIME tutorial (http://qiime.org/).
Chimeric sequences were removed using usearch61 (http://
www.drive5.com/usearch/) with de novo models. The
sequences were clustered against the 2013 Green (13_8
release) ribosomal database and 97% reference data set.
Sequences that did not match with any entries in this
reference were subsequently clustered into de novo
operational taxonomic units (OTUs) at 97% similarity
with USEARCH clustering. Taxonomy was assigned to all
OTUsusing the ribosomal database project classifierwithin
QIIME and the Greengenes reference data set.[21]

To account for any bias caused by uneven sequencing
depth, the least number of sequences present in any given
sample was selected randomly from a sample category
before calculating community-wide dissimilarity measures
(a and b diversities). The OTU table was rarified to a
sequencing depth of 22,000 per sample for both diversity
analyses. All principal coordinate analyses (PCoAs) were
basedonunweightedandweightedUniFracdistancesusing
evenly sampled OTU abundances. Linear discriminant
effect size (LEfSe) analysis was performed to identify
features (taxa) thatwere differentially represented between
the two groups. LEfSe combines the Kruskal-Wallis test or
pairwise Wilcoxon rank-sum test with linear discriminant
analysis (LDA). It ranks features by an effective size, which
explains most of the biological differences at the top. The
LEfSe analysiswas performedbased on the threshold of the
logarithmic LDA score for discriminative features, which
was equal to 2.0. Prediction of the functional composition
of ametagenome, usingmarker gene data and adatabase of
reference genomes, was performed using Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt).[22] The graphical represen-
tation of the results was performed using R[23] and
Statistical Analysis of Metagenomic Profiles (STAMP).
Real-time PCR analysis

Toconfirm the relative abundanceofTuricibacteraceaeand
Ruminococcaceae observed in TSMO by 16S sequencing,
total DNA of the mouse feces was extracted using the
DNeasy mini kit (Qiagen). The Te oligonucleotide primers
for target genes were as follows: rpsD of Turicibacteraceae
(50-AGCGTCAATTCCGTCGTACA-30 and 50-GACGAC-
GAGTCGCAGCTAAT-30), 16S of Turicibacteraceae
(50-CCGTGGAGGGTCATTGGAAA-30 and 50-GTGTC-
AGTTGCAGACCAGGA-30), FECF of Ruminococcaceae
(50-CTGGAAGATACGCTGCCGAT-30 and 50-CGCTTT-
CCGCTGTGAAACAA-30), and 16S of Ruminococcaceae
(50-GGGCTGCATCCAAAACTGTG-30 and50-CAGCGT-
CAGAAAATGCCCAG-30). The 2—DDCt method was used
to calculate the relative DNA expression.
Statistical analysis

The diversities were analyzed using the Mann-Whitney U
and Kolmogorov-Smirnov (KS) tests. Data in the behav-
ioral and 5-HT experiments are expressed as the
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mean± standard error (SE). All analyses were performed
using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The P
values for PICRUSt and STAMP were calculated using the
Kruskal-Wallis H-test and Welch t-test. The effects were
considered significant if the P values were< 0.05.
Results

Mice with TS harbor a different gut microbiome compared
with CONH

To evaluate the differences between TS and CONH, we
compared a and b diversities between the TSMO and
CONH groups. Analysis of a diversity revealed that the
Shannon index did not differ significantly between the
groups (Figure 2A; Wilcoxon rank-sum test, P> 0.05).
However, analysis of b diversity based on the unweighted
UniFrac distances showed that the gut microbiome of the
TSMO group was significantly different from that of the
CONH group (analysis of similarities [ANOSIM],
r= 0.143, P< 0.05, unweighted UniFrac; Figure 2B).
These significant differences were further confirmed by
LEfSe analysis, which identified 18 discriminative micro-
bial signatures (LDA score> 3) that varied significantly
between the TSMO and CONH groups [Figure 2B]. At the
genus level, a significant increase in the relative abundance
of Turicibacteraceae and Ruminococcaceae was observed
in TS compared with CONH (LDA> 3) [Figure 2C], an
observation that was further confirmed by quantitative
real-time PCR (Supplementary Figure 1; http://links.lww.
com/CM9/B51).
Fecal transplantation is effective for alleviating symptoms
of Tourette syndrome

Furthermore, fecal transplantation showed a therapeutic
effect on IDPN-induced TS. Compared with non-trans-
planted TS mice (MCon group), the symptoms of TS mice
transplanted with feces of healthy mice (MFHM group)
were ameliorated (W= 336, P= 0.046; Figure 3B). Thus,
these findings suggest that fecal transplantation may be
effective for the treatment of TS.
Figure 2: The microbiota compartment in TS and CONH before FMT. (A) a diversity in the TSMO
LEfSe indicating the differences in the bacterial taxa between the CONH and TSMO groups. CON
LEfSe: Linear discriminant effect size; PCoA: Principal coordinate analyses; TS: Tourette syn
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Fecal transplantation changes the gut microbiota of the mice
To reveal the effect of fecal transplantation on the
microbiota community, we analyzed the microbiota from
CHHM, HTSM,MFHM, andMPro groups. The bacterial
16S rRNA was sequenced after 2 weeks, revealing that the
microbiota of CONH changed after transplanting the feces
ofmicewithTS, and themicrobiotaofTSMOchangedafter
transplanting feces from CONH or MPro treatment.
Clustering was observed in the PCoA between CHHM,
HTSM, MFHM, and MPro groups (unweighted UniFrac
Distance,ANOSIM,P< 0.05; Figure4).Next,we explored
the gut microbial community features (relative taxon
abundance of the microbiome) of mice that received
FMT. In HTSM, Firmicutes and Actinobacteria were
decreased, whereas Bacteroidetes and Proteobacteria were
increased compared with CHHM [Figure 4].
FMT affects 5-HT levels

5-HT is critical for the development of TS. To explore the
effect of fecal transplantation on 5-HT, we analyzed 5-HT
in the serum of TSMO and CONH mice. TSMO showed
significantly decreased 5-HT levels compared with CONH
(W= 212, P< 0.001; Figure 5A). Moreover, the serum 5-
HT levels significantly increased in the Mpro and MFHM
groups comparedwith those in theMCon group (Mpro vs.
MCon: KS= 1.423, P= 0.035; MFHM vs. MCon:
W= 336.5, P= 0.046; Figure 5B). Furthermore, trans-
plantation of fecal samples from TSMO significantly
decreased serum 5-HT levels as compared with fecal
samples from CONH (W= 299.5, P= 0.002; Figure 5B).
These results suggest that FMT ameliorates TS and
promotes 5-HT secretion.

Discussion

The results of this study showed that IDPN-induced
TSMO harbor different gut microbiomes compared with
CONH, especially regarding the relative abundance of
Turicibacteraceae and Ruminococcaceae. This finding is
consistent with another study showing increased Rumi-
nococcaceae in adults and adolescents with TS and the
and CONH groups. (B) PCoA of bacterial b diversity between TSMO and CONH groups. (C)
H: Healthy mice; FMT: Fecal microbiota transplantation; LDA: Linear discriminant analysis;
drome; TSMO: TS mice.
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Figure 3: FMT is effective for managing TS. TS scores in MFHC, MFHM, MPro, and MCon (A) before and (B) after FMT.
∗
P< 0.05. FMT: Fecal microbiota transplantation; MFHC: Feces from

healthy children transplanted into TS mice; MFHM: Feces from healthy mice transplanted to TS mice; MCon: TS mice without transplantation; MPro: Probiotics given to TS mice; TS:
Tourette syndrome.

Figure 4: Themicrobiota compartment after FMT. (A)Comparison of relative taxa abundancebetween theCHHM, HTSM,MFHM, andMProgroups. (B) PCoA of bacterialb diversity based on the
unweighted UniFrac between the CHHM, HTSM,MFHM, and MPro groups. CHHM: Feces from healthy mice transplanted into healthymice; FMT; Fecal microbiota transplantation; HTSM: Feces
from TS mice transplanted into healthy mice; MFHM: Feces from healthy mice transplanted to TS mice; MPro: Probiotics given to TS mice; PCoA: Principal coordinate analyses.
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positive correlation with inattentive symptoms.[24] Studies
on the intestinal flora of patients with neurological
diseases, such as Alzheimer disease and autism, also
revealed significant increases in Firmicutes and/or
decreases in Bacteroidetes,[25-27] as well as lower ratios
of Firmicutes to Bacteroidetes.[27] As a mucin-degrading
bacterium, Ruminococcus can lead to compromised
intestinal permeability,[28-30] which may increase the
translocation of intestinal bacterial products to the brain.
Proteobacteria are major Gram-negative bacteria and
include various opportunistic pathogens.[31] In this study,
similarly, FMT from healthy to TSMO decreased
Firmicutes and increased Bacteroidetes. Moreover, FMT
from an ill donor altered the microbiota of CONH, and
conversely FMT from a healthy donor changed the
intestinal environment of TSMO. Hence, these results
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suggest that the gut-brain axis is involved in the
development of TS.

FMT is effective in treating autism and epilepsy.[15,16] Acase
was recently reported of a child with TS whose symptoms
were successfully managed with FMT.[32] Another case
reported that fourpatients (4/5) respondedpositively toFMT
(Yale Global Tic Severity Scale-total tic score reduction
rate> 25%) at week 8 with high safety.[33] A clinical trial of
mini-FMT is currently underway to determine the effects of
mini-FMT in patients with TS (ClinicalTrials.gov:
NCT03764748). In line with these results, we observed that
the symptoms of TSMO transplanted with feces of CONH
had declined, thereby suggesting that FMTmay represent an
alternative treatment, either alone or in combination with a
classical treatment, for TS.

http://www.cmj.org


Figure 5: Comparison of plasma 5-HT levels among the different groups. (A) TSMO vs. CONH. (B) Among MFHC, MFHM, MPro, MCon, HTSC, CHHC, HTSM, and CHHM groups.
∗
P< 0.05,

+P< 0.01. 5-HT: Serotonin; CONH: Healthy mice; CHHC: Feces from healthy children transplanted to healthy mice; CHHM: Feces from healthy mice transplanted into healthy mice; HTSC:
Feces from TS children transplanted into healthy mice; HTSM: Feces from TS mice transplanted into healthy mice; MFHC: Feces from healthy children transplanted into TS mice; MFHM:
Feces from healthy mice transplanted to TS mice; MPro: Probiotics given to TS mice; MCon: TS mice without transplantation; TSMO: TS mice.
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Abnormal dopaminergic and serotonergic transmission
may be involved in the pathogenesis of TS.[34,35] Studies
have suggested that reduced 5-HT bioavailability in the
brain is associated with the severity of TS and obsessive-
compulsivedisorder.[36-38] Thegutmicrobiota canpromote
the metabolism of tryptophan into precursors of 5-HT,
which can pass the blood-brain barrier.[39] In this study,
similarly, the microbiota of TSMOwas associated with the
lowest 5-HT levels, whereas the microbiota from CONH
was associated with the highest 5-HT levels. Therefore,
tryptophan and 5-HT metabolism may be involved in the
effects of FMT on TS. Nevertheless, additional studies are
necessary to examine these relationships.

There are still many limitations to this study. Blood
markers of the microbiota-gut-brain axis (including
lipopolysaccharides and inflammation markers) were
not assessed nor were the levels of neurotransmitters.

In conclusion, FMT can alleviate tic severity in a TS mouse
model by modulating the intestinal flora and upregulating
the serum 5-HT levels, further supporting the hypothesis of
microbe-intestine-brain axis in TS. Thereby, this study
provides valuable insights into the mechanisms involved in
TS, whichmay serve as the foundation for the development
of treatments. In the future, underlying mechanisms will be
explored from the molecular, protein, and ethological
perspective along with the brain-intestine-axis direction.
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