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Abstract 

Background  Abnormal sensory perception, particularly pain insensitivity (PAI), is a typical symptom of autism spec-
trum disorder (ASD). Despite the role of myelin metabolism in the regulation of pain perception, the mechanisms 
underlying ASD-related PAI remain unclear.

Methods  The pain-associated gene sphingosine-1-phosphate receptor 1 (S1PR1) was identified in ASD samples 
through bioinformatics analysis. Its expression in the dorsal root ganglion (DRG) tissues of BTBR ASD model mice 
was validated using RNA-seq, western blot, RT-qPCR, and immunofluorescence. Pain thresholds were assessed using 
the von Frey and Hargreaves tests. Patch-clamp techniques measured KCNQ/M channel activity and neuronal action 
potentials. The expression of S1PR1, KCNQ/M, mitogen-activated protein kinase (MAPK), and cyclic AMP/protein 
kinase A (cAMP/PKA) signaling proteins was analyzed before and after inhibiting the S1P-S1PR1-KCNQ/M pathway 
via western blot and RT-qPCR.

Results  Through integrated transcriptomic analysis of ASD samples, we identified the upregulated gene S1PR1, 
which is associated with sphingolipid metabolism and linked to pain perception, and confirmed its role in the BTBR 
mouse model of ASD. This mechanism involves the regulation of KCNQ/M channels in DRG neurons. The enhanced 
activity of KCNQ/M channels and the decreased action potentials in small and medium DRG neurons were correlated 
with PAI in a BTBR mouse model of ASD. Inhibition of the S1P/S1PR1 pathway rescued baseline insensitivity to pain 
by suppressing KCNQ/M channels in DRG neurons, mediated through the MAPK and cAMP/PKA pathways. Investi-
gating the modulation and underlying mechanisms of the non-opioid pathway involving S1PR1 will provide new 
insights into clinical targeted interventions for PAI in ASD.

Conclusions  S1PR1 may contribute to PAI in the PNS in ASD. The mechanism involves KCNQ/M channels 
and the MAPK and cAMP/PKA signaling pathways. Targeting S1PR1 in the PNS could offer novel therapeutic strategies 
for the intervention of pain dysesthesias in individuals with ASD.
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Background
Autism spectrum disorder (ASD) is a serious neurodevel-
opmental disorder that occurs during early developmen-
tal stages. Aberrant sensory perception is recognized as a 
core diagnostic feature of ASD [1]. In the DSM-5-TR, the 
American Psychiatric Association has updated the diag-
nostic criteria for ASD to include hyper- or hyporeactiv-
ity to sensory input, with “apparent indifference to pain 
and temperature” as a symptom of ASD [2]. Extensive 
sensory abnormalities, such as abnormal auditory sen-
sitivity [3]; smell and taste abnormalities [4]; and distur-
bances in pain and touch perception [5], are common and 
significantly impact the quality of life for individuals with 
ASD [6–8]. Pain insensitivity (PAI) has recently attracted 
considerable interest. One study reported that 40% of 
20–54-month-old children with ASD exhibited altered 
reactivity to pain [9], while another study indicated that 
pain perception was reduced by 40% in children with 
ASD [10]. Recurrent self-injurious behavior and chronic 
PAI are prevalent in patients with ASD, leading to devas-
tating consequences for their physical and mental health, 
which has aroused widespread concern [11, 12].

Most studies on ASD pain have focused on molecular 
genetics [13] and neuroimaging [14]. Individuals with 
ASD exhibit diminished neural pain responses to sus-
tained pain [15], and abnormalities in the heat-evoked 
potential pathways of the peripheral nervous system 
have been demonstrated [16]. Additionally, different 
ASD mouse models have shown varied behavioral phe-
notypes related to PAI [17]. Deletion of methyl CpG 
binding protein 2 (Mecp2) or gamma-aminobutyric acid 
type A receptor subunit beta3 (Gabrb3) in the soma-
tosensory neurons of the peripheral nervous system leads 
to tactile paresthesia and an ASD-like syndrome [18]. 
In a complete Shank3 knockdown ASD mouse model, 
heat pain perception was impaired in both inflamma-
tory and neuropathic models [19]. However, the mecha-
nism by which individuals with ASD experience PAI 
remains unclear. Several studies have established that 
lipid metabolism plays a prominent role in the etiology 
of ASD [13]. Abnormalities in lipid metabolism, par-
ticularly in lipoproteins related to social interactions, 
could also contribute to the pathogenesis of ASD [20]. 
Our recent serum metabolomics study revealed that ele-
vated sphingosine-1-phosphate (S1P) levels in children 
with ASD were positively associated with the clinical 
ASD phenotypes [21]. Furthermore, reducing S1P lev-
els may potentially regulate deficits in social interaction 
and repetitive behaviors associated with the ASD mouse 
model [22]. S1P is a sphingolipid metabolite [23], and 
untargeted metabolomics has revealed a significant link 
between pain and alterations in sphingolipid metabo-
lism [24]. However, the specific roles and mechanisms of 

sphingolipid metabolites in ASD pain perception are still 
to be elucidated.

The regulation of S1P in pain is independent of endog-
enous opioid circuits, and S1P along with its receptors 
are promising therapeutic targets [25]. The excitability of 
DRG neurons is induced by S1P via activation of S1PR1 
and S1PR3 [26]. Mechanoreceptor excitability is regu-
lated by S1PR3 via KCNQ2/3 channels, while S1P/S1PR3 
signaling regulates neuronal excitability and mechani-
cal pain thresholds [27]. KV7/M channels, encoded by 
the KCNQ gene family (KCNQ1–5), are a subset of 
voltage-gated K+ channels that reside on DRG neuron 
membranes. They exert a significant modulatory effect 
on neuronal excitability and play a crucial role in pain 
signaling, especially in the peripheral somatosensory sys-
tem [28]. Both native and mutant KV7 channels alter the 
control of action potentials, which could be a potential 
causative mechanism of ASD [29]. KCNQ2/3 potassium 
channels significantly influence nociceptor neuronal 
excitability and stabilize membrane potentials [30]. Over-
all, S1PR1 and KCNQ/M channels are closely associated 
with PAI in ASD. Further studies are required to eluci-
date the underlying mechanisms.

In this study, we explored the relationship between 
S1PR1 and PAI in ASD, as identified from a database. 
This association and its underlying mechanisms were 
validated using the DRG of BTBR T + Itpr3tf/J (BTBR) 
mouse model of ASD. We observed increased S1PR1 
expression and activated KCNQ/M channels in the DRG 
neurons of these mice. Inhibition of S1PR1 or M channels 
ameliorates PAI observed in BTBR mice. Furthermore, 
S1PR1 inhibition reduced KCNQ/M channels activ-
ity, and the MAPK and cAMP/PKA signaling pathways 
were involved in this modulation. Additionally, we dis-
covered that S1PR1 levels are regulated by an upstream 
sphingosine kinase (SphK). By targeting S1PR1, we con-
firmed its role in PAI associated with ASD and elucidated 
its upstream and downstream mechanisms, suggesting a 
novel preclinical intervention for ASD patients with PAI.

Methods
Animals
BTBR T + Itpr3tf/J (BTBR) male mice, aged 6–8  weeks, 
served as the ASD model and were generated at The 
Jackson Laboratory. C57BL/6  J male mice (6–8  weeks) 
were obtained from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. To ensure that any observed 
changes were not influenced by confounding factors, 
we implemented a standardized controlled environ-
ment. Mice were individually housed under a 12-h light/
dark cycle, with controlled temperature of 21 ± 1  °C and 
humidity at 55 ± 5%, and were provided food and water 
ad libitum. All experimental groups and conditions were 
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blinded to the experimenters to maintain the study’s 
integrity. This controlled environment was established 
before behavioral testing to allow for acclimatization and 
to minimize any potential stress or environmental influ-
ences on the results.

Intrathecal injection
The baseline pain response of the mice was assessed the 
day before intrathecal injection. On the day of the injec-
tion, the mice were first left in their cages for 30 min for 
acclimation. A 25 µL Hamilton micro syringe was used 
for direct transcutaneous intrathecal injection around 
the lumbar vertebral segments L4/L5 or L5/L6. The 
experimental group received 10 µL of the drugs, while 
the control group was administered 10 µL of the vehi-
cle. The drugs used in this study were as follows: W146 
(5  μM, 857390P, Sigma-Aldrich, USA), CAY10444 
(10  μM, 10,005,033, Cayman Chemical, USA), S1P 
(10  μM, 73,914, Sigma-Aldrich, USA), and XE-991 
(30  μM, X2254, Sigma-Aldrich, USA). Behavioral tests 
were conducted again 0.5 to 2  h post-injection, accord-
ing to the experimental needs to assess alterations in pain 
perception.

Establishment of chronic pain models
Two chronic pain mice models were used in this study. 
Deep anesthesia was used in all surgical procedures. A 
chronic constriction injury (CCI) model was used [31] 
and adapted for mice [32]. Briefly, mice were immobi-
lized, skin was incised, and the sciatic nerve was exposed. 
Loose ligation (chromic gut 5.0) was tied to the proximal 
end of the sciatic nerve until a brief convulsion occurred 
in the hind limb. The incision was closed with 5–0 nylon 
sutures. In sham surgeries, the sciatic nerve was exposed 
without ligation.

Chronic inflammatory pain was induced using com-
plete Freund’s adjuvant (CFA) [33], purchased from 
Sigma (F5881, Sigma-Aldrich, USA). Briefly, a solution 
(25 μL) mixed with phosphate-buffered saline (PBS) at 
a ratio of 2:1 was injected into the left hind paws of the 
mice. Control animals received PBS. Subsequently, the 
animals were sacrificed and the left DRGs (L4-L6) were 
extracted for further experiments.

Establishment of acute pain models
Capsaicin (HY-10448, MCE, USA) was injected intra-
plantarly to induce acute pain in mice. Mice’s left hind 
paws were injected with a solution of capsaicin fully dis-
solved in DMSO (20 μL, 0.5  g/L). Nociceptive intensity 
was assessed by measuring the total duration of licking 
behavior within 5 min following capsaicin injection.

Behavioral testing
Double-blind testing was employed for all behavioral 
tests, with one experimenter responsible for injecting 
the mice and the other conducting the behavioral testing. 
Mice were acclimated for 30 min in cages or on platforms 
before the behavioral tests.

Two tests were performed to evaluate pain percep-
tion. Mechanical hypersensitivity was assessed using the 
up-down testing method with von Frey filaments (Aes-
thesio®, DanMic Global, LLC, San Jose, CA, USA) [34]. 
A series of calibrated filaments were applied perpen-
dicularly to the plantar surface of the injected hind paw 
five times at 10-s intervals. Positive responses to the von 
Frey test included rapid paw withdrawal, shaking of the 
affected paw, licking, flinching, or biting. The smallest fil-
ament that evoked positive responses in three of the five 
trials was considered the paw withdrawal threshold.

Hargreaves test system (PL-200, Chengdu Techman 
Software Co. Ltd., China) was used to assess thermal 
hypersensitivity. Mice were acclimated to the testing plat-
form for 30 min. Radiant heat at 50% intensity was subse-
quently applied to the plantar surface of the injected paw. 
Paw withdrawal latency was measured using sensors that 
detected positive responses such as flinching, licking, bit-
ing, shaking, or rapid withdrawal of the paw. The latency 
between the onset of heat exposure and paw withdrawal 
was accurately recorded [35].

Spinal cord dissections
Mice were anesthetized and sacrificed by decapitation. 
The L4-L6 spinal column segment and associated tissue 
were removed, with surrounding skin and muscles care-
fully trimmed away. Hydraulic extrusion was used to 
isolate the spinal cord [36], which was then placed in an 
Eppendorf tube and preserved at − 80 °C.

DRG dissections
Mice were anesthetized and sacrificed by decapitation. 
The spinal column was isolated, muscles were removed, 
and the column was bisected sagittally. After remov-
ing the spinal cord, the left DRGs (L4-L6) were exposed. 
Individual DRGs were carefully removed using fine for-
ceps and microdissection scissors after clearing the 
meninges. The DRGs were then placed in Eppendorf 
tubes and stored at − 80 °C.

Bioinformatics data acquisition
The GSE113834 and GSE64018 datasets were down-
loaded from the GEO public repository (https://​www.​
ncbi.​nlm.​nih.​gov/​geo/). Additionally, RNA-seq analy-
sis was conducted on two other mouse DRG datasets to 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
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extract gene expression matrix data for subsequent anal-
ysis. This study included all available samples. The data-
sets are listed in Additional file 1: Table S1.

Identification of ASD differentially expressed genes (DEGs) 
and key co‑expression modules
We employed weighted gene co-expression network 
analysis (WGCNA) to identify DEGs and key co-expres-
sion modules associated with ASD. WGCNA constructs 
co-expression networks by clustering genes with similar 
expression patterns and evaluating their correlations with 
specific traits or phenotypes. This approach is valuable 
for identifying candidate genes and biomarkers. Gene 
expression data from the GSE113834 and GSE64018 
datasets were analyzed using the WGCNA R package 
[37], available on the Comprehensive R Archive Net-
work. The analysis for the GSE113834 dataset was per-
formed with a soft threshold power of 14, and modules 
were required to have a minimum size of 50 genes. For 
the GSE64018 dataset, the soft threshold power was set 
to 13, with the same module size requirement.

The GSE113834 and GSE64018 datasets were ana-
lyzed for differential gene expression using the R package 
limma, with DEGs identified based on a p value of 0.05. 
Volcano plots were generated using the ggplot2 pack-
age in R to visualize the results. To identify key genes 
associated with ASD, a Venn analysis was performed 
on the DEGs and the WGCNA key gene modules from 
both datasets using the online tool Draw Venn Diagram 
(http://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​Venn). To 
explore potential interactions among the intersection 
genes, the STRING database (https://​string-​db.​org/) was 
used to construct a protein–protein interaction (PPI) 
network, with a confidence score threshold of ≥ 0.15. The 
results were exported from STRING and visualized for 
further analysis.

Pain-related gene sets (GOBP_BEHAVIORAL_
RESPONSE_TO_PAIN) were downloaded from the 
MSigDB database (https://​www.​gsea-​msigdb.​org/​gsea/​
msigdb/) and analyzed using the R package GSVA to 
determine their GSVA scores in the GSE64018 dataset. 
S1PR1 expression data were extracted from the same 
dataset. The correlation between the pain gene set and 
S1PR1 expression was then analyzed using Pearson’s cor-
relation coefficient, with visualization performed using 
the R packages ggplot2 and ggpubr, to explore the rela-
tionship between S1PR1 and pain.

RNA‑seq data verification
In addition, we performed differential analysis using RNA 
data from mouse L4-6 DRG to explore S1PR1 expression 
(detailed data are presented in Additional file 1: Table S1). 
For the analysis, we used the R package DESeq2. DEGs 

were screened using p < 0.05. Volcano plots were gener-
ated using the ggplot2 R package to visualize the results.

Western blotting analysis
The spinal cord and DRG were mechanically homog-
enized in RIPA lysis buffer at 4  °C. Lysates were 
centrifuged at 12,000 × g for 15 min at 4 °C. Protein quan-
tification was determined using the BCA Protein Assay 
Kit. For SDS-PAGE, 10% gels were run at constant volt-
ages of 80 and 120 V for the stacking and separating gels, 
respectively. After electrophoresis, proteins were trans-
ferred to a PVDF membrane by electro-transfer at a con-
stant voltage of 68  V. Immunodetection was performed 
using enhanced chemiluminescence following incuba-
tion with primary and secondary antibodies. Densitom-
etry was used to quantify protein expression levels. The 
monoclonal antibodies used for western blotting were 
as follows: anti-S1PR1 (Rabbit, 1:1000, 55,133–1-Ap, 
Proteintech, USA); anti-S1PR3 (Rabbit, 1:1000; NBP2-
24,762, Novus, USA); anti-KCNQ2 (Guinea pig, 1:200; 
AGP-065, Alomone, Israel); anti-KCNQ3 (Rabbit, 1:200; 
APC-051, Alomone, Israel); anti-KCNQ5 (Rabbit, 1:1000; 
YT2460, Proteintech, USA); anti-phospho-p44/42 MAPK 
(Rabbit, 1:2000; 7370S, CST, USA); anti-p44/42 MAPK 
(Erk1/2) (Rabbit, 1:2000; 4695, CST, USA); anti-phospho-
p38 MAPK (Rabbit, 1:1000; 4511S, CST, USA); anti-p38 
MAPK (Rabbit, 1:1000; 8690S, CST, USA); anti-PKA 
(Rabbit, 1:1000; 4782S, CST, USA); anti-phospho-PKA 
C (Rabbit, 1:1000; 5561S, CST, USA); anti-PKC (Rabbit, 
1:1000; ab181558, Abcam, UK); anti-phospho-PKC (Rab-
bit, 1:1000; 38938S, CST, USA); anti-GADPH (Rabbit, 
1:1000; 5174S, CST, USA); anti-β-tubulin (Rabbit, 1:2000; 
10,094–1-AP, Proteintech, USA); and anti-β-actin (Rab-
bit, 1:1000, 4970 s, CST, USA). Bio-Rad Image Lab soft-
ware was used for protein quantification.

RT‑qPCR
DRG tissues were dissected and stored at − 80  °C until 
RNA extraction was performed using the TRIzol reagent 
(15,596,026, Thermo Fisher Scientific, Germany). Subse-
quently, 1 μg of total RNA was reverse-transcribed using 
the PrimeScript RT Reagent Kit (Takara Bio, Dalian, 
China). mRNA transcripts were quantified using TB 
Green™ Premix Ex Taq™ II (Takara Bio, Dalian, China), 
and real-time qPCR was performed on the Roche Uni-
versal Probe Library System [38]. Relative amounts of 
amplified cDNAs were calculated using on the delta CT 
method, with each gene assessed in at least three inde-
pendent experiments. Sequences of PCR primer sets 
used in this study are listed in Supplementary Additional 
file 1: Table S2.

http://bioinformatics.psb.ugent.be/webtools/Venn
https://string-db.org/
https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
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Immunofluorescence
After anesthesia, the mice were transcardially perfused 
with 50 mL of 0.9% cold saline followed by 50 mL of 4% 
paraformaldehyde (PFA) over 5 min. The left L4-L6 DRGs 
were then removed and fixed in 4% PFA for 24 h at 4 °C. 
Subsequently, the tissues were dehydrated in 10%, 20%, 
and 30% sucrose solution at 4  °C for 24  h each, before 
being sectioned at 4 μm using a Leica CM1950 cryostat 
(Leica Buffalo Grove, USA).

At room temperature, the sections were permeabi-
lized in PBS containing 0.3% TritonX-100 and 5% goat 
serum for 1 h. Blocking was performed overnight at 4 °C 
with 5% normal goat serum diluted in PBS. They were 
then incubated overnight at 4  °C with a mixture of pri-
mary antibodies [39]. After three 10-min washes in PBS, 
a blocking buffer containing secondary antibodies was 
added, and the sections were incubated for 1.5 h at room 
temperature, followed by three 10-min washes in PBS. 
After counterstaining with 4′,6-diamidino-2-phenylin-
dole (DAPI) (1:500 dilution, Sigma-Aldrich, Germany) 
for 5  min, the sections were sealed with an antifluores-
cence mounting medium. Images were captured under 
a confocal microscope (LSM780; Zeiss, Germany) using 
consistent exposure times, offsets, and gains for each 
staining marker. The monoclonal antibodies used for 
immunofluorescence were as follows: anti-S1PR1 (Rab-
bit, 1:250; ab7707b, Abcam, UK); anti-KCNQ2 (Guinea 
pig, 1:200; AGP-065, Alomone, Israel); and anti-KCNQ5 
(Rabbit, 1:200; APC-155, Alomone, Israel). ImageJ soft-
ware (NIH, Bethesda, MD, USA) was used to analyze the 
mean immunoreactive density in the DRG [40]. All quan-
tification procedures were blinded to animal groups and 
treatments.

Culture of DRG neurons
For whole-cell patch-clamp recordings, L4-L6 DRG neu-
rons were isolated from mice and cultured. The ganglia 
were removed and placed in ice-cold Hanks’ balanced 
salt solution (HBSS). They were then digested in a solu-
tion containing Collagenase Type 2 (2 mg/mL, LS004176, 
Worthington, USA) and Dispase II protease (7.5  mg/mL, 
D4693-1G, Sigma-Aldrich, USA) for 35 min in a 5% CO2 
incubator at 37 °C. The digestion was terminated using Dul-
becco’s Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum (ThermoFisherScientific, 
USA). The isolated cells were collected by centrifugation 
at 12,000 × g for 5 min and suspended in 10% DMEM. The 
cells were then placed on a poly d-lysine-coated glass cov-
erslips and allowed to adhere for 3–4  h. Following adhe-
sion, an appropriate volume of 10% DMEM was added for 
continued culture. Until experiments were conducted, the 

cells were maintained in a humidified atmosphere of 95% 
air and 5% CO2 at 37 °C for 24 h.

Electrophysiological recordings in dissociated mouse DRG 
neurons
Whole-cell voltage- and current-clamp recordings were 
performed on cultured DRG neuron culture at room tem-
perature (23 ± 2  °C). Data were low-pass filtered at 2 kHz 
and sampled at 5 kHz using an Axopatch-200B amplifier, 
Axon Digidata 1550 B, and pClamp software. Recording 
electrodes had a resistance of 2–5 MΩ. For action poten-
tial recordings, the internal solution contained (in mM): 
140 KCl, 4 NaCl, 10 HEPES, 10 EGTA, 0.5 CaCl2, and 1 
MgCl2; the pH was adjusted to pH 7.2 with KOH. The bath 
solution contained (in mM): 140 NaCl, 5 KCl, 1.8 CaCl2, 1 
MgCl2, 10 HEPES, and 10 glucose; the pH was adjusted to 
pH 7.4 with NaOH, and the osmolarity was set to 320 Osm 
with sucrose. Action potentials were induced using a series 
of stepwise stimulations.

For M-current recordings, the internal solution con-
tained (in mM): 80 K acetate, 30 KCl, 40 HEPES, 3 MgCl2, 
3 EGTA, and 1 CaCl2; the pH was adjusted to 7.2 with 
KOH. The bath solution contained (in mM): 144 NaCl, 2.5 
KCl, 2 CaCl2, 0.5 MgCl2, 5 HEPES, and 10 glucose; the pH 
was adjusted to pH 7.4 with NaOH. In the current-clamp 
experiments, the M-current was activated by 1-s hyperpo-
larizing pulses from − 20 to − 60 mV, and the M-current tail 
was observed at − 60 mV. The current density (pA/pF) was 
determined by normalizating the current amplitude to the 
membrane capacitance [27]. Amphotericin B (1  mg) was 
then dissolved in 20 μL DMSO as a stock solution and pro-
tected from light until use. A 2 μL aliquot of the stock solu-
tion was mixed with 1 mL of the internal solution and used 
within 2 h.

Statistical analysis
Statistical analyses were conducted using SPSS 26. Data are 
reported as the mean ± SEM, with a significance threshold 
of α = 0.05 (n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). The Shapiro–Wilk test was used to assess 
the normality of the data distribution. Student’s t-test was 
used to compare two groups, and one-way analysis of vari-
ance (ANOVA) was used to compare three groups. Welch’s 
correction was applied if the assumption of variance homo-
geneity was violated. The Kruskal–Wallis test was used for 
comparisons between groups when normality or normality 
criteria were violated.

Results
Discovering and verifying the mechanisms of S1PR1 
signaling in ASD PAI
The experimental design of this study is illustrated in 
Fig.  1. We first identified S1PR1 as a candidate gene in 
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patients with ASD using the GEO database. Correla-
tion analysis revealed a moderate association between 
S1PR1 expression and pain, highlighting S1PR1 as a dif-
ferentially expressed gene of interest. Subsequently, we 
observed impaired baseline mechanical pain in BTBR 
mice, which could be ameliorated by inhibiting S1PR1. 
Additionally, elevated S1PR1 expression was detected in 
pain-sensing small to medium diameter DRG neurons 
in these mice. To explore the underlying mechanisms, 
we conducted electrophysiological experiments on DRG 
neurons, confirming the suppression of evoked action 
potentials and activation of KCNQ/M potassium chan-
nels in small to medium diameter DRG neurons of BTBR 
mice. Furthermore, we discovered that the overexpres-
sion of S1PR1 in ASD is modulated by SphK, and that the 
inhibition of S1PR1 downregulated activated KCNQ/M 
potassium channels in DRG neurons, thereby improving 
baseline PAI. The MAPK and cAMP/PKA pathways are 
also involved in this process. Targeting the SphK/S1P/
S1PR1 signaling pathway might present a potential novel 
therapeutic approach for PAI in patients with ASD.

S1PR1 as a potential molecular target in ASD
To identify the genes most associated with ASD, 
WGCNA was constructed using the GSE113834 (Dataset 

1) and GSE64018 (Dataset 2) datasets with the WGCNA 
R package (Fig.  2a and b). Seven modules were identi-
fied in Dataset 1 (Fig. 2c) and nine in Dataset 2 (Fig. 2d). 
These modules are represented in heatmaps illustrating 
module-trait relationships, showing the correlation of 
each module with ASD traits. In WGCNA, modules rep-
resent clusters of genes with similar expression patterns, 
and those with the highest correlation to a specific phe-
notype are typically selected for further investigation [41, 
42]. Accordingly, the brown module from Dataset 1 and 
the turquoise module from Dataset 2 were of particular 
interest due to their strong correlations with ASD traits. 
These modules were selected for subsequent analysis, as 
they may identify candidate genes and biomarkers rel-
evant to ASD. Our analysis suggests that these modules 
are enriched in genes that may play pivotal roles in ASD 
pathophysiology, as evidenced by their pronounced cor-
relation with ASD phenotypes. We identified 2526 differ-
entially expressed genes (DEGs) from Dataset 1 (Fig. 2e), 
including 1084 upregulated and 1442 downregulated 
genes. In Dataset 2, 5704 DEGs were identified (Fig. 2f ), 
consisting of 2695 upregulated and 3009 downregulated 
genes. Notably, S1PR1 was upregulated in both datasets.

Using Venn analysis, we analyzed the DEGs with the 
most prominent brown and turquoise modules in the 

Fig. 1  Overall workflow diagram for discovering and verifying the roles and mechanisms of PAI in ASD
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WGCNA of the two datasets and identified 18 com-
mon genes that are likely important in ASD (Fig.  2g), 
including SP1R1, SOX9, LGALS3, CRYAB, DDIT4, ID4, 
NQO1, FGF2, NRIP3, F3, HSPB1, PALLD, MGST1, 
BAG3, NPTX2, EPHX1, OAF, and YAP1, suggesting the 
involvement of S1PR1 in ASD pathophysiology. To inves-
tigate potential interactions among these 18 genes, a PPI 

network was constructed using the STRING database, 
including 18 nodes and 44 edges (Fig. 2h). Genes that are 
closely connected to network nodes typically have signifi-
cant biological functions and are closely related to other 
nodes within the network.

A correlation analysis was performed between the 
expression levels of S1PR1 in Dataset 2 and the GSVA 

Fig. 2  Identification of key gene modules from the GSE113834 and GSE64018 datasets via WGCNA. a and b Clustering tree diagram 
of the co-expression network module. The bottom of the graph represents different colored clustering gene modules. c and d Heatmap showing 
module-trait relationships. The cells represent the correlation and p value of the corresponding color module in the Con or ASD group. The 
redder the cell color, the stronger the positive correlation, and the bluer the stronger the negative correlation. e and f Volcano plot of DEGs. Red 
represents upregulated genes, and blue represents downregulated genes. g Identification of 18 common DEGs. WGCNA key gene modules 
from the GSE113834 and GSE64018 datasets. h PPI network of 18 genes. It consists of 18 nodes and 44 edges. i Correlation analysis between S1PR1 
and pain. j Volcano plot showing the DEGs from the RNA-seq mice data 1 (Additional file 1: Table S1). The red color represents upregulated genes, 
and the blue color represents downregulated genes
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scores of the pain gene set. The results demonstrated 
statistical significance, with a p value of less than 0.05. 
Additionally, a moderate correlation (R = 0.61) was 
observed between S1PR1 and ASD pain (Fig. 2i).

DRG are the initial sensory relay for pain percep-
tion and play a crucial role in processing nociceptive 
signals [43]. To further explore S1PR1 expression in 
the ASD BTBR mouse model, differential analysis of 
DRG RNA-seq data 1 (Additional file 1: Table S1) was 
performed. We identified 4453 DEGs, including 2305 
upregulated and 2148 downregulated genes (Fig.  2j). 
Compared to control (Con) mice, S1PR1 expression 
was significantly higher in BTBR mice. These find-
ings suggest that S1PR1 is associated with PAI in BTBR 
mice.

Baseline pain and inflammatory pain are impaired 
in the BTBR mice
To investigate the mechanisms of pain regulation in ASD, 
we first assessed the baseline thermal and mechanical 
sensitivities in BTBR and Con mice. BTBR mice dis-
played a significant mechanical insensitivity (Student’s 
t-test; p < 0.0001; Fig.  3a), as evidenced by higher paw 
withdrawal thresholds to mechanical stimuli in the von 
Frey test, with mean thresholds of 1.50 g in BTBR mice 
compared to 0.66 g in Con mice. The term “withdrawal 
threshold” refers to the minimum noxious stimulus 
intensity that triggers a withdrawal response, serving as 
a measure of pain perception. Similarly, the Hargreaves 
test revealed prolonged withdrawal latencies in response 
to radiant heat in BTBR mice (Student’s t-test; p < 0.0001; 
Fig. 3b).

Subsequently, we compared multiple nociceptive sen-
sitivities in BTBR and Con mice, including CFA-induced 

Fig. 3  BTBR mice exhibit reductions in baseline and inflammation-induced pain. a Von Frey test results for baseline mechanical sensitivity. 
n = 52 mice per group. b Hargreaves test for baseline heat sensitivity. n = 43 mice per group. c Alteration in the left hind paw on day 5 after CFA 
injection in mice. d Heat sensitivity after CFA injection in mice. n = 26 mice per group. e Mechanical sensitivity after CFA injection in mice. n = 26 
mice per group. f Allodynia when von Frey thresholds are normalized to baseline thresholds for each mouse. n = 26 mice per group. g Alteration 
in the left hind paw after capsaicin injection. h Time course of capsaicin-induced spontaneous pain. n = 10 mice per group. i Alteration in the left 
hind paw after CCI. j Mechanical sensitivity after CCI. n = 10 mice per group. k Thermal sensitivity after CCI. n = 10 mice per group. All data are 
shown as bar diagrams, which reflect the arithmetic mean ± standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. 
not significantly different
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chronic inflammatory pain [1–3] on days 1, 3, 5, and 
7; the CCI model of neuropathic pain on days 7, 9, 11, 
and 13; and capsaicin-induced acute inflammatory pain 
within 5  min. After the intraplantar injection of CFA, 
persistent inflammatory pain was induced, and the ther-
mal pain threshold in the BTBR group was significantly 
higher than that in the Con group (two-way ANOVA; 
p < 0.0001; Fig.  3d). Raghavendra et  al. found that CFA-
induced peripheral inflammation can lead to central 
sensitization, which seems to be linked to the influx of 
various immune cells during the inflammatory process. 
Both innate and adaptive immune cells are involved 
[44], and they may affect neurons by releasing cytokines 
and chemokines, thereby playing a role in pain regula-
tion [45, 46]. Under the combined influence of these 
mechanisms, there is a decrease in withdrawal response 
followed by a return to baseline levels. BTBR mice also 
showed impaired mechanical sensitivity compared to 
the Con group after the induction of inflammatory 
pain (two-way ANOVA; p < 0.0001; Fig.  3e). Remark-
ably, BTBR mice exhibited faster recovery in withdrawal 
threshold following inflammatory pain, with a significant 
difference observed in maximal allodynia between the 
BTBR and Con group, particularly on day 5 post-CFA 
injection (two-way ANOVA; p = 0.0005; Fig.  3f ). In the 
capsaicin-induced acute neurogenic inflammation model 
(paw edema), BTBR mice exhibited reduced spontaneous 
pain behavior (licking and flinching) 1 min after capsai-
cin injection compared to Con mice (two-way ANOVA; 
p = 0.01; Fig. 3h). Chronic constriction injuries produced 
long-lasting neuropathic pain, and although BTBR mice 
exhibited significant hypersensitivity to neuropathic pain 
(two-way ANOVA; p < 0.0001; Fig.  3j), however, no sig-
nificant differences were observed compared to the Con 
group. A significant elevation in the thermal threshold 
was observed in BTBR mice compared to the Con group 
(two-way ANOVA; p = 0.001; Fig. 3k).

The duration of capsaicin-induced acute pain was tran-
sient, whereas BTBR mice exhibited the most significant 
difference in mechanical pain on day 5 following CFA-
induced persistent inflammatory pain. Consequently, 
CFA-induced persistent inflammatory pain (5 days) was 

selected for subsequent studies to investigate the modu-
lation of chronic inflammatory pain in ASD. In summary, 
these data suggest that BTBR mice have impaired base-
line mechanical pain and inflammatory pain.

S1PR1 expression was upregulated in the DRGs of BTBR 
mice
As previously mentioned, S1PR1 is likely implicated in 
PAI associated with ASD. To further investigate, we vali-
dated the expression of pain-associated S1PR1 and S1PR3 
in the DRGs and spinal cord tissues. Figure 4a shows that 
the S1PR1 protein levels (Student’s t-test; p = 0.9324) and 
S1PR3 protein levels (Student’s t-test; p = 0.4194) did 
not significantly differ in the spinal cord tissue between 
the BTBR and Con group. In contrast, S1PR1 protein 
expression in the DRGs was significantly upregulated in 
the BTBR group compared to the Con group (Student’s 
t-test; p = 0.0008; Fig.  4b), which was further confirmed 
by RT-qPCR analysis (Student’s t-test; p = 0.0127; Fig. 4c). 
However, no significant difference in S1PR3 protein level 
(Student’s t-test; p = 0.1388) was observed between the 
DRGs of the BTBR and Con group. Quantitative analy-
sis of S1PR1 immunostaining revealed the expression of 
S1PR1+ neurons in the BTBR mice. Immunofluorescence 
results indicated that S1PR1 was widely expressed in 
DRG neurons (Fig. 4e and f ). Specifically, 44.10 ± 2.798% 
of neurons in the Con group expressed S1PR1, whereas 
the percentage in BTBR neurons was significantly higher 
at 56.18 ± 4.075% (Student’s t-test; p = 0.0226). Analy-
sis of cell size distribution showed that S1PR1+ neurons 
were widely distributed among DRG neurons of varying 
sizes, with most being small or medium diameter neu-
rons (Fig.  4g), which play a key role in pain processing 
[47]. The BTBR group showed higher S1PR1 expression 
in DRG neurons than the Con group (Student’s t-test; 
p = 0.0226; Fig.  4h). We then assessed alterations in 
S1PR1 protein levels in DRGs after CFA-induced inflam-
mation. S1PR1 protein expression increased in the BTBR 
group on CFA day 5 (Kruskal–Wallis test; p = 0.0017; 
Fig.  4i), similar to that observed in the Con group on 
CFA day 5 (Kruskal–Wallis test; p = 0.0033; Fig. 4i). Nev-
ertheless, there was no significant difference in S1PR1 

Fig. 4  Characterization of S1PR1 and S1PR3 expression in mouse DRGs and spinal cord. a Representative western blotting results and quantification 
of the S1PR1 and S1PR3 protein in mouse spinal cord. n = 4 mice per group. b Representative western blotting results and quantification 
of the S1PR1 and S1PR3 protein in mouse DRGs; n = 7–9 mice per group. c Quantification of S1PR1 and S1PR3 mRNA expression in mouse DRGs; 
n = 7–10 mice per group. d Representative fluorescent images of S1PR1 (green) and nuclei (DAPI, blue) in DRG sections of Con and BTBR mice. Scale 
bars = 100 μm. e and f Distribution of S1PR1+ in neurons of different diameters in Con and BTBR mouse DRGs. n = 6 mice per group. g Comparison 
of the percentage of S1PR1+ neurons in the BTBR and Con group; n = 6 mice per group. h Total percentage of S1PR1+ neurons in the BTBR and Con 
group. n = 10–11 mice per group. i Representative western blotting results and quantification of the S1PR1 protein in mouse DRGs on day 5 
after CFA injection in the left paw; n = 8 mice per group. All data are shown as bar diagrams, which reflect the arithmetic mean ± standard error 
of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significantly different

(See figure on next page.)
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expression between the BTBR and Con group on CFA 
day 5 (Kruskal–Wallis test; p > 0.9999; Fig.  4i). These 
results suggest that S1PR1 is involved in the normal 
development of inflammatory pain in the DRGs of BTBR 

mice. Collectively, these findings indicate that baseline 
PAI in BTBR mice is correlated with the upregulation of 
S1PR1 in small and medium diameter DRG neurons.

Fig. 4  (See legend on previous page.)
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S1PR1 inhibition rescued PAI in BTBR mice
Considering the elevated S1PR1 levels in the DRGs 
of BTBR mice, we investigated whether S1PR signal-
ing modulates pain in ASD. BTBR mice were injected 
intrathecally with either 5  μM of the S1PR1 inhibitor 
W146 or 10 μM of the S1PR3 inhibitor CAY10444 (CAY). 
Results showed that 1 h after W146 administration, the 
baseline mechanical pain threshold in BTBR mice signifi-
cantly decreased from 1.48 ± 0.13 to 0.52 ± 0.12 g (Mann–
Whitney test; p < 0.0001; Fig. 5a). In contrast, the S1PR3 
inhibitor CAY10444 had no significant effect on the 
pain threshold 1  h post-injection (Mann–Whitney test; 
p = 0.2421; Fig. 5b). We assessed the effects of S1PR1 or 
S1PR3 inhibition on CFA-induced inflammatory hyper-
sensitivity on day 5. The results indicated that inflamma-
tory PAI was rescued in the BTBR + CFA group 1 h after 
W146 intervention (Mann–Whitney test; p = 0.0056; 
Fig.  5c). However, no significant change was observed 
after CAY intervention (Mann–Whitney test; p = 0.3942; 
Fig. 5d). These findings suggest that S1PR1 inhibition can 
ameliorate insensitivity to both baseline and inflamma-
tory pain.

To further investigate, mechanical thresholds were 
normalized in BTBR and BTBR + CFA mice following 
W146 intervention to account for baseline pain thresh-
old differences. No significant difference was observed 
in the normalized pain threshold between the BTBR and 
BTBR + CFA group after W146 intervention (Student’s 
t-test; p = 0.9188; Fig.  5e). These findings suggest that 
the increased S1PR1-mediated baseline PAI and inflam-
matory pain deficits are likely rooted in baseline PAI. 
Further studies on the role of S1PR1 signaling in PAI in 
patients with ASD could provide valuable insights.

M‑channel activation inhibited action potentials in BTBR 
mice DRG neuron‑regulated PAI
In DRGs, small-diameter neurons are the primary media-
tors of pain [47]. These neurons possess M channels that 
are essential for maintaining neuronal the resting mem-
brane potential [27]; therefore, DRG neurons with diam-
eters of less than 30  μm were selected for subsequent 
electrophysiological experiments. Whole-cell current-
clamp and voltage-clamp recordings were conducted to 
investigate the characteristics of M channels. M-currents 
were activated by depolarizing the membrane to − 20 mV 
and then hyperpolarizing to − 60 mV. The results showed 
that the slow, voltage-dependent tail current amplitudes 
were significantly increased in the BTBR group compared 
to the Con group (7.54 ± 0.35 pA/pF Con vs. 11.68 ± 1.71 
pA/pF BTBR; one-way ANOVA; p = 0.0217; Fig.  5g and 
h). Application of the M channel inhibitor XE-991 (5 μM) 
decreased M-currents in the BTBR + XE-991 group 
(5.01 ± 0.42 pA/pF in BTBR + XE-991; one-way ANOVA; 

p = 0.0007; Fig.  5g and h). Moreover, the resting mem-
brane potential (RMP) in the BTBR group was less excit-
able than in the Con group (− 56.35 ± 0.9131  mV BTBR 
vs. − 51.4 ± 1.326 mV Con; two-way ANOVA; p = 0.0273; 
Fig.  5i and j). Administration of the M channel inhibi-
tor XE-991 increased the RMP in the BTBR + XE-991 
group (− 51.28 ± 1.540  mV in BTBR + XE-991; two-way 
ANOVA; p = 0.0039, Fig. 5i and j). Current step injections 
revealed that BTBR neurons fired fewer action potentials 
than Con neurons (4 ± 0.6325 Hz BTBR vs. 10 ± 1.452 Hz 
Con; two-way ANOVA; p = 0.0003; 150 pA, Fig.  5k). 
However, after administration of XE-991, the action 
potential frequency in BTBR neurons increased signifi-
cantly, indicating increased excitability (20 ± 2.828 Hz in 
BTBR + XE-991; two-way ANOVA, p < 0.0001; 150 pA, 
Fig. 5k). These findings suggest that the increased activa-
tion of M channels in DRG neurons contributes to PAI in 
BTBR mice.

The expression of KCNQ2, KCNQ5, and KCNQ3, 
which constitute the M channels in DRG neurons of Con 
and BTBR mice, were assessed using molecular biological 
techniques. BTBR mice exhibited higher RNA levels of 
KCNQ2 (Student’s t-test; p = 0.0226; Fig. 6a) and KCNQ5 
(Student’s t-test; p = 0.0013; Fig.  6b) compared to Con 
mice. In contrast, KCNQ3 expression showed no signifi-
cant difference (Student’s t-test; p = 0.3995; Fig. 6c). These 
findings were corroborated by western blot analysis, 
which confirmed elevated protein levels of KCNQ2 (Stu-
dent’s t-test; p = 0.0001; Fig.  6d) and KCNQ5 (Student’s 
t-test; p = 0.0005; Fig.  6e), while KCNQ3 protein levels 
also showed no significant difference (Student’s t-test; 
p = 0.7725; Fig. 6f ). Immunofluorescence analysis further 
revealed that the total percentages of KCNQ2+ neurons 
(55.83% ± 4.06%) and KCNQ5+ neurons (52.31 ± 3.78%) 
were significantly higher in the BTBR group than in the 
Con group (KCNQ2+ 35.14% ± 2.37%, Student t-test, 
p = 0.0002; Fig. 6g; KCNQ5+ 41.76 ± 2.09% Student t-test, 
p = 0.0168; Fig. 6h). Size distribution analysis of KCNQ2+ 
neuron (Fig.  6k) showed that neurons with a diameter 
of less than 20 μm (Student’s t-test; p = 0.035) and those 
with a diameter between 20 and 30 μm (Student’s t-test; 
p = 0.0012) were significantly larger in the BTBR group 
than in the Con group. Similarly, the size distribution 
analysis of KCNQ5+ neurons (Fig.  6l) indicated that 
neurons with a diameter of less than 20  μm (Student’s 
t-test; p = 0.019) and those with a diameter between 20 
and 30 μm (Student’s t-test; p = 0.015) were significantly 
larger in the BTBR group compared to the Con group.

To further investigate the role of M channels in pain 
perception, we administered an intrathecal injection of 
the KCNQ inhibitor XE-991 (30 μM) in BTBR mice and 
observed a significant reduction in baseline mechani-
cal pain threshold at XE-991 1  h (two-way ANOVA; 
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Fig. 5  S1PR1 inhibitor modulates mechanical pain and quantitative analysis of DRG neurons in BTBR mice. a Effect of W146 on baseline 
mechanical pain in BTBR mice. n = 15 mice per group. b Effect of CAY on baseline mechanical pain in BTBR mice. n = 12 mice per group. c Effect 
of W146 on inflammatory pain in BTBR mice. n = 8–10 mice per group. d Effect of CAY on inflammatory pain in BTBR mice. n = 9 mice per group. e 
Normalized pain thresholds after W146 intervention in BTBR mice. n = 10 mice per group. f Morphological observation of DRG neurons in acutely 
isolated culture for 24 h. g Representative traces of an average current in a single neuron. h Quantitative analysis of the KCNQ tail current density. 
n = 6–7 cells per group. i Example traces of a single action potential in DRG neurons of mice, the excitation currents were 50 pA, 100 pA, and 150 
pA. j RMP in DRG neurons of mice. n = 5–18 cells per group. k Action potential firing frequency in DRG neurons of mice. n = 5–8 cells per group. All 
data are shown in bar and line diagrams, which reflect the arithmetic mean ± standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001, n.s. not significantly different
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p = 0.0094; Fig. 6m), 1.5 h (p = 0.033), and 2 h (p = 0.036) 
post-injection. These results suggest that PAI in BTBR 
mice may be attributed to the activation of M channels 
and the subsequent inhibition of action potentials in 
DRG neurons.

S1PR1 inhibition downregulated M channels, involving 
MAPK and cAMP/PKA signaling pathways
S1P-S1PR signaling modulates M channel-mediated 
pain responses by regulating mechanonociceptor excit-
ability [27]. To explore the molecular mechanism under-
lying S1PR1-mediated PAI in M-channel, we assessed 
the RNA expression levels of related genes. Our results 
showed that the upregulation of KCNQ2 (Student’s 
t-test; p = 0.0249; Fig.  7a) and KCNQ5 (Student’s t-test; 
p = 0.0155; Fig. 7b) in BTBR mice DRGs was significantly 
reduced following intrathecal intervention of the S1PR1 
inhibitor W146. However, KCNQ3 expression remained 
unchanged (Student’s t-test; p = 0.9451; Fig. 7c). Western 
blot analysis further confirmed the reduction in KCNQ2 
(Student’s t-test; p = 0.0033; Fig.  7d) and KCNQ5 (Stu-
dent’s t-test; p = 0.0004; Fig.  7e) expression after W146 
intervention. In contrast, KCNQ3 expression showed 
no significant difference (Student’s t-test; p = 0.2252; 
Fig.  7f ). Immunofluorescence analysis indicated that 
the total percentages of KCNQ2+ neurons decreased to 
38.00% ± 2.09% (Student’s t-test; p = 0.0007; Fig.  7g) and 
KCNQ5+ neurons decreased to 41.65% ± 2.91% (Student’s 
t-test; p = 0.024; Fig.  7h) in BTBR DRG 1  h after W146 
intervention. Given the alleviation of PAI behavior fol-
lowing W146 intervention, we conclude that the targeted 
inhibition of upregulated S1PR1 in the DRGs of BTBR 
mice could reduce the activation of M channels.

Subsequently, we investigated the signaling pathways 
involved in nociceptive information, including MAPK, 
cAMP/PKA, and PKC pathways. Decreased levels of 
P-ERK/ERK (one-way ANOVA; p = 0.0396; Fig.  7i), 
P-P38/P38 (one-way ANOVA; p = 0.0058; Fig.  7j), and 
P-PKA/PKA (one-way ANOVA; p = 0.0177; Fig.  7k) 
were observed in the DRGs of BTBR mice compared to 
those of Con mice. Remarkably, these expression levels 
were significantly upregulated after intrathecal injection 
of W146: P-ERK/ERK (one-way ANOVA; p = 0.0073; 

Fig. 7i), P-P38/P38 (one-way ANOVA; p = 0.0056; Fig. 7j), 
and P-PKA/PKA (one-way ANOVA; p = 0.0085; Fig. 7k). 
There were no significant differences in P-PKC/PKC 
expression between the groups (one-way ANOVA; BTBR 
vs. Con, p = 0.4999; BTBR vs. BTBR + W146, p = 0.7325; 
Fig.  7l). These findings suggest that aberrant MAPK 
and cAMP/PKA pathways associated with the develop-
ment of pain in ASD may be mitigated through S1PR1 
inhibition.

S1PR1 signaling blocked by SphK inhibitor in DRGs of BTBR 
mice
We previously elucidated the downstream signaling 
mechanisms of S1PR1 in ASD PAI. Here, we explore 
the upstream regulation of increased S1PR1 expression. 
Our prior study demonstrated elevated S1P levels in 
the serum of patients with ASD [21]. Despite impaired 
baseline pain in BTBR mice, accurate quantification of 
S1P in non-plasma tissues proved challenging. There-
fore, we investigated the role of S1P regulation in ASD 
pain perception by specifically targeting the rate-limiting 
enzyme, SphK, with its inhibitors SK I II. Intraperito-
neal injections of SK I II (50  mg/kg) were administered 
daily for 14  days to BTBR mice (BTBR + SK I II group) 
to maintain reduced S1P physiological levels throughout 
the body. CFA was injected into the left hind paws on 
day 8. The BTBR + SK I II group exhibited a significant 
decrease in mechanical pain threshold (Student’s t-test; 
p = 0.0006; Fig. 8a) and thermal pain threshold (Student’s 
t-test; p=0.0003; Fig. 8b) compared to the BTBR + vehi-
cle (Veh) group. Cointerventions with SK I II and CFA 
on day14 (BTBR + CFA + SK I II group) also led to 
reduced mechanical pain perception compared to the 
control (BTBR + CFA + Veh) group (Welch’s t-test; p = 
0.0041; Fig. 8c). Following 14 days of SK I II intervention, 
RNA-seq analysis of data 2 (Additional file  1: Table  S1) 
was conducted, focusing on significant changes in the 
DEGs with a screening standard of p < 0.05. We identi-
fied 2898 DEGs in the BTBR and BTBR + SK I II group 
and found that among all S1PR subtypes, only S1PR1 was 
significantly decreased (Fig.  8d and e). Protein expres-
sion of S1PR1 expression was downregulated in the DRG 
of BTBR + SK I II group compared to the BTBR + Veh 

Fig. 6  Increased expression of KCNQ2 and KCNQ5 neurons in DRG of BTBR mice. a–c Quantification of KCNQ2, KCNQ5, and KCNQ3 mRNA; n = 8–11 
mice per group. d–f Representative western blotting results and quantification of the KCNQ2, KCNQ3, and KCNQ5 proteins. n = 8 mice per group. g 
and h Comparison of the percentage of KCNQ2+ and KCNQ5+ neurons in the BTBR and Con group. n = 8–14 mice per group. i and j Representative 
images of KCNQ2 and KCNQ5 immunofluorescence in mice DRGs. Scale bars = 100 μm. k and l Distribution of KCNQ2+ and KCNQ5+ neurons 
of different diameters in the Con and BTBR group. n = 5 mice per group. m XE-991 induced nociceptive behavior in BTBR mice. n = 6 mice per group. 
All data are shown in bar diagrams, which reflect the arithmetic mean ± standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001, n.s. not significantly different

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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group (one-way ANOVA; p = 0.0013; Fig. 8e). These find-
ings indicate that S1P inhibition ameliorates PAI in BTBR 
mice by downregulating S1PR1 expression in the DRG.

To further explore the role of S1P in pain modula-
tion, we performed intrathecal injections of exogenous 

S1P in Con mice to assess its effects on pain percep-
tion. S1P (10 μM) produced an analgesic effect, as evi-
denced by a significant increase in the mechanical pain 
threshold 1 h post-injection (Fig. 8f; two-way ANOVA; 
p = 0.0009). The pain threshold returned to baseline 

Fig. 7  M channel and abnormal MAPK cAMP/PKA signaling pathways rescued by inhibition of S1PR1 in mice DRGs. a–c Quantification 
of KCNQ2, KCNQ3, and KCNQ5 mRNA levels after the W146 intervention. n = 6–12 mice per group. d–f Representative western blotting 
results and quantification of the KCNQ2, KCNQ3, and KCNQ5 proteins after W146 intervention. n = 8 mice per group. g and h Representative 
images of KCNQ2 and KCNQ5 immunofluorescence in mice DRGs. Scale bars = 100 μm. Comparison of the percentage of KCNQ2+ neurons 
in the BTBR + W146 and BTBR group; n = 6–9 mice per group. i–l Representative western blotting results and quantification of P-ERK/ERK, P-P38/P38, 
P-PKA/PKA, and P-PKC/PKC proteins. n = 8 mice per group. All data are shown in bar diagrams, which reflect the arithmetic mean ± standard error 
of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significantly different
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levels by day 1 post-intervention (p > 0.9999). These 
data suggest that S1P plays a critical role in mechani-
cal pain and that exogenous S1P induces analgesia in 
Con mice. The results indicate that the upregulation of 
S1P/S1PR1 signaling is a key factor in ASD PAI.

Discussion
ASD is a neurodevelopmental disorder with complex eti-
ology and high heterogeneity [48], and its prevalence is 
increasing annually, now reaching 1/36 [49]. Abnormal 
pain perception is a clinical characteristic of patients with 

Fig. 8  S1P/S1PR1 signaling is a critical factor in PAI in BTBR mice. a and b Mechanical and thermal sensitivity after SK I II intervention in the BTBR 
group. n = 8–14 mice per group. c Mechanical sensitivity after SK I II intervention in the BTBR + CFA group. n = 8 mice per group. d Volcano map 
showing differentially expressed genes. Red represents upregulated genes, and blue represents downregulated genes. e Effect of SK I II on S1PR1 
protein expression in BTBR mice, representative western blotting results, and quantification of the S1PR1 protein. n = 8 mice per group. f S1P 
induced nociceptive behavior in Con mice. n = 8 mice per group. All data are shown as bar diagrams, which reflect the arithmetic mean ± standard 
error of the mean. ** p < 0.01, *** p < 0.001
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ASD. Many children with ASD exhibit high pain toler-
ance and infrequent pain expression [50], which substan-
tially contributes to mental disorders [51] and seriously 
compromise their quality of life as well as their physi-
cal and psychological well-being. Previous studies have 
investigated the involvement of lipid metabolism in ASD 
pathophysiology [52, 53]. However, the contribution of 
lipid metabolism regulatory mechanisms to abnormal 
pain in ASD has not yet been reported.

In this study, we describe a novel mechanism under-
lying PAI in the peripheral nervous system with ASD. 
The S1P/S1PR1 signaling could offer a novel therapeutic 
approach for pain regulation. Here, we report for the first 
time that the candidate gene S1PR1, identified from the 
GEO database, is closely associated with pain perception 
in patients with ASD. Our analysis of DRGs in the ASD 
BTBR mouse model revealed an upregulation of S1PR1, 
further confirming its link with PAI. Inhibiting S1PR1, 
which is upregulated by SphK, leads to the downregula-
tion of activated M channels in DRGs and improves base-
line pain perception in ASD. The MAPK and cAMP/PKA 
signaling pathways are involved in the regulation of pain 
perception in ASD via S1PR1. Targeting the SphK/S1P/
S1PR1 signaling pathway could thus provide a new ave-
nue for clinical interventions aimed at addressing abnor-
mal pain perception in patients with ASD.

Different mouse models exhibit varying responses to 
sensory abnormalities in ASD, highlighting the complex-
ity of the disorder. Several studies have confirmed that 
ASD model mice show hyperreactivity to tactile stimula-
tion. For instance, Gabrb3-ko and CDKL 5-ko mice dem-
onstrate excessive responses to tactile stimuli from the 
early neonatal stage [54, 55], while Fmr 1-ko mice display 
heightened motor response to repetitive whisker stimuli 
at postnatal days 14 to 16 [56]. Dysregulation of gene 
expression in the trigeminal ganglion, which processes 
input from whiskers, has been observed in Shank3-ko 
and Cntnap2-ko mice [57]. Consistent with these find-
ings, we have also demonstrated tactile sensitization in 
BTBR mice in a separate study. Interestingly, ASD model 
mice often show reduced sensitivity to pain, a phenome-
non supported by genetic studies. For instance, the Shank 
gene family (Shank1-3) has been identified as a risk factor 
for ASD. Shank2 knockout mice exhibit analgesia during 
chronic pain [58], whereas Shank3 complete knockout 
mice display impaired heat hyperalgesia during inflam-
matory and neuropathic pain [19]. Recent studies have 
shown that Mecp2ΔAT−hook1/y mutant mice [59], BTBR, 
and Fmr1-ko mice exhibit reduced thermal pain per-
ception in baseline tests, with BTBR mice also showing 
decreased mechanical allodynia [60]. The Fmr1-ko mouse 
is a widely used model for studying Fragile X syndrome, 
the most studied monogenic form of ASD [61]. These 

findings emphasize the critical role of peripheral soma-
tosensory neurons, leading researchers to focus on this 
area in ASD research [13]. Tactile hypersensitivity may 
originate from neural hyperreactivity, whereas insensitiv-
ity to pain could be linked to deficiencies in the body’s 
defensive mechanisms. This suggests that touch and pain 
may be regulated by different neural pathways.

In our study, BTBR mice exhibited significant mechani-
cal and thermal PAI at baseline, as well as CFA-induced 
inflammatory PAI [60]; however, no difference in neuro-
pathic pain was observed. Notably, BTBR mice demon-
strated a faster recovery from mechanical allodynia, with 
the peak of maximal allodynia occurring on day 5 after 
injection of CFA. This faster recovery might be attributed 
to the unique immune profile of BTBR mice, character-
ized by an enhanced and rapid immune response. BTBR 
mice show elevated levels of pro-inflammatory cytokines, 
such as IL-1β, TNFα, and IL-6, along with alterations 
in immune cell function. This could result from a pre-
activated state of their immune cells, enabling a swift 
response to inflammatory stimuli [62]. Additionally, con-
sistently elevated baseline levels of anti-inflammatory 
cytokines likely contribute to effectively regulating and 
control of inflammation. The balance between these pro-
inflammatory and anti-inflammatory mediators may be 
key to the rapid recovery observed. Based on the above 
evidence, we found that different ASD models showed 
different pain responses, which aligns with the pheno-
typic heterogeneity observed in patients with ASD. Over-
all, we consider BTBR mice to be an ideal ASD model for 
exploring the pathogenesis of PAI due to their insensitiv-
ity to baseline mechanical, thermal, and inflammatory 
pain.

Addressing the opioid epidemic requires the devel-
opment of non-narcotic therapies targeting the S1P 
axis [63], as chronic opioid use often leads to tolerance 
to analgesics [64]. Lipid S1P signaling is a pivotal regu-
lator and presents a novel target for neuropathic and 
inflammatory pain [65]. Abnormal lipid accumulation 
and metabolism are hallmark features of neurodevelop-
mental and neurodegenerative disorders. Disruptions in 
lipid metabolism are prevalent in neurological diseases, 
leading to abnormal lipid accumulation in cells and tis-
sues or interfering with normal metabolic processes. For 
instance, imbalances in brain ceramide and sphingosine 
levels are observed in the early stages of neurodegenera-
tion, preceding endomembranous buildup and behavio-
ral changes [66]. Multiple studies have confirmed that 
abnormal lipid metabolism is frequently observed in 
patients with ASD and contributes to its pathophysiology 
[20, 67]. Furthermore, transcriptomic studies in attention 
deficit hyperactivity disorder have revealed significant 
changes in lipid metabolism pathways [68], highlighting 
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the role of lipids in neurodevelopmental disorders. Our 
prior findings indicated elevated S1P levels in the serum 
of children with ASD [21]. In BTBR mice, elevated serum 
and hippocampal S1P levels were reduced by SK I II, lead-
ing to improved cognitive function and social ability [22]. 
Systemic administration of SK I II for 2  weeks reduced 
S1P production and rescued PAI in BTBR mice, provid-
ing evidence that long-term suppression of S1P produc-
tion can lower the baseline mechanical pain threshold in 
these mice. Challenges such as matrix effects and lower 
S1P concentrations complicate the measurement of S1P 
levels in non-serum tissues. Because S1P expression is 
similar between serum and peripheral tissues [69], we did 
not directly assess S1P levels in the DRGs. Instead, we 
referred to a previous study where we found elevated S1P 
levels in the serum of BTBR mice, which decreased with 
SK I II treatment [22]. We speculate that the different 
phenomena in pain regulation observed between BTBR 
and Con mice may result from long-term S1P metabolic 
abnormalities in the peripheral nervous system (PNS) of 
BTBR mice. Investigating the molecular basis of S1P and 
its related pathways in the regulation of PAI in ASD holds 
significant implications.

S1PR1, a downstream receptor of S1P, has emerged as 
a non-opioid therapeutic target for various pain states 
[63]. As a G protein–coupled receptor, S1PR1 is involved 
in multiple intracellular signaling pathways, impacting 
processes such as ion channel modulation [70, 71]. The 
involvement of P-Rex1 in S1PR1 signaling has been well-
documented, particularly in its crucial roles in neurite 
maintenance, cell spreading upon S1P stimulation, and 
neuronal cell-cycle progression [72]. Moreover, S1PR1’s 
differential signaling is integral to nervous system devel-
opment and plasticity, influencing neuronal differen-
tiation [73], axon growth, and synapse formation [74]. 
It also plays a pivotal role in guiding the migration of 
immune cells such as lymphocytes and neural progeni-
tors, essential for immune responses and nervous system 
development [75]. S1PR1 is a gene associated with ASD 
pathology in both humans and mouse models [76]. Sys-
temic administration of an S1PR1 antagonist mitigates 
cognitive impairment and social deficits associated with 
elevated central nervous system S1P levels [77, 78], while 
the S1P/S1PR1 pathway is involved in the development 
of chronic pain states [63, 79–81]. We demonstrated 
that S1PR1, regulated by SphK/S1P, is a key down-
stream signaling pathway involved in PAI. In the spinal 
cord, increased S1P levels selectively activate S1PR1 in 
response to neuropathic pain. Inhibition of S1PR1 allevi-
ates and reverses neuropathic pain, and mice with S1PR1 
knockout in the spinal cord are pain-free [82]. S1P and 
S1PR3 play important roles in acute mechanonocicep-
tion; ablation of S1PR3 or blockade of S1P in mouse DRG 

neurons results in significantly impaired response to 
mechanical stimuli [27]. Remarkably, in this study, PAI 
in BTBR mice was attributed to the elevated expression 
of S1PR1 in the DRG rather than in the spinal cord. We 
speculate that inhibition of the SphK/S1P/S1PR1 signal-
ing pathway in the DRG may represent a novel therapeu-
tic target for clinical intervention in patients with ASD.

Mutant Kv7 (KCNQ) channels, which alter the genera-
tion of action potentials, are potential causative mecha-
nisms of ASD [83–85]. KCNQ2/3 potassium channels 
are key players in pain signaling and serve as analgesic 
targets within the peripheral somatosensory system [28]. 
Intrathecal administration of the M-channel activator 
retigabine has been shown to alleviate thermal hyperal-
gesia and mechanical allodynia in Sprague–Dawley rats 
[86]. Deletion of KCNQ2/3 potassium channels leads to 
aberrant neuronal excitability [87], and selective knock-
down of Kv7.2 in mouse sensory neurons increases 
thermal hyperalgesia and mechanical allodynia [88]. 
Decreased expression of M channels in small-diameter 
DRG neurons has been reported in mouse models of 
chronic pain. Our study also found activated M chan-
nels in the BTBR mouse DRGs, consistent with the 
anti-excitatory effect of pain regulation mediated by 
M-channel openers [89]. Interestingly, overexpression of 
KCNQ2 channels is involved in hyperalgesia following 
chronic trigeminal nerve constrictive injury, which con-
tradicts most of the studies mentioned above, possibly 
due to compensatory changes that limit the hyperexcit-
ability induced by injury [90]. During the regulation of 
S1P signaling to M channels, endogenous S1P activates 
S1PR3 signaling and inhibits KCNQ2/3 channels, thereby 
regulating neuronal excitability [27, 91]. Studies on the 
regulation of M-currents by repressor element 1-silenc-
ing transcription factor in the DRG have led to the identi-
fication of a new target for PAI in patients with ASD, and 
M-channel activation by openers has alleviated chronic 
hyperalgesia in several pain models [89, 92]. Rest is a neu-
ron-restrictive silencing factor that suppresses M-current 
density in DRG neurons and is a vital component in the 
development of mechanical and thermal hyperalgesia 
[93, 94]. It is hypothesized that the elevated expression of 
S1P/S1PR1 signaling activates M channels in the DRG of 
BTBR mice, leading to persistent PAI.

S1P is a well-established extracellular lipid media-
tor, and its functions are mediated through signaling 
via specific G protein–coupled receptors (GPCRs) [95]. 
GPCR signaling pathways also activate Gαs- or Gαi/o-
dependent cAMP/PKA and MAPK pathways [96]. 
KCNQ2, a voltage-gated potassium channel in the pre-
frontal cortex, is phosphorylated through the activated 
PKA/ERK pathway [97], consistent with findings that 
the open state of KCNQ channels is increased by PKA 
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phosphorylation, which impairs working memory [98]. 
Nerve growth factor activates the phosphorylation of 
MAP kinases (ERK) in neutrophils from healthy individ-
uals, but not in patients with congenital insensitivity to 
pain with anhidrosis [99]. A significant increase in phos-
phorylated ERK1/2 contributes to pain hypersensitivity 
in the DRGs of injured mice [100, 101]. Increased activa-
tion of the MAPK pathway (P-ERK and P-P38) has been 
observed in the hippocampus of neonatal BTBR mice 
[102, 103], contrasting with our findings in the DRGs of 
BTBR mice, where the expression of ERK and P38 was 
reduced. Differential expression of the ERK and P38 
pathways is involved in distinct mechanisms in the cen-
tral nervous system (CNS) and PNS. ERK1/2 are widely 
expressed in the brain and play crucial roles in regulating 
neuronal function, neuroinflammation, learning, mem-
ory, and synaptic plasticity [104]. In the PNS, ERK1/2 
are involved in inflammatory responses, pain signaling, 
myelin debris clearance, and nerve regeneration [105, 
106]. P38 kinase is associated with neuroinflammation 
in the CNS and impacts neuronal survival, learning, and 
memory [107, 108]. In the PNS, P38 kinase is impor-
tant for neuropathic pain and supports axonal regen-
eration and recovery after nerve injury [109]. The S1PR1 
agonist fingolimod alleviates hyperalgesia and reduces 
P-ERK expression in peripheral neuropathic pain models, 
whereas the S1PR1 antagonist W146 can reverse these 
effects [110]. In a mouse model of neuropathic pain, 
intrathecal delivery of W146 inhibited the MAPK (ERK 
and P38) pathways in the spinal dorsal horn [111]. Sen-
sory neuronal hyperexcitability is activated by the PKA 
pathway during the development of various pain-related 
conditions [112]. Additionally, selective knockdown of 
PKA by intrathecal small interfering RNA significantly 
attenuated sustained morphine-mediated thermal and 
mechanical hyperalgesia in rats [113]. Our study pro-
vides novel evidence that inhibiting the overexpression of 
S1PR1 can rescue baseline PAI in BTBR mice. Further-
more, the decreased ERK, P38, and PKA signaling path-
ways in the L4-6 DRGs of BTBR mice were reversed.

Conclusions
S1PR1 may contribute to PAI in the PNS in ASD. The 
mechanism involves KCNQ/M channels and the MAPK 
and cAMP/PKA signaling pathways. Targeting S1PR1 
in the PNS could offer novel therapeutic strategies for 
the intervention of pain dysesthesias in individuals with 
ASD.
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