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ARTICLE INFO ABSTRACT

Keywords: Purpose: Autistic symptom improvement can be observed in children treated with acupuncture,
Autism spectrum disorder but the mechanism is still being explored. In the present study, we used scalp acupuncture to treat
Acupuncture autism rat model, and then their improvement in the abnormal behaviors and specific mecha-

Animal behavior
RNA sequencing
Transmission electron microscope

nisms behind were revealed by detecting animal behaviors, analyzing the RNA sequencing of the
prefrontal cortex (PFC), and observing the ultrastructure of PFC neurons under the transmission
electron microscope.

Methods: On gestational day 12.5, Wistar rats were given valproic acid (VPA) by intraperitoneal
injection, and their offspring were considered to be reliable rat models of autism. They were
randomized to VPA or VPA-acupuncture group (n = 8). Offspring of Wistar pregnant rats that
were simultaneously injected with saline were randomly selected as the wild-type group (WT).
VPA _acupuncture group rats received acupuncture intervention at 23 days of age for 4 weeks, and
the other two groups followed without intervention. After the intervention, all experimental rats
underwent behavioral tests. Inmediately afterward, they were euthanized by cervical dislocation,
and their prefrontal cortex was isolated for RNA sequencing and transmission electron
microscopy.

Results: The main results are as follows: 1. Animal behavioural tests: VPA group rats showed more
anxiety-like behaviour and repetitive, stereotyped behaviour than WT group rats. While VPA
group rats showed less spatial exploration ability, activity level, social interaction, and social
novelty preference than WT group rats. It was gratifying to observe that acupuncture indeed
improved these abnormal behaviors of autism rat model. 2. RNA-sequencing: The three groups of
rats differed in the expression and enrichment pathways of multiple genes related to synaptic
function, neural signal transduction, immune-inflammatory responses and circadian rhythm
regulation. Our experiments indicated that acupuncture can alleviate the major symptoms of ASD
by improving these neurological abnormalities. 3. Under the transmission electron microscopy,
several lysosomes and mitochondrial structural abnormalities were observed in the prefrontal
neurons of VPA group rats, which were manifested as atrophy of the mitochondrial membrane,
blurring or disappearance of the mitochondrial cristae, and even vacuolization. Moreover, the
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number of synapses and synaptic vesicles was relatively small. Conversely, the mitochondrial
structure of rats in the WT group and VPA_acupuncture was normal, and the number of synapses
and synaptic vesicles was relatively large.

Conclusion: Acupuncture effectively improved the abnormal behaviors of autism rat model and
the ultrastructure of the PFC neurons, which might worked by improving their abnormal synaptic
function, synaptic plasticity promoting neuronal signal transduction and regulating immune-
inflammatory responses.

1. Introduction

Autism spectrum disorder (ASD) is a complex neurobehavioral disorder. Social impairments, repetitive stereotypical behaviors and
limited interests characterize the disease. The ASD incidence has been reported continuously increased globally [1]. However, the
etiology of ASD is still poorly defined. Genetics, neurology and immunology factors are believed to be associated with the pathogenesis
of ASD in modern medicine, while traditional Chinese medicine (TCM) believes that ASD has manifestations similar to “mental dis-
order”, such as blurred vision, poor eye contact, inability to initiate communication, disobedience to instructions, and even manic
symptoms. So far, ASD cannot be cured. To some extent, special education, behavioral intervention, family intervention can relieve
symptoms of ASD, but it requires significant resources in terms of time and money, as well as family and social resources. And
pharmacologic interventions are limited to treating symptoms and do not target social deficits [2,3]. As a consequence, clinical
treatments for children with ASD are limited. This has prompted us to actively seek alternative treatments. Traditional Chinese
medicine, for example, consists mainly of acupuncture, massage and Chinese herbal medicine [4]. Acupuncture has been developed for
thousands of years to treat multi-system diseases [5]. In particular, scalp acupuncture can effectively improve brain dysfunction, such
as ASD, Parkinson’s disease (PD), Alzheimer’s disease (AD), children’s cerebral palsy, stroke and other neurological developmental
disorder or degenerative diseases [6-9] without fatal side effects [10,11].

Extensive evidence suggests that the rodent VPA maternal challenge is an excellent animal model of autism, and that the VPA model
is more representative of many cases of idiopathic autism caused by environmental insults than other models caused by single-gene or
chromosomal disorders [12,13].

Acupuncture has been applied to the study of various animal models, especially those related to brain function-related diseases,
such as ASD, AD, vascular dementia [14-19]. This paper chooses “GV24” point and bilateral “GB13” points for treatment. “GV24” and
“GB13” are located on the forehead, which enters the brain and belongs to the Governor (Du) vessel. They can activate blood, nourish
the brain, regulate and calm the mind [20]. Acupuncture at “GV24” and bilateral “GB13” have been widely used in clinical practice,
especially in the treatment of neurodevelopmental disorders and degenerative diseases (AD, ASD, etc.). Based on our previous research
and extensive literature, acupuncture at these points can improve the core diseases of neurodevelopmental disorders, degenerative
diseases. But its mechanism involves multiple brain regions, there is currently no consensus [8,21,22].

Previous studies have shown that cytokines and glial activation are present in the central nervous system of autism patients,
suggesting that the pathogenesis of ASD may be related to the excessive immune-inflammatory response in the central nervous system
[23,24]. Despite acupuncture has clinical utility in treating autistic children, its action mechanism is still obscure, several studies have
shown that acupuncture may improve clinical symptoms of many diseases by modulating immune-inflammatory functions [25,26].

The PFC is considered to play a significant role in cognition, social behavior, memory, planning and execution activities. Previous
studies found that the PFC dysfunction was closely associated with the onset of ASD [27]. In addition, neuronal synapses have been
identified as key targets for neurological diseases such as ASD, schizophrenia, depression, etc. [28,29].

Based on previous experiments [21,30], we proposed the following hypothesis: acupuncture at GV24 and bilateral GB13 points can
improve abnormal behaviors in autism rat model. Which might be linked to changes in frontal cortical function and ultrastructure of
neuronal synapses and worked through specific pathways and genes. Therefore, autism rat model was constructed and acupuncture
intervention was carried out on rats in the VPA_acupuncture group. After intervention, 3 groups of experimental rats were tested for
behaviour, and the prefrontal cortex was taken for RNA sequencing or observation for their ultrastructure of neurons. By comparing
the behavioural differences among the three groups of rats, the neuronal ultrastructural differences in the prefrontal cortex, and the
genes and enriched pathways identified by RNA sequencing, the potential mechanism of acupuncture improving ASD was further
explored.

2. Materials and methods
2.1. Animals and grouping

Wistar pregnant rats weighting 230-250g were selected for experiment. On day 12.5 of pregnancy, randomly select five of them
injecting sodium valproate (VPA) (intraperitoneal, 600 mg/kg) [31]. The offspring were recognized as good animal models for ASD.
Sixteen male offspring of them were randomized to VPA or VPA _acupuncture group (n = 8). The remaining pregnant rats received
intraperitoneal injection of saline at the same time, and 8 male offspring of them were randomly selected as the wild type (WT) group
(n = 8). The animals were kept at the Experimental Animal Center of Fujian Medical University in a controllable environment with
sufficient food and water, lights on from 7:00 a.m. to 7:00 p.m., temperature (21 + 1)°C and humidity of 60 %. And they were kept in
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accordance with the National Standards for the Management of Medical Laboratory Animals. This experiment has been approved by
the Experimental Animal Ethics Committee of Fujian Medical University (Ethics No. FJMU IACUC 2018-088).

2.2. Intervention

According to The Acupuncture Experiment to locate the bilateral GB13 and GV24 points. On postnatal day 23, the VPA _acu-
puncture group rats began acupuncture intervention (Fig. 1a and b). Rats received acupuncture under a fixator, with a needle depth of
2 mm for 40 min each time. During this period, the needle was manually twisted every 10 min. Intervention frequency was once daily,
continuous for 5 consecutive days per week for 4 weeks [30]. Rats in WT and VPA groups did not receive acupuncture, but they were
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Fig. 1. Experimental diagram of acupuncture and behavior tests.
Notes: (a) Time axis; (b) Acupoint localization; (c) Tissue sampling; (d) Open field test; (e) Social interaction test; (f) Self-grooming test.
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grabbed every day just like the VPA_acupuncture group to increase the experimental trustworthiness.
2.3. Behavioral experiments

2.3.1. Open field test

At 49 days of age, the three groups of experimental rats were placed into a 100 cm x 100 cm x 100 cm box individually, which sides
and bottom were black and opaque (Fig. 1d). The rats were allowed to move freely for 5 min, and their activity was subsequently
recorded by TopScanlLite. The ground area of the open field box was divided into the surrounding and central area (16:9). We cleaned
the box with 75 % ethanol after each test, with a 5-min interval between the two tests to allow the ethanol to evaporate.

2.3.2. Three-chamber social test

At 50 days of age, three groups of experimental rats were placed into a 60 cm x 40 cm X 22 cm box to test social behavior, which
was divided into three chambers by two diaphragms (Fig. 1e). The middle of the diaphragm is a retractable door that allows animals to
enter both chambers. The day before the test, both tested rats and unfamiliar rats were acclimated for 10 minutes in the box. Each
experimental rat was placed from the central chamber, with an inverted empty wire mesh cup placed in the corners of each side
chamber, and placed diagonally in the three chambers. The test consisted of two stages, with a recording time of 10 min each. Stage I:
Stranger rat 1 of the same age and gender was placed in one cup, while an object was put in the other cup. Stage II: The object in Stage 1
was substituted by stranger rat 2, keeping stranger rat 1 unchanged, and recorded their contact time with stranger rat 1, stranger rat 2,
or the object separately. After the test, the box was cleaned with 75 % ethanol, with a 5-min interval between tests to allow the ethanol
to evaporate and the odor to dissipate.

2.3.3. Self-grooming test

At 51 days of age, rats were placed in a 50 cm x 50 cm x 50 cm black organic glass fence, and recorded them for 30 min after
adaptation for 10 min (Fig. 1f). Self modification behaviors include wiping the face, scratching the head and ears, and performing full
body grooming. Two recorders independently evaluated the total time and frequency of self-grooming within 30 min, and calculated
the average self-grooming time.

2.4. Tissue preparation

At 52 days of age, all rats were sacrificed. PFCs from each rat were removed and appropriately preserved (Fig. 1¢). Five PFCs of per
group were randomly selected for RNA sequencing analysis (n = 5), and then the rest PFC tissues were observed under a transmission
electron microscope (n = 3).

2.5. RNA-sequencing analysis(RNA-seq)

The RNA-seq transcriptome library was prepared by the TruSeq TM RNA sample preparation Kit (Illumina, San Diego, CA) using 1
ug of total RNA. Double-stranded cDNA was synthesized using a cDNA synthesis kit (Invitrogen, CA) with random hexamer primers
(Illumina). End-repair, phosphorylation and ‘A’ base addition of cDNA were performed following Illumina’s library construction
protocol. A total of 226.21 GB of Clean Data was obtained from 15 samples, with more than 93.5 % of Q30 bases.

2.5.1. Principal component analysis
According to principal component analysis (PCA), the closer the distance, the higher the similarity between the samples. Subse-
quently, outliers in each group are removed.

2.5.2. Differentially expressed genes (DEGs)

According to the expression quantity, inter-group comparison was carried out to acquire the differentially expressed genes among
groups. Transcript abundance of each gene was quantified by RSEM [32]. Differential expression analysis was conducted by the
DESeq2 [33]/DEGseq [34]/EdgeR [35] with a Q value < 0.05. We considered there were significant differentially expressed genes
between two groups characterized as |log2FC| >1 and Q value < 0.05.

3. Transmission electron microscope

The remaining PFCs from each group were observed under transmission electron microscope. Cut the tissues into 1x1x1mm3 blocks
and soak them overnight in 2.5 % glutaraldehyde at 4 °C. They were fixed, dehydrated and embedded in a mixture of linoleic acid.
Afterward, cut these slices into nanoscale (70 nm) by a diamond tissue knife on a super cutting E-slicer. Subsequently, they were
stained by 4 % uranyl acetate and 0.4 % lead nitrate, respectively. Finally, the ultrastructure of PFC neurons was observed.

4. Statistical analysis

IBM SPSS Statistics 25 and GraphPad Prism 9 were use for statistical analyses. For the open field test and self-grooming test, one-
way ANOVA followed by Bonferroni’s multiple comparisons versus VPA group; while in 3-chamber test, two-way ANOVA followed by
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Tukey’s multiple comparisons. Results were shown as the mean + standard error, and two-tailed P < 0.05 was considered statistically

significant.

5. Results

5.1. Behavioral results analysis (Fig. 2)

5.1.1. Effects of acupuncture on anxiety behavior and space exploration behavior of autism rat model
There were significant differences in the central areal exploration time among the three groups of rats (F = 14.498, p < 0.001). The
VPA group rats had less exploration time in the central area than the other two groups, and they preferred to move around and corners,
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Fig. 2. Results of behavioral test.
Notes: (a) the central areal exploration time of three groups of rats in Open Field Test; (b) the total exercise distance of three groups of rats in Open
Field Test; (c) the contact time between test rats and the stranger rat 1 or the object in Three-chamber social test; (d) the contact time between test
rats and the stranger rat 1 or stranger rat 2 in Three-chamber social test; (e) the grooming duration of three groups of rats in Self-grooming test; (f)
the number of grooming times of three groups of rats in Self-grooming test; (g) the mean grooming duration of three groups of rats in Self-grooming
test; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns p > 0.05.
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showing a certain degree of anxiety behaviors (VPA vs WT, p < 0.001; VPA vs VPA _acupuncture, p = 0.022, Fig. 2a). The total exercise
distance among the three groups of rats was statistically significant (F = 11.758, p < 0.001). The total exercise distance of the VPA
group rats was shorter than that of the WT group, while there was no significant difference between VPA group and VPA_acupuncture
group rats (VPA vs WT, p < 0.001; VPA vs VPA_acupuncture, p = 0.110, Fig. 2b). These results suggested that the VPA group rats have a
certain degree of anxiety like behavior, and their spatial exploration and exercise abilities were reduced. Acupuncture therapy can
partially alleviate anxiety like behavior and promote spatial exploration in VPA rat model, but it does not significantly improve their
motor ability.

5.1.2. Effects of acupuncture on social behavior of autism rat model

In stage I (Fig. 2c), there were no statistical difference in the contact time among 3 groups rat and the object (F = 1.444, p = 0.258),
while there was a statistically significant difference in the contact time among test rats of three groups and stranger rat 1 (F = 6.146, p
= 0.008; WT group vs VPA group: p = 0.012; VPA group vs VPA_acupuncture group: p > 0.999). There were no statistical difference in
the contact time between test rats of the VPA group and the stranger rat 1 or the object (p > 0.05), while the other two groups of rats
had more contact time with stranger rat 1 than the object (stranger rat 1 vs object: VPA group, p = 0.093; WT group, p < 0.001;
VPA_acupuncture group, p = 0.004).

In stage II (Fig. 2d), the object in stage I were replaced with a new stranger rat 2. The contact time were not significantly differ-
entiated among the three groups of rats and the stranger rat 1 (F = 1.599, p = 0.226), while there was a statistically significant
difference in the contact time among the three groups of rats and the stranger rat 2 (F = 39.890, p < 0.001; WT group vs VPA group: p
< 0.001; VPA group vs VPA _acupuncture group: p < 0.001). The WT and VPA _acupuncture group rats had longer contact time with
stranger rat 2 than with stranger rat 1, while there was no significant difference in VPA group (stranger rat 1 vs stranger rat 2: VPA
group, p = 0.501; WT group, p < 0.001; VPA_acupuncture group, p = 0.036). The results indicated that the VPA group rats showed
significant social interaction disorders and decreased social novelty, while acupuncture therapy can improve abnormal manifestations
aforementioned to a certain extent.

5.1.3. Effects of acupuncture therapy on repetitive/stereotype behavior in autism rat model
There was no statistically significant difference in the number of grooming times observed among the three groups of experimental
rats (F = 2.985, p = 0.225, Fig. 2f). While the grooming time and average grooming time of VPA group rats were longer than those in
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Fig. 3. Gene expression analysis.
Notes: (a) Venn diagram; (b) PCA analysis.



S. Chen et al. Heliyon 10 (2024) e37130

the WT and the VPA_acupuncture group (grooming time: F = 71.381, p < 0.001, VPA group vs WT group: p < 0.001, VPA group vs
VPA _acupuncture: p < 0.001, Fig. 2e; average grooming time: F = 13.517, p < 0.001, VPA group vs WT group: p < 0.001; VPA group vs
VPA _acupuncture group: p = 0.004, Fig. 2g). The results showed that the VPA group rats exhibited typical repetitive/stereotypical
behaviors, such as longer grooming time. Furthermore, acupuncture therapy improved such behavioral abnormality of autism rat
model.

5.2. RNA-seq

RNA-seq was performed on the PFC of three groups of rats after behavioral tests, and a total of 14242 genes were detected. The
Venn diagram was used to represent the number of co-expressed/specifically expressed genes in each group of rats (Fig. 3a). According
to the results of principal components analysis (PCA), the outliers in each group were removed (Fig. 3b). Groups were as follows: WT
group (n = 3), VPA group (n = 3), VPA _acupuncture group (n = 5). The differentially expressed genes between groups are shown in the
figure, with red dots representing up regulated genes and green dots representing down regulated genes, with p < 0.05 (Fig. 4a and b).

5.3. GO and KEGG analysis

GO analysis was performed by Goatools [36] and KEGG analysis was performed by KOBAS [37].

Molecular function, cellular composition and biological processes are the three major branches of GO analysis. The DEGs in rats
between VPA group and WT group were mainly enriched in biological processes (e.g. drug response, cell response to chemical stimuli,
cell response to organic cyclic compounds) and cell components (e.g. electron transfer chains, cell response to chemical stimuli)
(Fig. 5a). Between VPA and VPA _acupuncture group, the DEGs were mainly enriched in biological processes (e.g. cell response to
hormonal stimulation, response to organic circulation compounds, response to chemical substances) and cell components (e.g. plasma
membrane area, transcription factor AP-1 complex) (Fig. 5b).

KEGG enrichment analysis ranked the top 20 most important pathways of DEGs between WT and VPA groups (Fig. 6a). For
instance, drug addiction (e.g. morphine, cocaine, amphetamines, etc.), GABAergic synapses, glutamate ergic synapses, serotonin ergic
synapses, dopamine ergic synapses, cholinergic synapses, diurnal entrainment, retrograde endogenous cannabinoid signaling, etc.

Similarly, DEGs were enriched in circadian rhythm entrainment, circadian rhythm, dopaminergic synapse, cholinergic synapse,
retrograde endogenous cannabinoid signal, estrogen signal pathway and amphetamine addiction between VPA group and VPA _acu-
puncture group (Fig. 6b). In addition, the differential genes between the two groups of rats are also enriched in immune related
pathways, Th17 cell differentiation pathway.

5.4. Cluster analysis

According to cluster analysis, there were 13 genes with significant expression differences between the WT and VPA groups, of
which Pdyn, Adcy5, and Gabrb2 were down-regulated in the VPA group. It was shown that these genes were closely related to synaptic
function and plasticity (Fig. 7a).

There were significant differences in the expression of 22 genes between the VPA group and VPA _acupuncture group. Among them,
the expression of Arc and Perl genes were up-regulated in the VPA_acupuncture group. Arc gene was the main regulator of synaptic
plasticity, and Per1 gene played a key role in regulating the circadian rhythms (Fig. 7b). The result also suggested that the expression of
Fkbp5 gene in VPA-acupuncture group was higher than that in the VPA group. Further analysis of the expression level of Fkbp5 gene of

WT _group_vs_VPA_group.volcano b VPA_group_vs_VVPA_acupunclure_group.volcano , posig

754 s W
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-Log10(Pvalue)
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Fig. 4. volcano plot
Notes: (a) Genes differentially expressed between WT and VPA groups; (b) Genes differentially expressed between VPA group and VPA_acupuncture
group (red indicates up-regulated genes, blue indicates down-regulated genes).
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Fig. 5. GO enrichment analysis.

Notes: (a) GO enrichment analysis of differentially expressed genes between WT and VPA group. (b) GO enrichment analysis of differentially
expressed genes between VPA and VPA _acupuncture group. The vertical axis represents GO Term, and the horizontal axis represents Rich factor.

3 groups of rats suggested that the gene was low expressed in the VPA group and high expressed in the other two groups (Fig. 8).

6. Transmission electron microscope
Under transmission electron microscopic, rats in the VPA group showed several lysosomes in the PFC neuronal cells, abnormal
mitochondrial structure (disappeared or blurred mitochondrial cristae, and even vacuolization), and fewer synapses and synaptic

vesicles (Fig. 9b). Conversely, rats in the WT and VPA acupuncture groups had normal mitochondrial structure and more synapses and
synaptic vesicles (Fig. 9a and c).

7. Discussion

Through the experiment, it can be found that the VPA group rats showed an increase in anxiety repetitive stereotypical behaviors, a
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Notes: (a) KWGG enrichment analysis of differentially expressed genes between WT and VPA group. (b) KEGG enrichment analysis of differentially
expressed genes between VPA and VPA_acupuncture group. The vertical axis represents the KEGG pathway, and the horizontal axis represents the
significance level of enrichment.

decrease in spatial exploration ability and motor level, the presence of social interaction disorders, and a decrease in social novelty
preferences. This is likely due to the fact that autism is a neurodevelopmental disorder with decreased neuroexcitability leading to a
decreased desire to socialise and explore novelty. And anxiety like abnormal behaviors as well as repetitive stereotypes increase. The
intraperitoneal injection of pregnant rats resulted in the appearance of autism-like symptoms in their offsprin, and these abnormal
behaviors improved after acupuncture intervention, which is consistent with literature research [38-41].

Several studies have suggested that acupuncture treatment can improve the behavior abnormalities of autism rat model by
improving the function of PFC [38]. We speculated that prefrontal function plays a key role in the pathogenesis of ASD and
acupuncture treatment of ASD core symptoms. Therefore, we further conducted RNA sequencing and transmission electron microscope
observation of neurons in the prefrontal cortex to reveal its potential mechanism.
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represent the standardized expression levels of the gene in each sample, with red representing a higher expression level of the gene in the sample
and blue representing a lower expression level.
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Fig. 9. Transmission electron microscopy image of PFC neurons.

Note: (a) wild type group; a (1), local enlarged image of a; (b) VPA group; b (1), local enlarged image of b; (¢c) VPA_acupuncture group; c (1),local
enlarged image of c. Blue arrow represents synaptic structure, yellow arrow represents synaptic vesicle, red arrow represents Mitochondria and
green arrow represents lysosome.

RNA-seq analysis unveiled that changes in synaptic function and synaptic plasticity of multiple neural synapses played a key role in
the pathogenesis of ASD, and acupuncture intervention may alleviate the main symptoms of ASD by ameliorating these changes.
Compared the WT and VPA groups, there were significant differences in genes expressio enriched in multiple types of neuronal
synapses (GABAergic synapses, glutamate ergic synapses, serotonin ergic synapses, dopamine ergic synapses, cholinergic synapses),
drug addictions (morphine, cocaine, amphetamines), and other KEGG pathways. And cluster analysis implicated that the expression of
Pdyn, Adcy5, and Gabrb2 genes in VPA group rats was down-regulated compared to the WT group. The disorder of glutamate and/or
GABAergic neurotransmitters and dopamine neurotransmitters were believed to be crucial for the pathogenesis of ASD and the balance
of synaptic excitation/inhibition [42,43]. Drug addiction is a neuroplastic disorder involving the brain’s reward and cognitive systems
[44]. The Pdyn gene produces opioid peptides, which are involved in processing rewards, cognitive processes and emotional control
[45,46], and the opioid receptor system also regulates glutamate neurotransmission and affects synaptic plasticity [47,48]. Adcy5, an
effector of many neurotransmitter receptors, is responsible for regulating various physiological functions [49]. Gabrb2 is a receptors of
y-aminobutyric acid (GABA), which have two main receptors (GABAaR and NMDARs) in the pre- and postsynaptic areas, plays a
crucial role in regulating synaptic function [50,51]. Compared the VPA and VPA_acupuncture group, there were significant differences
in the expression of genes enriched in KEGG pathways such as multifunctional synapses (dopaminergic synapse and cholinergic
synapse) and drug addiction (amphetamine). Cluster analysis suggests that the Arc gene was up-regulated after acupuncture treatment.
Arc proteins are known to be indispensable components of stable long-term enhancement, long-term inhibition and synaptic forma-
tion, so the Arc genes are considered to be major regulators of long-term synaptic plasticity [52].

Our findings also indicated that the changes of neurological signaling may play a role in the pathogenesis of ASD, and that
acupuncture intervention may improve ASD main symptoms through the improvement of neural signaling pathways. Compared the
WT group and VPA group, significantly differentially expressed genes were enriched in retrograde endogenous cannabinoid signaling
and other pathways.
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Compared the VPA group and VPA_acupuncture group, the significantly differentially expressed genes were enriched in estrogen
signaling pathway and retrograde endogenous cannabinoid signaling pathway. Endogenous cannabinoid is a retrograde messenger,
and retrograde endogenous cannabinoid signalling is a form of neural signal regulation in the brain [53,54]. Estrogen signaling also
plays an important role in the neurotransmitter system, and its signal interruption can lead to various psychiatric disorders such as
ASD, ADHD, etc. [55].

According to the results of KEGG and cluster analysis, we also found differences in immune inflammation among the 3 groups of
rats. including differentially expressed genes in the VPA group and VPA acupuncture group were enriched on the Th17 cell differ-
entiation pathway, and the differential expression levels of Fkbp5 gene among the 3 groups of rats. The protein encoded by Fkbp5 gene
belongs to the immunophilin protein family. The protein is a cis-trans prolyl isomerase that binds to the immunosuppressive agents and
affects protein biosynthesis, cell proliferation and survival of immune cells to inhibit immune-inflammatory responses [56,57].

In addition, we noted that changes in circadian rhythm pathways in the comparison between the WT group and VPA group, as well
as the VPA group and VPA_acupuncture group. The disorder of circadian rhythm is believed to be related to ASD, emotional and
affective disorders [58]. Clinical studies have shown that sleep—wake cycle disorder is the most common complication of ASD, affecting
approximately 80 % of children with autism [59]. Further studies have found circadian rhythm is positively correlated with the
expression level of Perl gene [60]. Therefore, sleep~wake cycle disorder, as the most common comorbidity of ASD, should receive
more attention in the clinical diagnosis and treatment of ASD. Acupuncture treatment may improve ASD symptoms by changing the
expression of genes related to circadian rhythm.

Under the transmission electron microscopy, several lysosomes were visible in the prefrontal neurons of rats in the VPA group,
whose main function was to phagocytose and digest organelles with abnormal functions. In addition, the prefrontal neurons of rats in
the VPA group had abnormal mitochondrial structure, which was mainly manifested as atrophy of mitochondrial membrane, blurring
or even disappearance of mitochondrial cristae and the appearance of vacuolization. Mitochondria not only provide energy but also
affect neuronal signal transduction. On the contrary, rats in the WT and VPA_acupuncture groups had more synaptic vesicles and
synapses and their mitochondrial structure was normal, which was basically consistent with our pre-experimental prediction.

Acupuncture intervention is widely used in the clinical treatment of children with ASD, but there are different opinions about its
mechanism of action. For example, scalp acupuncture may reduce symptoms of ASD by promoting local cerebral blood flow, improving
brain functional activities and neurochemical favorable changes, reducing oxidative stress and inflammation, and improving synaptic
function and synaptic plasticity [61,62].

According to our findings, we considered the neuronal synaptic dysfunction, the changes in synaptic plasticity and signal trans-
duction, and overactivation of immune-inflammatory responses may play a role in the pathogenesis of ASD. Acupuncture therapy can
improve the ultrastructure of prefrontal neurons in ASD model rats, improve neuronal synaptic function and plasticity, promote
neuronal signal transduction, regulate immune inflammatory response, and even ameliorate the abnormal behaviors of ASD model rats
by improving comorbidity.

This study found some common changes among the wild group, VPA group and VPA-acupuncture group, including behavioral
changes, ultrastructure changes of PFC, and changes in neural synapses, neurotransmitters, and immune-inflammatory responses
detected by RNA sequencing. The results indicated that there are structural and functional abnormalities in the nervous system of the
autism rat model, which leads to typical behavioral abnormalities. Acupuncture can improve their behavior by ameliorating the above
abnormal changes. However, there are some shortcomings in this study. For example, how do various variations we found in the
nervous system, such as synaptic structure and function, neuronal signal transduction, and immune-inflammatory responses, interact
in the autism rat model? It is equally important to clarify these changes that occur after acupuncture. It is unclear what roles the
mitochondrial changes (quantity, structure, and function) play in this. Follow-up studies are needed to resolve these questions. This is
necessary to explore etiology, treatment, and especially drug targets and to better prevent and treat autism.

8. Conclusion

Acupuncture therapy can effectively improve the abnormal behavior of ASD rat model and the ultrastructure of prefrontal cortex
neurons, which may work by improving their abnormal synaptic function and synaptic plasticity, promoting their neuronal signal
transduction, and regulating immune-inflammatory responses.

This paper further revealed the possible mechanism of acupuncture therapy for ASD through animal behavior, RNA sequencing
analysis, and observation of neuronal ultrastructure under electron microscopy, which provided a theoretical basis for the clinical
treatment of ASD.
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