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Annexin A1 exerts analgesic effect in a mouse
model of medication overuse headache

Zihua Gong,1,2,3 Chunxiao Yang,1,4 Wei Dai,1 Shuai Miao,1 Yingyuan Liu,1,2 Zhiyang Jiao,5 Bozhi Li,1 Wei Xie,1,2

Wei Zhao,1,2 Xun Han,1 Shengyuan Yu,1,2,* and Zhao Dong1,2,6,*

SUMMARY

Medication overuse headache (MOH) is a serious global condition. The interaction between headache at-
tacks and medication overuse complicates the understanding of its pathophysiology. In this study, we
developed a preclinical MOHmodel that incorporates these two key factors by overusing rizatriptan ben-
zoate (RIZ, 4 mg/kg, i.g.) in a glyceryl trinitrate (GTN, 10 mg/kg, i.p.) induced chronic migraine mouse
model. We observed that RIZ overuse aggravated GTN-induced cutaneous allodynia and caused a pro-
longed state of latent sensitization. We also detected a significant upregulation of Annexin-A1
(ANXA1), a protein mainly expressed in the microglia of the spinal trigeminal nucleus caudalis (SPVC),
in GTN+RIZ mice. Intracerebroventricular injection of ANXA1-derived peptide Ac2-26 trifluoroacetic
acid (TFA) (5 mg/mouse) inhibited bright light stress (BLS) induced acute allodynia via the formyl peptide
receptor (FPR) in GTN+RIZ mice. These results suggest that ANXA1 may have an analgesic effect in trip-
tan-associated MOH and could potentially serve as a therapeutic target.

INTRODUCTION

Migraine is a severe disabling neurological disorder affecting hundreds of millions of individuals worldwide. The treatment of acute headache

attacks is an important part of the clinical management of migraine. However, frequent and excessive intake of acute anti-migraine drugs or

analgesics can cause a new type of headache or significant worsening of pre-existing headache, known as medication overuse headache

(MOH).1 MOH is also a worldwide condition affecting about 100 million people2 with a prevalence range of 1%–2%,3 and is associated

with substantial socioeconomic consequences.4 Although MOH has been recognized for decades, the development of specific treatments

has been slow, in part as a result of an incomplete understanding of its pathophysiology.

Existing clinical data suggest multiple factors may be involved in MOH pathophysiology, including central sensitization of the trigeminal

and somatic nociceptive systems, abnormal spinal cord pain processing and cortical responses to somatosensory stimulation, and genetic

predisposition.5–9 Meanwhile, several preclinical MOHmodels have been developed by overusing analgesics alone, such as triptans, nonste-

roidal anti-inflammatory drugs, opioids, and paracetamol, in normal animals. Studies using thesemodels have explored the pathophysiology

of MOH and found that prolonged analgesic administration can induce sensitization of pain pathways.10–12 For instance, chronic exposure to

opioids and triptans in rats has been shown to generalize cutaneous allodynia and create a state of latent sensitization to migraine triggers,

such as environmental stress stimulus and nitric oxide (NO). These changes coexisted with an enhancement of the calcitonin gene-related

peptide (CGRP) and neuronal NO synthase in trigeminal ganglion (TG) dural afferents.11,12 Recent studies have shown that sustained suma-

triptan exposure results in anomalous activation of the Nav1.9 channels in the TG by NO, thereby promoting MOH.10 Other animal studies

found that repeated exposure to acute migrainemedication affected cortical excitability, including increased frequency of cortical spreading

depression (CSD)13,14 and decreased electrical stimulation threshold of CSD.15 These preclinical studies provided important insights into the

pathogenesis of MOH. However, the overuse of analgesics in normal animals, neglecting the role of pre-existing headache in MOH patients,

may prevent more comprehensive investigation of the underlying pathophysiology of MOH.

The spinal trigeminal nucleus caudalis (SPVC), which contains second-order trigeminovascular neurons, plays a key role in the transmission

of nociceptive signals and central sensitization in chronic headache.16 However, themechanism by which it contributes to the development of

MOH remains unclear. Thus, the present study aimed to explore whether and how SPVC mediates the underlying molecular mechanism of

MOH. To better mimic the clinical characteristics of MOH patients, we developed an MOH mouse model by overusing rizatriptan benzoate

(RIZ) in a glyceryl trinitrate (GTN)-induced chronic migraine (CM) mouse model. RIZ is a 5-HT receptor agonist selective for 5-HT1D and
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5-HT1B subtypes and used for aborting migraine attack. The GTN-induced CMmodel is developed by repeated intraperitoneal injection of

GTN in rodents and has beenwidely used for the investigation ofmigrainemechanisms and therapies because it can induce acute and chronic

basal hyperalgesia and allodynia in rodents.17–19 We validated this model with behavioral and histopathological experiments. We showed

that chronic treatment with RIZ aggravated GTN-induced cutaneous allodynia and induced a prolonged state of latent sensitization accom-

panied by increased expression of c-Fos in the SPVC response to environmental stress stimulus. The RNA-seq results of SPVC revealed that

RIZ alters the gene expression profiles in GTN mice. Further analysis and experiments showed that Annexin-A1 (ANXA1, formerly known as

lipocortin-1) in the SPVC was upregulated by the overuse of RIZ in GTN mice.

ANXA1 is a member of the annexin superfamily of calcium-dependent phospholipid-binding proteins20 that have multiple pathophysio-

logical roles in inflammation, neurodegeneration, cancer, and endocrine control.21 These biological effects of ANXA1 are mainly mediated

through three G-protein coupled formyl peptide receptors (FPR1, FPR2, and FPR3).21–23 Moreover, several studies have demonstrated the

analgesic role of ANXA1 in inflammation-associated pain.24–28 This analgesic effect is primarily achieved through an autocrine/paracrine

mechanism involving FPR1 or FPR2. However, no studies have evaluated the potential role of ANXA1 and FPR in MOH or other headache

types. In our present study, exogenous administration of ANXA1 can decrease the sensitivity of GTN+RIZ mice to environmental stress stim-

ulus during prolonged latent sensitization. Our data proves that ANXA1 plays a critical role in the triptan-associated MOH.

RESULTS

Repeated administration of RIZ aggravates GTN-induced cutaneous allodynia

To investigate the effects of RIZ overuse on cutaneous allodynia in aGTN-inducedCMmodel, we established themodel by repeatedly admin-

istering intraperitoneal injections of GTN (10 mg/kg)17 and simulated medication overuse by repeatedly administering intragastric doses of

RIZ (4 mg/kg). The drugs were administered once every two days for a total of six doses, with the first day of administration being designated

as day 0. Intraperitoneal injections were performed 30 min after gavage. To evaluate cutaneous allodynia, we measured the periorbital me-

chanical threshold (PMT) and the hindpawmechanical threshold (HMT) prior to each drug administration.We referred to thesemeasurements

as the basal mechanical threshold. The PMT and HMT were measured every 2 days from day 0 until recovery (Figure 1A). Six repeated ad-

ministrations of GTN+RIZ, GTN, or RIZ resulted in significant and time-dependent reductions in the basal PMT and HMT relative to the VEH+

SAL group (Figure 1B). In addition, the basal PMT of GTN+RIZ-treated mice decreased significantly compared with VEH+RIZ treated mice

from day 8, and the basal HMT of GTN+RIZ-treated mice was significantly lower than both GTN+SAL and VEH+RIZ-treated mice from

day 8 (Figure 1B). Following the last dose of drugs, the PMT andHMTwere continuously tested at 2-day intervals until they recovered to base-

line levels of day 0 (i.e., no statistical difference compared with their own baseline levels of day 0). For the GTN+SAL and VEH+RIZ groups, the

recovery occurred on day 18 and day 22, respectively, whereas the PMT and HMT of the GTN+RIZ treated mice took longer (day 26) to return

to baseline levels (Figure 1C). These results demonstrate that consecutive treatment with RIZ aggravated GTN-induced chronic mechanical

allodynia.

Repeated administration of RIZ in GTN mice induces a prolonged state of latent sensitization

Latent sensitization is a state in which there is increased sensitivity tomigraine triggers after sustained exposure to acutemigrainemedication.

It has been proposed as a basal mechanism for the transformation of migraine to MOH.12 After the mechanical thresholds of all groups re-

turned to day 0 levels, mice were challenged with bright light stimulation (BLS) at an intensity of 3000 lux for 1 h on days 30 and 40 to inves-

tigate the effect of RIZ overuse in GTNmice on the duration of latent sensitization (Figure 1A). BLS is a known migraine trigger that has been

reported to induce headache pain and activate trigeminal nociceptive neurons via a reflex circuit in the brainstem in naive rats at a threshold of

5000 lux.29 Therefore, we hypothesized that a subthreshold light intensity (3000 lux) can induces acutemechanical allodynia in mice which is in

a state of latent sensitization. The BLS challenge on day 30 elicited significant acute mechanical allodynia in the GTN+RIZ, GTN+SAL, and

VEH+RIZ groups compared with the VEH+SAL group, peaking at 0.5 h and persisting for more than 3 h after BLS (Figure 2A). However,

on day 40, only the GTN+RIZ group showed significant acute responses to BLS (Figure 2B), indicative of a prolonged state of latent sensiti-

zation. These data suggest that RIZ overuse can further prolong and exacerbate the increased vulnerability to migraine triggers of GTNmice.

The number of BLS-responsive neurons in the SPVC is increased in GTN+RIZ treated mice on day 40

The immediate-early gene (e.g., c-Fos) has been extensively used as a marker for neurons respond to specific stimulations. In the SPVC, it

provides an established readout of increased trigeminal nociception after noxious stimulation.30,31 The superficial layer of the SPVC, which

mainly receives input from nociceptive Ad- and C-fibers, is especially sensitive to this effect.32,33 Our results showed that chronic treatment

with RIZ in GTNmice significantly increased the expression of c-Fos in both of the superficial and deeper layers of the SPVC post BLS by more

than 300% compared with the other groups on day 40 (Figure 3). The increased BLS-responsive neurons in the SPVC suggest the GTN+RIZ

mice still suffer a state of latent sensitization on day 40, and validated the behaviors results shown in Figure 2B, where only GTN+RIZ mice

showed acute mechanical allodynia after BLS on day 40.

GTN+RIZ alters the gene expression profiles in the SPVC

To probe the possible molecular mechanisms underlying the prolonged latent sensitization in GTN+RIZ mice, we harvested the bilateral

entire SPVC tissue of the four mice groups on day 40 without BLS and analyzed their gene expression profiles using RNA-seq. The sequencing

ll
OPEN ACCESS

2 iScience 26, 108153, November 17, 2023

iScience
Article



A

B

C

Figure 1. Repeated administration of rizatriptan benzoate (RIZ) aggravates glyceryl trinitrate (GTN) induced cutaneous allodynia

(A) Experimental flow chart for behavior test. PMT: periorbital mechanical threshold. HMT: hindpaw mechanical threshold. VEH: vehicle. SAL: saline. i.p.:

intraperitoneally. i.g.: intragastrically. BLS: bright light stress. D: day. Dxx: day of recovery to D0 level.

(B) Characteristics of basal HMT and PMT changes over time among four groups from day 0-day 12. +p < 0.05, ++p < 0.01, +++p < 0.001 VEH+SAL group vs.

GTN+SAL group. Fp < 0.05, FFp <0.01, FFFp <0.001 VEH+SAL group vs. VEH+RIZ group. **p < 0.01, ***p < 0.001 VEH+SAL group vs. GTN+RIZ group. %

p < 0.05, %% p < 0.01 GTN+RIZ group vs. GTN+SAL group. $p < 0.05, $$$p < 0.001 GTN+RIZ group vs. VEH+RIZ group. Two-way repeated-measures ANOVA

with Tukey post hoc test: for PMT (left): main group effects: F (3,40) = 66.65, p < 0.0001, main time effects: F (3.578, 143.1) = 43.67, p < 0.0001. Interaction between

group and time: F (18,240) = 3.061, p < 0.0001; for HMT (right): main group effects: F (3,40) = 45.64, p < 0.0001, main time effects: F (3.25,130) = 82.53, p < 0.0001.

Interaction between group and time: F (18,240) = 4.455, p < 0.0001. Green triangles represent each administration of GTN/VEH+RIZ/SAL.

(C) Comparison of the time required for the recovery of HMT and PMT to baseline (day 0) among GTN+SAL, VEH+RIZ, and GTN+RIZ

groups. &p < 0.05, &&p < 0.01, &&&p < 0.001 significantly reduced from the baseline within the VEH+RIZ group, One-way repeated-measures ANOVA with

Dunnett post hoc test: for PMT: F (3.038, 33.42) = 19.70, p < 0.0001, for HMT: F (2.935, 32.29) = 26.93, p < 0.0001. ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 significantly

reduced from the baseline within the GTN+SAL group, One-way repeated-measures ANOVA with Dunnett post hoc test: for PMT: F (3.406, 30.66) = 23.12,

p < 0.0001, for HMT: F (3.746, 33.71) = 42.94, p < 0.0001. #p < 0.05, ##p < 0.01, ###p < 0.001 significantly reduced from the baseline within the GTN+RIZ group,

One-way repeated-measures ANOVA with Dunnett post hoc test: for PMT: F (3.332, 33.32) = 23.50, p < 0.0001, for HMT: F (2.867, 28.67) = 34.07, p < 0.0001. Data

are represented as mean G SEM.
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produced approximately 40–60million raw reads per sample. The clean readsQ20% andQ30% reachedmore than 97% and 92%, respectively

(Table 1). In addition, over 91% of the clean reads weremapped to themice genome (Table 1). Eventually, 56,270 transcripts were identified in

the available expression genes from RNA-seq (Table S1). The previous results show that the library constructed in our study was of high

enough quality and reliability to be used for subsequent bioinformatics analysis. We filtered out the differentially expressed genes (DEGs)

between two groups with a criterion of adjusted p value＜0.05 and absolute fold change R2. The DEGs between two groups within four

groups were then illustrated in six scatterplot graphs (Figure 4A). The total number of DEGs of the six comparable combinations is displayed

in a histogram (Figure 4B). Most strikingly, repeated administration of RIZ to GTNmice led to the largest number of DEGs (including 234 up-

regulated and 146 downregulated) in the SPVC compared with the VEH+SAL group (Figure 4B). To gain insights into the differences in gene

expression patterns among the four groups, hierarchical clustering analysis was performed. Our results indicated that a clear segregation

existed between the GTN+RIZ group and the other three groups (Figure 4C). These findings suggest that the differences in the SPVC

gene transcription patterns may related to the prolonged latent sensitization in GTN+RIZ treated mice.

Overuse of RIZ in GTN mice increases ANXA1 expression in the SPVC

To further probe the keyDEGs involved in themolecularmechanisms underlying the prolonged latent sensitization inGTN+RIZmice, we then

performed Venn analysis on all six comparable combinations. We found a core set of 20 genes that were overlapped together among three

comparable combinations (GTN+RIZ vs. VEH+SAL, GTN+RIZ vs. GTN+SAL, andGTN+RIZ vs. VEH+RIZ) (Figure 5A). Given that only GTN+RIZ

mice showed acute allodynia to BLS on day 40, we assumed that the 20 overlapped DEGs in the GTN+RIZ group compared with the other

A

B

Figure 2. Repeated administration of RIZ in GTN mice caused a prolonged state of latent sensitization

(A) Comparisons of temporal characteristics of acute HMT and PMT responses to BLS among four groups on day 30. +p < 0.05, ++p < 0.01, +++p < 0.001

VEH+SAL group vs. GTN+SAL group. Fp < 0.05, FFp <0.01, FFFp <0.001 VEH+SAL group vs. VEH+RIZ group. **p < 0.01, ***p < 0.001 VEH+SAL group

vs. GTN+RIZ group. Two-way repeated-measures ANOVA with Tukey post hoc test: for PMT (left): main group effects: F (3,39) = 23.44, p < 0.0001, main time

effects: F (3.553, 138.6) = 57.87, p < 0.0001. Interaction between group and time: F (15, 195) = 4.689, p < 0.0001; for HMT (right): main group effects: F (3,39) = 20.7,

p < 0.0001, main time effects: F(3.614, 141) = 81.24, p < 0.0001. Interaction between group and time: F (15, 195) = 5.370, p < 0.0001. ^p < 0.05, ^^p < 0.01,

^^^p < 0.001 significantly reduced from the baseline within the GTN+SAL group. &p < 0.05, &&p < 0.01, &&&p < 0.001 significantly reduced from the

baseline within the VEH+RIZ group, #p < 0.05, ##p < 0.01, ###p < 0.001 significantly reduced from the baseline within the GTN+RIZ group, One-way

repeated-measures ANOVA with Dunnett post hoc test: for PMT (left): F (1.228, 12.28) = 34.53 p < 0.0001, for HMT (right): F (2.139, 21.39) = 34.18, p < 0.0001.

#p < 0.05, ##p < 0.01, ###p < 0.001 significantly reduced from the baseline within the GTN+RIZ group, One-way repeated-measures ANOVA: for PMT (left):

F (2.075, 20.75) = 41.96, p < 0.0001, for HMT (right): F (2.079, 20.79) = 42.82, p < 0.0001.

(B) Comparisons of temporal characteristics of acute HMT and PMT responses to BLS among four groups on day 40. *p < 0.05, **p < 0.01, ***p < 0.001

GTN+RIZ group vs. VEH+SAL group. %p < 0.05, %%p < 0.01, %%%p < 0.001 GTN+RIZ group vs. GTN+SAL group. $$p < 0.01, $$$p < 0.001 GTN+RIZ

group vs. VEH+RIZ group. Two-way repeated-measures ANOVA with Tukey post hoc test: for PMT (left): main group effects: F (3,39) = 22.66, p < 0.0001,

main time effects: F (3.559, 138.8) = 11.26, p < 0.0001. Interaction between group and time: F (15, 195) = 2.821, p < 0.0001; for HMT (right): main group effects:

F (3, 39) = 18.57, p < 0.0001, main time effects: F (3.811, 148.6) = 13.38, p < 0.0001. Interaction between group and time: F (15, 195) = 4.499, p < 0.0001. #p < 0.05,

##p < 0.01, ###p < 0.001 significantly reduced from the baseline within the GTN+RIZ group, One-way repeated-measures ANOVA with Dunnett post hoc

test: for PMT (left): F (1.91, 19.1) = 2.87, p < 0.0001, for HMT (right): F (1.597, 15.97) = 26.09, p < 0.0001. Data are represented as mean G SEM.
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three groups may contain the key DEGs which play a crucial role in the prolonged latent sensitization. We then conducted a hierarchical clus-

tering analysis of these 20 genes and displayed the result in a heatmap. The results showed that there were 13 upregulated and 7 downregu-

lated genes (Figure 5B). We then identified 3 of the 20 genes, namely, Anxa1, Ctse, and Tnfsf9, previously known to be involved in several

pathophysiological processes, such as neuroinflammation, pain, and brain injury.21,34,35 We further verified those three genes at the

mRNA levels via quantitative real-time PCR (qRT-PCR), and the sequences of primer used in qRT-PCR test are listed in Table 2. We observed

A

B C

Figure 3. Repeated administration of RIZ in GTN mice increases the expression of c-FOS in SPVC response to BLS on day 40

(A) The representative images of c-FOS positive cells (green) and CGRP-immunoreactive staining (red) in SPVC from four groups. Scale bar, 50 mm.

(B) Fold changes in the number of c-FOS positive cells among four groups in superficial layers of the SPVC. **p < 0.01 GTN+RIZ group vs. other three groups.

One-way ANOVA with Tukey post hoc test: F (3, 8) = 26.76, p = 0.002. n = 4 mice per group.

(C) Fold changes in the number of c-FOS positive cells among four groups in deeper layers of the SPVC. **p < 0.01 GTN+RIZ group vs. other three groups, One-

way ANOVA with Tukey post hoc test: F (3, 8) = 17.07, p = 0.008. n = 4 mice per group. Data are represented as mean G SEM.
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a significant upregulation of only Anxa1 in GTN+RIZ mice (Figures 5C–5E). The relative Anxa1mRNA level was 1.808G 0.571, 2.158G 0.741,

2.843G 0.799, and 16.77G 5.251 for VEH+SAL, GTN+SAL, VEH+RIZ, and GTN+RIZ group, respectively. Western blotting further confirmed

that the protein expression of ANXA1 were significantly increased by more than two times in the SPVC of GTN+RIZ mice compared with the

other three groups (Figure 5F). Given the important role of SPVC in the headache signal transmission and processing, our data suggest that

ANXA1 may be involved in regulating headache signal during the prolonged latent sensitization in GTN+RIZ mice.

ANXA1 is mainly expressed in microglia in the SPVC

We then characterized the expression profile of ANXA1 in the SPVC using dual-labeling immunofluorescence. The results revealed that

ANXA1 immunoreactivity was highly co-expressed with ionized calcium-binding adapter molecule 1 (Iba1, 87.9%) and sparsely co-expressed

with either neuronal nuclear antigen (NeuN, 4.7%) and glial fibrillary acidic protein (GFAP, 0.6%) (Figures 6A and 6B). In addition, we found

ANXA1 was mainly expressed in the cytoplasm (78.5%) rather than nucleus (21.5%) within the microglia (Figure 6C).

ANXA1 decreases the sensitivity to BLS in GTN+RIZ mice via FPR

We further explored the role of ANXA1 in prolonged latent sensitization in GTN+RIZ mice by intracerebroventricular injection of Ac2-26 TFA

(an active N-terminal derived peptide of ANXA1, 5 mg/mouse)24 and Boc-MLF TFA (a specific FPR antagonist, 1 mg/mouse) before BLS on day

40. The PMT and HMT were then tested 0.5 h after BLS. Saline was injected as control (Figure 7A). Consistent with our results in Figure 2B,

saline-treated GTN+RIZ mice exhibited significant acute mechanical allodynia (Figures 7B and 7C), about three times lower than baseline in

both PMT and HMT. Excitingly, pre-infusion of Ac2-26 TFA robustly reversed the decrease of PMT and prevented the decrease of HMT

induced by BLS in GTN+RIZ mice. We then found that Boc-MLF TFA administered 15 min before Ac2-26 TFA injection, completely blocked

the anti-nociceptive effectiveness of ANXA1-derived peptide, but with no effect on saline-treated GTN+RIZ mice (Figures 7B and 7C). More-

over, the data showed that pre-infusion of Ac2-26 TFA can significantly increase the PMT by about 1-folds in VEH+SAL mice. These results

suggest a strong central anti-nociceptive effect of ANXA1 through modulation of the sensitivity of GTN+RIZ mice to BLS during the pro-

longed state of latent sensitization.

To further explore whether the analgesic effect of ANXA1 is related to c-Fos expression in SPVC, the c-Fos immunofluorescence exper-

iment was conducted 2 h after the start of BLS. Our results showed that intracerebroventricular injection of Ac2-26 TFA significantly reduced

the increased expression of c-Fos in the SPVC following BLS in GTN+RIZ mice on day 40 (Figure 8). Corresponding to the results shown in

Table 1. The information of total reads for 20 samples in RNA-Seq

Sample Raw reads Clean reads Q20 Q30 Total mapping ratio

VEH+SAL1 46364052 45526184 97.12% 92.19% 91.75%

VEH+SAL2 43347624 42723334 97.42% 92.87% 91.06%

VEH+SAL3 42544234 41677210 97.48% 93.02% 92.92%

VEH+SAL4 48219202 46873332 97.46% 93.02% 92.96%

VEH+SAL5 48252082 46871826 97.42% 92.91% 92.40%

GTN+SAL1 42592894 41924880 97.15% 92.24% 91.79%

GTN+SAL2 50024156 48176852 97.06% 92.11% 92.22%

GTN+SAL3 44432266 43482770 96.89% 91.72% 92.34%

GTN+SAL4 41833498 40794792 97.07% 92.07% 91.25%

GTN+SAL5 46251142 44950992 96.97% 91.99% 91.75%

GTN+RIZ1 42450534 40224730 97.30% 92.71% 92.92%

GTN+RIZ2 43457316 42602950 97.24% 92.49% 91.51%

GTN+RIZ3 40269634 38972230 97.42% 92.94% 92.14%

GTN+RIZ4 44683006 43979394 97.48% 92.99% 90.76%

GTN+RIZ5 45805608 45055872 97.13% 92.26% 95.05%

VEH+RIZ1 43726554 42866586 97.51% 93.10% 91.99%

VEH+RIZ2 45247948 44241210 97.18% 92.32% 92.32%

VEH+RIZ3 44792326 44111330 97.06% 92.02% 91.43%

VEH+RIZ4 55048904 53073048 97.12% 92.23% 92.52%

VEH+RIZ5 57465506 55257492 97.43% 92.94% 92.83%

Q20 and Q30: the percentage of bases with a Phred value greater than 20 and 30, respectively in the total bases, where Phred = �10log10 (e). n = 5 mice per

group.
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Figures 7B and 7C, Boc-MLF TFA blocked this effect of Ac2-26 TFA. These data suggest that ANXA1maymediate its analgesic effect by regu-

lating the response of neurons in the SPVC to nociceptive stimulation.

DISCUSSION

It is unknown how chronic analgesic overuse causes worsening of a pre-existing headache. Moreover, the interaction between headache at-

tacks andmedication overuse complicates the pathophysiology behindMOH. Therefore, a reliable preclinical model is necessary for studying

the mechanisms underlying MOH. Any preclinical model should reasonably mimic the human disorder, although it is very difficult to

completely translate human disease to animal models. In MOH, pre-existing headache and excessive intake of analgesics are two key factors

that need to be included as clinical data showed that only patients with a headache history who use analgesics regularly are prone to develop

chronic headache, not the ones without headache.36,37

In the present study, we developed and validated a preclinical MOHmodel by overusing RIZ in GTN-induced CMmice, which could better

mimic MOH patients. Researchers in the headache field were attracted by GTN because of the finding of its ability to induce a delayed head-

ache attack in 50–80% of migraine patients and sometimes healthy subjects with a family history of migraine.38 GTN-induced headachemeets

the IHS diagnostic criteria for migraine in most cases.38,39 Furthermore, triptans can abort the spontaneous-like attacks induced by GTN.40

These features suggest that GTN may be a useful translational model for many aspects of human migraine. Researchers then discovered

that systemic GTN can induce trigeminal and spinal hyperalgesia in rodents by activating central structures involved in pain modulation.

This phenomenon resembles the trigeminal or general pain hypersensitivity associated with migraine pain.41,42 GTN-treated mice are now

a well-established and widely used experimental model of migraine.17,18 Cephalic and extracephalic cutaneous allodynia is the most impor-

tant behavioral indicator to estimate this model.

Although Min Su et al. developed a rat MOH model using a combination of dural inflammation-induced headaches and RIZ overuse,

which resulted in severe hyperalgesia, their primary focus was on the state during drug administration.43 To comprehensively evaluate

our MOH model, we conducted a follow-up assessment of mechanical thresholds in each group after drug administration was termi-

nated, in addition to evaluating cutaneous allodynia during drug exposure. Consistent with other research findings,10–12,17,18,43 repeated

administration of GTN or RIZ alone induced significant cephalic and extracephalic allodynia, which suggests a state of central sensiti-

zation. Moreover, our data also showed that GTN+RIZ induced more severe cutaneous allodynia in mice during the drug administration

than GTN or RIZ alone. We have noted that the basal PMT of GTN+RIZ group is not different from GTN+SAL group. Since 0.008g is the

minimum value that the von Frey test can measure, GTN+RIZ may produce lower PMT values that the von Frey test cannot detect.

Therefore, the lack of difference in basal PMT between GTN+RIZ group and GTN+SAL group may result from the lowest limitation

of the von Frey test. However, we also observed that GTN+RIZ caused the most persistent cutaneous allodynia after the termination

of drug administration. In summary, our data indicated that the interaction between GTN-induced chronic headache and triptan over-

use led to a deeper and longer state of central sensitization. Our findings are consistent with those of the 2017 migraine in America

symptoms and treatment study (MAST).44 It showed that in addition to more monthly headache days, higher migraine symptom severity

and pain intensity scores, migraine sufferers with acute medication overuse had higher rates of cutaneous allodynia. Moreover, patients

with CM who used medication frequently showed greater disability and worse 24 h pain relief outcomes.45,46 In this respect, our animal

model demonstrates the effects of acute medication overuse in exacerbating central sensitization in chronic headaches, which may

contribute to the development of MOH.

Furthermore, our MOH model showed a prolonged state of latent sensitization in the BLS test. This behavioral response was further veri-

fied by the increased expression of c-Fos induced by BLS in the SPVC on day 40. The increased expression of c-Fos in the SPVC suggests the

hypersensitivity of the trigeminal pathway to nociceptive stimulations, which is thought to be necessary for the transformation of MOH.47 It is

possible that the overuse of triptans aggravates GTN-induced neural adaptations in trigeminal nociceptive pathways, which may increase

vulnerability to migraine triggers and account for the exacerbation and prolonged state of latent sensitization, at least to some extent. It

is important to note that increased expression of c-Fos only suggests and does not prove changes in neuronal activity in the SPVC. Further

electrophysiological experiments are needed to confirm the changes in excitability of neurons in the SPVC.

Since the second-order trigeminovascular neurons are located in the SPVC and are closely associated with headache transmission and

processing, the changed gene expression pattern of the SPVC induced by RIZ overuse in GTNmice indicated molecular mechanisms under-

lying prolonged latent sensitization. Among the DEGs, we identified a crucial gene named ANXA1.

Table 2. Sequences of the primers used in qPCR

primers Forward (50–30) Reverse (50–30)

Anxa1 CACTCCAGCTTTCTTTGCCG TAGTTTCCACCACACAGAGCC

Ctse TGATGTTCTGCTCCGAAGGC CCGGCAGGATGTAGTCAGTT

Tnfsf9 CGAGAGAATAATGCAGACCAGGT TGTGCCAGTTCAGAGTTGTATTG

Gapdh GAAGGTCGGTGTGAACGGAT CCCATTTGATGTTAGCGGGAT

Anxa1, Annexin A1; Ctse, cathepsin E; Tnfsf9, tumor necrosis factor superfamily 9; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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ANXA1 has been reported to exert its biological effects through translocating to nucleus to regulate DNA replication48 and neuronal

apoptosis,49 or by binding to receptors on cell membranes to affect intracellular signal pathway.21–23 In the central nervous system (CNS),

ANXA1 has been reported to be expressed mainly in microglial cells.49,50 In research related to pain or other CNS diseases, ANXA1 mainly

mediates its pharmacological effects through an autocrine/paracrinemechanism involving FPR1 or FPR2.24,25,51,52 It is upregulated and exerts

anti-inflammatory effects in several neuroinflammation-associated diseases.49,51–55 Meanwhile, neuroinflammation is thought to play an

A

B C

Figure 4. RNA-seq of SPVC reveals the effect of RIZ on the gene expression profiles in GTN mice on day 40

(A) Scatterplots showing gene expression profiles in SPVC of six comparable combinations. Red spots indicate upregulated DEGs, blue spots indicate

downregulated DEGs, gray spots indicate non-DEGs.

(B) Summary of the number of DEGs of six comparable combinations.

(C) Heatmap displaying the hierarchical clustering of DEGs from four groups. n = 5 mice per group.
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important role in the chronicity and central sensitization of migraine56 and is likely associated with MOH transformation. The cellular locali-

zation of ANXA1 in our study confirmed that it was abundant in microglial cells in the SPVC andmainly expressed in the cytoplasm. Therefore,

we supposed that the increased ANXA1 expression in GTNmice induced by triptan overuse might be due to an enhancing cytoplasmic syn-

thesis and secretion of microglia in response to neuroinflammation. Similar to the findings of our study, pei Lei et al. found that ANXA1 was

upregulated in L4/5 dorsal root ganglions in a rat model of inflammatory pain induced by complete Freund’s adjuvant,26 and ANXA1 mimic

peptide Ac2-26 could inhibit nociception by desensitizing TRPV1 via the FPR2.28 Here, we reported for the first time that ANXA1-derived pep-

tide Ac2-26 TFA strongly decreased sensitivity to BLS in GTN+RIZ mice via the FPR during the state of latent sensitization. Moreover, Ac2-26

TFA can prevent the increased expression of c-Fos induced by BLS in the SPVC in GTN+RIZ mice. By inference, we propose that ANXA1 may

A

C

F

D E

B

Figure 5. ANXA1 significantly increased in SPVC in GTN+RIZ mice compared with the other three groups

(A) Venn diagram showing the overlapping of DEGs in SPVC from six comparable combinations.

(B) Heatmap displaying the hierarchical clustering of 20 overlapping DEGs from four groups.

(C–E) Comparisons of relativeAnxa1,Ctse, and Tnfsf9mRNA levels among four groups, respectively. **p < 0.01 GTN+RIZ group vs. other three groups, One-way

ANOVA with Tukey post hoc test: C: F (3, 12) = 7.242, p = 0.005; D: F (3, 12) = 0.6766, p = 0.582; E: F (3, 12) = 1.956, p = 0.174. n = 4 mice per group.

(F) Representative images of western blot results for ANXAI in SPVC and comparisons of relative ANXA1 protein level among four groups. **p < 0.01 GTN+RIZ

group vs. other three groups. #p < 0.05 GTN+SAL group vs. other three groups. One-way ANOVA with Tukey post hoc test: F (3, 8) = 25.67, p = 0.0002. n = 3 mice

per group. Data are represented as mean G SEM.
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exert a central anti-nociceptive effect by regulating headache signal transmission and processing pathway in some key nociceptive process-

ing structures (e.g., the SPVC) via FPR during the development of MOH. However, additional experiments are needed in future to identify the

exact brain region where ANXA1 produces its analgesic effect and which subtype of FPR involves in this anti-nociceptive effect.

In conclusion, we developed a preclinical model of MOH by repeated exposure of chronic migraine mice to medication, which could

better mimic the clinical characteristics of patients with MOH. This is a promising mouse model for research of the transformation of MOH.

More importantly, our findings indicate that ANXA1 in the CNS may contribute to modulating headache signal transmission and process-

ing during prolonged latent sensitization in this MOHmodel. This may serve as a new target for exploring the pathophysiology and treat-

ment of MOH.

Limitations of the study

The limitation of our study is the absence of precise research methods, such as AAV-based RNA interference, to identify the specific brain

region targeted by ANXA1. Additionally, due to the unavailability of suitable antibodies for FPR receptors in immunofluorescence staining,

our study lacks data on the distribution of FPR in SPVC. Furthermore, we did not investigate the intracellular signal transduction process after

ANXA1 binds to FPR. To reveal the specific mechanisms by which ANXA1 exerts central analgesia, further in vitro and in vivo studies are

required.

A

B C

Figure 6. ANXA1 is mainly expressed in microglial cells in SPVC

(A) Representative co-labeling immunostaining images of ANXAI with Iba1, Neun, and GFAP in the SPVC (scale bar, 50 mm), white box, higher magnification

close-ups (Right, scale bar, 10 mm).

(B) Quantitative analysis of overlapped immunoreactivity of ANXA1 with Iba1, Neun and GFAP.

(C) Quantitative analysis of nuclear and cytoplasmic ANXA1level within microglia. n = 3 mice per group.
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STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Animals

B Institutional review board

B Animal grouping and drug delivery

d METHOD DETAILS

B Assessment of cutaneous allodynia

A

B

C

Figure 7. Ac2-26 TFA exerts an analgesic effect in GTN+RIZ mice

(A) Experimental flow chart for assessing the effect of ANXA1 on acute PMT and HMT response post BLS in GTN+RIZ mice on day 40.

(B and C) Effects of Ac2-26 TFA, saline and Boc-MLF TFA on acute HMT (B) and PMT (C) response post BLS in GTN+RIZ and VEH+SAL mice on day 40. *p < 0.05,

**p < 0.01, paired t test: B: form left to right: t (7) = 6.593, p = 0.003; t (7) = 0.4585, p = 0.6605; t (7) = 6.316, p = 0.004; t (7) = 10.43, p < 0.0001; t (7) = 1.971, p = 0.0893;

t (7) = 1.647, p = 0.1435. C: form left to right: t (7) = 5.665, p = 0.008; t (7) = 3.60, p = 0.0087; t (7) = 5.274, p = 0.0012; t (7) = 7.785, p = 0.0001; t (7) = 3.074, p = 0.0180; t (7) =
0.08371, p = 0.9356; n = 8 mice per group. Data are represented as mean G SEM.
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B Latent sensitization test

B Immunofluorescence staining and imaging

B RNA-seq

B Differentially expressed gene analysis

B Quantitative RT-PCR

B Western blot

B Cannula implantation and drug intracerebroventricular microinjection

d QUANTIFICATION AND STATISTICAL ANALYSIS

A

B C

Figure 8. Ac2-26 TFA decreases the expression of c-FOS in SPVC response to BLS on day 40

(A) The representative images of c-FOS positive cells (green) and CGRP-immunoreactive staining (red) in SPVC from four groups. Scale bar, 50 mm.

(B) Fold changes in the number of c-FOS positive cells among four groups in superficial layers of the SPVC. **p < 0.01 Ac2-26 group vs. other three groups. One-

way ANOVA with Tukey post hoc test: F (3, 8) = 20.37, p = 0.0004. n = 3 mice per group.

(C) Fold changes in the number of c-FOS positive cells among four groups in deeper layers of the SPVC. **p < 0.01 Ac2-26 group vs. other three groups. One-way

ANOVA with Tukey post hoc test: F (3, 8) = 38.38, p < 0.0001. n = 3 mice per group. Data are represented as mean G SEM.
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Rabbit monoclonal anti-c-Fos Cell Signaling Technology Cat#2250S; RRID: AB_2247211

Goat polyclonal anti-CGRP Abcam Cat#ab36001; RRID: AB_725807

Mouse monoclonal anti-Annexin-A1 Santa Cruz Biotechnology Cat#sc-12740; RRID: AB_2057007

Rabbit monoclonal anti-Iba1 Abcam Cat#ab178846; RRID: AB_2636859

Rabbit monoclonal anti-NeuN Abcam Cat#ab177487; RRID: AB_2532109

Rabbit monoclonal anti-GFAP Abcam Cat#ab68428; RRID: AB_1209224

Donkey anti-rabbit IgG H&L

(Alexa Fluor� 488) preadsorbed

Abcam Cat#ab150061; RRID: AB_2571722

Goat anti-rabbit IgG H&L

(Alexa Fluor� 488) preadsorbed

Abcam Cat#ab150081; RRID: AB_2734747
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Abcam Cat#ab150136; RRID: AB_2782994
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Chemicals, peptides, and recombinant proteins

Glyceryl trinitrate Beijing Yimin Pharmaceutical Co., Ltd. H11020289; CAS: 55-63-0

Rizatriptan benzoate Sichuan zitonggong

pharmaceutical Co., Ltd.

H20060352; CAS: 145202-66-0

2,2,2-tribromoethanol Sigma-Aldrich Cat#T48402; CAS:

75-80-9

2-Methyl-2-butanol Sigma-Aldrich Cat#152463; CAS: 75-85-4

TRIzol Invitrogen Cat#15596018; CAS: 9048-46-8

Ac2-26 TFA MedChemExpress Cat#HY-P1098A

Boc-MLF TFA MedChemExpress Cat#HY-103473A

Evans Blue Sigma-Aldrich Cat#E2129; CAS: 314-13-6

Critical commercial assays

O.C.T. TissueTek Compound Sakura Finetek USA, Inc. Cat#4583

Mounting medium with DAPI Abcam Cat#ab104139

NEBNext� Ultra� RNA Library prep

Kit for Illumina�
New England Biolabs Cat#E7770

USER Enzyme New England Biolabs Cat#M5505L

Phusion High-Fidelity DNA polymerase New England Biolabs Cat#M0530L

RNAprep FastPure Tissue &Cell Kit TSINGKE Cat#TSP413

Goldenstar RT6 cDNA Synthesis Kit Ver.2 TSINGKE Cat#TSK302S

23T5 Fast qPCR Mix (SYBR Green I) TSINGKE Cat#TSE202

RIPA lysis buffer Beyotime Biotechnology Cat# P0013B

Phenylmethylsulfonyl fluoride Beyotime Biotechnology Cat#ST506
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Lead contact

� Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhao Dong

(dong_zhaozhao@126.com).

Materials availability

� This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Protease inhibitor Roche Cat#05892970001

BCA protein Assay Kit Beyotime Biotechnology Cat#P0010S

53 SDS-PAGE loading buffer Beyotime Biotechnology Cat#P0015L

Super ECL plus western blotting substrate Wansheng Haotian

Biotechnology Co., Ltd

Cat#EZWB01

Deposited data

Raw RNA-seq data This paper SRA: PRJNA979279

Experimental models: Organisms/strains

C57BL/6J mice SPF (Beijing) Biotechnology

Co., Ltd.

RRID: MGI: 2160531

Software and algorithms

Algorithm for mechanical withdrawal thresholds Christensen et al.57 https://bioapps.shinyapps.io/von_frey_app/

ImageJ NIH https://imagej.net/software/fiji/

HTSeq (v 0.13.5) Anders et al.58 https://pypi.org/project/HTSeq/0.13.5/#files

DESeq R package (v 1.12.1) Anders et al.59 https://www.bioconductor.org/

packages//2.12/bioc/html/DESeq.html

OmicStudio tools the Lianchuan Bioinformatics

Cloud Platform

https://www.omicstudio.cn/tool

Graphpad prism 8 Graphpad https://www.graphpad.com/dL/

1057948/D599DCF7/

Adobe Illustrator 2022 Adobe https://www.adobe.com

Other

Calibrated von Frey monofilaments Danmic Global Cat#514000-20C

Freezing microtome Leica Biosystems Cat#CM1950

Confocal microscope Olympus Cat#FV1000

Illumina Novaseq 6000 platform Illumina N/A

Real-Time PCR System Bioer Technology Cat#FQD-96A

Homogenizer workcenter IKA Cat#0003737025

Polyvinylidene difluoride membranes Millipore Cat# IPVH00010

Tanon 5200 chemiluminescent

imaging system

Tanon Science & Technology N/A

Stereotaxic divice RWD Life Science Cat#69105

Guide cannula RWD Life Science Cat#62003

Injection cannula RWD Life Science Cat#62203

Microliter syringe Hamilton Cat#1701

Syringe pump KD Scientific Cat#788130
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Data and code availability

� Original RNA-seq data have been deposited at NCBI Sequence Read Archive and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Other data produced in this study are included in the published article and its

supplemental information, or are available from the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Only male mice were used in this study to minimize hormonal effects. Male C57BL/6J mice (8–10 weeks old, SPF (Beijing) Biotechnology Co.,

Ltd., Beijing, China) were group housed at room temperature of 23�C G 2�C and humidity of 40%–60%. They were kept in a 12-h light-dark

cycle with lights on at 08:00 p.m. and allowed access to food and water ad libitum.

Institutional review board

Themice were used under protocols approved by the Institutional Animal Care and Use Committee of the Chinese people’s Liberation Army

General Hospital and according to Regulations for The Administration of Affairs Concerning Experimental Animals.

Animal grouping and drug delivery

Glyceryl trinitrate (GTN, 5 mg/mL in absolute alcohol, Beijing Yimin pharmaceutical Co., Ltd., Beijing, China) was freshly diluted 15-fold

with 0.9% saline for a dose of 10 mg/kg,17 and an equal volume of 6.66% alcohol in saline was used as vehicle control. Rizatriptan benzoate

(RIZ, Sichuan zitonggong pharmaceutical Co., Ltd., Sichuan, China) was diluted in 0.9% saline to a concentration of 2 mg/mL for a dose of

4 mg/kg, and an equal volume of 0.9% saline was used as control. The dose of RIZ was chosen based on our pilot study (Figure S1). Although

2 mg/kg, 4 mg/kg and 8 mg/kg RIZ can induce a significant decrease in basal HMT of mice from day 4 compared to saline, only the 4 mg/kg

and 8 mg/kg groups show a significant acute decrease in HMT when mice were challenged with BLS on day 21 after the recovery of HMT.

These data indicate that both 4 mg/kg and 8 mg/kg RIZ can induce both central sensitization and latent sensitization in mice. To avoid po-

tential side effects caused by excessive drug dosage, we chose to use 4 mg/kg RIZ in our study. After 3 days of acclimatization to the von Frey

test, 48 mice were randomly assigned to 4 groups: (1) GTN i.p.+RIZ i.g.; (2) GTN i.p.+SAL i.g.; (3) VEH i.p.+RIZ i.g.; (4) VEH i.p.+SAL i.g. The

drugs were administered once every 2 days for a total of six doses. The day of first administration was taken as day 0 (Figure 1A). Intraper-

itoneal injections were performed 30 min after gavage. During the behavior experiment, four mice died from suffocation caused by wrong

gavage and one mouse died from disease.

METHOD DETAILS

Assessment of cutaneous allodynia

Periorbital mechanical threshold (PMT) and hindpaw mechanical threshold (HMT) were measured using calibrated von Frey monofilaments

(Aesthesio, 514000-20C, Danmic Global, San Jose, CA, USA; bending force ranging from 0.008 to 2 g) according to the up-and-downmethod60

to evaluate cutaneous allodynia. In brief, the von Frey filaments were applied perpendicularly to the plantar surface of the hindpaw or the peri-

orbital region until it buckled slightly to an ‘‘S’’ shape and held for 3–5 s or until a positive response occurred. If a negative response (O) was

noted, the next greater force filament was applied, whereas if a positive response (X) was noted, a lighter filament was tested. Following the

breaking point (XO/OX), four stimulations were applied to obtain the response pattern and final filament. Then, mechanical withdrawal thresh-

olds were calculated using public domain algorithm (https://bioapps.shinyapps.io/von_frey_app/).57 For the PMT test, the hair on the mouse’s

forehead (above and between the eyes) was shaved 7 days before testing. The mice were gently held in the palm of the experimenter with

minimal restraint and the von Frey filaments were applied perpendicularly to the shaved skin. Swiping its face with the forepaw, shaking of

the head and headwithdrawal were registered as positives.61 For theHMT test,micewere placed individually in a 10 cm3 7 cm3 16 cm (height)

plexiglass chamber on a wire mesh floor and the plantar surface of the right hindpaw was chosen to stimulate with the von Frey filaments. The

criteria for a positive response included swift withdrawal, shaking, or licking of the paw.17 The mice were handled extensively or placed in plex-

iglass chambers to habituate to the von Frey test for 15–20min daily on 3 consecutive days before the first testing day. The basal PMT and HMT

were measured before the drug treatments every 2 days from day 0 to the day of recovery (Figure 1A).

Latent sensitization test

After the recovery of basal PMT and HMT to day 0 levels, the mice were challenged with bright light stress (BLS) to evaluate latent sensitiza-

tion. BLS was used to mimic a migraine trigger from environmental stressful stimulus.11,61 In brief, the mice were placed individually in plex-

iglass cages and exposed to bright light (3000 lux) from a LED light placed on the top of the cage for 1 h. PMT andHMTweremeasured before

BLS priming (baseline) and during a 4-h period after priming on day 30 and day 40 (Figure 1A).
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Immunofluorescence staining and imaging

Onday 40, 2 h after the begining of BLS, themice were anesthetizedwith 1.25% avertin (a mixture of 12.5mg/mL of 2,2,2-tribromoethanol and

25 mL/mL 2-methyl-2-butanol, Sigma, T48402, 152463, St. Louis, MO, USA) at a dose of 0.2 mL/10g i.p. and transcardially perfused with 0.1M

phosphate buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Then the brains were removed, post-fixed in 4% paraformalde-

hyde, cryoprotected in 15% and 30% sucrose, embedded in O.C.T. TissueTekin Compound and sectioned coronally (30-mm slices) using a

freezing microtome (Leica Biosystems, CM1950, Heidelberger, Germany). The free-floating sections were washed with PBS and then incu-

bated with a blocking buffer (10% normal donkey serum and 0.25% Triton X-100 in PBS) for 2 h at room temperature. Sections were then incu-

bated with primary antibody rabbit anti-c-Fos (1:1000, Cell Signaling Technology, 2250S, Danvers, MA, USA), goat anti-CGRP (1:500, Abcam,

ab36001,Waltham,MA, USA), mouse anti-Annexin-A1 (1:500, Santa Cruz Biotechnology (Shanghai) Co., Ltd., sc-12740, Shanghai, China), and

rabbit anti-Iba1(1:1000, Abcam, ab178846, Waltham, MA, USA), rabbit anti-NeuN (1:500, Abcam, ab177487, Waltham, MA, USA), rabbit anti-

GFAP (1:500, Abcam, ab68428, Waltham, MA, USA) overnight at 4�C. On the next day, after washed thrice for 15 min each in PBS with 0.25%

Triton X-100 (PBST), sections were incubated with donkey anti-rabbit or goat anti-rabbit IgG conjugated with Alex fluor-488, donkey anti-goat

or goat anti-mouse IgG conjugatedwith Alex fluor-594 (1:1000, abcam, ab150061, ab150081, ab150136, ab150120,Waltham,MA, USA) for 2 h

at room temperature. After washing thrice with PBST, the sections weremounted on a slide and covered with a mountingmedium containing

DAPI (Abcam, ab104139,Waltham,MA, USA). Dual labeling immunofluorescence staining of c-Fos and CGRPwas performed to clearly locate

c-Fos-positive cells in the superficial layer of the SPVC delineated by the CGRP fluorescent signal. Five SPVC sections (from 7.8 mm to 8.2 mm

posterior to the bregma) from each animal were selected to image using a confocal microscope (Olympus FV1000). All images were acquired

at 1,0243 1,024 resolution using 23 Kalman frame averaging. High-resolution z-stacks were acquired using a 403oil-immersion lens at a step

size of 3 mm. The number of c-Fos positive cells was counted manually and the integrated density of CGRP was measured with ImageJ soft-

ware (Fiji, NIH, USA). For cellular localization of ANXA1 in the SPVC, the sections were first treated with 51% Triton X-100 for 60 min to rupture

the cell membranes before incubating with blocking buffer.

RNA-seq

Mice from the four groups were sacrificed on day 40 without BLS. The bilateral SPVCwas dissected under RNase-free conditions for RNA-Seq.

Total RNAwas isolated from the SPVCusing the TRIzolmethod (15596018, Invitrogen, CA, USA) according to themanufacturer’s protocol.We

used 1.5 mg RNA per sample as input material for RNA sample preparations. Sequencing libraries were generated using NEBNext Ultra RNA

Library prep Kit for Illumina (E7770, New England Biolabs, USA) following the manufacturer’s recommendations. Index codes were added to

attribute sequences to each sample. Briefly, the mRNA was enriched and cleaved into short fragments using divalent cations under elevated

temperature in NEBNext First Strand Synthesis Reaction Buffer (5X), followed by reverse transcription into cDNA using a random hexamer

primer. The cDNA fragments were purified, end-repaired, their 30 ends were adenylated, and ligated with NEBNext Adaptor with hairpin

loop structure. The ligation products were then size selected using USER Enzyme (M5505, New England Biolabs, USA). Then, PCR was per-

formedwith PhusionHigh-Fidelity DNApolymerase (M0530L, New England Biolabs, USA), universal PCR primers and index (X) primer. Finally,

the library preparations were sequenced on an Illumina Novaseq 6000 platform by the Beijing Allwegene Technology Company Limited (Bei-

jing, China) and paired-end 150 bp reads were generated.

Raw data (raw reads, SRA: PRJNA979279) in fastq format were first processed using in-house perl scripts. Clean data (clean reads) were

obtained by removing reads containing adapter, reads containing ploy-N, and low-quality reads from raw data. The Q20, Q30, GC-content

and sequence duplication level of the clean data were calculated. All the downstream analyseswere conducted using clean, high-quality data.

Differentially expressed gene analysis

HTSeq (v 0.13.5)58 was used to count the read numbers mapped to each gene. The gene expression levels were estimated by fragments per

kilobase of transcript per million fragments mapped (FPKM). Differential expression analysis of each two compared groups was performed

using the DESeq R package (1.12.1).59 The resulting p values were adjusted using the Benjamini and Hochberg’s approach for controlling the

false discovery rate. Genes with an adjusted p value <0.05 found by DESeq with an absolute fold change of 2 or more were considered differ-

entially expressed. Volcano plot, venn diagram, and clustering correlation heatmap with signs were created with the OmicStudio tools

(https://www.omicstudio.cn/tool). Distances of expressed genes were calculated using the Euclidean method.

Quantitative RT-PCR

Bilateral SPVC tissues from the four groups were harvested on day 40 without BLS and shock-frozen on dry ice. The total RNA was extracted

from the SPVC tissue using TSINGKE TSP413 RNAprep FastPure (Tsingke Biotechnology Co., Ltd., TSP413, Beijing, China) in accordance with

the manufacturer’s protocol. RNA extracts were reverse transcribed using Goldenstar RT6 cDNA Synthesis Kit Ver 2 (Tsingke Biotechnology

Co., Ltd., TSK302S, Beijing, China). The cDNAs were then amplified via quantitative RT-PCR using 23T5 Fast qPCR Mix (SYBR Green I)

(Tsingke Biotechnology Co., Ltd., TSE202, Beijing, China) with 20 mL reaction system on a Real-Time PCR System (Bioer Technology, FQD-

96A, Hangzhou, China), normalized to GAPDH. Relative quantification was determined using the DDCTmethod. primer sequences are listed

in Table 2.
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Western blot

Bilateral SPVC tissues from the four groups were harvested on day 40 without BLS and shock-frozen on dry ice. For total protein extraction,

SPVC tissues were homogenized in RIPA lysis buffer (Beyotime Biotechnology, p0013B, Shanghai, China) containing phenylmethylsulphonyl

fluoride (Beyotime Biotechnology, ST506, Shanghai, China) and protease inhibitor (Roche, 05892970001, Basel, Switzerland) with homogeniz-

er workcenter (IKA-Werke GmbH & CO. KG, 0003737025, Beijing, China) on ice, and centrifuged at 12,000 rpm for 15 min at 4�C. The total

protein concentration was measured using the BCA protein Assay Kit (Beyotime Biotechnology, p0010S, Shanghai, China). An aliquot of the

supernatant was taken and normalized to 2.5 mg/mL in 53 SDS-PAGE loading buffer (Beyotime Biotechnology, p0015L, Shanghai, China) and

double distilled water and heated at 95�C for 8min. SDS-PAGEwas performed using 10%–15%bis/tris polyacrylamide gels; 25 mg protein was

loaded in each lane. The proteins were then electrophoretically transferred to polyvinyl difluoride membranes (Millipore Merck Chemicals

(Shanghai) Co., Ltd, IPVH00010, Shanghai, China). The membranes were blocked with 5% non-fat milk at room temperature for 1 h, followed

by overnight incubation at 4�C with the following primary antibodies: rabbit anti-ANXAI (1:1000, Abcam, ab214486, Waltham, MA, USA) and

mouse anti-a-tubulin (Beyotime Biotechnology, AF2827, Shanghai, China). The next day, the membranes were incubated with a horseradish

peroxidase-conjugated anti-mouse secondary antibody (1:5000, Beyotime Biotechnology, A0216, Shanghai, China) and horseradish perox-

idase-conjugated anti-mouse/rabbit secondary antibody (1:5000, Beyotime Biotechnology, A0216, A0208, Shanghai, China) at room temper-

ature for 1 h. proteins were visualized with a Super ECL plus Kit (Wansheng Haotian Biotechnology Co., Ltd, EZWB01, Shanghai, China) on a

Tanon 5200 chemiluminescent imaging system (Tanon, China). The scanned images were quantified using ImageJ software. The expression

level of ANXA1 was normalized to its a-tubulin loading control.

Cannula implantation and drug intracerebroventricular microinjection

On day 30, after being anesthetized with 1.25% avertin, GTN+RIZ/VEH+SAL mice were placed on a stereotaxic device (RWD Life Science,

69105, Shenzhen, China). A stainless steel guide cannula (26 gauge, RWD Life Science, 62003, Shenzhen, China) was implanted into the right

lateral ventricle at the coordinates anteroposterior [AP]�0.46mm,mediolateral [ML]�1mm, anddorsoventral [DV]�1.8mmaccording to the

paxinos & Franklin Mouse Brain Atlas.62 The cannula was anchored to the skull with dental cement. Then, the mice were allowed to recover

from surgery for 10 days.

Intracerebroventricular (i.c.v.) microinjection was performed with a 25 mL Hamilton microliter syringe, which was connected to an injection

cannula (RWD Life Science, 62203, Shenzhen, China) via a polyethylene tube and driven by a syringe pump (KD Scientific, 788130, USA). Drugs

were injected at a volume of 5 mL/mouse, and at a speed of 0.5 mL/min. After the expected volumewas injected, 5-min delay timewas allowed

for the drug to diffuse. During drug infusion, the mice were maintained under light isoflurane (1%–1.5%) anesthesia. The ANXA1-derived

active peptide Ac2-26 TFA (Ac-AMVSEFLKQAWFIENEEQEYVQTVK, MedChemExpress LLC, HY-P1098A, Shanghai, China) was freshly

diluted with 0.9% saline for a dose of 5 mg/mouse and administered immediately after sonication. An equal volume of saline was used as con-

trol. The stock solutions of the formyl peptide receptor (FPR) antagonist Boc-MLF TFA (MedChemExpress LLC, HY-103473A, Shanghai, China)

were prepared by dissolving it in dimethyl sulfoxide. Aliquots of this solution were subsequently diluted in saline (dimethyl sulfoxide:saline

1:99, v/v) for i.c.v. treatment at a dose of 1 mg/mouse. The dose of these two drugswas determined based on previous study.24 On day 40, Ac2-

26 TFA was administered 30 min before the mice were exposed to BLS, and Boc-MLF TFA was infused 20 min before the administration of

Ac2-26 TFA. The location of the cannula was verified histologically by sectioning the brain after infusing Evans Blue (E2129, Sigma). The repre-

sentative location of the cannula is shown in Figure S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

All behavioral testing and data analyses were performed by experimenters who were blinded to mice treatments. Sample sizes were deter-

mined according to the investigator’s experience and previous studies.10,63 All data were presented as meanG standard error of the mean.

Two-way repeated-measures analysis of variance (ANOVA) with Tukey post hoc test, one-way repeated-measures ANOVAwith Dunnett post

hoc test, one-way ANOVA with Tukey post hoc test and paired t test were performed using Graphpad prism 8 (Graphpad Software, La Jolla,

CA, USA). The details of the statistical analyses used for different experiments are described in the figure legends. A p value of <0.05 was

considered statistically significant.
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