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Abstract: Background: Acupuncture has been shown to be effective in treating cerebral palsy (CP), reducing muscle 
tension, and improving motor function. However, macro-screening of key gene sets and gene-causal interaction 
networks for their therapeutic mechanisms have not been studied. Methods: Applying high-throughput sequencing 
technology, this research discussed differentially expressed mRNAs and differential alternative splicing pre-mRNAs 
at the transcriptome level in rats with CP treated with acupuncture and moxibustion, and analyzed the regulatory 
mechanisms of these differentially expressed genes (DEGs) in CP. Changes in the levels of transcripts and alterna-
tive splicing in the hippocampi of CP rats after acupuncture treatment were analyzed. Global genes that were differ-
entially expressed and alternative splicing events (ASEs) and regulated ASEs (RASEs) in acupuncture treatment of 
CP rats were analyzed. Results: The RNA-seq data of acupuncture-treated rat hippocampi revealed 198 DEGs, 125 
of which were related to CP, and the transcriptional regulation of RNA polymerase II was up-regulated; moreover, 
there were 1168 significantly different ASEs associated with CP and transcriptional regulation. There were 14 over-
lapping gene expression changes in transcription factors (TFs) and DEGs. Conclusions: This study found that 14 TFs 
were differentially expressed and a large number of TFs underwent differential alternative splicing. It is speculated 
that these TFs and the translated proteins of the two different transcripts produced by the differential alternative 
splicing of these TFs may play corresponding functions in acupuncture treatment of young rats with CP by modulat-
ing the differential expression of their target mRNAs.
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Introduction

Cerebral palsy (CP), the most prevalent impair-
ment that induces motor dysfunction in young 
children, refers to a group of heterogeneous 
early-onset, non-progressive neuromotor disor-
ders, seriously affecting the cerebral develop-
ment of fetuses or infants. Overall, the preva-
lence of CP is estimated to be 2.11 per 1000 
live births [1, 2], versus nearly 100 in 1000 
surviving babies among extremely low gesta-
tional age newborns (i.e., gestational age < 28 
weeks), a 100-fold higher risk than infants  
born at term multidisciplinary teams that con-
sists of physiotherapists, orthopedic surgeons, 
and physiatrists [3]. Physical therapy, though 
its effects have not been verified by random-
ized trials, is commonly used and widely accept-

ed as a component of standard management 
for CP [4]. While therapies such as Botulinum 
toxin (BTX) type A, hemiplegia-specific treat-
ments like hand-arm bimanual intensive thera-
py (HABIT), and constraint-induced movement 
therapy (CIMT) are effective in the treatment of 
CP, most CP patients still experience adverse 
outcome with serious nerve dysfunction result-
ing from permanent neuronal impairment [5, 6]. 
Further research is warranted, given the consid-
erable uncertainty about the effectiveness and 
toxicity of these therapies. 

Currently, spasticity is mainly intervened by oral 
drugs (baclofen, tizanidine, dantrolene, etc.), 
physiotherapy, occupational therapy, and sur- 
gical treatment [7-11]. However, these have 
undesirable side effects and even serious 
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adverse events. Acupuncture-centered reha- 
bilitation, as part of a unified treatment plan 
that includes routine treatment, has been pro-
posed as an appropriate strategy to address 
CP-related disability, and is the dominant 
approach used in first-class hospitals and 
national research institutions in China [12]. 
Compared to other conventional interventions, 
acupuncture is a relatively simple, cheap, and 
safe intervention that has been shown to 
improve motor activity, sense, language and 
other neurologic functions of children with  
CP [13]. Modern neuroimaging methods (mag-
netic resonance imaging) have confirmed the 
activation of subcortical and cortical centers 
after acupuncture, and that acupuncture can 
increase cerebral blood flow and cerebral oxy-
gen supply in children with CP [14]. In recent 
years, acupuncture has been used worldwide. 
It is increasingly popular in the treatment and 
care of children’s diseases with validated safe-
ty and effectiveness [15].

In CP, the genomic landscape of CNV reveals 
underlying hotspots on the 2, 22 and X chromo-
somes and emphasizes considerable genetic 
heterogeneity that underlies CP heterogeneity 
[16]. Unfortunately, there is limited research on 
acupuncture treatment for CP and no macro-
scopic screening of key genes. Currently, CP 
remains a global health challenge, highlighting 
the need for further molecular mechanism 
research in CP and the identification of feasi- 
ble therapeutic targets. Thus, finding ideal 
cerebral biomarkers with high performance in 
terms of specificity and sensitivity to predict 
drug response and efficacy may be a promising 
approach. Also, there have been no reports on 
the effects of acupuncture on CP from a genom-
ics perspective.

Consequently, this study used RNA sequencing 
(RNA-seq) to identify changes in gene expres-
sion in the prefrontal cortex of CP newborn rats 
after acupuncture treatment.

Materials and methods

Animals

Timed pregnant Sprague-Dawley (SD) rats 
(Animal Centre of Xinjiang Medical University) 
were caged separately. After birth, the baby 
rats were raised with their dam under a 12:12 
light:dark cycle and allowed to eat rat chow  

and drink water freely throughout the study 
period. All animal experiments, approved by  
the Ethics Committee of the First Affiliated 
Hospital of Xinjiang Medical University, were 
performed following the Regulations for the 
Administration of Affairs Concerning Experi- 
mental Animals (2004 version, Ministry of 
Science and Technology, China) and the Na- 
tional Institutes of Health Guidelines. Animal 
care and breeding procedures involved in ani-
mal experiments in this study complied with the 
National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. Surgical proce-
dures were performed in a strictly maintained 
aseptic environment. 

CP model establishment

Construction of a CP model: A total of 9 seven-
day-old SD rats (12 g-15 g) was used for the 
establishment of CP model by blocking the right 
common carotid artery (CCA) [17]. After anes-
thesia using 3% isoflurane, the pup rats were 
tied supine for surgery. The right CCA was iden-
tified and exposed for permanent ligation with 
the use of an electrocoagulator supplied by 
Wuhan Spring Medical Beauty Equipment, 
China. The post-surgical rats were sent back to 
their dams for 1 h and then to an airtight cham-
ber maintained at 37°C with constant hypoxia 
(8% O2 + 92% N2 at 4 L/minutes) for 2 hours. 
The temperature was kept at 37°C throughout 
the procedure. Five pup rats were selected as a 
sham group, receiving anesthesia for CCA expo-
sure but with no ligation nor hypoxia.

Determining model success: To confirm the 
success of the CP model building, we per-
formed local behavioral measurements at 3 
weeks after modeling and pathological tests.

(1) Behavioral measurement: If the pup rat was 
observed to turn or fall to the contralateral side 
while walking, the CP model was considered 
successful.

(2) Pathological examination: Three rats were 
randomly selected for histopathologic examina-
tion. They were anesthetized with 2% pentobar-
bital sodium, and their hearts were exposed 
after a thoracotomy. The left ventricle was 
injected with sterile saline, and the right ventri-
cle was cut until the liquid flowing out became 
clear, followed by injection of 0.1 moL phos-
phate buffered saline (PBS) with 4% parafor-
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maldehyde. Then, the rats were euthanized 
with neck dislocation and the brain tissue was 
fixed, paraffin-embedded and sectioned for 
hematoxylin and eosin (H&E) staining to ob- 
serve pathological alterations [18]. Destruction 
of brain structure was observed in CP model 
rats [19].

Experimental animals and grouping

The rest 6 CP model rats were randomized into 
sham, model, and acupuncture groups. Two 
normal-fed rats without any treatment were 
selected as a control group. The intervention of 
each group was as follows:

(1) Control group: No treatment was given.

(2) Sham group: Only neck incisions were per-
formed and CCA was isolated without ligation 
or hypoxia treatment.

(3) Model group: CP model rats were given 
intraperitoneal injection of the same amount of 
normal saline (NS).

(4) Acupuncture group (ZJ group): Acupuncture 
intervention was started on the 3rd day after 
modeling. Acupuncture on GV20 (Baihui, locat-
ed at the midmost point of the parietal bone) 
[20] was performed for 25 minutes/day. In 
addition, rats were treated with moxibustion at 
the GV14 (Dazhui, between the seventh cervi-
cal vertebrae and the first thoracic vertebrae, in 
the middle of the back) [21] and GV9 (Zhiyang, 
located on the posterior midline and in the 
depression below the spinous process of the 
seventh thoracic vertebra in prone position) 
[22]. The intervention consisted of 4 consecu-
tive courses of acupuncture and moxibustion 
for 7 days each.

Twenty-eight days after intervention, all rats 
were euthanized by neck dislocation, and the 
brain tissue and hippocampus tissue collected 
and were used for H&E staining and RNA-
sequencing, respectively.

RNA extraction and sequencing

Total RNAs were isolated from SD young rat hip-
pocampus by TRIzol (Invitrogen), followed by 
DNA digestion and the subsequent RNA quality 
detection (A260/A280) and integrity determi-
nation by DNaseI, NanodropTM OneCspec- 
trophotometer (Thermo Fisher Scientific Inc), 

and 1.5% agarose gel electrophoresis, respec-
tively. This was followed by quantification of 
qualified RNAs by Qubit3.0 with QubitTM RNA 
Broad Range Assay kit (Life Technologies, 
Q10210). Total RNAs with an amount of 2 μg 
were used for stranded RNA sequencing library 
preparation as per the Ribooff rRNA Depletion 
Kit (Human/Mouse/Rat) (MRZG12324, Illu- 
mina) and KCTM Stranded mRNA Library Prep 
Kit for Illumina (DR08402, Wuhan Seqhealth 
Co., Ltd., China) instructions. After enrichment 
and quantification, the library products corre-
sponding to 200-500 bps were finally se- 
quenced on NovaSeq 6000 sequencer (PE150, 
Illumina).

RNA-Seq raw data cleaning and alignment

Raw reads > 2-N bases or < 16nt were discard-
ed first. FastX-Toolkit v0.0.13 was then utilized 
to trim adaptors and low-quality bases from 
raw sequencing reads. Next, HISAT2 was used 
to align the clean reads to the mRatBN7.2 
genome, allowing for 4 mismatches [23]. 
Uniquely mapped reads were used for gene 
read counts and FPKM calculations (fragments 
per kilobase of transcript per million mapped 
fragments) [24].

Differentially expressed gene (DEG) analysis

The DESeq R package (1.10.1) was used to 
screen out the DEGs, with P < 0.05 and 
log2|Fold Change| ≥ 1 as the cut-off criteria.

Alternative splicing (AS) analysis

The ABLas software was used to define and 
quantify the alternative splicing events (ASEs) 
and regulated alternative splicing events 
(RASEs) between the samples as described 
before [25, 26]. In order to evaluate RNA-
binding protein-RASEs, the Student’s t-test was 
used to evaluate the significance of changes in 
the ASE ratio. Those events that were signifi-
cant at the P-value cutoff, corresponding to a 
5% error detection rate cutoff, were considered 
RBP-RASEs.

Functional enrichment analysis 

Gene ontology (GO) analysis and Kyoto Ency- 
clopedia of Genes and Genomes (KEGG) path-
way enrichment analysis were performed to 
sort out DEGs’ functional categories with the 
help of KOBAS 2.0 server [27], followed by the 
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determination of each term’s enrichment using 
the hypergeometric test and Benjamini-Hoch- 
berg FDR controlling procedure.

Statistical analysis

Statistical analyses were performed using R 
(version 4.0.4) and its corresponding packag-
es. Principal component analysis (PCA) was 
performed using the R package to display the 

clustering pattern of samples based on the top 
two components. The mean ± standard devia-
tion was used to represent measured data, and 
the constituent ratio was used to indicate 
counted data. Student’s t tests were performed 
to determine the significance of differences 
between two groups; a one-way ANOVA was 
used to compare the differences between 
groups, followed by a Bonferroni post hoc test. 
P < 0.05 indicated significant differences.

Figure 1. Hematoxylin and eosin (H&E) staining of hippocampal tissue of rats in different groups.
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Results

Histopathological changes of hippocampus in 
CP rats after acupuncture treatment

H&E staining results showed that the neuron 
and glial cells were normal in structure in the 
control group, with abundant cytoplasm, clear 
nuclei, and obvious nucleoli, and the hippocam-
pus was normal. There was no significant differ-
ence in pathologic changes between the sham 
and control groups. However, in the model 
group, brain tissue cells were disorderedly 
arranged, and some neurons were denaturated 
and atrophied, with pyknotic or disappeared 
nuclei, and disappeared nucleoli. The glial cells 
were atrophied and decreased in some regions, 
showing hyperplasia, and the hippocampal 
structure was slightly disordered. Compared to 
the model group, ZJ_1 (acupuncture group 1), 

ZJ_2 (acupuncture group 2) and ZJ_3 (acu-
puncture group 3) groups showed less brain 
cell disorder, neuronal degeneration, and brain 
tissue atrophy, and reduced glial cell atrophy 
and proliferation. The pathologic changes of 
the acupuncture group (ZJ_1, ZJ_2 and ZJ_3 
groups) were better than those of model group. 
No evident differences were identified among 
acupuncture subgroups. As shown in Figure 1.

Transcriptome profile analysis of hippocampal 
tissue in CP rats after acupuncture treatment

PCA analysis showed that model samples and 
acupuncture samples were significantly divided 
into two groups (Figure 2A). In our study, 198 
genes with P < 0.01 and |log2FC| > 1 were 
identified between model and acupuncture 
samples as DEGs by differential expression 
analysis, including 73 downregulated genes 

Figure 2. Differentially expressed gene expression in model and acupuncture samples. A. Sample correlation princi-
pal component analysis (PCA) plot. B. Volcano plot of all differentially expressed genes (DEGs) between acupuncture 
and model samples. C. Hierarchical clustering heat map displaying the expression patterns of all DEGs between 
acupuncture and model specimens; D. Bubble plot listing the top ten enriched GO terms (up-regulated DEGs) as-
sociated with biological processes (BP); E. Expression of Zic1, Zic2, Penk, Fabp7, Crabp2, Nes and other genes. 
***P-value < 0.001; **P-value < 0.01.
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and 125 upregulated ones (Figure 2B and 2C). 
GO functional enrichment analysis showed that 
these DEGs were mainly enriched in walking 
behavior, and locomotory behavior processes 
(Figure 2D). Meanwhile, as shown in Figure 2E, 
the expression of six vital DEGs (Zic1, Zic2, 
Penk, Fabp7, Crabp2, and Nes) in the acupunc-
ture group were significantly higher than those 
in the model group.

Analysis of hippocampal tissue in CP rats after 
acupuncture treatment

We identified 661 high-confidence RASEs by 
applying a strict cut-off of P ≤ 0.05 and an AS 
ratio of ≥ 0.2. A5SS (alternative 5’ splice site) 
and A3SS (alternative 3’ splice site) were the 
most frequently reported (Figure 3A and 3B). In 
addition, 13 of the 185 DEGs were involved in 
ASEs, suggesting that AS of genes may play a 
role in the treatment process of acupuncture 
(Figure 3C). GO analysis demonstrated that all 
the regulated alternative splicing genes (RASGs) 
were mainly enriched in DNA template tran-
scriptional regulation, DNA Template transcrip-
tion negative, DNA template transcription, posi-
tive transcriptional modulation of RNA polymer-
aseIIpromoter, and RNA polymerase II promoter 
negative transcriptional regulation (Figure 3D). 
Moreover, we found that the acupuncture treat-
ment regulates AS of Thoc7 and Nrcam (Figure 
3E and 3F). Acupuncture treatment also regu-
lates AS of genes, including Emc1, Mef2c, 
Snrpc1, and Hnrnpul1 (Figure 4A-D).

Co-expression networks between hippocampal 
tissue-associated transcription factors (TFs) 
and DEGs in CP rats after acupuncture treat-
ment

Fourteen of the 184 DEGs were TFs (Figure 
5A). The heat map of the expression patterns 
of these 14 TFs in samples are shown in Figure 
5B. The number of mRNAs co-expressed with 
these 14 TFs can be found in Figure 5C. Then, 
we performed a GO analysis with these differ-
entially expressed TFs, and their enriched func-
tional pathways were found to be signal trans-

duction, immune response, and positive regula-
tion of transcription from RNA polymerase II 
promoter (Figure 5D). 

Co-expression networks between hippocampal 
tissue-associated RASEs of TFs and differen-
tially expressed mRNAs in CP rats after acu-
puncture treatment

In RASEs of TFs, A5SS and A3SS were the most 
frequently reported (Figure 6A). The hierarchi-
cal clustering heatmap showed the consistent 
expression patterns of RASEs of TFs in samples 
(Figure 6B). The network demonstrated a regu-
latory relationship between the 10 most highly 
expressed RASEs of TFs and DEGs (Figure 6C). 
Also, the associated enriched functional path-
ways were found to be positive regulation of 
ERK1 and ERK2 cascade and peptidyl-tyrosine 
phosphorylation by GO analysis (Figure 6D).

Discussion

Cerebral palsy (CP), either a congenital or a 
perinatal disease, is a common brain dysfunc-
tion syndrome in children [28]. CP is a lifelong 
condition attributed to a non-progressive dis-
turbance that occurs in the developing fetal or 
infant brain. It is the main cause of spasms in 
children, accounting for 80% [29]. Spasms can 
lead to muscle longitudinal growth and muscle 
fiber length problems, muscle volume reduc-
tion, size change of motor units, and changes in 
muscle fiber and neuromotor connection type 
[30, 31]. Because there is no cure, children 
with CP and their families seek various forms of 
treatment, especially those that may improve 
children’s functioning or sensory style [32]. 
Clinical practice shows that acupuncture and 
moxibustion have certain advantages in treat-
ing CP, and is still widely used due to its unique 
characteristics and favorable efficacy [33]. 
With the in-depth and lasting understanding of 
the pathophysiology of spastic CP, we found 
that due to damage to the cerebral cortex and 
related structures, the negative feedback inhi-
bition at the spinal level was basically absent, 
resulting in an imbalance of the inhibition cir-
cuit and the excitation circuit that regulates 

Figure 3. Standard alternative splicing (AS) analysis. A. Alternative splicing event (ASE) distributions in the acupunc-
ture treatment; B. Acupuncture treatment regulated ASEs (RASEs); C. Venn diagram exhibiting overlapped genes be-
tween RASGs and DEGs; D. GO analysis of alternative spliced genes (RASGs) shown by bubble plot; E. Acupuncture 
treatment regulates Thoc7 AS; F. Acupuncture treatment modulates AS of Nrcam. AS: alternative splicing; RASE: 
regulated alternative splicing event; RASG: regulated alternative splicing gene; DEG: differentially expressed gene.



Effect of acupuncture on hippocampal tissue of rats with cerebral palsy

2629 Am J Transl Res 2023;15(4):2622-2633



Effect of acupuncture on hippocampal tissue of rats with cerebral palsy

2630 Am J Transl Res 2023;15(4):2622-2633

skeletal muscle contraction, resulting in spa- 
sms [14]. However, the mechanism of acu- 
puncture in the treatment of CP is not fully 
understood.

There is research elucidating gene networks 
and pathways contributing to CP and assisting 
prioritisation of genetic variants by examining 
transcriptomes of clinically heterogeneous CP 
cases [34]. Meanwhile, studies have used RNA-
sequencing technology to identify changes in 
lncRNAs, mRNAs and circRNAs, in the prefron-
tal cortex (PFC) of hypoxic-ischemic brain dam-
aged newborn rats after treatment with acu-
puncture [35]. However, transcriptome analysis 
of CP models after acupuncture has not been 
reported. Thus, we investigated genome-wide 
changes in CP rats after acupuncture treat-
ment by RNA-seq. We identified 198 DEGs 
between model rats and acupuncture rats, and 
GO functional enrichment analysis showed that 

these DEGs were mainly enriched in walking 
behavior and locomotion behavior processes. 
This suggests that acupuncture can alter the 
expression of genes in the genome that mainly 
regulate motor function. In addition, it indicates 
that acupuncture may affect the motor function 
of CP rats.

Alternative splicing (AS) is a mechanism to pro-
duce multiple proteins with different functions 
in a single cell [36]. The significance of selec-
tive splicing is evident in highly specialized cells 
such as neurons. For example, all major neu-
rotransmitter receptors contain alternating 
splicing subunits, which affects their localiza-
tion, as well as their ligand binding, signal 
transduction, and electrophysiological proper-
ties [37]. In addition, abnormal splicing of mes-
senger RNAs that encode proteins crucial to 
the normal function of neurons has been linked 
to several nervous system diseases [38]. Thus, 

Figure 4. Acupuncture treatment modulates alternative splicing (AS) of genes A. Emc1; B. Mef2c; C. Snrpc1; D. 
Hnrnpul1. 

Figure 5. Co-expression networks between transcription factors (TFs) and diffierentially expressed genes (DEGs) as-
sociated with hippocampal tissue of CP rats after acupuncture treatment. A. Venn diagram showing the overlapping 
genes between TFs and DEGs; B. Hierarchical clustering heat map showing the expression levels of differentially 
expressed TFs; C. Bar plot showing the top ten expression pattern and the number of mRNAs co-expressed with the 
diffierentially expressed TFs; D. Bubble plot showing enriched GO terms for mRNAs co-expressed with differentially 
expressed TFs. TF: transcription factor; DEG: differentially expressed gene.
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we also analyzed the ASEs in CP after acupunc-
ture. We found that A5SS and A3SS were the 
most prevalent in differential ASEs, with 13 
overlapped genes identified between RASGs 
and DEGs. Compared to non-variable splicing 
genes, variable splicing genes have longer aver-
age length, more exons, longer exons, and 
shorter introns. Non-variable splicing genes are 
mainly involved in DNA integration, DNA metab-
olism, nucleic acid metabolism, nervous sys-
tem, and other biologic processes, while multi-
variable splicing genes primarily participate in 
processes such as biological stress response 
and external stimulus response [39]. 

In the present study, 14 TFs were found to be 
differentially expressed. Through co-expres-
sion analysis of the mRNAs co-expressed by 
these differentially expressed TFs, it was spec-
ulated that these TFs could be targeted to  
modulate the differential expression of their 
target mRNAs, so as to play a corresponding 
role in the treatment of CP in young mice by 
acupuncture. 

Furthermore, a large number of TFs were ob- 
served to undergo differential variable splicing 
in this study. By co-expression analysis of the 

mRNAs of these TFs, it was conjectured that 
these TFs could produce two different tran-
scripts, and the differences between the trans-
lated proteins may regulate the differential 
expression of the target mRNAs, thus playing a 
corresponding function in the acupuncture 
treatment of young CP rats. 

Conclusion

The transcription factor-regulated alternative 
splicing of mRNAs is implicated in the acupunc-
ture treatment of CP, providing profound insight 
into unveiling the possible pathophysiologic 
mechanisms of CP with exon skipping, and 
helping to identify new therapeutic targets.
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