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Nuclear paraspeckle assembly transcript 1 @
promotes photophobia behavior in mice via
miR-196a-5p/Trpm3 coupling
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Abstract

Background The long noncoding RNA, NEAT T, is recognized as a key regulator of proinflammatory gene expression;
Yet, its functional role in migraine remains unexplored, despite the central role of neuroinflammatory mechanisms in
migraine pathophysiology. This study examines the implication of NEAT1 in the trigeminal ganglion activation, which
underlies photophobia associated with migraine.

Methods Light aversion behavior was induced by intranasal injection of the TRPA1 activator, umbellulone.

Male mouse behavior was assessed by the total time the mouse stays in the light between the dark and light
compartments. To gain insight to the NEAT1-mediated photophobia mechanism, gene expression of candidate genes
and non-coding RNAs interactions were assessed using RNA-sequencing, gPCR analysis, histology and dual-luciferase
reporter gene assay.

Results NEATT was upregulated in the trigeminal ganglion of male photophobia mice; Downregulation of NEAT1
by intravenous injection of ShNEAT1 adeno-associated virus vectors attenuated NEATT expression and alleviated
photophobia-like behavior in mice. The elevated NEATT expression in the trigeminal ganglion of photophobia mice
corresponds to the downregulation of miR-196a-5p and upregulation Trom3 RNA level. Predicted analysis suggested
NEAT1/miR-196a-5p ceRNA network exists in photophobia mice. Indeed, knocking down NEATT upregulated miR-
196a-5p, whilst downregulated Trom3 gene expression level, in the trigeminal ganglion of photophobia mice.
Further investigation using dual-luciferase reporter gene assay identified NEAT1 interacting with miR-196a-5p, whilst
miR-196a-5p interacting with Trom3. Similar to knocking down NEAT1, TRPM3 inhibition reduced photophobia-like
behavior.

Conclusion We conclude that NEATT is critical for promoting photophobia behavior via miR-196a-5p/Trom3
coupling.
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aversion, Migraine
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Background

Photophobia affects up to 90% of migraineurs, with 75%
continuing to face persistent sensitivity to light even dur-
ing the intervals between attacks [1, 2]. The photophobia
related to migraine headaches involves intricate interac-
tions within various brain regions, including trigeminal
ganglion (TG) [3, 4], and TG activation contributes to
photophobia behaviour in animal models [5-7]. While
previous research has predominantly focused on the
contributions of neuropeptides, ion channels, cytokines
and messenger RNA (mRNA) in the activation of TG
[7-9], the potential roles of noncoding RNAs in photo-
phobia have been largely overlooked. Current research
on noncoding RNA associated with migraine has found
that miR-155-5p in mice trigeminal nucleus caudalis [10],
miR-34a-5p in rat TG cells [11] and Gm14461 IncRNA
in mice TG were all important in migraine pathogenesis
[12]; However, existing study on long noncoding RNAs
(IncRNAs) in migraine is lacking.

Nuclear paraspeckle assembly transcript 1 (NEAT1) is
a ubiquitous nuclear-retained IncRNA and expressed in
a variety of mammalian cell types{Bond, 2009 #1085;}.
NEATT1 plays significant roles in cellular pathophysiology
and is among the most extensively researched IncRNAs
[13]. NEAT1 stands out for its substantial impact on
neurodegenerative diseases [14]. NEAT1 is also heav-
ily implicated in the function of the immune system
and in inflammatory response in neuropathic pain [15]
by increasing proinflammatory genes in the dorsal root
ganglion of rats [14] and enhancing the expression of
cytokines via competing endogenous RNA (ceRNA)
mechanism [16]. While NEAT1 is well-established as a
regulator of inflammatory gene expression in the pain
disorder and neuroinflammatory mechanisms are cen-
tral for migraine pathophysiology, its direct mechanistic
link to migraine, especially its role in driving trigemino-
vascular sensitisation and migraine progression, remains
unexplored.

The intricate relationships between noncoding and
coding RNAs, especially through the ceRNA mecha-
nism, present a novel perspective for understanding the
molecular underpinnings of migraine [17]. There are
several studies on ceRNA networks in neuropathic pain
and neuroinflammation [18, 19], while existing studies
on ceRNA in migraine are limited with only one focus-
ing on ceRNA networks of circRNA-miRNA-mRNA in
the plasma of migraine patients [20]. There are no reports
of ceRNA networks in the nervous system of preclinical
animal models of migraine.

To bridge these gaps in knowledge, this study inves-
tigated the role of NEAT1 in photophobia using the
recently established rapid-onset mouse photophobia
model [9] and explored how NEAT1 might exert its regu-
latory mechanism involving the ceRNA network. We first

Page 2 of 15

investigated how IncRNAs and miRNAs alter in the TG
of photophobia mice; Then explored the role of NEAT1
in light aversion behavior and its regulatory mechanism
via NEAT1/miR-196a-5p and miR-196a-5p/Trpm3 cou-
pling. The data unravelled a novel photophobia-specific
mechanism by which NEAT1 promotes photophobia
behavior via NEAT1/miR-196a-5p/ Trpm3 axis.

Methods

Animal preparation

A total of 115 adult male C57BL/6] mice (21.13+0.16 g,
mean + SEM), aged at 6-7 weeks were purchased from
Shanghai SLAC Laboratory Animal Corporation Ltd.
China. All mice were sourced from four cohorts and
housed in groups of 3-5, unless otherwise stated, on
a 12 h light cycle with food and water ad libitum. All
behavior experiments were housed in the Experimen-
tal Animal Centre of Soochow University for at least
one week and acclimated to the housing room before
use. Animals from each cohort were randomly allocated
to different experimental groups with the same experi-
mental procedure in order to reduce bias and minimise
potential confounders, particularly considering mice
were sourced from different cohorts and the potential
influence of mice remembering the light/dark configu-
ration on light aversion behavior under bright light [21].
For all experiments, animal size was decided based on
earlier publication in the field [7, 9]. Investigators han-
dled animals with extra care to reduce any distress and
blinded. Animal procedures were approved by the Ethi-
cal Review Panels of Xi'an Jiaotong-Liverpool University
under the agreement with Soochow University and per-
formed in accordance with relevant China national and
provincial guidelines.

Photophobia behavior assay and experimental design
The rapid-onset photophobia model was induced by
intranasal injection (i.n.) of a selective transient receptor
potential ankyrin 1 (TRPA1) agonist, 1 pmol/kg umbellu-
lone (UMB, SML0782 Sigma-Aldrich) and mouse behav-
ior was observed in a customized black & white box using
a light source (J&K Photoelectronic) and video tracking
system (Hikvision) as we recently reported [9]. Briefly, on
day 1, each mouse underwent two acclimation sessions
in the testing chamber under dim light for 35 min, sepa-
rated by a 15-minute recovery period in their home cage.
On day 2, mice were acclimated once using the same pro-
tocol as day 1, followed by a 35-minute recording under
bright light to establish self-control conditions. After
rapid photophobia induction and a 15-minute recovery
period, mouse behavior was recorded for 35 min. Two
behavior study series were designed in this study.

In series 1, we designed a sSANEAT1-AAV (adeno-asso-
ciated virus) vector to knock down NEAT1 (Genechem,



Huang et al. The Journal of Headache and Pain (2025) 26:118

China) and its negative control (NC) to explore the role of
NEAT1 in photophobia mice. These AAVs (2.50E + 13v.g./
kg sSANEAT1-AAV or 2.50E + 13v.g./kg AAV-NC) or vehi-
cle (phosphate buffer saline, PBS, 09-8912-100, Medi-
cago, Sweden) were systemically injected via tail vein 14
days before the start of mice acclimation sessions (Sup-
plemental Fig. 1). After behavior recording, the TG tissue
was immediately dissected, snap-frozen in liquid nitrogen
and stored in -80 degree for measuring expression levels
of NEAT1 and its potential target miRNAs and mRNAs.

In series 2, we explored the role of NEAT1-targeted
mRNA-encoding protein, TRPM3, in photophobia mice.
The experimental groups included: (i) The TRPM3 selec-
tive antagonist, isosakuranetin (ISO, 10 mg/kg, BaoJi
Herbest Bio-Tech Co., Ltd, China) in photophobia mice
(i.n. 150 pg/kg UMB); (ii) Vehicle (i.p. 0.25% DMSO)
group in photophobia mice (i.n. 150 ug/kg UMB) only;
(iii) Control group (i.p. 0.25% DMSO) in mice without
photophobia (i.n. 0.2% DMSO). Either ISO or its vehicle
was intraperitoneally injected (i.p.) for two consecutive
days (Supplemental Fig. 2). The test drug was injected
between the two acclimations on day 1, followed by
another injection on day 2 immediately after the photo-
phobia induction.

Mouse behavior was analysed by categorizing respond-
ers to UMB/vehicle administration. Responders were
defined as those mice whose total time in the light box
(total time in light) fell outside mean + 1 SD (exclud-
ing mice treated with either sSANEAT1-AAV in Series
1 or ISO treatment in Series 2). Only responders were
included for further experiments and statistical analy-
sis. The total time in light was quantified as a behavioral
parameter to assess the degree of light avoidance. Given
that photophobia involves motor activity, transition
times between the light and dark boxes was also assessed.

Adeno-associated viral vector production

In order to knock down NEAT1 in mice, we used the
adeno-associated virus (AAV) vector serotype 9 that
express short hairpin RNA (shRNA) targeting the
sequence of NEAT1 (GCTTCCAAAGCGCCTTTA
ACA) or negative control (TTCTCCGAACGTGTCA
CGT). These AAVs were synthesised and cloned into
GV478 (U6-MCS-CAG-EGFP) vector with BsmBI sites
(Shanghai Genechem Co., Ltd.). The recombinant vec-
tor was detected by DNA sequencing. The viral vec-
tor was transfected into 293T cells using lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) together
with plasmids pHelper and pRepCap. AAV were har-
vested 72 h post-transfection and AAV9 were purified
through iodixanol gradient ultracentrifuge and subse-
quent concentration. Purified AAV viruses were titrated
using a qPCR-based method. All the AAV produced were
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administered to mice in the photophobia behavior assay
in series 1.

Histological examination

Histological examination was conducted in order to vali-
date the AAV infection efficiency of shNEAT1-AAV/
AAVNC:-infected cells of the mouse TG. Mice injected
with shANEAT1-AAV, AAVNC or PBS were anesthetised
by 5% isoflurane and transcardially perfused with PBS,
followed by 4% paraformaldehyde (P804537, Macklin,
Shanghai, China). The TG from either side were col-
lected, and fixed using 4% paraformaldehyde at 4 °C over-
night. The tissues were dehydrated in 10%, 20%, and 30%
sucrose (V900116, Sigma-Aldrich, St. Louis, MO, USA)
solutions at 4 °C overnight, then embedded in Tissue-Tek
O.C.T. Compound (4583, Sakura, Flemingweg, Neth-
erlands). TG Sect. (20 um) were prepared using a cryo-
stat (CM1950, Leica, Tokyo, Japan), fixed on glass slides
and incubated in 4’,6-diamidino-2-phenylindole (DAPI,
C1005, Beyotime, Shanghai, China) for 5 min. The inten-
sity of the enhanced green fluorescent protein (EGFP)
was imaged using a confocal laser scanning microscope
(LSM880, Zeiss, Jena, Germany) after addition of the
mounting solution (P0126, Beyotime, Shanghai, China).

RNA sequencing

RNA sequencing was used to investigate how IncRNAs
and miRNAs alter in the TG of photophobia mice. To
minimise the animal use, we promptly dissected TG from
the photophobia mice induced by UMB (i.n. 150 pg/kg)
and control mice (i.n. 0.2% DMSO) following behav-
ior recording, as reported earlier [9]. The combined
left and right TG of each mouse were rapidly homog-
enated in liquid nitrogen, aliquoted and stored at -80
degree (906GP-ULTS, Thermo Scientific, Finland) for
total RNAs extraction. One aliquot RNA samples were
shipped to Beijing Genomics Institute (BGI, Shenzhen,
China) for cDNA library construction using MGIEasy
RNA Library Prep Kit (1000005276, MGI, Shenzhen,
China) for IncRNAs and MGIEasy Small RNA Library
Prep Kit (BGI-Shenzhen, China) for miRNAs. The library
was amplified using Phi29 DNA polymerase (A39392,
Thermo Fisher Scientific, Waltham, MA, USA) to gen-
erate DNA nanoballs (DNBs) containing more than 300
copies. Finally, the DNBs were sequenced using combi-
national probe anchor synthesis-based DNBSEQ-500
sequencer (BGI, Shenzhen, China) for IncRNAs and
using G400 platform (BGI-Shenzhen, China) to generate
sequencing reads of SE50 bases length for miRNAs.

Screening altered LncRNAs, miRNAs and mRNAs

Following RNA-sequencing, we identified candidate
IncRNAs and miRNAs in the TG of photophobia mice by
comparing them to the control. Mouse reference genome
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version GRCm39 was used for whole genome transcrip-
tome analysis, and Salmon was used to call quantified
transcripts of individual samples [22]. For differential
analysis of the transcript expressions, DEseq2 package
and its functions were used. Comparisons between pho-
tophobia vs. control were performed and FDR correc-
tion was applied for nominal P-values. In order to make
comparisons among different groups, genes with mul-
tiple Ensembl Gene IDs were consolidated. Differential
IncRNAs and miRNAs were determined as those with
an adjust P-value<0.05 and| log2foldchange| > 0. Differ-
ential expressed mRNAs were screened using the same
protocol, the results of which have been reported in our
previous study [9].

Quantitative polymerase chain reaction (qPCR)

Quantitative PCR analysis was used to validate RNA-seq
data using. We used the TG tissues and RNA from the
same animal cohort as those for RNA-sequencing. The
total RNAs were reverse transcribed to cDNA using GoS-
cript Reverse Transcription System (A5001, Promega) for
NEAT1 and mRNAs. For miR-196a-5p, cDNA was syn-
thesised using the stem-loop method using miRNA 1st
Strand cDNA Synthesis Kit (MR101, Vazyme). Peptidyl-
prolyl isomerase A (PPIA), B-actin (ACTB), U6 and 18 S
were used as reference genes. Primers for NEAT1 and
mRNAs were designed using Primer Premier 5 and prim-
ers for miR-196a-5p, U6 and 18 S were designed using
miRNA Primer Design or provided by Vazyme (Table 1).
All primers were validated prior to qPCR analysis. The

Table 1 The forward and reverse primer sequences of selected
RNAs for gPCR analysis

Gene Accession Primer
sequences
(5'-3")
Neatl NR_131212.1 Forward AGGAGAAGCGGGGCTAAGTA
Reverse TAGGACACTGCCCCCATGTA
Trom3 XM_036161558.1 Forward TATGTACCATAGGTATCGCCC
Reverse GGTATGGTCGGACTACATCTC
Slc7a2 NM_007514.3 Forward GGGGTCATTTCTGCTGTGA
Reverse GCTGGTCATAACACAAGCCA
Rnf38 NM_175201.7 Forward TAGCAACCACCAGTCAGAGC
Reverse GGCAGGTACGGTTTCCCTTA
miR-  MIMAT0000518  Forward CGCGCGTAGGTAGTTTCATGTT
196a- Reverse AGTGCAGGGTCCGAGGTATT
5p
ACTB NM_007393.5 Forward CTGTCCACCTTCCAGCAGAT
Reverse CGCAGCTCAGTAACAGTCCG
PPIA° NM_017101.1 Forward TTGCTGCAGACATGGTCAAC
Reverse TGTCTGCAAACAGCTCGAAG
ué 19,862 Forward CTCGCTTCGGCAGCACA
Reverse AACGCTTCACGAATTTGCGT
18S 19,791 Forward GTTCCGACCATAAACGATGCC
Reverse TGGTGGTGCCCTTCCGTCAAT
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qPCR reaction was performed using GoTaq qPCR Mas-
ter Mix (A6002, Promega) and miRNA Universal SYBR
qPCR Master Mix (MQ101, Vazyme) in QuantStudio 5
Real-Time PCR System (Applied Biosystems). The level
of individual RNA was normalised to the geometric
mean of P -actin and PPIA or 18 S and U6 using the 2
(A% method.

Prediction of miRNA-mRNA/IncRNA coupling and ceRNA
network construction

In order to predict the potential interactions between
altered miRNA-mRNA and altered miRNA-IncRNA,
we used the widely cited, recently updated miRNA tar-
geting databases based on CLIP-seq, various high-
throughput sequencing data and experimentally verified
miRNA-target interactions. Starbase and miRWalk were
simultaneously used to predict putative miRNA-mRNA
interactions, and only mRNAs that were jointly predicted
by both databases were included in this study [23, 24].
For IncRNAs, those predicted by the starBase and Tar-
getScan databases were all included in this study [24,
25]. Additionally, miRTarBase serves as a comprehensive
repository of miRNA-target interactions that have been
experimentally validated by reporter assays, Western
blot analysis, microarray and next-generation sequencing
[26]. Subsequently, we augmented the results obtained
from the aforementioned screening process by incor-
porating the miRNA-target interactions documented in
miRTarBase.

Based on the above miRNA-mRNA/IncRNA interac-
tions, we applied those mRNAs and IncRNAs that were
both altered following photophobia induction for con-
structing miRNA-IncRNA/mRNA interactions. Accord-
ing to ceRNA theory, IncRNAs or mRNAs have inverse
relationships with miRNAs; mRNAs and IncRNAs have
positive associations. Thus, two regulatory scenarios will
be taken into account: (i) up-regulated IncRNA-downreg-
ulated miRNA-upregulated mRNA; (ii) downregulated
IncRNA-upregulated miRNA-downregulated mRNA.
So, the Pearson correlation coefficient for IncRNAs and
mRNAs that were targeted by the same miRNA were cal-
culated, and the mRNA- IncRNA pairs with >0, p<0.05
were chosen. The ceRNA network was visualised with
Cytoscape software [27].

Dual-luciferase reporter gene assay

In order to further determine the interaction between
NEAT1 and Mirl96a-1/2, Trpm3 and Mirl96a-1/2, a
dual-luciferase reporter gene assay was performed using
a detection kit according to the manufacturer’s pro-
tocol (Promega, Wisconsin, USA). The reporter con-
structs containing the IncRNA NEAT1 wild-type (WT)
or mutant (Mut) 3’-UTR were transfected into human
embryonic kidney (HEK) 293-T cells with miR-196a-5p
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mimic or mimic NC using lipofectamine 3000 reagent
(miR-196a-5p is the mature sequence of Mirl96a-1/2).
After a 48-hour transfection, the relative luciferase activ-
ity of the cells was tested using the Dual-Luciferase
Assay System (Promega). Similarly, the targeting bind-
ing relationship between Trpm3 and miR-196a-5p was
determined using the methods mentioned above. Each
transfection was performed six times.

Data presentation and statistical analysis

Raw experimental data were analysed using GraphPad
Prism 9.4.1. Normality test was performed for all quan-
titative data by Shapiro-Wilk test. For comparisons
between two independent groups, if the data passed the
normality test, the data were presented as mean+SEM
and analysed by one-way ANOVA was used for compari-
son of independent groups, followed by unpaired t-test;
if not, the data were analysed by Kruskal—Wallis followed
by Mann-Whitney test. The criteria used for data exclu-
sion during the analysis is that, for a normally distributed
data set, the outlier points were removed by eliminating
any points that were beyond (mean + 3* standard devia-
tion); For an abnormally distributed data set, the out-
lier points were removed by eliminating any points that
were beyond (Q3 + 1.5*IQR) (Q1: first quartile, Q3: third
quartile, IQR: interquartile range). For data between two
dependent experimental groups (before and after pre-
treatment of test drugs), paired t-test was used for com-
parison. Data presentation of each quantitative data set
was described in respective figure legend. Significant
differences were shown by P<0.05, P<0.01, P<0.001, or
P<0.0001.

Results

Induction of NEAT1 gene expression in the TG of
photophobia mice

RNA-sequencing analysis showed a profound alteration
of IncRNAs in the TG of photophobia mice when com-
pared with control group. Among a total of 125 IncRNAs
altered (Fig. 1A), 106 (84.8%) IncRNAs were upregulated
while 19 (15.2%) downregulated (Fig. 1B). Particularly
noted was that the upregulation of NEAT1 by photopho-
bia (padj=0.0151, n=7, Fig. 1C). Further qPCR analysis
showed a consistent increase in the RNA level of NEAT1
(P=0.0489, n=7, Fig. 1D) with the quantitative difference
attributable to methodological variations between RNA-
seq and qPCR detection. These findings indicate a rapid
activation of TG, associated with differentially expressed
IncRNAs, especially NEAT1, following photophobia
induction.
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Knockdown NEAT1 alleviated light aversion behavior in
mice

Given the notable upregulation of NEAT1 following pho-
tophobia testing (Fig. 1), we explored the role of NEAT1
in mice exhibiting photophobia. SANEAT1-AAV9 vec-
tor was administered to mice intravenously to achieve
global NEAT1 knock down. AAV-NC and the vehicle
(PBS) was injected as controls. After a 14-day incuba-
tion period, light aversion was induced, followed by the
behavior assessment. We found that intranasal injection
of UMB (150 pg/kg, i.n) to mice markedly reduced total
time in light in the PBS control group (147.8 +58.96s,
P=0.0005, n=11, Fig. 2A) when compared to its self-
control (427.1+58.93s), indicating successful induc-
tion of light aversion behavior. Similar light avoidance
was also observed in mice administered with AAV-NC
(2.50E +13v.g./kg, iv., 156.5+41.42s, n=11) when com-
pared to the self-control (326.7+34.63s, P=0.0005,
n=11, Fig. 2. C), suggesting the AAV negative con-
trol does not affect light aversion behavior. Differently,
such light avoidance was not observed in NEAT1 knock
down mice by shNEAT1-AAV (2.50E+13v.g./kg, iv.,
730.4+187.5s, n=12) when compared to its self-control
(621.8+149.2s, P=0.1083, n=12, Fig. 2B), suggesting
knocking down NEAT1 counteracted the light avoid-
ance. Further analysis showed that the total time in light
after injection of SAINEAT1-AAV (468.7 +76.23s, n=10)
was significantly higher than that in PBS (98.10 + 35.04s,
P=0.0002, n=10) or AAV-NC group (126.2+31.27s,
P=0.0007, n=10, Fig. 2D). Consistently, when the
data were presented as relative values, normalised to
self-control, to minimise variations and animal mem-
ory effects in the bright light, mice administered with
shNEAT1-AAYV had significantly higher total time in light
(1.013+0.1281, n=11) compared to that in the vehicle
group (0.1617+0.04581, P<0.0001, n=11) or the AAV
negative control group (0.4592+0.09446, P=0.0012,
n =11, Fig. 2E). Additionally, mice with NEAT1 knocking
down via ShNEAT1-AAV exhibited no significant differ-
ence in baseline transition times compared to negative
controls prior to photophobia induction. However, fol-
lowing photophobia induction, shNEAT1-AAV-treated
mice showed markedly increased transition times relative
to SANEAT1-AAV-NC control (Supplementary Fig. 3).
Collectively, the above data demonstrated that knocking
down NEAT1 can alleviate mouse light aversion behavior
and the associated motor activity.

To confirm the effectiveness of NEAT1 knockdown,
we examined the RNA level of NEAT1 in TG cells of all
mice infected with AAV that targets the EGFP sequence
in the AAV vector, using histological examination.
The results showed that TG cells in mice injected with
shNEAT1-AAV or AAV negative control, but not PBS,
had successful AAV infection as shown in cyan (Fig. 2F),
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Fig. 2 Knockdown of NEATT alleviated C57BL/6J mouse light aversion behavior induced by intranasal injection of UMB. Light aversion was induced
by intranasal injection (i.n.) of UMB (150 pg/kg). There was a total of three experimental groups: (1) photophobia (PBS, vehicle, i.v.), NEATT knockdown
(2.5E+13vg/kg AAV-shNEATT, AAV, i.v.) and AAV negative control (2.5E+13vg/kg AAV-NC, AAVNC, i.v.) groups. AAV-shNEAT1, AAV-NC and PBS were tail-
vein injected 14 days prior to photophobia induction. Light aversion behaviour of each mouse was recorded before and after light aversion induction for
self-comparison. (A-C) Total time in light (sec) of individual mouse before and after light aversion induction in the PBS (A), ShNEAT1-AAV (B) and AAV-NC
(C) groups. (D) Comparisons of total time in light (sec) after light aversion induction between the PBS and AAV, shNEAT1-AAV and AAV-NC groups. (E)
Comparison of total time in light normalised to respective self-control among the PBS, shNEAT1-AAV, AAV and AAV-NC groups. (F) Representative images
showing histological examination of AAV-infected cells in the TG of photophobia mice compared with the PBS control. (G) gPCR data on RNA levels of
NEAT1 in the TG of three groups presented by the fold changes normalized to the geometric mean of the two reference genes (3-actin and PPIA). Blue
indicates TG cell nucleus stained by DAPI; Green indicates cells infected by AAV vector. Group data were presented as mean +SEM. One-tailed unpaired
t-test was used for comparisons among two independent groups. Significant differences were indicated by ns not significant, * P<0.05, ** P<0.01, ***
P<0.001, or **** P<0,0001; #P<0.05, #P<0.01, *#*P<0.001. *Indicates comparison between dependent groups. ‘Indicates comparison between inde-
pendent groups

indicating successful AAV infection within the TG. Addi-
tionally, quantitative analysis demonstrated that NEAT1
was downregulated in the TG of sShANEAT1-AAV mice
(0.6527 £0.05710, n=8) compared to the PBS group
(1.000+0.08208, P=0.0018, n=8) and AAV-NC group
(0.8711+0.2254, P=0.0242, n=8, Fig. 2G). This data
underscores the efficacy of the knockdown approach for
investigating the behavior outcomes of NEAT1 depletion.
Taken all together, these data confirmed that NEAT1
knockdown effectively alleviated mouse light aversion
behavior, suggesting the importance of NEAT1 in light
aversion involving TG activation.

Prediction of an upregulated ceRNA network modulated
by NEAT1 in the TG of light aversion mice

Given the critical role of NEAT1 in light aversion, we
explored how NEAT1 could potentially regulate pho-
tophobia by influencing the ceRNA network in the TG.
miRNA sequencing and qPCR analysis identified a total
of 7 differentially expressed miRNAs in mice exhibiting
photophobia compared to the control (Fig. 3A), of which
Mir-133a-2, Mir-33 and Mir-3106 were upregulated, and
Mir-196a-1, Mir-196a-2, Mir-767 and Mir-5119 down-
regulated (Fig. 3B). Based on the ceRNA theory [17],
IncRNAs can act as competing molecules by binding to
miRNAs, thereby regulating the expression of mRNA.
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Fig. 3 An upregulation ceRNA network modulated by NEAT1 was predicted in the TG of light aversion mice. (A) The heatmap showed the RNA level
of 7 altered miRNAs in each sample of control (DMSO) and photophobia (UMB) groups. (B) The volcano plot depicted the numbers of 7 differentially
expressed INcRNAs (|log2FoldChange|>0, adjusted P-value < 0.05) between UMB vs. DMSO groups, of which 4 downregulated, while 3 upregulated. (C) A
Sankey Diagram illustrated the interactions of the RNAs among the upregulatory ceRNA network modulated by NEATT in the TG of light aversion mice.
The expression level of Trom3 (D), Rnf38 (E), Slc7a2 (F), Mir196a-1 (G) and Mir196a-2 (H) in TG of control and photophobia mice accessed by RNA sequenc-
ing analysis. Validation of the gene expression of Trom3 (1), Rnf38 (J) and Sic7a2 (K) in the TG of mice in photophobia group and control group using gPCR.

Group data were presented as mean + SEM. One-tailed unpaired t-test was used for comparisons among two independent groups. Significant differences
were indicated by ns not significant, * P<0.05, ** P<0.01, *** P<0.001, or **** P<0.0001
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Therefore, we integrated sequencing data from miRNAs,
along with differentially expressed mRNAs and IncRNAs
induced by photophobia, and utilised four online data-
bases containing mRNA-miRNA and IncRNA-miRNA
interactions to construct a ceRNA network. We identi-
fied IncRNA-miRNA-mRNA interactions from the data-
bases based on a positive correlation in expression trends
between IncRNAs and mRNAs, as well as a negative cor-
relation in the expression trends between miRNA and
IncRNA/mRNAs, as derived from the RNA sequencing
data. The results revealed the prediction of an upregu-
lated ceRNA network in the TG of photophobia mice,
which include NEAT1, Mir-196a-1, Mir-196a-2 and 10
mRNAs (Fig. 3C).

Within this network, Mir-196a-1 and Mir-196a-2 were
the only miRNAs identified, both of which serve as pre-
miRNAs for miR-196a-5p. This made miR-196a-5p a
compelling candidate for further investigation. There-
fore, we focused on miR-196a-5p for further validation
to refine and narrow down the list of potential targets.
In consistent with the RNA-sequencing results (Fig. 3D-
F), the qPCR analysis confirmed that 3 differentially
expressed genes, Trpm3, Rnf38 and Sic7a2, were all
upregulated by photophobia (Fig. 3I-K). Due to the lim-
ited quantity of TG tissue available, which was insuf-
ficient for further qPCR analysis, RNA levels of the
miRNAs were exclusively represented by RNA-sequenc-
ing data, showing downregulation of Mir-196a-1 and
Mir-196a-2 when compared to the control (Fig. 3G and
H). These findings demonstrated the upregulated ceRNA
network involves NEAT1, miR-196a-5p, and the three
targeted mRNAs, indicating a potential pathway through
which NEAT1 in the TG contributes to photophobia
behavior.

NEAT1 enhances miR-196a-5p/Trpm3 axis following
photophobia behavior

Among the three novel mRNAs identified, Trpm3 was
identified to have a strong target potential as it was tar-
geted by both Mir-196a-1 and Mir-196a-2 within the
upregulated ceRNA network; while other mRNAs were
targeted by only one miRNA. Additionally, Trpm3-
encoding protein, TRPM3, has been previously reported
to function in meningeal terminals of the TG nerve
[28]. We therefore validated the predicted ceRNA net-
work by assessing the RNA level of Trpm3 and miR-
196a-5p in the TG of all photophobia mice injected
with PBS, shNEAT1-AAV and AAV-NC groups. The
results revealed that miR-196a-5p was upregulated in
the NEAT1 knockdown group (1.230+0.3486, n=38)
compared with the PBS control group (0.4431+0.1501,
P=0.0296, n=6), showing a similar increasing trend to
the AAV-NC group, although it did not reach statistical
significance (1.230+0.3486, n=38, Fig. 4A). On contrary,
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Trpm3 was downregulated in the NEAT1 knockdown
group (0.6146 +0.05270, n =8) compared to the PBS con-
trol (1.000+0.1375, P=0.0158, n=7) and negative AAV
control (1.007 £0.1524, P=0.0193, n=8, Fig. 4B). These
findings suggest that that knocking down NEAT1 leads to
the upregulation of miR-196a-5p and downregulation of
Trpm3, in the TG of photophobia mice, aligning with the
predictions of the ceRNA theory.

Sequence-based binding site predictions indicate
that miR-195a-5p has potential binding sites with both
NEAT1 (Fig. 4C) and Trpm3 (Fig. 4D), but not their
mutations. It is worth noting that the miR-196a-5p—bind-
ing site at the Trpm3 3’-UTR and NEAT1 is evolution-
arily conserved among human and mouse (Fig. 4E & F),
suggesting that regulation of TRPM3 by miR-196a-5p
and NEAT1 is functionally important. We therefore
investigated whether NEAT1 could potentially influ-
ence photophobia through its physical interactions
with miR-196a-5p and the interaction between miR-
196a-5p and Trpm3, using dual-luciferase reporter gene
assay. The results revealed that miR-195a-5p mimic
(0.6855+0.005067, n=6), but not its negative con-
trol (1.00+0.02104, P<0.0001, n=6, Fig. 4G), was able
to robustly reduce the luciferase activity driven by the
3’-UTR of NEAT1 in HEK 293-T cells. Such reduction
vanished when a mutation was introduced to the pre-
dicted seed sequence of NEAT1 3'-UTR (P=0.8821,
n=6, Fig. 4G). The interaction between miR-196a-5p and
Trpm3 yielded similar results, demonstrating that, com-
pared to its negative mimic (1.00+0.01712, n=6), the
miR-196a-5p mimic reduced the luciferase activity driven
by the 3’-UTR of Trpm3 (0.9062+0.01039, P<0.0001,
n=6), indicating its inhibitory effect on Trpm3 expres-
sion (Fig. 4H). Such reduction was not observed when a
mutation was introduced to the predicted seed sequence
of Trpm3 3'-UTR (n=6, Fig. 4H). These findings con-
firmed the coupling of miR-196a-5p/NEAT1 and miR-
196a-5p/Trpm3 in HEK 293-T cells. Taken together, our
data revealed that NEAT1 promotes photophobia behav-
ior via miR-196a-5p/Trpm3 axis.

TRPM3 inhibition by isosakuranetin reduced light aversion
behavior in mice

We further confirmed the role of TRPM3 in light aver-
sion by intraperitoneally administrating the TRPM3
selective antagonist, ISO (10 mg/kg) or its vehicle (0.25%
DMSO) to mice for two consecutive days prior to induc-
ing photophobia behavior. As we reported earlier [9], the
results showed a successful induction of photophobia
behavior after intranasal injection of UMB when com-
pared to the control group (Fig. 5). The total time in light
(129.7 £32.97s, n=10) was significantly lower after pho-
tophobia induction than that in control (266.5 +68.29s,
P=0.0461, n=10, Fig. 5D). Similar to knocking down
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Fig. 5 Inhibition of TRPM3 reversed the photophobia behavior of C57BL/6J induced by intranasal injection of UMB. Light aversion was induced by in-
tranasal injection (i.n.) of UMB (150 pg/kg). 0.2% DMSO was injected as the model control. There was a total of three experimental groups: control group
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NEATI1, such photophobia behavior was reversed by
pre-treatment of ISO as the total time that photophobia
mice spent in the light zone restored to a similar level
as the control (360.2+109.9s, P=0.007, n=9, Fig. 5D).
Consistently, when the data were presented as relative
values, normalised to self-control, to minimise animal
memory effects in the bright light, photophobia mice had
a significantly lower total time in light (0.2532 +0.05387,
n=9) than the model control (0.7592 +0.1840, P=0.0110,
n=11, Fig. 5E). Such reduction was counteracted by the
pretreatment with ISO (0.8916 +0.1186, P=0.0326, n=9,
Fig. 5E). It was noted that a slight, yet statistically sig-
nificant decrease in the total time in light was observed
in the model control group compared to its self-control
(P=0.0213, n=11, Fig. 5A), potentially attributable to
the effect of the vehicle used. Additionally, analysis also
revealed that the photophobia mice exhibited reduced

baseline transition times compared to the model control.
Differently, pretreatment of ISO restored the transition
times following photophobia induction (Supplementary
Fig. 4). Collectively, these findings revealed that, simi-
lar to NEAT1 knock down, TRPM3 inhibition reduces
mouse light aversion behavior.

Discussion

NEAT]1 is a stress-responsive transcript at cellular level
and is crucial for fine-tuning brain functions to enable
adaptive behaviour in response to various stress [29]. Our
study reveals that NEAT1 plays a pivotal role in photo-
phobia mechanism through the activation of ceNRA net-
work within the trigeminal ganglion. The present findings
demonstrate: (i) trigeminal ganglion activation in pho-
tophobia mice involving profound IncRNA alterations
including the upregulation of NEAT1; (ii) reduction of
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NEAT1 expression in the TG and alleviated light aversion
behavior when NEAT1 is knocked down; (iii) elevation
of NEAT1 expression corresponds to downregulation of
miR-196a-5p and upregulation Trpm3 RNA level in the
TG of photophobia mice; (vi) predicted NEAT1/miR-
196a-5p ceRNA network in photophobia mice; (v) upreg-
ulation of miR-196a-5p and downregulated Trpm3 gene
expression level, in the TG of photophobia mice when
NEAT1 is silenced; (vi) NEAT1 interacting with miR-
196a-5p, whilst miR-196a-5p interacting with Trpm3
at cellular level; (vii) alleviated photophobia-like behav-
ior by TRPM3 inhibition. Collectively, these observa-
tions support the crucial role of NEAT1 in photophobia
mechanism by which NEAT1 within the TG contributes
to photophobia via NEAT1/miR-196a-5p/Trpm3 axis.
Lastly, the data highlight a potential novel therapy for
migraine prevention with activity against NEAT1/miR-
196a-5p/ Trpm3 pathway.

NEAT1 is ubiquitously expressed in the central ner-
vous system, with high expression in glial cells and low
expression in neurons [29]. Building on the existing data,
we first confirmed NEAT1 expression in the mouse TG,
the tissue essential for processing signals associated
with photophobia behaviour [5-7, 9]. This data suggest
NEAT1 is implicated in the TG function. Our results
then reveal a rapid upregulation of NEAT1 expression in
the TG following light aversion induced by an activator
of a stress-sensing cation channel, TRPA1, while silenc-
ing NEAT1 by shNEAT1-AAV vectors correspondingly
alleviates light aversion behavior. These findings highlight
the significance of NEAT1 as a key regulatory IncRNA
in photophobia pathogenesis. Whereases this is, to our
knowledge, the first study pointing a IncRNA functions in
migraine-related mechanism, earlier studies have already
investigated alterations of NEAT1 in stressed cells [30],
as well as in models of anxiety [29], neurodegenerative
diseases [14] and neuropathic pain [15]. For instance,
in line with our findings, global NEAT1 knockout
(Neat1™'~ mice) displays a distinct behavioural pheno-
type manifested in decreased anxiety [29]. Consistently,
in neuropathic pain models, NEAT1 increases proinflam-
matory genes by stabilising its interacting mRNAs in the
dorsal root ganglion of rats [14], and overexpression of
NEAT1 enhances the expression of cytokines [16]. There-
fore, we propose that NEAT1 plays a pivotal role in stress
signaling, including photophobia induction, and altered
NEAT1 expression is a common feature in multiple neu-
rological disorders [14—16], which may underlie certain
common phenotypes including behaviour and neuroin-
flammation. Further, the profound IncRNA alterations
and the prompt NEAT1 upregulation in the TG following
light aversion induction suggests NEAT1-mediated TG
activation in processing photophobia. Given that light
aversion is induced by UMB that can trigger headache via
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activating TRPA1 to transmit stress signal to the trigemi-
novascular system, our data offer new insights into the
functional interplay between NEAT1 and TG activation
in photophobia mechanism.

How does NEAT1 contribute to photophobia?
According to the proposed ceRNA theory in 2011 [17],
IncRNA-miRNA-mRNA interactions may the mecha-
nism underlying this observation. Previous research has
revealed ceRNA interactions play a role in the develop-
ment of neurological and cancer conditions. For instance,
NEAT1 regulates spinal cord injury-induced neuropathic
pain via miR-128-3p/AQP4 axis in rats [16] and NEAT1
promotes colorectal cancer cell proliferation and migra-
tion via coupling miR-196a-5p in human colon cancer
cell lines [31]. In the current study, we report that, in the
TG, downregulation of Mir-196a-1 and Mir-196a-2, the
two pre-miRNAs for miR-196a-5p, corresponds to the
upregulation of NEAT1 following photophobia. Addi-
tionally, the miR-196a-5p was upregulated in the TG
of photophobia mice when NEAT1 is knocked down.
These data imply a close association of NEAT1 with
miRNA-196a-5p following photophobia. Further data
by dual-luciferase reporter gene assay showed a physi-
cal interaction between miR-196a-5p and NEAT1 in
HEK293 T cells, supporting their coupling following
photophobia. These findings approve the importance
of NEAT1 in contributing photophobia involving miR-
196a-5p and extend previous report on the role of miR-
196a-5p in Huntington’s disease and spinal and bulbar
muscular atrophy models [32-34].

What might be the specific target RNA that compete
with NEAT1 for miR-196a-5p? We previously reported
an upregulation of Trpm3 gene expression in the TG of
photophobia mice [9]. In this study, such alteration fol-
lowing photophobia is restored when NEAT1 is silenced,
which corresponds to the reduction of miR-196a-5p;
Similar as NEAT1, Trpm3 also bind to miR-196a-5p in
HEK293 T cells. Based on these data, we propose Trpm3
as the target mRNA that can compete with NEAT1 for
miR-196a-5p during photophobia processing. This data
has clinical implications as the organisation of the Trpm3
genes is highly conserved in mice, rats and humans,
indicating common functions of their gene products
[35]. Furthermore, our bioinformatic analysis predicts a
NEAT1/miR-196a-5p/Trpm3 network in photophobia
mice. Taken together, these findings represent a previ-
ously unrecognised mechanism underlying the NEAT1-
regulated photophobia by which NEAT1 competes with
Trpm3 by coupling with miRNA-196a-5p as a ceRNA
network.

The organisation of the Trpm3 genes is highly con-
served in mice, rats and humans, indicating common
functions of their gene products [35]. The importance of
Trpm3 axis in photophobia is confirmed by examining
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Fig. 6 Schematic representation of the proposed regulatory mechanism of NEAT1 in UMB-induced light aversion via miR-196a-5p/Trpm3 axis. Triggers
of photophobia, such as UMB, upregulate gene expression of NEAT1, which enhances Trom3 gene expression by inhibiting miR-196a-5p expression
and activity through competing endogenous RNA mechanism. This upregulation of Trom3 gene expression may lead to the production of the TRPM3
protein, whose activation sustains trigeminovascular sensitization via calcium influx and neuroinflammation, ultimately affecting photophobia behavior.
The figure was created in BioRender. Lab, M. (2025). https://BioRender.com/bema83j5. TRPAT, Transient receptor potential ankyrin type 1. TRPM3: Transient

receptor potential melastatin-3

the role of the Trpm3-encoding protein, TRPM3. TRPM3
is a multimodal calcium-permeable cation channel with
a specific expression pattern, including cells in the brain,
eye, kidney, sensory neurons of the peripheral system [36,
37]. TRPM3 channel can profoundly activate peripheral
trigeminal nerve fibers in mouse meninges with its selec-
tive agonists in mice [38]. In line with these findings, in
this study, inhibition of TRPM3 ameliorates mouse light
aversion behavior, supporting that TRPM3 plays a crucial
role of in maintaining trigeminal ganglion sensitisation
in driving photophobia processing and supporting the
NEAT1/miR-196a-5p/Trpm3 ceRNA network involve-
ment in photophobia.

Our study has limitations. First, we identified NEAT1
upregulation corresponds to miR-196a-5p downregula-
tion in the photophobia model and their physical interac-
tions in HEK293 T cells, but lack of direct measurement
of their interaction in the photophobia model, which
prevents us from conclusively state the role of NEAT1/
miR-196a-5p/Trpm3 axis in photophobia. Second, we
identified gene expression of Trpm3 in the TG, but
TRPM3 production and its activity were not assessed in
the model when NEAT1 is knockdown. Third, migraine
predominantly affects females [2], and nociceptive firing

induced by a TRPM3 activator is particularly prominent
for female mice [38]; However, the role of NEAT1 and
TRPM3 were not assessed in female mice in the pres-
ent study. Further investigation into future comparative
gender analysis is warranted. Therefore, caution should
be noted when extrapolating these findings to human
conditions. Considering the NEAT1 expression in the
TG and its functional significance in photophobia, future
studies should investigate cell-type-specific NEAT1 dis-
tribution patterns and NEAT1/miR-196a-5p interaction
within TRPM3-positive TG neurons and satellite glial
cells. Additionally, investigation of NEAT1’s role in com-
plementary behavior assessment (e.g., head-scratching,
Von Frey filament assays and facial allodynia evaluation)
would provide valuable insights into various migraine-
related phenotypes. While NEAT1 is well-established as
a regulator of inflammatory gene expression in the pain
disorder [16] and neuroinflammatory mechanisms are
central for photophobia and migraine pathophysiology,
a direct mechanistic link between NEAT1 and neuroin-
flammation in driving trigeminovascular sensitisation or
headache progression also worth future exploration.
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Conclusion

This study reveals a crucial role of NEAT1 in contribut-
ing to photophobia processing in mice involving NEAT1/
miR-196a-5p/Trpm3 ceRNA network activation. We
propose a novel regulatory mechanism of photopho-
bia by which migraine triggers, such as UMB, stimulate
nociceptors of trigeminal ganglion, inducing NEAT1
and Trpm3 expression, which compete for binding to
miR-196a-5p in driving trigeminal ganglion sensitisa-
tion, leading to photophobia. The induction of Trpm3
gene expression may lead to the production of TRPM3,
playing a role in maintaining trigeminovascular sensiti-
sation through calcium influx and neuroinflammation,
ultimately influencing photophobia behavior (Fig. 6). This
finding provides novel insights into the molecular mech-
anisms underpinning photophobia and suggests NEAT1
as a potential therapeutic target for photophobia.
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