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IRAK-M attenuates pain hypersensitivity and anxiety-like behaviors in a nitroglycerin-induced chronic migraine mouse model with concomitant reductions in microglial activation and neuroinflammation
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Supplementary Methods
Sucrose preference test
As previously described [1], mice were individually housed and given free access to two bottles, one containing water and the other containing 1% sucrose solution. To minimize side preference, bottle positions were alternated every 12 h. Mice were habituated to the two-bottle setup for at least 2 days before testing. Sucrose preference was calculated daily as follows: sucrose preference (%) = V(sucrose solution) / [V(sucrose solution) + V(water)] × 100%.
Forced swimming test
As previously described [1], mice were placed individually in a Plexiglas cylinder (12 cm in diameter and 25 cm in height) filled with water to a depth of 15 cm (24 ± 1 °C). A 5-min pre-swim habituation session was conducted 1 day before testing. On the test day, mice were allowed to swim for 6 min continuously, and immobility time during the last 5 min was recorded using a video-tracking system.
[bookmark: _Hlk209706553]Statistical Analysis
Statistical analyses were conducted using IBM SPSS Statistics, version 20.0 (IBM, Armonk, NY, USA) and GraphPad Prism, version 8.0 (GraphPad Software, San Diego, CA, USA). Data are presented as mean ± SEM unless otherwise specified. Normality and homogeneity of variance were assessed before statistical testing using the Shapiro–Wilk and Levene tests, respectively. Comparisons between two groups were performed using an unpaired two-tailed Student’s t test. One-way ANOVA or two-way ANOVA followed by Bonferroni or Dunnett post hoc test was used for analyses with multiple comparisons. A value of p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01).

Supplementary Figures: 
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Supplementary Fig. 1 Genotyping of IRAK-M-knockout mice and validation of AAV-mediated IRAK-M overexpression
(A) The wild-type (+/+) and homozygote (-/-) alleles generate PCR products of 600 bp and 500 bp, respectively. (B) IRAK-M mRNA levels were measured in WT, WT + AAV-control, and WT + AAV-IRAK-M mice by RT-PCR before modeling (n = 4 mice per group). Data are presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple-comparison test in (B). *p < 0.05, **p < 0.01.
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Supplementary Fig. 2 Effects of saline and vehicle treatment on nociceptive thresholds and anxiety-related behavioral measures in WT mice
(A) Mechanical withdrawal thresholds assessed using paw withdrawal. (B) Thermal withdrawal latencies assessed using the hot-plate test. (C–D) Time spent in the light compartment and number of entries into the light compartment in the light-aversion test. (E–F) Total distance traveled and percentage of time spent in the central zone in the open-field test. (G–H) Percentage of time spent in the open arms and number of open-arm entries in the elevated plus-maze test. n = 6 mice per group. Data are presented as mean ± SEM. Two-way repeated-measures ANOVA followed by Bonferroni-adjusted multiple comparisons was used for (A–B), and an unpaired two-tailed Student’s t test was used for (C–H). No significant differences were observed between the WT + saline and WT + vehicle groups; ns, not significant.
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Supplementary Fig. 3 Assessment of depression-like behaviors in NTG-induced chronic migraine mice
(A) Experimental timeline. Depression-related behavioral measures, including the sucrose preference test (SPT) and forced swim test (FST), were assessed between days 9 and 16. (B) Schematic of the sucrose preference test. (C) Sucrose preference. (D) Schematic of the forced swim test. (E) Immobility time in the forced swim test. Data are presented as mean ± SEM. n = 12 mice per group. Statistical analysis was performed using Student’s t-test in (C) and (E). No significant differences were observed between groups; ns, not significant.
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Supplementary Fig. 4 IRAK-M knockout is associated with enhanced STAT1 activation and increased expression of M1-associated microglial markers
(A) Representative immunoblots showing phosphorylated STAT1 (p-STAT1), total STAT1, SOCS1, and β-actin expression in the TNC of WT + saline, WT + NTG, IRAK-M-KO + saline, and IRAK-M-KO + NTG mice. (B–C) Quantification of the p-STAT1/STAT1 ratio and SOCS1 protein expression. (D–E) Relative mRNA levels of CD86 and iNOS in the indicated experimental groups. Data are presented as mean ± SEM. n = 6 per group. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s multiple-comparisons test in (B–E). *p < 0.05, **p < 0.01.
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Supplementary Fig. 5 Effects of AAV-mediated IRAK-M overexpression on basal nociceptive thresholds and inflammatory cytokine expression in WT mice
(A–B) Mechanical pain thresholds assessed by von Frey filament stimulation and thermal withdrawal latency assessed by heat stimulation across experimental days (n = 6 mice per group). (C–F) Relative mRNA expression levels of IL-1β, IL-6, TNF-α, and IFN-γ in each group (n = 4 mice per group). Data are presented as mean ± SEM. Two-way repeated-measures ANOVA followed by Bonferroni-adjusted multiple comparisons was used for (A–B), and an unpaired two-tailed Student’s t test was used for (C–F). No significant differences were observed between groups; ns, not significant.
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Supplementary Fig. 6 IRAK-M overexpression is associated with reduced STAT1 activation and lower expression of M1-associated microglial markers
(A) Representative immunoblots showing phosphorylated STAT1 (p-STAT1), total STAT1, SOCS1, and β-actin expression in the TNC of WT + saline, WT + NTG, AAV-con + NTG, and AAV-IRAK-M + NTG mice. (B–C) Quantification of the p-STAT1/STAT1 ratio and SOCS1 protein expression. (D–E) Relative mRNA levels of CD86 and iNOS in the indicated experimental groups. n = 6 per group. Data are presented as mean ± SEM. One-way ANOVA followed by Dunnett’s multiple-comparisons test was used for (B–E). *p < 0.05, **p < 0.01.
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Supplementary Table. 1 Primers used for RT-qPCR
	Gene
	Forward primer sequence (5′–3′)
	Reverse primer sequence (5′–3′)

	IL-1β
	GTGAAATGCCACCTTTTGACAGTGA
	GAAGGTCCACGGGAAAGACAC

	IL-6
	ACAACCACGGCCTTCCCTACTT
	CACGATTTCCCAGAGAACATGTG

	TNF-α
	GCCTCCCTCTCATCAGTTCTATG
	ACCTGGGAGTAGACAAGGTACAA

	IFN-γ
	AGCAACAACATAAGCGTCATTGA
	TGACCTCAAACTTGGCAATACTC

	IRAK-M
	AGAGCAGCAGAGTTCTACCATAAA
	AGAACCTCCATGATCACGATTCC

	CD86
	CTGGACTCTACGACTTCACAATG
	AGTTGGCGATCACTGACAGTT

	iNOS
	GTTCTCAGCCCAACAATACAAGA
	GTGGACGGGTCGATGTCAC

	GAPDH
	GACCTCAACTACATGGTCTACA
	ACTCCACGACATACTCAGCAC



Supplementary Table. 2 Key resources
	Resource type
	Specific Reagent or Resource
	Source or Reference
	Catalog number
	RRID

	Chemical Compound
	Isoflurane
	RWD Life Science
	R510-22
	N/A

	Chemical Compound
	4% PFA
	Leagene
	DF0135
	N/A

	Chemical Compound
	TRIzol™ Reagent
	Invitrogen
	15596018CN
	N/A

	Chemical Compound
	RIPA Lysis Buffer
	Beyotime
	P0013B
	N/A

	Chemical Compound
	Protease and phosphatase inhibitor, 50X
	Beyotime
	P1045
	N/A

	Chemical Compound
	Goat Serum
	Beyotime
	C0265
	N/A

	Chemical Compound
	Triton X-100
	Beyotime
	ST1723
	N/A

	Chemical Compound
	BCA Protein Assay Kit
	Beyotime
	P0012
	N/A

	Chemical Compound
	Albumin Bovine (BSA)
	Biofroxx
	4240GR100
	N/A

	Chemical Compound
	Mounting Medium, antifading (with DAPI) 
	Solarbio
	S2110
	N/A

	Commercial Assay or Kit
	Color PAGE Gel Rapid Preparation Kit (10%)
	EpiZyme
	PG112
	N/A

	Commercial Assay or Kit
	SevenFast® Two Step RT&qPCR Kit
	Seven Biotech
	SQR-01
	N/A

	Material
	PVDF membrane
	Millipore
	88518
	N/A

	Secondary Antibody
	Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594
	Invitrogen
	A-11012
	AB_2534079

	Secondary Antibody
	Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
	Invitrogen
	A-11001
	AB_2534069

	Secondary Antibody
	Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
	Invitrogen
	A-11006
	AB_2534074

	Secondary Antibody
	Goat Anti-Rabbit IgG (H+L) HRP
	Affinity Biosciences
	S0001
	AB_2839429

	Secondary Antibody
	Goat Anti-Mouse IgG (H+L) HRP
	Affinity Biosciences
	S0002
	AB_2839430

	Primary Antibody
	Rabbit anti-c-Fos
	Novus Biologicals
	NBP2-50057
	AB_2665388

	Primary Antibody
	Mouse anti-CGRP
	Santa Cruz Biotechnology
	sc-57053
	AB_2259462

	Primary Antibody
	Rat anti-IBA1
	Synaptic Systems
	234017
	AB_2891289

	Primary Antibody
	Mouse anti-TLR4
	Proteintech
	66350-1-Ig
	AB_2881730

	Primary Antibody
	Rabbit anti-IRAK1
	Cell Signaling Technology
	4504
	AB_1904032

	Primary Antibody
	Rabbit anti-TRAF6
	Cell Signaling Technology
	67591
	AB_2904212

	Primary Antibody
	Rabbit anti-IRAK-M
	abcam
	ab307708
	Not found

	Primary Antibody
	Rabbit anti-p-NF-κB
	Cell Signaling Technology
	3033
	AB_331284

	Primary Antibody
	Rabbit anti-NF-κB
	Cell Signaling Technology
	8242
	AB_10859369

	Primary Antibody
	Rabbit anti-NLRP3
	abcam
	ab270449
	AB_2936382

	Primary Antibody
	Rabbit anti-ASC
	abcam
	ab283684
	AB_3073880

	Primary Antibody
	Rabbit anti-GSDMD
	Novus Biologicals
	NBP2-33422
	AB_2687913

	Primary Antibody
	Rabbit anti-Cl GSDMD
	abcam
	ab215203
	AB_2916166

	Primary Antibody
	Mouse anti-Caspase1
	Santa Cruz Biotechnology
	sc-56036
	AB_781816

	Primary Antibody
	Rabbit anti-Cl caspase1
	Affinity Biosciences
	AF4005
	AB_2845463

	Primary Antibody
	Rabbit anti-IL-1β
	Affinity Biosciences
	AF5103
	AB_2837589

	Primary Antibody
	Rabbit anti-Cl IL-1β
	Affinity Biosciences
	AF4006
	AB_2801567

	Primary Antibody
	Rabbit anti-IL-18
	Cell Signaling Technology
	57058
	AB_3751777

	Primary Antibody
	Rabbit anti-p-STAT1
	Cell Signaling Technology
	9167
	AB_561284

	Primary Antibody
	Rabbit anti-STAT1
	Cell Signaling Technology
	14994
	AB_2737027

	Primary Antibody
	Rabbit anti-SOCS1
	Cell Signaling Technology
	55313
	AB_3731289

	Primary Antibody
	Mouse anti-β-actin
	Servicebio
	GB15001
	AB_3083704

	Bacterial or Viral Strain
	Vector adeno-associated virus (AAV) 9-IRAK-M
	Hanbio Biotechnology, Shanghai, China
	N/A
	N/A

	Software
	SMART Video-tracking
	Panlab S.L.U., Barcelona, Spain
	N/A
	SCR_002852

	Software
	ImageJ
	U.S. National Institutes of Health, Bethesda, MD, USA
	N/A
	SCR_003070

	Software
	Imaris
	Bitplane AG, Zurich, Switzerland
	N/A
	SCR_007370

	Software
	SPSS
	IBM Corp, USA
	N/A
	SCR_002865

	Software
	GraphPad Prism
	GraphPad Software, LLC, USA
	N/A
	SCR_002798
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