
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhou et al. Journal of Neuroinflammation          (2025) 22:134 
https://doi.org/10.1186/s12974-025-03466-8

Journal of Neuroinflammation

†Yanjie Zhou and Wu Chen contributed equally to this work.

*Correspondence:
Zheman Xiao
zmxiao@whu.edu.cn

1Department of Neurology, Renmin Hospital of Wuhan University, Wuhan 
University, 99 Zhangzhidong Road, Wuhan 430060, China
2Department of Urology, Renmin Hospital of Wuhan University, Wuhan 
University, 99 Zhangzhidong Road, Wuhan 430060, China
3Department of Thoracic Surgery, Renmin Hospital of Wuhan University, 
Wuhan University, 99 Zhangzhidong Road, Wuhan 430060, China

Abstract
Background  Caveolin-1 (CAV1), a scaffolding protein critical for caveolae formation, regulates G-protein-coupled 
receptor (GPCR) signaling via caveolae-mediated endocytosis. The calcitonin receptor-like receptor (CLR), a GPCR and 
core subunit of the calcitonin gene-related peptide (CGRP) receptor, is a therapeutic target for migraine. However, the 
role of CAV1 in CLR regulation and migraine remains unclear.

Methods  A migraine model was established in female mice via dural inflammatory soup (IS) application. Migraine-
like behaviors were assessed using Von Frey filament, spontaneous pain behavior counts, light/dark box, and acetone 
test. CAV1 was overexpressed by lentivirus and downregulated by small interfering RNA (siRNA) technology. Methyl-
β-cyclodextrin (MβCD) was used to inhibit caveolae-mediated endocytosis. The molecular mechanism of CAV1 
on CLR and neuroinflammation was investigated using biochemistry, multiplex immunohistochemistry staining, 
internalization assay, and co-immunoprecipitation.

Results  Repeated IS stimulation elevated CLR expression and internalization in the trigeminal nucleus caudalis (TNC), 
concurrently activating ERK/CREB signaling, promoting microglial activation, and increasing inflammatory cytokines 
(TNFα, IL-1β). CAV1 directly interacted with CLR, promoting its degradation. CAV1 knockdown in the TNC exacerbated 
migraine pathology, characterized by CLR accumulation, enhanced ERK/CREB phosphorylation, and amplified 
neuroinflammation. Conversely, CAV1 overexpression or MβCD-mediated caveolae disruption normalized CLR levels, 
reduced signaling hyperactivity, and reversed nociceptive behaviors.

Conclusion  CAV1 negatively regulates CLR stability, suppressing ERK/CREB signaling and microglial inflammation in a 
preclinical female migraine model. These findings suggest that CAV1 contributes to migraine-related hyperalgesia and 
may represent a novel therapeutic target for migraine treatment.
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Introduction
Migraine is a prevalent neurovascular disorder disease, 
predominantly affecting women and often accompanied 
by nausea, vomiting, photophobia, and phonophobia [1, 
2]. According to the Global Burden Disease (GBD) 2021, 
migraine ranks as the third most disabling neurological 
disorder [3]. Current therapeutic strategies primarily tar-
get the calcitonin gene-related peptide (CGRP) pathway. 
Four monoclonal antibodies (fremanezumab, galcan-
ezumab, eptinezumab, and erenumab) targeting CGRP or 
its receptor have been approved for migraine prevention, 
demonstrating significant efficacy in Phase III clinical tri-
als [4, 5]. The functional CGRP receptor comprises calci-
tonin receptor-like receptor (CLR) and receptor activity 
modifying protein 1 (RAMP1) [6]. By binding to and acti-
vating its receptor complex, CGRP causes vasodilatation 
with plasma protein extravasation and meningeal mast 
cell degranulation during a migraine attack [7]. CLR, the 
core component of the CGRP receptor complex, under-
goes agonist-stimulated internalization with subsequent 
sorting and trafficking to either lysosomal degradation or 
plasma membrane recycling [8, 9]. Degradation of CLR 
attenuates CGRP signaling, mitigating migraine-related 
pathology, whereas deleterious recycling sustains or 
amplifies it, potentially worsening migraine [8, 10]. How-
ever, the mechanisms underlying the differential traffick-
ing and outcomes of CLR internalization remain to be 
determined.

Caveolin-1 (CAV1) is a 22  kDa intracellular protein 
that is a major component associated with small nested 
lipid rafts in the plasma membrane [11]. CAV1 involves 
multiple cellular processes, including cell growth, differ-
entiation, endocytosis, cholesterol trafficking, and cellu-
lar senescence [12]. Many studies pointed to caveolae and 
caveolins as important regulators of G-protein-coupled 
receptor (GPCR) traffic and function [13, 14]. GPCR ago-
nists can enrich receptors in caveolae or do the opposite 
[15, 16]. Caveolae, CAV1, GPCR, and even G protein-
coupled receptor kinases (GRKs) may be jointly regu-
lated downstream signaling pathways through complex 
mechanisms [13]. CAV1 modulates cell surface signaling 
through diverse mechanisms involving caveolae-depen-
dent pathways [17]. For instance, Raf-1 is recruited to 
caveolae upon EGF stimulation, which is essential for 
MAP kinase pathway activation [18], whereas caveolae 
may be depleted of certain membrane proteins under dif-
ferent conditions [19]. This functional diversity indicates 
that CAV1 can direct receptor trafficking fates. Never-
theless, little is known about the mechanism of CAV1-
CLR interaction and the effect of the interaction on CLR 
internalization.

Previous studies suggest that neuroinflammatory 
changes, including microglia activation, are key patho-
logical components of migraine [20, 21]. The interaction 

between neurons and microglia affects the transmis-
sion of pain signals [20]. In addition to interacting with 
GPCRs, CAV1 appears to be a critical component of 
microglia and regulating upstream/downstream regula-
tory elements in inflammation [22]. Studies have shown 
that CAV1 can negatively regulate the inflammatory 
response, which is considered a neuroprotective factor, 
and that lack of CAV1 enhances neuroinflammation [23, 
24]. However, CAV1 has been little studied in migraine, 
and the specific molecular mechanisms and signaling 
pathways remain unknown.

This research aimed to explore the role of CAV1 in 
migraine using in vitro and in vivo experiments. In par-
ticular, we investigated the mechanisms of CAV1 inter-
actions with CLR, identified proteins involved in the 
process, and assessed microglial-mediated inflammation.

Materials and methods
Animals and groups
Female C57BL/6 mice weighing 17-19  g between seven 
and eight weeks of age were used in the study. All mice 
used in this experiment were provided by Hunan Slake 
Jingda Experimental Animal Co., Ltd. Mice were housed 
in a controlled environment with a standard 12:12 light-
dark cycle, temperature of 19-22  °C, and humidity of 
50-55% and free access to food and water. All experi-
ments were conducted in consideration of the funda-
mental ethical principles of animal experiments and the 
“3R” principles. The in vivo animal study consisted of 
five experiments, with mice grouped in each section as 
follows. Experiment 1: (1) PBS, (2) IS; Experiment 2: (1) 
PBS-vehicle (VEH), (2) PBS-BIBN4096, (3) IS-VEH, (4) 
IS-BIBN4096; Experiment 3: (1) normal control (NC), 
(2) siRNA-CAV1(si-CAV1); Experiment 4: (1) PBS-VEH, 
(2) PBS-MβCD, (3) IS-VEH, (4) IS-MβCD; Experiment 
5: (1) lentivirus (LV)-NC + PBS, (2) LV-NC + IS, (3) LV-
CAV1 + IS. Eight mice per group were utilized. Mice were 
randomly assigned throughout the whole trial. All mice 
were acclimated for one week before the initiation of 
experiments.

Establishment of a migraine mouse model
A mouse model of migraine was induced by repeated 
dural infusions of inflammatory soup (IS) as described 
previously [25]. IS stimulates the dura mater by induc-
ing sterile inflammation, thereby causing migraine-like 
behavior in mice. Mice were anesthetized with 3% iso-
flurane for induction and 1.5% isoflurane for mainte-
nance. An incision in the midline of the scalp was made 
to expose the skull. A small hole (diameter = 1 mm) was 
drilled into the skull at 1 mm posterior and 1 mm lateral 
to bregma, leaving the dura intact. One guide cannula 
was implanted to allow microinjections. After surgery, 
the incision was sutured, and erythromycin ointment 
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was topically used to prevent infection. Dural injec-
tion of IS was conducted one week following recovery 
from surgery. IS consists of 2 mM prostaglandin E2, 2 
mM serotonin, 2 mM histamine and 2 mM bradykinin. 
IS was injected into the guide cannula using a microin-
jector with an injection volume of 20 µl daily for 7 days. 
Controls were injected with equal phosphate buffer saline 
(PBS).

Behavioral tests
Behavioral tests were conducted prior to euthanasia by 
an experimenter blinded to the experimental conditions.

Mechanical pain threshold
The mechanical threshold was measured using von Frey 
filaments as previously described [26]. Mice were accli-
mated to the testing box 30  min prior to the test. Von 
Frey filaments were gently pressed onto the periorbital 
region, sufficient force was applied to bend the filament, 
and the contact was maintained for 1-2  s. The posi-
tive response was defined as sudden head withdrawal, 
scratching, and shaking. A smaller filament was used 
when a positive response appeared; otherwise, a larger 
filament was used. The smallest force that elicited with-
drawn responses was recorded.

Spontaneous pain-related behaviors
Spontaneous behaviors, including head-scratching and 
freezing, were recorded in plexiglass cages where mice 
could move freely. Mice usually exhibit discomfort and 
pain in the head and periorbital region under migraine 
conditions. Head-scratching behavior can be used to 
assess the effectiveness of migraine models, which typi-
cally refers to the forepaws of mice scratching the scalp 
and periorbital skin area [27]. The number of head-
scratching was counted during the 1-hour period imme-
diately after the last drug administration. Freezing refers 
to the state in which the mouse stops activities and 
remains still [28]. Freezing time immediately after the 
last drug administration within 5 min was also recorded.

Cold pain threshold
Cold allodynia was assessed using the acetone test. Mice 
were placed in a transparent plastic box and given 30 min 
for habituation. Then, one drop of acetone was applied 
to the periorbital region. The behaviors of mice after the 
acetone spray were monitored and scored according to 
the following criteria: 0 for no response, 1 for mild head 
withdrawal or flicking, 2 for prolonged and rapid head 
shaking, and 3 for scratching or rubbing head. The total 
score of mice showing a positive response within 1 min 
was recorded.

Photophobia behavior
Photophobia was assessed by calculating time spent in 
the light during a light/dark box test according to pub-
lished methods [29]. The light/dark box apparatus com-
prises two equally connected compartments: light and 
dark (each containing 30 × 30 × 20 cm). At the beginning 
of the experiment, the mice were placed near the hole 
in the center of the box and allowed to explore freely for 
5  min. The movement trajectory of mice was automati-
cally detected.

Cell culture and treatment
SH-SY5Y cells are a widely used human neuroblastoma 
cell line. BV2 cells are an immortalized murine microg-
lial cell line. SH-SY5Y and BV2 cells were purchased 
from Procell Life Science & Technology Co, Ltd (Pro-
cell, Wuhan, China) and cultured in RPMI 1640 medium 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 
and 100  µg/ml streptomycin at 37℃ and 5% CO2. To 
assess the effects of CGRP on CAV1, SH-SY5Y cells were 
treated with various concentrations of CGRP (1, 3, 5, 10, 
and 20 µM) for 1 h, while control cells were treated with 
PBS.

Plasmids, siRNA, and transfection
The human CLR ORF with a Myc tag (pCMV-CAL-
CRL), CAV1 ORF with a Flag tag (pLV3-CMV-CAV1), 
and empty vector plasmid (pCMV-MCS-3×MYC, 
pCMV-MCS-3×Flag) were constructed by Miaoling 
Biology (Wuhan, China). Three methoxy-2‐tetralone 
and cholesterol‐modified siRNA constructs targeting 
mouse CAV1 (siRNA1: forward, 5′-GCUUCCUGAUU-
GAmGAUUCAGUdTdT-3′, reverse, 5′-ACUGAAU-
CUCAAUCAGGAAGCdTdT-3′; siRNA2: forward, 
5′-CGACGUGGUCAAGAUUGACUUdTdT-3′, reverse, 
5 ′ - A AG U C A AU C U U G AC C AC G U C G d Td T- 3 ′ ; 
and siRNA3: forward, 5′-CCGCUUGUUGUCUAC-
GAUCUUdTdT-3′, reverse, 5′-AAGAUCGUAGACAA-
CAAGCGGdTdT-3′) and a negative control (siRNA-NC) 
construct were constructed by Gentle Gen (Suzhou, 
China). ExFect Transfection Reagent (Vazyme, Nanjing, 
China) was used to transfect the plasmids and siRNA 
into SH-SY5Y cells according to the manufacturer’s 
instructions. Cells were collected for subsequent experi-
ments 36-48 h following transfection.

siRNA in vivo transfection
The RNase-free water and in vivo transfection reagent 
were used to dissolve siRNA, reaching the final concen-
tration of 2 µmol/l. For in vivo transfection, 10 µl of the 
diluted siRNA solution and Entranster in vivo transfec-
tion reagent Engree Biosystems Co., Beijing, China) were 
mixed according to the manufacturer’s instructions. The 
mixed solution was microinjected into the trigeminal 
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nucleus caudalis (TNC) immediately (AP: -7.78 mm; DV: 
-4.75  mm; ML: ±1.65  mm) [30]. The injection site was 
confirmed by injecting a red fluorescent dye DiI (0.8 µl; 
Fig.  5c). The injection was repeated after two days to 
obtain a more stable transfection effect. Behavioral tests 
and animal sacrifices were conducted two days after the 
second injection.

Inhibition of caveolin-mediated endocytosis
Methyl-β-cyclodextrin (MβCD) was used to disrupt cave-
olin-mediated endocytosis by depleting cholesterol from 
lipid rafts [31]. In cell experiments combined with CGRP, 
SH-SY5Y cells were pre-treated with 1 µM CGRP for 1 h 
to activate CLR and ensure functional CGRP receptor 
expression without altering CAV1 levels. Cells were then 
treated with 5 mM MβCD (MCE, HY-101461) dissolved 
in a mixture of 10% DMSO, 40% PEG300, 5% Tween80, 
and 45% saline for 30 min [32]. Control cells received the 
same volume of solvent.

For animal experiments, nasal injection has been widely 
used in the treatment of migraine as a non-invasive way 
of administering drugs to the brain, which can effectively 
cross the blood-brain barrier and increase the concentra-
tion of drugs entering the brain [33–35]. To test the ther-
apeutic effect of MβCD on migraine, MβCD (10 µl, 1 µg/
µl) was given intranasally every day after IS or PBS treat-
ment according to the manufacturer’s recommendations.

BIBN4096 treatment
The CGRP receptor antagonist BIBN4096 was freshly 
dissolved in a vehicle solution consisting of 10% DMSO, 
40% PEG300, 5% Tween80, and 45% saline and admin-
istered intranasally (10 µl, 0.01 µg/µl) within 30 min fol-
lowing each IS injection. The administration dosage was 
determined based on previous studies [36].

Lentiviral production and transduction
Human and mouse CAV1 overexpression lentiviruses 
(pLV3-CMV-CAV1) and control lentiviral vectors were 
synthesized by Miaoling Biology (Wuhan, China). For 
lentiviral transduction, SH-SY5Y cells were infected with 
pLV3-CMV-CAV1 (human) at a multiplicity of infection 
(MOI) of 100 for 72 h at 37  °C and 5% CO₂ to establish 
a CAV1 overexpression cell line. Transduction efficiency 
was confirmed by Western blot analysis. To assess the 
effect of neuronal CAV1 overexpression on microglia, 
the conditioned medium was collected from CAV1-over-
expressing and control cell lines and used to culture BV2 
cells for 24 h, after which cell lysates were harvested for 
inflammatory factor detection.

To investigate the role of CAV1 in vivo, 5  µl control 
lentivirus or CAV1 overexpression lentivirus (pLV3-
CMV-CAV1 (mouse), 109 TU/ml) was microinjected into 
the TNC according to the manufacturer’s instructions. 

Migraine modeling was performed one week after the 
lentivirus injection.

Cell membrane and cytosol protein isolation
The TNC tissue of mice and SH-SY5Y cells were har-
vested. The membrane and cytosol proteins were isolated 
using a Membrane and Cytosol Protein Extraction Kit 
(P0033, Beyotime, Shanghai). The pellet was collected for 
further studies.

Western blot (WB) analysis
Mice brain tissue or cell samples were lysed in RIPA buf-
fer containing phenylmethylsulfonyl fluoride (PMSF) 
and a protease inhibitor cocktail. Protein samples were 
separated using 10% or 12.5% SDS-PAGE and then trans-
ferred onto a polyvinylidene-difluoride (PVDF) mem-
brane (Millipore, USA). After blocking with a blocking 
solution (PS108P, Epizyme, Shanghai) for 20  min, the 
membranes were incubated with primary antibody 
overnight at 4  °C. Primary antibodies used were as fol-
lows: CLR (1:500, A8533, Abclonal), Caveolin-1 (1:1000, 
16447-1-AP, Proteintech), DYKDDDDK (1:20000, 
20543-1-AP, Proteintech), MYC (1:3000, 16286-1-AP, 
Proteintech), NaK ATPase (1:1000, 3010S, Cell Sig-
naling Technology), ERK1/2 (1:1000, AF1015, Affin-
ity Biosciences), pERK1/2 (1:1000, 16286-1-AP, Affinity 
Biosciences), pCREB (1:1000, A99875, HY CEZMBIO), 
CREB (1:1000, A34072, HY CEZMBIO), TNFα (1:500, 
GB115701, Servicebio), IL-1β (1:500, GB11113, Service-
bio), GAPDH (1:1000, 10494-1-AP, Proteintech). Subse-
quently, the membrane was washed with TBST and then 
incubated with HRP-conjugated secondary antibody for 
1  h at room temperature. Proteins were detected by an 
enhanced chemiluminescence (ECL) system. Image J 
software was used to measure the chemiluminescence 
intensity of protein bands.

Co-immunoprecipitation (co-IP)
Mice brain tissue or cells were lysed by Western and IP 
lysis buffer (Beyotime, Shanghai, China), and the co-IP 
was performed using Protein A/G Magnetic Beads 
(Selleck, USA). Briefly, lysate (100  µl) was incubated 
with targeting antibody (CLR, A8533, Abclonal, 10  µg; 
DYKDDDDK, 20543-1-AP, Proteintech, 2  µg; MYC, 
16286-1-AP, Proteintech, 2  µg; IgG, 30000-0-AP, Pro-
teintech, 2  µg) overnight at 4  °C. Then, pretreatment of 
magnetic beads and incubated with the antibody-antigen 
complexes for 4 h at 4 °C. Finally, the beads were washed 
three times with lysis buffer and resuspended in SDS-
loading buffer/lysis buffer (1:1). After being heated at 
95  °C for 10 min, these samples were analyzed by west-
ern blotting. To avoid IgG bands on the IP blot, the non-
heavy chain IgG secondary antibody (1:5000, A25022, 



Page 5 of 22Zhou et al. Journal of Neuroinflammation          (2025) 22:134 

Abbkine) and the non-light chain IgG secondary anti-
body (1:5000, A25122, Abbkine) were used.

Multiplex immunohistochemistry staining (mIHC)
Multiplex immunohistochemistry staining assay was per-
formed according to the previously described protocols 
[37]. In detail, cell or frozen tissue Sect. (8 μm thick) were 
fixed with cold acetone for 20 min and then washed three 
times in PBS for 5 min per wash. Sections were treated 
with 3% H2O2 for 10  min to block endogenous peroxi-
dase activity. After washing with PBS, the sections were 
blocked with 5% BSA for 45  min at room temperature. 
Then incubated them with primary antibody (caveo-
lin-1, 1:500, 16447-1-AP, Proteintech; CLR, 1:400, A8533, 
Abclonal; IBA1, 1:1000, GB15105, Servicebio; c-Fos, 
1:500, GB11069, Servicebio; CGRP, 1:500, sc-57053, 
Santa Cruz), overnight at 4℃. After washing, sections 
were incubated with an HRP-labeled secondary anti-
body. CGRP staining was visualized with CY3-Tyramide 
(G1233, Servicebio) at room temperature for 10  min, 
while other antigens were stained with Alexa Fluor 488 
Tyramide (SB-YT0070, ShareBio) for 10  min at room 
temperature. Sections were then washed three times 
with PBS. To strip the antibodies, sections were placed in 
sodium citrate antigen retrieval solution and microwaved 
at high heat for 10 min. After cooling to room tempera-
ture, sections were blocked in 5% BSA again and incu-
bated with a new primary antibody (CLR, 1:400, A8533, 
Abclonal; caveolin-1, 1:500, 16447-1-AP, Proteintech) 
according to experimental needs. Fluorescence intensity 
was amplified with CY3-Tyramide (G1233, Servicebio). 
Finally, the DAPI-containing anti-fluorescence quencher 
was used to seal the glass slides.

Immunofluorescence-based internalization assay
An immunofluorescence-based internalization assay was 
performed using the method referred to by Thomas et al. 
[38]. Briefly, after transfected with CALCRL, SH-SY5Y 
cells were incubated with the CLR antibody for 30  min 
at 4 °C. After washing the cells extensively with ice-cold 
PBS, the cells were incubated for 60 min at 37 °C in the 
presence or absence of drugs (sucrose, 450 µmol/L, Sino-
pharm Chemical Reagent Co., Ltd); nystatin, 15  mg/ml, 
Aladdin; amiloride, 1 mmol/l, Aladdin; chlorpromazine, 
15 µg/ml, Aladdin). Control cultures were left at 4  °C, a 
nonpermissive condition for internalization. The cells 
were rewashed with ice-cold PBS, and then cell surface 
receptors were labeled with a FITC-conjugated second-
ary antibody (1:100; Servicebio) for 60 min at 4 °C. Cells 
were then fixed with 75% ice-cold ethanol for 20 min. For 
permeabilization, cells were treated with PBS containing 
0.5% Triton X-100 for 10 min. Afterward, cells were incu-
bated with Cy3-conjugated secondary antibodies (1:200; 
Servicebio) for 1  h at room temperature to label the 

internalized receptors. Finally, the cells were sealed with 
DAPI-containing anti-fluorescence quenching sealing 
tablets and observed under a fluorescence microscope 
(Olympus BX53; Olympus, Japan) to collect images.

Statistical analyses
Statistical analyses were performed with SPSS version 
22.0 and GraphPad Prism 8.0.1. All data were presented 
as mean ± standard error of the mean (SEM). Data sets 
with normal distributions were analyzed with unpaired 
Student’s two-tailed t-tests to compare two groups and 
one-way analysis of variance (ANOVA) to compare three 
or more groups. Post hoc multiple comparisons were 
conducted using Tukey’s test. Non-parametric data were 
analyzed using the Mann-Whitney test to compare two 
groups and the Kruskal-Wallis test with the Dunns mul-
tiple comparisons test to compare three or more groups. 
p < 0.05 indicated a significant difference.

Results
CAV1 downregulation and CLR upregulation in TNC after 
repeated IS dural stimulation
To investigate the role of CAV1 in migraine, we estab-
lished migraine models using repeated IS dural infusions. 
Compared to PBS-treated controls, IS administration 
significantly reduced periorbital mechanical thresh-
olds (Fig.  1a) while increasing head-scratching counts 
(Fig. 1b), freezing time (Fig. 1c), cold pain scores (Fig. 1d), 
and photophobia behaviors (Fig.  1e-g). Immunofluores-
cence staining for c-Fos in the TNC revealed a significant 
increase in c-Fos-positive cells in the IS group compared 
to the PBS group (Fig. S1a, b), indicating activation of 
the trigeminovascular system. These behavioral tests and 
c-Fos immunoreactivity indicated the successful estab-
lishment of the migraine model.

Immunofluorescence analyses revealed that repeated 
IS stimulation upregulated CLR (p < 0.01) but downregu-
lated CAV1 fluorescence intensity (p < 0.001) in the TNC 
(Fig.  1h-j). Quantification of CLR-positive cells demon-
strated that > 70% exhibited partial/complete internaliza-
tion in IS-treated mice versus < 30% in controls (Fig. 1h, 
l). Corresponding protein changes were confirmed by 
western blot. CLR increased (p < 0.05, Fig.  1m, n) while 
CAV1 decreased (p < 0.05, Fig.  1m, o) in the IS group. 
Additionally, CGRP levels in the TNC were also elevated 
after IS stimulation (Fig. S1c, d). These complementary 
changes in CLR and CAV1 dynamics suggest opposing 
roles in migraine pathophysiology.

To investigate the functional role of CGRP/CLR sig-
naling in migraine pathophysiology, we administered 
the CGRP receptor antagonist BIBN4096 to mice sub-
jected to IS-induced dural stimulation. BIBN4096 
administration attenuated IS-induced migraine-
like behaviors in female mice, evidenced by restored 
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Fig. 1 (See legend on next page.)
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periorbital mechanical thresholds, reduced pain scores, 
decreased head-scratching counts, shortened freezing 
time, and alleviated photophobia (Fig. S2a-g). No sig-
nificant behavioral alterations were observed in PBS-
treated control mice following BIBN4096 administration. 
Consistent with these behavioral findings, BIBN4096 
treatment markedly suppressed IS-induced c-Fos immu-
noreactivity in the TNC (Fig. S2h, i), indicative of atten-
uated trigeminovascular neuronal activation. These 
findings collectively implicate CLR as a key promoter of 
migraine progression.

CAV1 interacts with CLR and negatively regulates its 
expression
To explore whether CAV1 interacts with CLR, we stim-
ulated SH-SY5Y cells with different concentrations of 
CGRP (1, 3, 5, 10, 20 µM). Western blot analysis revealed 
that CAV1 protein levels were unchanged or even slightly 
increased with low-concentration CGRP stimulation (< 5 
µM), but high-concentration CGRP stimulation (≥ 5 µM) 
resulted in a significant decrease in CAV1 protein expres-
sion (Fig.  2a, c). CLR expression remained increased in 
this process (Fig. 2a, b). The results indicated there might 
be a negative expression regulation relationship between 
CLR and CAV1.

Bidirectional coIP of exogenous CLR and CAV1 con-
firmed their robust interaction (Fig.  2d, e), further sup-
ported by their co-localization via immunofluorescence 
(Fig.  2f ). As CAV1 is a caveolae-associated scaffolding 
protein critical for membrane trafficking and signaling 
molecule clustering [39], we focused on exploring its role 
in regulating CLR.

SH-SY5Y cells were transfected with CAV1-FLAG plas-
mid to increase CAV1 expression, while an empty vector 
plasmid was transfected to serve as a negative control. 
The results suggested that CLR protein level was reduced 
in response to CAV1 overexpression (p < 0.05, Fig.  2g, 
h). CoIP experiments using TNC tissue from IS-treated 
mice revealed enhanced CAV1-CLR interaction relative 
to PBS controls (Fig.  2i, j). These findings suggest that 
CAV1 and CLR might repress each other’s expression 
through direct protein-protein interactions. The expres-
sion of CAV1 was decreased in migraine mice, and the 
decreased CAV1 likely upregulates CLR protein levels 

through a process involving the CLR-interacting domain 
of CAV1. Conversely, CAV1 overexpression suppresses 
CLR expression.

IS enhanced CLR internalization via caveolin-dependent 
endocytosis
Ligand-induced receptor endocytosis remains a hallmark 
feature of GPCR activation and downstream signal trans-
duction [40]. Building on our observation of IS-induced 
CLR internalization in the TNC (Fig.  1h, l), we further 
examined and quantified CLR trafficking in the trigemi-
nal ganglion. Results revealed that IS-treated mice exhib-
ited higher CLR-positive cell counts and internalization 
rates than controls (Fig.  3a-c). Consistent with this, 
western blot analysis showed a reduced membrane-to-
cytosol ratio of CLR in the IS group (approximately 78%) 
compared to the PBS group (approximately 82%, Fig. 3d-
e). Given that caveolae and CAV1 participate in GPCR 
endocytosis [41], we hypothesized that CAV1 regulates 
CLR subcellular trafficking. In SH-SY5Y cells, immu-
nofluorescence staining showed that CAV1 plasmid 
transfection significantly enhanced CLR internalization, 
characterized by a reduced ratio of membrane-localized 
to cytoplasmic CLR (Fig. 3f, g). Western blot analysis fur-
ther demonstrated that CAV1 overexpression reduced 
CLR protein levels not only in the membrane fraction 
but also in the cytoplasmic fraction, accompanied by a 
pronounced decrease in the membrane-to-cytoplasmic 
ratio of CLR (Fig. S3a-d). These data collectively suggest 
that CAV1 promotes CLR internalization and subsequent 
downregulation.

To determine the endocytic pathway for CLR internal-
ization, we applied various endocytosis inhibitors to SH-
SY5Y cells. Cellular uptake assay investigated the impact 
of different inhibitors on CLR cellular internalization 
efficiency. Results showed that nystatin (inhibits caveo-
lin-mediated endocytosis) significantly prevented CLR 
internalization after 1 h of CGRP stimulation (p < 0.001). 
In contrast, sucrose (inhibits clathrin-mediated endocy-
tosis), amiloride (inhibits macropinocytosis), and chlo-
roquine (inhibits endosomal acidification and membrane 
fusion) had little or no effect on CLR internalization 
[42] (Fig.  3h-i). These findings establish caveolae as the 

(See figure on previous page.)
Fig. 1  Changes in CAV1/CLR expression and migraine-like behaviors in female mice after repeated dural IS stimulation. (a-g) Migraine-like behavioral 
results after repeated dural IS stimulation, including periorbital threshold (a), number of head scratching (b), cold pain scores (c), freezing time (d), time 
spent in the light (e), number of transitions between chambers (f), representative movement traces and heatmaps of the mice in the light/dark box (g). 
n = 8 mice per group. (h) Double immunofluorescence staining showed that CLR and CAV1 were co-localized in the TNC of female mice. Representa-
tive images characterizing CLR internalization are shown in an enlarged view. Line-scan plots show the fluorescence intensity profiles along the white 
arrows. Scale bar: 10 μm. (i-j) Quantitative analysis of CLR (i) and CAV1 (j) immunofluorescence. n = 4 mice per group. (k-l) Quantitative analysis of CLR-
positive cells (k) and the ratio of internalized CLR-positive cells to total CLR-positive cells (l). n = 4 mice per group. (m-o) Representative immunoblots and 
quantification of CLR (n) and CAV1 (o) proteins in different groups. n = 4 mice per group. Mean ± SEM, unpaired Student’s t-test, *p < 0.05, **p < 0.01 and 
***p < 0.001 compared to the PBS group. Abbreviations: CAV1: caveolin-1; CLR: calcitonin receptor-like receptor; IS, inflammatory soup; TNC: trigeminal nucleus 
caudalis
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Fig. 2 (See legend on next page.)
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dominant pathway for CLR internalization and under-
score CAV1’s regulatory role in migraine mechanisms.

CAV1 regulated neuronal ERK/CREB pathway activation 
and microglial inflammation through neuron-microglia 
interaction
Previous studies have implicated the involvement of 
ERK/CREB pathway activation, microglial activation, and 
inflammation in migraine pathogenesis [35, 43], all of 
which are linked to CAV1 [44]. We investigated CAV1’s 
role in modulating these pathways. Western blot analysis 
revealed increased phosphorylation of ERK1/2 (p < 0.001) 
and CREB (p < 0.05) in the TNC of female mice follow-
ing repeated IS stimulation (Fig.  4a-b). IS-treated mice 
also exhibited pronounced microgliosis in TNC, charac-
terized by elevated IBA1 immunoreactivity (a microglial 
marker; Fig.  4c, d). Morphological analysis showed an 
enlarged cell body with shorter and thicker microglia in 
the IS group, suggesting enhanced activation (Fig.  4e). 
Additionally, IS stimulation triggered neuroinflamma-
tion, as demonstrated by elevated TNFα (p < 0.001) and 
IL-1β (p < 0.01) protein levels (Fig.  4f-g). To elucidate 
the role of CAV1, we overexpressed CAV1 in SH-SY5Y 
cells using lentiviral transduction. CAV1 overexpression 
significantly suppressed phosphorylated ERK (p < 0.001) 
and CREB (p < 0.01; Fig. 4h, i), indicating inhibition of the 
ERK/CREB pathway. To investigate the impact of neu-
ronal CAV1 on microglial inflammation, BV2 cells were 
treated with conditioned medium from CAV1-overex-
pressing SH-SY5Y cells for 24 h (Fig. 4j). Results showed 
that neuronal CAV1 overexpression significantly reduced 
TNFα (p < 0.01) and IL-1β (p < 0.001) levels in microglia 
(Fig. 4k, l), demonstrating its ability to attenuate microg-
lial-mediated neuroinflammation.

CAV1 knockdown triggered migraine-like behavioral traits 
in female mice
To further clarify the regulatory role of CAV1 in migraine 
pathogenesis, we microinjected siRNA targeted CAV1 
into the TNC of female mice. First, we screened three 
CAV1 siRNAs (CAV1-siRNA1/2/3) in BV2 cells using 
negative control (NC) siRNA as a comparator. identi-
fied CAV1-siRNA2 as the most effective, achieving ∼ 65% 
CAV1 knockdown and concurrently increasing CLR 
expression by ∼ 120% (Fig.  5a, b). CAV1-siRNA2 was 

therefore selected for subsequent in vivo experiments. 
The experimental design is shown in Fig. 5c.

Behavioral assays revealed that CAV1 knockdown 
mimicked IS stimulation, eliciting decreased periorbital 
and cold withdrawal thresholds, increased spontane-
ous pain-related behaviors (head-scratching, freezing), 
and increased photophobia compared to NC controls 
(Fig. 5d-j). The immunofluorescence of c-Fos in the TNC 
confirmed that CAV1 knockdown induced activation of 
the trigeminovascular system in female mice (Fig. S2a, 
b). Compared with mice in the NC group, mice with 
CAV1 knockdown exhibited increased release of CGRP 
(Fig. S2c, d). Molecular analyses demonstrated increased 
phosphorylation of ERK (p < 0.05) and CREB (p < 0.05), 
elevated CLR protein levels (p < 0.05), and upregulated 
TNFα (p < 0.01) and IL-1β (p < 0.05) in the TNC of CAV1-
knockdown mice versus NC mice (Fig.  5k, l). Further-
more, immunofluorescence and morphological analyses 
confirmed microglial aggregation and activation in TNC 
tissue following CAV1 knockdown (Fig.  5m–o). Collec-
tively, these results demonstrate that CAV1 deficiency 
alone recapitulates migraine-like behavioral and neuroin-
flammatory phenotypes, underscoring CAV1 as a pivotal 
therapeutic target in migraine.

MβCD suppressed ERK/CREB activation and inflammatory 
factors production in vitro
The above studies suggested that CAV1 may regulate the 
downstream signaling involved in migraine by mediat-
ing CLR internalization. To explore this further, we used 
MβCD, a typical lipid raft-mediated endocytosis inhibi-
tor, to block CAV1 function [31]. First, we administered 
MβCD (5 mM) and CGRP (1 µM) individually or in com-
bination to SH-SY5Y cells. WB analysis was performed 
to assess the effects on CLR and ERK/CREB signaling 
pathways. The sole application of CGRP significantly 
stimulated the phosphorylation of ERK (p < 0.001) and 
CREB (p < 0.001), while MβCD had the opposite effect 
(Fig. 6a-c). Combined treatment with MβCD attenuated 
CGRP-induced ERK/CREB pathway activation (Fig.  6a-
c). MβCD treatment did not decrease or even slightly 
increase CLR protein levels (Fig.  6a, d). MβCD alone 
depleted CAV1 (p < 0.001), and CAV1 levels were further 
reduced by combined CGRP administration (Fig.  6a, e). 
Next, we examined the effects of CGRP and MβCD on 
the release of inflammatory factors. MβCD significantly 

(See figure on previous page.)
Fig. 2  The interaction between CAV1 and CLR. (a-c) Effects of CGRP on CLR (b) and CAV1 (c) proteins in SH-SY5Y cells. n = 4 independent experiments. 
Mean ± SEM, One-way ANOVA, *p < 0.05, and **p < 0.01 compared to the control without CGRP stimulation. (d-e) CoIP of CLR with CAV1 in SH-SY5Y cells. 
(f) Immunofluorescence co-localization of CAV1 and CLR in SH-SY5Y cells. Scale bar: 10 μm. Yellow arrowheads indicate membrane-associated co-local-
ized puncta, while white arrowheads mark cytosolic colocalization sites. (g-h) Effects of CAV1 overexpression on CLR protein levels assessed by western 
blot in SH-SY5Y cells. n = 4 independent experiments. Mean ± SEM, unpaired Student’s t-test, *p < 0.05, ***p < 0.001 compared to the negative control. 
(i-j) Representative coIP immunoblots of CLR with CAV1 and quantification in the TNC of female mice. n = 4 independent experiments. Mean ± SEM, 
unpaired Student’s t-test, *p < 0.05 compared to the negative control. Abbreviations: CAV1: caveolin-1; CLR: calcitonin receptor-like receptor; CGRP: calcitonin 
gene-related peptide; coIP: co-immunoprecipitated
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Fig. 3  CLR internalization and endocytic pathway. (a) Representative immunofluorescence staining images showed that IS-induced CLR internalization 
in the trigeminal ganglion. Insets show a higher magnification view. Line-scan plots show the fluorescence intensity profiles along the white arrows. Scale 
bar: 10 μm. n = 4 mice per group. (b-c) Quantitative analysis of CLR-positive cells (b) and the ratio of internalized CLR-positive cells to total CLR-positive 
cells (c). n = 4 mice per group. (d-e) Representative immunoblots and quantification of CLR in the cytosol and the cytomembrane after repeated dural 
IS stimulation. n = 4 mice per group. Mean ± SEM, unpaired Student’s t-test, **p < 0.01 compared to the cytomembrane protein levels in the PBS group, 
##p < 0.01 compared to the cytosol protein levels in the PBS group. (f) Representative immunofluorescence images of CLR protein in the cytomembrane 
(green) and the cytosol (red) after CAV1 overexpressing. Scale bar, 10 μm. (g) Quantification of the ratio of membrane to cytoplasmic-cell fluorescence. 
n = 4 cells per group. (h) Representative immunofluorescence images and quantification of CLR protein in the cytomembrane (green) and the cytosol 
(red) after applying endocytosis inhibitors. Scale bar, 10 μm. (i) Quantification of the ratio of membrane to cytoplasmic-cell fluorescence. n = 4 cells per 
group. Abbreviations: CLR: calcitonin receptor-like receptor; RAMP1: receptor activity modifying protein 1; IS, inflammatory soup; Mem: cytomembrane; Cyto: 
cytosol; PBS: Phosphate buffer saline
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Fig. 4 (See legend on next page.)
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reduced the expression of IL-1β (p < 0.001) induced by 
CGRP stimulation (Fig.  6f-h). The level of TNFα was 
declined by the treatment of MβCD alone or in combi-
nation with CGRP. These results indicated that MβCD 
suppresses ERK/CREB activation and inflammatory fac-
tor production in vitro, implicating its potential role in 
modulating migraine-related signaling pathways. 

MβCD alleviated hyperalgesia and neuroinflammation in 
female migraine mice
To verify the role of MβCD in vivo, MβCD was fur-
ther injected intranasally in the mice after PBS or 
IS stimulations (Fig.  7a). Compared to the IS-VEH 
group, the IS-MβCD group exhibited reduced perior-
bital mechanical (p < 0.001) and cold pain thresholds 
(p < 0.01), alongside increased spontaneous pain behav-
iors (head-scratching, p < 0.01; freezing time, p < 0.05) 
and photophobia (p < 0.05; Fig.  7b–h). MβCD alone 
had no significant effect on migraine-like behaviors in 
female mice. MβCD treatment significantly reduced IS-
induced c-Fos (p < 0.01) and CGRP immunoreactivity 
(p < 0.001), whereas MβCD alone had minimal effects 
on these markers (Fig. S1a–d). In addition, MβCD alone 
downregulated inflammatory factor (TNFα, p < 0.001; 
IL-1β, p < 0.05) while upregulated CLR (p < 0.05) pro-
tein levels in female mice compared with the PBS-VEH 
group (Fig.  7i-j). MβCD treatment after IS stimulation 
decreased the activation of the ERK/CREB pathway and 
expression of TNFα (p < 0.001) and IL-1β (p < 0.05) but 
did not reduce a decrease in CLR (p = 0.694) expres-
sion (Fig.  7i-j). CLR internalization in the mouse TNC 
was also examined. There was no statistically signifi-
cant difference in the cytoplasm CLR expression in the 
IS-MβCD group compared to the IS-VEH group. At the 
same time, MβCD increased the cell surface CLR after IS 
infusions (Fig.  7k-l). The results indicated that the ratio 
of CLR entry into the cytoplasm in the IS-MβCD group 
was decreased compared to the IS-VEH group. Immuno-
fluorescence showed that MβCD treatment reduced the 
number and activation of microglia in the TNC of female 
mice induced by IS stimulations (p < 0.001, Fig.  7m-n). 
Taken together, MβCD inhibited CLR internalization, 
suppressed ERK/CREB pathway activation, and reduced 
microglia-mediated inflammation factors release. 
These findings suggested that blocking the CAV1-CLR 

trafficking axis with MβCD may be an effective strategy 
for migraine treatment.

CAV1 overexpression attenuated migraine-like behaviors 
via the CLR/ERK/CREB signaling and microglia activation in 
female migraine mice
Finally, we performed functional rescued for CAV1 over-
expression to examine the therapeutic potential of CAV1 
in vivo. Female mice were microinjected with lentivirus 
overexpressing CAV1 prior to IS stimulation (Fig.  8a). 
Behavioral and related molecular indicators were exam-
ined in mice after modeling completion. Compared to 
the LV-NC + IS group, mice in the LV-CAV1 + IS group 
exhibited increased periorbital and cold pain thresholds, 
decreased spontaneous pain behaviors, and reduced 
photophobia (Fig. 8b-h), indicating that CAV1 alleviated 
migraine-like behaviors induced by repeated IS stimu-
lation. CAV1 overexpression also rescued IS-induced 
increases in c-Fos (p < 0.01) and CGRP (p < 0.05) expres-
sion (Fig. S4a-d). CAV1 overexpression downregu-
lated the phosphorylation of ERK (p < 0.05) and CREB 
(p < 0.05), and reduced CLR protein levels (p < 0.001) and 
inflammatory factors expression (TNFα, p < 0.01; IL-1β, 
p < 0.05) in the TNC of female mice (Fig. 8i, j). Morpho-
logical changes and decreased IBA1 immunoreactivity in 
the LV-CAV1 + IS group suggested that CAV1 attenuated 
IS-induced microglial activation and gliosis (Fig.  8k, l). 
These findings showed that combined gene therapy tar-
geting CAV1 could be an effective treatment strategy for 
migraine.

Discussion
Our findings establish CAV1 in the TNC of female mice 
as a key regulator of IS-induced migraine-like pathology. 
CAV1 acts as a molecular checkpoint, integrating CLR 
signaling with neuroinflammatory processes and offer-
ing mechanistic insights into migraine pathophysiology. 
These results highlight CAV1-targeted interventions as 
potential therapeutic strategies for migraine.

In migraine pathogenesis, IS stimulation elevated 
CGRP levels (Fig. S1c-d), leading to CLR activation and 
subsequent receptor internalization (Figs.  1h and 3a). 
CAV1 modulated caveolae-mediated CLR endocytosis 
through physical interaction and CLR expression regula-
tion (Fig. 2d-i). During migraine progression, decreased 

(See figure on previous page.)
Fig. 4  CAV1 regulated ERK/CREB pathway and microglia activation. (a-b) Representative immunoblots and quantification of ERK/CREB pathway in the 
TNC. n = 4 mice per group. Mean ± SEM, unpaired Student’s t-test, *p < 0.05, ***p < 0.001 compared to the PBS group. (c-d) Representative immunofluores-
cence images and quantification of IBA1 in the TNC. Scale bar: 10 μm. n = 4 mice per group. Mean ± SEM, unpaired Student’s t-test, **p < 0.01 compared to 
the PBS group. (e) Typical microglial morphology in the TNC after repeated dural IS stimulation. (f-g) Representative immunoblot images and quantifica-
tion of TNFα and IL-1β in the TNC. n = 4 mice per group. Mean ± SEM, unpaired Student’s t-test, **p < 0.01, ***p < 0.001 compared to the PBS group. (h-i) 
Effects of CAV1 overexpression on ERK/CREB pathway assessed by western blot in SH-SY5Y cells. n = 4 independent experiments. Mean ± SEM, unpaired 
Student’s t-test, **p < 0.01, ***p < 0.001 compared to the vector group. (j) Diagram of culture conditions. (k-l) Effects of CAV1 overexpression in SH-SY5Y 
cells on the release of TNFα and IL-1β from BV2 cells, as assessed by western blot. n = 4 independent experiments. Mean ± SEM, unpaired Student’s t-test, 
**p < 0.01, ***p < 0.001 compared to vector. Abbreviations: CAV1: caveolin-1; TNC: trigeminal nucleus caudalis
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Fig. 5 (See legend on next page.)
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CAV1 expression was observed (Fig. 1m, o), concurrent 
with CLR internalization, ERK/CREB pathway activation, 
microglial priming, and pro-inflammatory factors release 
(Fig. 4a-g). These events correlated with neuronal sensiti-
zation, accompanied by nociceptive hypersensitivity and 
photophobia. TNC-specific CAV1 knockdown recapitu-
lated key pathological features. CAV1 knockdown upreg-
ulated CLR expression, amplified ERK/CREB signaling, 
and exacerbated neuroinflammation (Fig. 5). Pharmaco-
logical caveolae disruption using MβCD reduced CLR 
internalization, ERK/CREB activation, and cytokine pro-
duction in IS models, consequently attenuating migraine 
symptoms (Fig. 7). Therapeutic overexpression of CAV1 
shifted CLR fate by promoting robust receptor internal-
ization (Fig.  3f-g; Fig. S3a-d), redirecting internalized 
CLR to degradation rather than recycling. In this process, 
CGRP-bound CLR underwent co-degradation within 
caveolae-derived vesicles, reducing extracellular CGRP 
(Fig. S6c-d). This CAV1-mediated disruption of CGRP/
CLR signaling, along with the suppression of ERK/CREB 
activation and neuroinflammation (Fig.  8i-k), ultimately 
reversed IS-induced migraine-like behaviors (Fig. 9).

In our study, CAV1 knockdown increased CGRP 
expression, hinting at complex interactions between 
CAV1, CGRP/CLR signaling, and the trigeminovascu-
lar system. CAV1 depletion upregulates CLR, sustaining 
its activation. This triggers trigeminovascular activation 
and further CGRP release, thereby amplifying nocicep-
tive transmission [45, 46]. Moreover, CAV1 knockdown-
induced microglial activation releases pro-inflammatory 
cytokines such as TNFα and IL-1β, which can further 
stimulate neuronal CGRP production [47, 48], intensi-
fying this cycle. Conversely, CAV1 overexpression and 
MβCD treatment can block CLR signaling and sup-
press microglial-mediated inflammatory amplification, 
disrupting this pathological cascade. However, further 
research is needed to understand the intricate mecha-
nisms underlying these interactions fully.

CLR internalization activates multiple intracellular 
signaling pathways to amplify pain signals [36, 49, 50]. 
Among these pathways, the ERK/CREB pathway received 
significant attention and has been extensively studied 
[50]. For instance, in one study related to pain, CGRP 
was found to stimulate CLR endocytosis and activate 

PKC in the cytosol and ERK in the cytosol and nucleus. 
Inhibiting CLR endocytosis prevented the activation of 
cytosolic PKC and nuclear ERK [49]. Zhou et al. further 
demonstrated that blocking CGRP/CLR signaling down-
regulated the expression levels of p-ERK and p-CREB by 
using a CGRP receptor antagonist in a chronic migraine 
rat model [36]. These findings confirm that CGRP/CLR 
signaling directly triggers ERK activation. Therefore, we 
focused on upstream regulatory mechanisms rather than 
revalidating this established pathway. Here, we identify 
CAV1 as a pivotal modulator of the CLR/ERK/CREB 
pathway in migraine pathophysiology. By employing 
CAV1 knockdown and overexpression, we demonstrated 
that CAV1 negatively regulates ERK/CREB signaling, 
dampening CLR-mediated nociceptive amplification and 
migraine-like behaviors (Figs.  5d-l and 8b-j). The effect 
of CAV1 on the ERK/CREB pathway in migraine may be 
direct or indirect, potentially mediated through its inter-
action with CLR. The role of ERK/CREB in CAV1-medi-
ated migraine pathogenesis and their interaction with 
CAV1-CLR signaling requires further study.

As a key structural component of caveolae, CAV1 
orchestrates membrane and receptor dynamics [17]. Fol-
lowing GPCR activation, CAV1 undergoes internaliza-
tion, phosphorylation, and ubiquitination [51]. Under 
physiological conditions, CAV1 maintains homeostasis 
via recycling mechanisms [17]. However, excessive CGRP 
exposure may induce cellular stress. Pathological condi-
tions disrupt this balance, inducing caveolae disassembly 
and CAV1 degradation [52]. Future studies are needed 
to elucidate the mechanisms underlying CGRP-induced 
CAV1 degradation. Our study found decreased CAV1 
expression in the TNC of IS-induced migraine (Fig. 1m, 
o). Whether this reduction is attributable to pathological 
CGRP stimulation also requires further investigation.

There are two classical endocytosis pathways: clathrin-
dependent and clathrin-independent [53]. Using different 
endocytic inhibitors, we found that caveolae and caveo-
lin-1 mediated CLR internalization induced by CGRP 
stimulation in SH-SY5Y cells (Fig.  3h, i). Similar to our 
observations, another study by Tang et al. concluded that 
CLR internalization is mediated by the caveolae-depen-
dent pathway on VSMC [54]. However, many other stud-
ies presented clathrin-mediated CLR internalization [9, 

(See figure on previous page.)
Fig. 5  CAV1 knockdown induced migraine-like symptoms by regulating the CLR/ERK/CREB pathway and microglia activation in vivo. (a-b) Representa-
tive immunoblots and quantification of CAV1/CLR after siRNA treatment in BV2 cells. n = 4 independent experiments. Mean ± SEM, unpaired Student’s 
t-test, **p < 0.01, ***p < 0.001 compared to the negative control. (c) Experimental flow chart and schematic of the siRNA microinjection site. (d-j) Migraine-
like behavioral results after CAV1-siRNA microinjection, including periorbital threshold (d), number of head scratching (e), freezing time (f), cold pain 
scores (g), time spent in the light (h), number of transitions between chambers (i), representative movement traces and heatmaps of the mice in the light/
dark box (j). n = 8 mice per group. (k-l) Representative immunoblots and quantitative analysis of CLR, ERK/CREB signaling, and TNFα/IL-1β protein levels in 
the TNC after CAV1-siRNA microinjection. n = 4 mice per group. (m-n) Representative immunofluorescence images and quantification of IBA1 in the TNC 
after CAV1-siRNA microinjection. Scale bar: 10 μm. n = 4 mice per group. (o) Typical microglial morphology in the TNC after CAV1-siRNA microinjection. 
Mean ± SEM, unpaired Student’s t-test, *p < 0.05, **p < 0.01 and ***p < 0.001 compared to the NC group. Abbreviations: CAV1: caveolin-1; CLR: calcitonin 
receptor-like receptor; TNC: trigeminal nucleus caudalis
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49, 55]. The discrepancy is likely attributable to the fact 
that these studies only used inhibitors of clathrin-medi-
ated endocytosis, but not caveolae-mediated inhibitors. 
CAV1 may bind to CLR, promoting its lysosomal deg-
radation and inhibiting CLR signaling. This mechanism 
is also observed in other CAV1-mediated receptor path-
ways. For example, CAV1 inhibits TGF-β signaling by 
mediating the lysosomal degradation of TGF-β recep-
tors through caveolae/raft-dependent endocytosis [56]. 
Specifically, CAV1 interacts with TGF-β receptors, pre-
venting their interaction with SMAD proteins and down-
stream signaling. Additionally, caveolae and membrane 
rafts facilitate the recruitment of ubiquitin ligases, which 
promote the ubiquitination and degradation of CAV1 
and TGF-β receptors. In this context, CAV1 recruits 
ubiquitinated TGF-β receptors in the plasma membrane 
and aids their transport to lysosomes, thereby inhibiting 
TGF-β signaling.

To further test the role of CLR internalization in 
migraine, we used MβCD to block the caveolin-depen-
dent internalization. MβCD is a well-known cholesterol-
depleting agent that selectively extracts cholesterol from 

the plasma membrane bilayer, thereby disrupting lipid 
raft integrity without perturbing other membrane com-
ponents [57, 58]. Importantly, MβCD primarily exerts 
its effects by inhibiting caveolae-dependent internal-
ization rather than directly modulating the expression 
of CAV1. The impact of MβCD on CAV1 expression is 
dynamic. Nascimento et al. reported that CAV1 expres-
sion decreased at 6  h but increased at 24  h following 
MβCD-induced cholesterol depletion [57]. In our experi-
mental paradigm, tissues were collected shortly after 
behavioral assessments (within 24  h of the final MβCD 
dose), potentially capturing the early phase of CAV1 
downregulation. However, this transient reduction in 
CAV1 expression does not negate its functional inhibi-
tion. CAV1 is predominantly localized in the plasma 
membrane, whereas ERK and CREB are primarily found 
in the cytoplasm and nucleus [36, 51]. CAV1 and CLR 
rely on caveolae-mediated internalization to initiate 
downstream signaling. MβCD prevents their internaliza-
tion, thereby disrupting CLR/CAV1 trafficking to intra-
cellular compartments required for ERK/CREB pathway 
activation. Consequently, even if the expression of CAV1 

Fig. 6  MβCD attenuated ERK/CREB signaling and inflammation in vitro. (a-e) Effects of MβCD on ERK/CREB activation and CAV1/ CLR with or without 
CGRP stimulation (1 µM) in SH-SY5Y cells were analyzed by western blotting. n = 4 independent experiments. Mean ± SEM, One-way ANOVA, *p < 0.05, 
**p < 0.01, ***p < 0.001 vs. untreated control; +++p < 0.001 vs. MβCD alone; ##p < 0.01, ###p < 0.001 vs. CGRP alone. (f-h) Effects of MβCD on TNFα and IL1β 
protein levels with or without CGRP stimulation (1 µM) in BV2 cells were analyzed by western blotting. n = 4 independent experiments. Mean ± SEM, 
One-way ANOVA, *p < 0.05 compared to the control without stimulation, +p < 0.05 compared to the control with MβCD stimulation alone. #p < 0.05, and 
###p < 0.001 compared to the control with CGRP stimulation. Abbreviations: MβCD: methyl-β-cyclodextrin; CAV1: caveolin-1; CLR: calcitonin receptor-like recep-
tor; ns: not significant
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Fig. 7 (See legend on next page.)
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were decreased, its inability to internalize renders it func-
tionally inert, effectively decoupling the CAV1/CLR axis 
from downstream ERK/CREB signaling. This explains the 
marked attenuation of neuroinflammatory markers (e.g., 
TNFα, IL-1β) and migraine-like behaviors observed in 
our model (Fig. 7). Thus, while MβCD’s acute effects on 
CAV1 expression may appear paradoxical, it exerted an 
overall alleviating effect on migraine symptoms.

Microglia have been regarded as the immune cells 
in the nervous system [59]. In disease states, microglia 
proliferate, migrate, and accumulate in damaged areas, 
participating in inflammatory responses and tissue 
repair [60]. The morphology of microglia is highly plas-
tic. Activated microglia have enlarged cytosol, shorter 
protrusions, and rounded or rod-shaped cell morphol-
ogy [61]. Targeting CAV1 can effectively alleviate IS-
induced microglia proliferation and activation in female 
mice TNC (Figs.  7m-m and 8k-l). CAV1 overexpres-
sion caused microglia protrusions to become signifi-
cantly longer (Fig.  8k). Niesman et al. also showed that 
microgliosis is increased in the brains of young CAV-1 
knock-out (KO) mice and that CAV1 modulates microg-
lia morphology [23]. Notably, CAV1 has been shown to 
promote neuroinflammation in other neurological disor-
ders, such as traumatic brain injury, potentially through 
the direct activation of microglia [62]. Our study focused 
on the indirect effects of CAV1 on inflammatory factors 
released by microglia (BV2) and their subsequent impact 
on neurons (SH-SY5Y). The effects of CAV1 on microg-
lia and neuroinflammation are determined by the cell 
type, the pathological environment, and specific signaling 
pathways [22]. For instance, In degenerative disc disease, 
increased CAV1 mediates the integrin β1 and NF-κB 
signaling pathways to facilitate IL-1β-induced cellular 
inflammation [63]. Conversely, in non-alcoholic fatty 
liver disease (NAFLD), CAV1 alleviates inflammation 
by targeting angiotensin II (Ang II) [64]. Extracellular 
matrix protein-3 enters astrocytes via caveolin-1-medi-
ated endocytosis, binds to NF-κB p65, and translocates 
into the nucleus, thereby suppressing the transcription 
of inflammatory factors [65]. In these settings, CAV1 
knockdown might alter endocytic recycling, thereby 

promoting inflammatory cascades. Further studies are 
warranted to elucidate these mechanisms.

Neuron-glia crosstalk contributes to the mechanisms 
underlying pain conditions [20]. Within the CNS, neu-
rons and microglia communicate via direct and indirect 
interactions: the former involves physical membrane con-
tact between the two cell types, whereas the latter relies 
on soluble mediators such as cytokines, growth factors, 
or even neurotransmitters to mediate intercellular signal-
ing [66]. Our results demonstrated that neuronal CAV1 
overexpression significantly reduced the expression levels 
of TNFα and IL-1β in microglia, suggesting that CAV1 
upregulation effectively suppresses microglia-mediated 
inflammatory responses. This is likely to indirectly regu-
late microglial function by modulating the release of neu-
rotransmitters and other mediators from neurons. There 
are several signaling pathways are involved in soluble 
factor-dependent microglia-neuron interaction, includ-
ing BDNF/TrkB signaling, IL-6 trans-signaling, and 
extracellular vesicle (EV) shedding [66]. The communi-
cation between microglia and neurons in the CNS is a 
complex process that involves a wide range of intermedi-
ate organs/cells, soluble factors, and membrane-to-mem-
brane contact. Further studies are required to elucidate 
the precise mechanisms underlying the crosstalk between 
CAV1-modulated neurons and microglia.

CGRP receptor antagonists, such as gepants and 
monoclonal antibodies, are currently used to treat 
migraine by blocking the binding of CGRP to its recep-
tor complex, thereby inhibiting receptor activation. How-
ever, like other GPCRs, long-term use of these drugs may 
lead to receptor upregulation [67]. CLR expression may 
increase compensatory in response to continuous inhi-
bition by antagonists. This can result in rebound effects 
upon drug discontinuation. Directly degrading CLR, 
rather than merely blocking CGRP-CLR binding, could 
address issues related to drug tolerance and withdrawal 
reactions. This approach could also complement current 
CGRP/CLR-targeted therapies and provide new options 
for patients unresponsive to existing treatments. Despite 
significant challenges, CAV1 emerges as a promising 
new target due to its flexible regulatory role. Research on 
CAV1-based drug development is ongoing. Molecular 

(See figure on previous page.)
Fig. 7  Evaluation of MβCD effect in female mice. (a) Flow chart of experimental procedure in vivo. (b-h) Migraine-like behavioral results after MβCD infu-
sion on IS-induced migraine mice, including periorbital threshold (b), number of head scratching (c), freezing time (d), cold pain scores (e), time spent 
in the light (f), number of transitions between chambers (g), representative movement traces and heatmaps of the mice in the light/dark box (h). n = 8 
mice per group. Mean ± SEM, One-way ANOVA, ##p < 0.01, ###p < 0.001 compared with IS-VEH group. (i-j) Representative immunoblots and quantification 
of CLR/ERK/CREB signaling and TNFα/IL1β in the TNC after MβCD infusion on IS-induced migraine mice. n = 4 mice per group. Mean ± SEM, One-way 
ANOVA, *p < 0.05, *p < 0.001 as compared with PBS-VEH group, #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with IS-VEH group. (k-l) Representative 
immunoblots and quantification of CLR in the cytosol and the cytomembrane after MβCD infusion on IS-induced migraine mice. n = 4 mice per group. 
Mean ± SEM, One-way ANOVA, **p < 0.01 compared to the cytomembrane protein levels in the PBS-VEH group, #p < 0.05 compared to the cytomembrane 
protein levels in the IS-VEH group. (m-n) Representative immunofluorescence images and quantification of IBA1 in the TNC after MβCD infusion on IS-
induced migraine mice. Scale bar: 10 μm. n = 4 mice per group. Mean ± SEM, ###p < 0.001 as compared with IS-VEH group. Abbreviations: MβCD: methyl-β-
cyclodextrin; CAV1: caveolin-1; CLR: calcitonin receptor-like receptor; TNC: trigeminal nucleus caudalis; ns: not significant
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Fig. 8  CAV1 overexpression rescued the activation effects of CLR/ERK/CREB and microglia induced by IS stimulation in vivo. (a) Flow chart of the experi-
mental design. (b-h) Migraine-like behaviors, including periorbital threshold (b), number of head scratching (c), freezing time (d), cold pain scores (e), time 
spent in the light (f), number of transitions between chambers (i), representative movement traces and heatmaps of the mice in the light/dark box (h) 
were assessed after CAV1 overexpression on migraine mice. n = 8 mice per group. (i-j) Representative immunoblots and CLR/ERK/CREB signaling quanti-
fication and TNFα/IL1β in the TNC after CAV1 overexpression on migraine mice. n = 4 mice per group. (k-l) Representative immunofluorescence images 
and quantification of IBA1 in the TNC after CAV1 overexpression on migraine mice. Scale bar: 10 μm. n = 4 mice per group. Mean ± SEM, One-way ANOVA, 
*p < 0.05, *p < 0.01 and *p < 0.001 compared with LV-NC + PBS group, #p < 0.05, #p < 0.01 and ###p < 0.001 compared with LV-NC + IS group. Abbreviations: 
CAV1: caveolin-1; CLR: calcitonin receptor-like receptor; TNC: trigeminal nucleus caudalis; LV: lentivirus; NC: normal control
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Fig. 9 (See legend on next page.)
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glue might be helpful in binding CAV1 to target proteins, 
promoting drug internalization, and enhancing therapeu-
tic efficacy [17, 68].

Nevertheless, there are several limitations to be con-
sidered. Firstly, despite migraine occurring frequently 
in women, the role of CAV1 in male mice still requires 
further investigation. Secondly, more in-depth studies of 
other established migraine animal models and patients 
are needed to generalize these findings. Thirdly, since 
CAV1 plays a role in diverse biological processes, further 
studies are required to better define the optimal dosing 
strategy for CAV1. Fourthly, adrenomedullin receptors 
CLR/RAMP2 (AM1 receptor) and CLR/RAMP3 (AM2) 
are expressed in migraine-related regions [69], such as 
the trigeminal ganglion and dorsal root ganglia. More-
over, Our study does not explore the potential interplay 
between CAV1 and RAMP1, a critical component of the 
functional CGRP receptor [9]. Future work should inves-
tigate whether CAV1 concurrently regulates RAMP1 
trafficking or modulates receptor stoichiometry under 
migraine-related conditions.

Conclusions
In summary, we demonstrated that CAV1 negatively 
regulates CLR expression, inhibiting the ERK/CREB 
pathway and microglia-mediated neuroinflammation, 
alleviating migraine-like behaviors in a well-established 
female migraine model. Targeting CAV1 may provide 
a complementary therapeutic strategy for migraine 
treatment.
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Fig. 9  Schematic diagram for the mechanisms of targeting CAV1 in treating migraines. Repeated IS stimulation in female mice induces CGRP release, 
activating CLR and triggering its internalization. CAV1 expression is downregulated in the TNC. CAV1 directly interacts with CLR and modulates its intracel-
lular trafficking. This cascade upregulates CLR expression and concomitant activation of the ERK/CREB signaling axis and microglia. Activated microglia 
subsequently release TNFα and IL-1β, culminating in migraine-like behaviors (hyperalgesia, photophobia). Direct knockdown of CAV1 in the TNC of female 
mice amplifies CGRP/CLR signaling, reinforcing ERK/CREB and microglial activation to exacerbate neuroinflammation and migraine-related behavioral 
phenotypes. Pharmacological disruption of caveolae by MβCD impedes CLR internalization, leading to concurrent attenuation of ERK/CREB activation 
and neuroinflammatory processes, collectively ameliorate migraine symptoms. CAV1 overexpression promotes CLR internalization and degradation, re-
ducing CGRP levels and mitigating ERK/CREB activation and neuroinflammation, ultimately reversing IS-induced migraine behaviors. Abbreviations: CAV1: 
caveolin-1 TNC: trigeminal nucleus caudalis; CLR: calcitonin receptor-like receptor; MβCD: methyl-β-cyclodextrin
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