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Background: Autism spectrum disorders (ASD) is a complex neurodevelopmental
disorder that lacks an ideal animal model to recapitulate the disease state of ASD.
Previous studies have reported that transplanting gut microbiota of ASD patients into
pregnant mice is sufficient to promote the changes of autism-like behavior in offspring.
This study aims to explore whether fecal microbiota transplantation (FMT) can be used
as a new method to establish the ASD animal model.

Methods: We transplanted the fecal sample extract of ASD children into pregnant rats
(rFMT) repeatedly to establish an ASD rat model (oFMT) and compare it with the classical
valproic acid (VPA) model (oVPA).

Results: First, we reveal that oFMT shows hypoevolutism and typical behavioral
characteristics of ASD, consistent with the previous study. Second, the gut microbiota
of oFMT mainly consists of Firmicutes and Bacteroidetes, recapitulating the abnormal
gut microbiota of ASD. In oFMT, the abundance of Lactobacillus and Collinsella
increased (Lactobacillus: oFMT 60.16%, oVFA 64.13%, oCON 40.11%, Collinsella:
OFMT 3.73%, oVPA 1.39%, oCON 1.28%), compared with oVPA, gut microbiota also
showed high consistency. Third, the expression of 5-hydroxytryptamine (5-HT) in oFMT
serum increased, y-aminobutyric acid (GABA) and norepinephrine (NE) in oFMT serum
decreased. Fourth, the gut microbiota of oFMT also has some ASD characteristic gut
microbiota not found in oVPA. Fifth, pregnant rat with VPA showed significant immune
activation, while those with FMT showed relatively minor immune activation.

Limitations: Although the mechanism of establishing FMT autism rat model (0FMT) has
not clearly defined, the data show that the model has high structural validity, and FMT
model is likely to be a new and reliable potential animal model of ASD, and will have
potential value in studying gut microbiota of ASD.

Conclusions: The FMT autism rat model has high structural validity, and the FMT model
is likely to be a new and reliable potential animal model of ASD.
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Qietal. Rat Model of Autism

FIGURE 5 | (A) Evolutionary Branch Diagram of LEfSe Analysis. (B) Histogram of LDA Value Distribution. Linear Discriminant Analysis (LDA) Effect Size (LEfSe)
analysis of gut microbiota in offspring rats among oCON, oFMT, and oVPA according to the 16S rRNA data. The yellow nodes represent the microbiota that did not
play an essential role in different groups, and no biomarker meeting the requirements. The histogram of LDA value distribution and the evolutionary branch diagram of
LEfSe analysis show the species whose LDA Score is higher than the set value (LDA score >4.0, P < 0.05). The histogram’s length represents the impact size of
different species (LDA Score), and different colors represent the species in different groups (red: oFMT; green: oVPA; blue: oCON).
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FIGURE 6 | The changes in the gut microbiota composition between oFMT and oVPA according to the 16S rRNA data. Impact of FMT on gut microbiota (cecal and
fecal microbiota) in offspring rats (0FMT, n = 9; oVPA, n = 6) (red: oFMT; green: oVPA). **P < 0.01 compare with the oCON. (A-D) To investigate the differences in
microbial community abundance between oFMT and oVPA, t-test was performed on species abundance data at the Genus level by Metastats analysis. Finally, the

(Continued)
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FIGURE 6 | species causing the difference in sample composition between the two groups were screened according to the corrected P-value. (E) The gut microbiota
species distribution analysis in the Genus. The microbiota has a significant difference in microbial community abundance between oFMT and oVPA (Metastats
analysis) (P < 0.05). Red “4” shows the relative abundance increased, and blue “|” means decreased. (F,G) The histogram of LDA value distribution and the
evolutionary branch diagram of LEfSe analysis show the species whose LDA Score is higher than the set value (LDA score >4.0, P < 0.05). The histogram’s length
represents the impact size of different species (LDA Score), and different colors represent the species in different groups. (H) Difference analysis of KEGG metabolic
pathway in oFMT and oVPA at the first level. The left is the proportion of the abundance of different functions in two groups of samples; in the middle is the proportion
of the difference in the abundance of different functions in the 95% confidence interval; on the far right is the corrected P-value.

effectiveness (expected response to effective human therapy) (26).
Regarding face validity, gut microbiota ASD model rats (0FMT)
showed developmental abnormalities, and more importantly,
it exhibits ASD core behavioral characteristics. First, previous
studies reported that VPA model rats showed delayed maturation
(delayed eye-opening), lower body weight, and delayed motor
development (27). The physical development of FMT treated
rats delayed because they showed lower body weight, delayed
the time of eyes opening, ear-opening, tooth eruption, auditory
startle, and righting the reflex. This study speculated that it
was related to delayed development. Secondly, the diagnosis of
ASD based on three behavior patterns frequently observed by
ASD. (i) Exercise and exploration activities reduced, children
with ASD have lower environmental exploration behaviors,
and the acting ability in ASD animals also reduced (28). (ii)
Repeated rigid behavioral activities, for example, children with
ASD repeatedly played with fingers or the same toy, and ASD
animals showed repeated modification of hair (29, 30). (iii) Social
behavior activity, its reduction (social disorder), is a core feature
of ASD (27, 31, 32). The oFMT showed behavioral defects, such
as decreased activity ability (reduced activity score in open-field
tests), increased repetitive, stereotyped behaviors (increased
frequency and time of repeated grooming), and social barriers
(decreased exploration activities for strange rats) in the improved
three-box social experiment. These behavioral manifestations
suggest that oFMT has autism-like behavior, indicating that
fecal bacteria transplantation into the ASD rat model has good
faced validity.

In terms of structural validity, increasingly research data
show that gut microbiota was closely related to neurological
diseases. For example, gut microbiota plays a role in guiding and
promoting brain development (33); abnormal early colonization
of gut microbiota may be an essential factor inducing ASD
symptoms (34). Furthermore, a number of studies have also
reported that the gut microbiota in children with ASD
has changed significantly. This study has also observed
consistent results. For example, oFMT (Phylum) increases
to Firmicutes, decreases to Bacteroidetes, and increases to
Firmicutes/Bacteroidetes (35-37); at the genus level, the increase
in Lactobacillus (35, 36), and Collinsella also increase (35).
These significant changes in gut microbiota are consistent with
previous studies (35-37). Compared with the VPA model,
the gut microbiota ASD rat model also shows consistency in
gut microbiota. For example, Firmicutes and Bacteroidetes are
dominant in gut microbiota analysis, and the changing trend is
the same, which is the well-agreement with previous studies (38).
The composition of the gut microbiota of oFMT is similar to that
of oVPA.

First, based on 16S rRNA data, the changes in gut microbiota
composition among oCON, oFMT, and oVPA were explored. The
species diversity in the oFMT and oVPA was significantly lower
than that in the oCON. The results showed that the diversity
of gut microbiota in offspring rats was impaired. This may be
the source of behavioral anomalies in both oFMT and oVPA.
PCoA analysis was performed to study the degree of similarity
of microbial communities across the three groups. To increase
the reliability of the difference analysis, ANOSIM analysis was
used to test whether there was a significant difference in diversity
between samples in different two groups. The data shows that the
microbiota composition of oVPA was more uneven than oFMT.
The oFMT was different from the 0VPA and oCON

Second, the gut microbiota species distribution analysis
among oCON, oFMT, and oVPA in the Phylum. Firmicutes and
Bacteroidetes are in a dominant position in oFMT and oVPA.
Compared with oCON, the relative abundance of Firmicutes
and Actinobacteria increased, and the relative abundance of
Bacteroidetes and Patescibacteria decreased in oFMT and oVPA.
LDA and LEfSe analysis gut microbiota shows that Actinobacteria
was significantly enriched in oFMT and Firmicutes was
significantly enriched in oVPA at the Phylum level. Moreover,
we also found that the abundance of g Collinsella in oFMT
and g Lactobacillus in oVPA were higher. The abundance
of g Dubosiella, g Lachnospiraceae_NK4A136_group, and
g Romboutsia were enriched in oCON. We can draw a
conclusion that the specificity of gut microbiota in oFMT was
higher than that in oVPA. This suggested that the composition
of gut microbiota in oFMT had undergone significant changes.
To sum up, the gut microbiota composition of oFMT was
similar to oVPA, but oFMT also had some unique features; for
example, the marker bacteria analysis group was actinomycetes
(Phylum level), which was different from oVPA and oCON.
Which may be the reason for the specific expression of oFMT
gut microbiota structure.

Third, we also found a very interesting phenomenon, oFMT
and oVPA are two different ways to establish the ASD rat model,
but the bacterial community composition of both at the Genus
level is very similar. In particular, there has a coincidentally
significant increase in Lactobacillus compare with oFMT, which
is considered to be probiotics. There have been similar reports
(35) about the elevation of Lactobacillus in the gut microflora
structure of ASD patients, but still, no attention has been paid to
it. In conclusion, through comparing the two modeling methods,
the increase of Lactobacillus may not be accidental but may
contain a complex relationship of bacterial flora structure, which
needs to be further explored. Surprisingly, the oFMT also has
ASD characteristic gut microbiota that oVPA does not have. For
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example, Prevotellaceae (39, 40), Clostridiaceae (41), g_Collinsella
(35), p_Actinobacteria, f_Coriobacteriaceae, o_Coriobacteriales,
and o_Clostridiales, c_Clostridia. These findings indicate that
oFMT may have ASD characteristic gut microbiota that oVPA
cannot simulate, which is worthy of the future research direction.

The communication mechanism between gut microbiota and
the brain is still unclear, and researchers are paying close
attention to elucidate the relationship between gut microbiota
and the nervous system. The alteration of the gut microbial
spectrum is associated with the abnormal metabolic activity
of ASD (42). It is well-established that the gut tract contains
trillions of bacteria that regulate the production of various
signaling molecules in a host, including, 5-HT, GABA, NE and
other hormones and neurotransmitters. The neurotransmitter
is an endogenous metabolite that acts as a chemical messenger
to carry, amplify and regulate signals between neurons and
other human cells. According to their functions, they can be
divided into excitatory neurotransmitters (such as NE), and
inhibitory neurotransmitters (such as GABA and 5-HT). These
substances play an important role in the normal life activities
of the body and maybe the bridge or messenger between the
gut microbiota and neurodevelopment. 5-HT is a critical step in
neuronal development, such as cell proliferation, differentiation,
migration, apoptosis, synapse formation, and play an important
role in neuronal and glial cell development. The increase in serum
5-HT is related to autism (43). At critical developmental stages,
one-third of children with autism have elevated 5-HT in their
peripheral blood (44). 5-HT also has the function of regulating
gut microbiota (45, 46).

Serum 5-HT levels of oFMT were higher than oCON,
which might be related to the neurological dysfunction of
ASD. Some studies have reported elevated TSH levels in
children with ASD (47), while other studies have confirmed the
clinical diagnostic significance of TSH (48). Moreover, GABA
(gamma-aminobutyric acid) is a quiet neurotransmitter that
inhibits neuronal reflexes. Brain studies in excitatory populations
have identified imbalances in GABA receptors. Lower NE is
closely related to memory disorders, negative mental state,
and neurodevelopmental disorders. Inadequate GABA levels, or
dysfunction of GABA receptor, play a role in the excitatory
factors of autism and attention deficit hyperactivity disorder.
Serum GABA and NE levels of oFMT were significantly lower
than oCON, which might be related to the abnormal gut
microbiota of ASD. Previous studies have found that Bacteroides
(such as Bifidobacterium) produce large amounts of GABA.
Analysis of healthy human feces samples has demonstrated
that the GABA-producing pathway is actively expressed by
species such as Bacteroides, Parabacteroides, and Escherichia
(49). oFMT (Phylum) increases to Firmicutes, decreases to
Bacteroidetes, and increases to Firmicutes/Bacteroidetes (35-37).
Both the abnormal structure of gut microbiota in ASD and
changes in the metabolism of neurotransmitters are necessary
for revealing the causes of ASD. The up-regulation of serum
5-HT level and down-regulation of GABA and NE may lead
to behavioral and physiological changes in offspring rats.
All these signified that the microbiota could cause abnormal
neurotransmitter metabolism, which was probably the critical

process of model establishment and needed further data
to verify.

Regarding the prediction validity, numerous studies have
reported that correcting the abnormality of gut microbiota can
alleviate ASD animals (3, 50) or children (17, 18, 36). However,
unfortunately, our experiment did not perform subsequent
disproportional assays, such as transplantation of healthy human
gut microbiota or probiotic therapy. The sampling of gut
microbiota in ASD animal experiments includes cecal and fecal
microbiota samples (2, 38). Thus, this study selected cecal and
fecal microbiota samples. The 16S RNA sequencing can also
be used for functional prediction analysis of gut microbiota.
Difference analysis of KEGG metabolic pathway in oCON
and oFMT at the first and second levels. Compare with the
oCON, some KEGG pathways based on level 1 and level 2
in FMT were different. For example, Cellular Processes (level
1) and Amino Acid Metabolism (level 2) were lower, and
Cell growth and death, Lipid metabolism, Transcription, and
Digestive system were higher in the oFMT comparing with
oCON. Functional prediction analysis suggests that the bacterial
function of the oFMT may be diminished. Meanwhile, compared
with the oVPA, some KEGG pathways based on level 1 in
oFMT were different. For example, Human Discases and Genetic
Information Processing were lower, and Metabolism was higher
in the oFMT compared with oCON. Functional prediction
analysis showed that the bacterial function of the oFMT and
oVPA might be different.

VPA is an antiepileptic drug (51) and an emotion stabilizer
(52), which inhibits the activity of histone deacetylase (HDAC).
VPA rodent model of ASD is currently the most effective and
reliable ASD animal models and has widely used in ASD research.
However, it also has certain limitations. Currently, most ASD
patients have not exposed to the drug, and its incidence rate
is still rising sharply, reaching 1/59 (53), indicating that VPA
exposure is only a critical pathogenic factor of ASD. Besides,
many clinical reports also link VPA exposure to early pregnancy
with neural cell defects and congenital malformations other than
ASD (54, 55), indicating that the induction result of VPA is not
single. Therefore, the effectiveness of the VPA rodent model may
be limited to autism caused by exposure to drugs with HDAC
inhibitory activity (1), which has excellent application valued
in the study of ASD neurodevelopmental abnormalities and
origin. Meanwhile, many promising models of ASD gene (such as
Shank3, MeCP2, and FMR1) may also face similar situations with
VPA rodent models. Although the FMT model can not bridge
these limitations, it may provide new ideas for establishing the
ASD animal model. The development of intestinal microflora
is synchronous with the development of children’s brains. The
onset stage of ASD is similar to the time node of intestinal
microflora development (7, 34). FMT model simulates the
face validity (development and behavior) of ASD, especially in
gut microbiota. FMT model also has strong structural validity
(compared with ASD patients and VPA model); meanwhile, it has
profound abnormal performance in serum immunity. Compared
with the VPA model, the FMT model did not have a solid research
foundation, but the FMT model to provide a new choice of
ASD research, primarily it can provide a reliable model tool for
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studying ASD cases of severe gastrointestinal symptoms or gut
microbiota disorders.

LIMITATIONS

According to our data, the FMT model is likely to be a new and
reliable potential animal model of ASD and has potential value in
studying the gut microbiota of ASD. However, our experiments
also have some limitations. First, this study only emphasizes the
effectiveness of the model. Which needs a more abundant and
rigorous experimental design to supplement the model formation
rate in the future. Second, our modeling operation takes a long
time to transplant fecal bacteria, and the exploration of transplant
effectiveness still needs further efforts (for example, shortening
transplant time or times). Third, the incidence rate of ASD in
males is four times that of females (53), which has a strong gender
bias. However, our experiment only selects male offspring and
lacks exploration of modeling gender differences. Fourth, we did
not transplant normal human flora to eliminate the interference
in the transplantation process, and the influence of normal
human flora on offspring needs more experimental design to
verify. The research on the relationship between gut microbiota
and nervous system diseases is not only associated with ASD
(2,3,7,33,50, 56, 57) but also in other neurological diseases such
as depression and anxiety (58-60), epilepsy (61). Further studies
are required on these aspects in the future. Our research may
push the animal model of ASD to develop in another direction,
which is of the great importance of the study of ASD.

CONCLUSIONS

FMT autism rat model (oFMT) shows changes in
neurotransmitter metabolism, and The FMT model is likely to
be a new and reliable potential animal model of ASD.
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