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Abstract
Background  Chronic migraine is a prevalent and potentially debilitating neurological disorder that is often comorbid 
with mental health conditions (such as anxiety and depression), but the underlying mechanisms linking these 
conditions remain poorly understood. Indoleamine 2,3-dioxygenase 1 (IDO1) has been implicated in inflammatory 
processes, including neuroinflammation and pain. However, its role as a link between neuroinflammation and pain 
sensitization in chronic migraine is not well defined.

Methods  Male mice were used to establish a model of chronic migraine by recurrent intraperitoneal injections 
of nitroglycerin (NTG, 10 mg/kg). Using pharmacological approaches, transgenic strategies and adeno-associated 
virus (AAV) intervention, we investigated the role of IDO1 in pain sensitization and migraine-related mood 
disorders in an NTG-induced chronic migraine mouse model. We employed a combination of immunoblotting, 
immunohistochemistry, three-dimensional reconstruction, RNA sequencing, electrophysiology, in vivo fiber 
photometry, and behavioral assays to elucidate the underlying mechanisms involved.

Results  Our findings demonstrated that pharmacological inhibition and genetic knockout of IDO1 significantly 
alleviated pain sensitivity in a chronic migraine model. Neuronal activity in the anterior cingulate cortex (ACC) 
was evaluated with in vitro c-Fos immunostaining as well as in vivo fiber photometry, and a shift in the excitation/
inhibition (E/I) balance toward excitation was observed through whole-cell patch clamp recording. Notably, IDO1 
expression was increased in the ACC, and AAV-mediated IDO1 knockdown in the ACC rescued pain sensitivity, 
electrophysiological E/I balance changes, and anxiety-like behavior in chronic migraine model mice. Furthermore, 
IDO1 regulated microglial activation and pruning of neuronal synapses in the ACC. IDO1’s microglial pruning function 
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Introduction
Migraine is a common and disabling primary headache 
disorder characterized by recurrent attacks of moderate 
or severe pain, which can be accompanied by a variety 
of neurological, gastrointestinal and autonomic symp-
toms [1, 2]. According to the Global Burden of Disease 
Study (2021), migraine affects 1.16 billion people and is 
the third leading cause of disability-adjusted life years [3]. 
Up to 5% of patients with episodic migraine may prog-
ress to chronic migraine, experiencing more intense and 
prolonged headaches, a higher incidence of comorbidi-
ties, and reduced therapeutic effectiveness [1, 4]. Chronic 
migraine is liable to accompany a wide range of psychiat-
ric comorbidities, particularly anxiety and depression [5, 
6]. Despite advances in understanding migraine, current 
studies have focused mainly on the trigeminal ganglion 
and trigeminal nucleus caudalis [7–10], which do not 
fully explain the accompanying symptoms. The mecha-
nisms underlying chronic migraine and its association 
with these comorbidities remain unclear.

Human brain-imaging studies have identified cortical 
regions implicated in pain processing, with the anterior 
cingulate cortex (ACC) emerging as a pivotal area [11]. 
The ACC is an involved in higher-level brain functions 
including nociception, chronic pain, and emotional pro-
cessing. Notably, structural and functional changes in 
the ACC have been observed in migraine patients [12–
14]. However, the specific mechanisms linking ACC to 
the sensory and emotional aspects of chronic migraine 
remain unclear.

Clinical studies have reported altered tryptophan 
catabolism and kynurenine metabolism pathways in 
migraine patients [15, 16]. Indoleamine 2,3-dioxygenase 
1 (IDO1) is an intracellular enzyme that catalyzes the 
initial and rate-limiting step in the degradation of tryp-
tophan via the kynurenine pathway, producing bioactive 
molecules, including kynurenine and its downstream 
metabolite quinolinic acid. The expression of IDO1 is 
observed in peripheral tissues, including macrophages 
and dendritic cells, as well as in microglia within the 
central nervous system [17]. IDO1 is normally upregu-
lated by inflammatory mediators, and its most impor-
tant inducer is the cytokine interferon-γ (IFN-γ) [17, 
18], which is implicated in several inflammation-related 
diseases, including tumors, autoimmune disorders and 

neurological diseases [19]. Recently, increased attention 
has been given to investigating the role of IDO1 in neu-
roinflammation, such as Parkinson’s disease, Alzheimer’s 
disease and epilepsy [20–22]. In addition, several studies 
have reported a critical role of IDO1 in regulating pain 
hypersensitivity in chronic pain [23–25], suggesting that 
IDO1 might also be involved in the immune-inflamma-
tory pathogenesis, manifestation, and progression of 
migraine. However, it remains unclear whether altered 
IDO1 expression contributes to migraine, or whether it 
represents a consequence of chronic migraine.

In this study, we employed pharmacological inhibition, 
genetic knockout, and adeno-associated virus (AAV)-
mediated knockdown to investigate the role of IDO1 in 
chronic migraine and its mood comorbidities. Using in 
vivo fiber photometry and whole-cell patch-clamp tech-
niques, we detected an increase in neuronal activity that 
affected the excitation/inhibition (E/I) balance in the 
ACC. Our findings revealed that microglial IDO1 medi-
ates the regulation of neuronal synaptic transmission and 
pain sensitization. This alteration is mediated by microg-
lial activation and synaptic pruning through the IFN sig-
naling pathway. Overall, our study provides novel insights 
into the molecular and cellular mechanisms underlying 
chronic migraine, highlighting the pivotal role of IDO1 in 
modulating pain sensitivity and associated comorbidities 
through its effects on microglial function and synaptic 
integrity.

Methods and materials
Animals
Male C57BL/6J mice (18–22  g, aged 6–8 weeks) were 
purchased from the Experimental Animal Center of 
Southern Medical University (Guangzhou, China). IDO1 
knockout (KO) mice (strain #:005867) were obtained 
from the Jackson Laboratory (Bar Harbor, ME, USA), and 
wild-type (WT) littermates were produced by heterozy-
gous mating. Genotyping was performed using PCR with 
the following three primers: (1) Mutant forward: CGT 
GCA ATC CAT CTT GTT CA, (2) WT forward: TAT 
TGA AAG GGG AAT CCA GA, (3) Common: GTG TCA 
GAA AGC TCA CTG CTT. Male homozygous mice and 
WT littermates were used for experiments. All animals 
were housed in groups of 3–5 per cage with free access to 
food and water and maintained on a 12 h light/dark cycle 

appears to be mediated through the interferon (IFN) signaling pathway, and the behavioral changes induced by IDO1 
knockdown in the ACC could be reversed by activating this pathway.

Conclusions  Our findings revealed that microglial IDO1 in the ACC drives pain sensitization and anxiety in chronic 
migraine, highlighting IDO1 as a potential therapeutic target for chronic migraine treatment.
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with controlled room temperature and humidity. Mice 
were randomized into different treatment groups, and all 
experimental analyses were conducted by an investigator 
blinded to the treatment group. All animal experimental 
procedures were approved by the Institutional Animal 
Care and Use Committee of Southern Medical University 
(L-2019-071, Guangdong, China).

Drug administration
The nitroglycerin (NTG) (Beijing Yimin, H11020289) 
stock solution, a concentration of 5.0 mg/ml was freshly 
diluted to 1  mg/ml with 0.9% saline before each injec-
tion. Mice received intraperitoneal injections of 10 mg/kg 
NTG or vehicle every other day for 9 days.

As described in our previous study [26], mice were pre-
treated with subcutaneous administration of 50  mg/kg 
IDO1 antagonist 1-methyltryptophan(1-MT) (Bideph-
arm, BD30153) or vehicle (1% DMSO in 0.9% NaCl) 
every day.

Additionally, mice were received daily intraperitoneal 
injection of 30 mg/kg IFN agonist tilorone dihydrochlo-
ride (Bidepharm, BD154145) or vehicle (0.9% NaCl) [27].

Animal models of chronic migraine
NTG-induced chronic migraine mouse model
According to previous report [28], mice were received 
intraperitoneal injections of 10 mg/kg NTG every other 
day for 5 times to establish a mouse model with chronic 
migraine. Control group mice received isovolumic saline 
injections. Pain threshold tests were performed before 
and 2  h after each vehicle/NTG injection to measure 
basal and acute responses, respectively (Fig. 1A).

Induction of cortical spreading depression (CSD)
Potassium chloride (KCl) was used to induce CSD in 
the chronic migraine model, based on a previous report 
[29]. Briefly, a 1.5  mm burr hole was drilled above the 
ACC (1.2 mm anterior and 0.25 mm bilateral to Bregma) 
in mice, and CSDs were evoked by placing a cotton ball 
soaked with 1 M KCl over the dura for 1 h, every other 
day for 5 times (Supplementary Fig. 4A).

Electrical stimulation (ES)-induced chronic migraine mouse 
model
ES-induced chronic migraine model was established 
accordingly [30]. Briefly, two screws (1  mm diameter) 
were placed onto the dural surface through drilled holes 
and attached to the skull using glass ionomer cement. 
After a 7-day recovery period, mice received ES (1  h, 
5  Hz, 0.5 ms pulse duration, and 1  mA intensity) every 
other day for 5 times. Sham group were connected to the 
stimulator without stimulation for 1  h (Supplementary 
Fig. 4B).

Reserpine-induced chronic migraine mouse model
For reserpine-induced chronic migraine model [31], mice 
were received intraperitoneal injection with reserpine 
(Sigma-Aldrich, 83580) at a dose of 1  mg/kg once daily 
for 10 days. Control group mice receiving injections of 
isovolumic saline (Supplementary Fig. 4C).

Behavioral experiments
Mice were handled for 3 consecutive days before behav-
ioral experiments to ensure familiarization to the inves-
tigator and to minimize stress, and acclimatized to the 
experimental room for at least 2  h before all behavioral 
tests. All behavioral tests were performed in a quiet, 
moderately lit (100  lx) standard behavioral testing room 
separate from the housing room. The experimenter was 
blinded to group identity during the experiment and 
quantitative analyses.

Mechanical sensitivity measurements
Mechanical thresholds were quantitatively assessed by 
stimulating the hind paw with von Frey filament. Mice 
were placed in individual clear acrylic chambers with 
wire mesh platform through which the von Frey hairs 
(Danmic Aesthesio, USA) were applied. The 50% paw 
withdrawal threshold was determined by using the “up-
down” method as described previously [32]. The force of 
filament strength utilized for measuring the mechanical 
threshold in the hind paws of mice spans from 0.008 g to 
2.0 g, with an initial filament application of 0.4 g, main-
taining a consistent force for 5–6  s. The strength of the 
subsequent filament (0.6  g) was increased when mice 
absent response, while decreased the filament (0.16  g) 
when mice exhibited response (sharply paw withdrawal, 
licking or shaking of hind paw), and so on. The stimuli 
were presented with a minimum interval of 30 s to pre-
vent sensitization following successive filament applica-
tions. Four times measurements were applied after the 
first positive response was occurred, then the up-down 
procedure was stopped.

Thermal sensitivity measurements
Thermal thresholds were evaluated using the hot plate 
test [33]. The temperature of the hot plate apparatus 
was maintained at 55 ± 0.2  °C. Mice were gently put 
onto the hot plate, recording the time of the mice lick-
ing their hind paws or jumping. A cut off latency of 
60 s was used to avoid skin heat nociception. The laten-
cies were recorded at 0 and 120  min after every NTG 
injection.

Open field test (OFT)
Mice were carefully placed into an open field chamber 
(40 × 40 × 30  cm) and allowed unrestricted freedom to 
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Fig. 1  Inhibition of IDO1 alleviates hyperalgesia in the NTG-induced chronic migraine model. (A) Experimental timeline for inducing chronic migraine in 
mice with NTG and conducting pain behavioral tests (red triangle). (B-C) Basal and acute mechanical paw withdrawal thresholds measured by von Frey 
filament in response to mechanical stimuli (n = 8). (D-E) Basal and acute thermal nociceptive thresholds measured by paw withdrawal latency in response 
to thermal stimuli (n = 8). (F) Experimental timeline for treatment with 1-MT, an IDO1 inhibitor, in combination with NTG to assess its effects on pain sen-
sitivity (red triangle). (G-H) Basal and acute mechanical paw withdrawal thresholds measured by von Frey filament in response to mechanical stimuli in 
vehicle and 1-MT injected mice (n = 12). (I) Experimental timeline for genetic knockout of IDO1 and NTG administration to evaluate the impact on pain 
sensitivity. (J) Western blotting analysis confirming IDO1 KO in mouse brain tissue compared to WT controls. GAPDH served as the loading control. (K-L) 
Basal and acute mechanical paw withdrawal thresholds measured by von Frey filament in response to mechanical stimuli in WT and IDO1 KO mice (n = 8). 
The data are shown as mean ± SEM, * or #p < 0.05, **p < 0.01, *** or ###p < 0.001, **** or ####p < 0.0001; two-way ANOVA in (B-E, G, H, K, L)
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explore for 5 min. The central region constitutes a quar-
ter of the chamber’s base. SMART 3.0 software (Panlab, 
Spain) automatically calculated total distance and time 
spent in the central zone.

Elevated plus maze test (EPM)
The elevated-plus-maze apparatus consisted of two open 
arms (30 × 5  cm), two enclosed arms (30 × 5 × 15  cm), 
extending from a central platform (5 × 5  cm) elevated 
50  cm above the ground. Mice were positioned on the 
central platform facing the same open arm, and allowed 
to explore for 5 min. SMART 3.0 software automatically 
calculated the time spent in the open and closed arms, as 
well as entries into open arms.

Light aversion test
The light-dark box consisted of two equal-size chambers 
(20 × 20 × 30  cm) connected by an opening (6 × 6  cm) in 
the middle, with a light (1000 lx) above the white cham-
ber. Two hours after injection of NTG, mice were gently 
placed in the opening connection and allowed to explore 
for 30  min. The duration in light compartment was 
detected and calculated by the SMART 3.0 software.

Sucrose preference test (SPT)
Mice were habituated with two 1% sucrose solution iden-
tical water bottles for 24  h adaptation. Following that, 
mice were water and food deprived for 24  h and then 
received one bottle of water and one bottle of 1% sucrose 
solution, with bottle positions switched every 6 h. After 
24  h, two bottles were taken and weighed to calculate 
the sucrose preference as [sucrose water intake/ (sucrose 
water intake + pure water intake)] × 100%.

Forced swimming test (FST)
The mice were placed in the glass cylinder (height 25 cm, 
diameter 10  cm) half-filled with water (22–24  °C) for 
6 min and the duration of immobility was recorded dur-
ing the final 4 min. The immobility was defined as float-
ing without any movement except for those necessary for 
keeping the nose above the water. The cumulative immo-
bility time was recorded manually (stop-watch) by an 
investigator who was blinded to the experimental groups.

Stereotaxic virus injections
Mice were anesthetized with pentobarbital sodium 
(75  mg/kg, i.p.) and positioned in a stereotaxic frame 
(RWD, China). Ophthalmic ointment was applied to 
avoid corneal drying. After shaving the head fur and dis-
infecting the skin, the skull surface was exposed with an 
incision. A 5 µL microsyringe (Gaoge, China) was used to 
bilaterally deliver the virus particles into the ACC (from 
bregma: -1.2  mm anteroposterior, ± 0.25  mm mediolat-
eral and − 2,00 mm dorsoventral) at a rate of 0.1 µL/min 

under a microsyringe pump (Longer, China). The micro-
syringe remained in the injection place for 5–10  min 
and withdrawn slowly to prevent virus backflow. At the 
conclusion of the experiments, injection site accuracy 
within the targeted brain region was determined by the 
mCherry expressed by the AAV vectors, and mice with 
mistargeted injections were excluded from analysis 
before their data were unblinded.

The short hairpin RNA (shRNA) viruses and control 
virus were generated by Shanghai Sunbio Medical Bio-
technology. A negative control (5′-​G​G​A​C​A​T​C​A​C​C​T​C​C​
C​A​C​A​A​C​G​A​G-3′), shRNA1 (5′-​G​A​A​C​T​G​G​A​G​G​C​A​C​T​
G​A​T​T​T​A​A-3′), shRNA2 (5′-​G​G​A​T​G​C​A​T​C​A​C​C​A​T​G​G​
C​A​T​A​T-3′) or shRNA3 (5′-​C​G​T​A​A​G​G​T​C​T​T​G​C​C​A​A​G​
A​A​A​T-3′) with a CTCGAG hairpin loop and TTTTTT 
termination sequence were generated, annealed, and 
cloned into a pAAV-CAG-mCherry entry vector.

Fiber photometry recording
Mice were unilaterally infected with AAV2/9-CaMKIIα-
GCaMP6m into ACC and implanted an optical fiber into 
the same site. Two weeks later, the GCaMP6m fluores-
cence signals were detected using a fiber photometry 
system (ThinkerTech, China) with a 488-nm laser power 
(10–15 µW) during the mechanical pain threshold test. 
For recording the responses of ACC neurons during von 
Frey test, the filament stimulation (1.0  g) was delivered 
onto the hind paw for ten times before and 2  h after 
NTG administration, depending on there was a posi-
tive response. The inter-trial interval randomly varied 
between 2 and 4 min. The simultaneous recording of neu-
ronal Ca2+ signals and behavior videos was conducted. 
The values of Ca2+ signal changes (ΔF/F (%)) were cal-
culated as (F − F0)/F0 × 100%, where F0 was the averaged 
baseline fluorescence signal recorded 10 s before stimuli, 
analyzed with MATLAB.

Slice Preparation and electrophysiological recordings
Patch-clamp recordings in brain slices were prepared 
according to the procedures described previously [34, 
35]. Mice were subjected to deep anesthesia with pen-
tobarbital sodium (75  mg/kg, i.p.) and then intracardi-
ally perfused with ice-cold, oxygenated (95% O2 and 5% 
CO2) modified sucrose-slicing artificial cerebrospinal 
fluid (ACSF) composed of the following (in mM): 220 
sucrose, 26 NaHCO3, 10 D-glucose, 2 KCl, 12 MgSO4, 
1.3 NaH2PO4, and 0.2 CaCl2. The mice were sacrificed by 
decapitation, and their brains were promptly extracted 
and chilled by immersion in oxygenated sucrose-slicing 
ACSF. Coronal slices (300  μm thick) encompassing the 
ACC were prepared using a vibratome (Leica, VT1000S). 
The slices were then allowed to recover for at least 30 min 
in a holding chamber filled with continuously oxygen-
ated ACSF (recording ACSF) consisting of the following 
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(in mM): 124 NaCl, 3 KCl, 26 NaHCO3, 10 D-glucose, 
1 MgSO4, 1.25 NaH2PO4, and 2 CaCl2, at pH 7.4, 305 
mOsm, and maintained at a temperature of 34  °C, fol-
lowed by an additional incubation period of at least 1 h 
at room temperature until required. For electrophysio-
logical recording, slices were transferred to the recording 
chamber, which was continuously perfused with oxygen-
ated ACSF at a rate of 2–3 mL/min. Whole-cell patch 
clamp recordings were performed by using an upright 
microscope (Nikon, ECLIPSE FN1) equipped with a 40× 
water-immersion lens and an infrared-sensitive camera 
(DAGE-MTI, IR-1000E). Patch pipettes were fabricated 
from filamented borosilicate glass capillary tubes (inner 
diameter, 0.84  μm) by using a horizontal puller (Sutter 
Instruments, P-97). Recordings were acquired employ-
ing a multiclamp 700B amplifier and pClamp software 
(Molecular Devices). The data were low-pass filtered 
at 1 kHz and sampled at 10 kHz with a Digidata 1440 A 
device (Molecular Devices).

To assess spontaneous excitatory postsynaptic cur-
rents (sEPSCs) and spontaneous inhibitory postsynaptic 
currents (sIPSCs) from the same neurons, recordings 
were conducted in voltage-clamp mode while maintain-
ing the membrane potential either at the reversal poten-
tial for GABAA receptor-mediated EPSCs (-60 mV) or 
at the reversal potential for ionotropic glutamate recep-
tors-mediated IPSCs (0 mV). The pipette resistance was 
typically 6–8 MΩ after being filled with an internal solu-
tion (in mM): 110 Cs2SO4, 0.5 CaCl2, 2 MgCl2, 5 EGTA, 
5 HEPES, 5 TEA, and 5 Mg-ATP (pH 7.3, 285 mOsm). 
The intrinsic membrane properties, encompassing rest-
ing membrane potential (RMP), input resistance (Rin), 
rheobase (minimal current required to induce neuronal 
firing), action potential (AP) threshold, and the firing 
number (APs induced by injecting sequentially increas-
ing current steps) were recorded in current-clamp mode 
using an internal recording solution containing (in mM): 
130  K-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 4 Mg-
ATP, 0.3 Na-GTP, and 10 NaCreatine, with a pH of 7.3 
and osmolality of 285 mOsm. For each cell, the record-
ings were commenced after stabilization of the holding 
potential approximately 2–5 min after the break-in. Only 
the cells with a series resistance < 30 MΩ and leak cur-
rents < 100 pA were considered for further analysis. The 
synaptic currents were recorded in the voltage-clamp 
mode and analyzed with the Mini analysis (Synaptosoft 
Inc.) and Clampfit 10.7 (Molecular Devices).

RNA sequencing
To isolate cells for bulk RNA-seq, mice were eutha-
nized, and the ACC area was punched out and subjected 
to RNA isolation for RNA sequencing analysis. cDNA 
library construction and sequencing were performed 
by Azenta Life Sciences company (Suzhou, China). The 

library preparations were sequenced on Illumina Nova-
seq platform, and 2 × 150-bp paired-end reads were gen-
erated. The index of the reference genome was built using 
Hisat2, and paired-end clean reads were aligned to the 
reference genome using Hisat2 (v2.2.1). HTSeq v0.6.1 
was used to count the number of reads that mapped to 
each gene. The expression of each gene in FPKM was 
calculated based on the length of the gene and the num-
ber of reads that mapped to this gene by dealing with R 
language. We identified differentially expressed genes 
(DEGs) between samples and performed clustering anal-
ysis and functional annotation. Genes with|FoldChange| 
>1.5 and an adjusted P-value < 0.05 found by DESeq2 
were assigned as DEGs. Pathways enriched in the DEGs 
were annotated with the Gene Ontology (GO), The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway, 
and Gene Set Enrichment Analysis (GSEA) database.

Western blotting
Bilateral ACC tissue was acquired from 300 μm thick sec-
tions by using a vibratome. The tissue was homogenized 
in ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 1% 
TritonX-100, 1% sodium deoxycholate, 0.1% SDS, pH 
7.4) containing 0.5% protease and phosphatase inhibi-
tors cocktail (Beyotime, P1045). The samples were lysed 
on ice for 30 min and then centrifuged at 12,000 rpm at 
4 °C for 15 min. Protein concentrations were determined 
with BCA Protein Assay Kit (Beyotime, P0012), then 
combined with 5× SDS loading buffer and heated up to 
100 °C for 10 min. Extracted proteins were separated by 
SDS-PAGE in 10% gels and transferred them onto PVDF 
membranes (Millipore, 0.45 μm). After blocking with 5% 
nonfat milk at room temperature for 2 h, the membranes 
were incubated overnight at 4 °C with primary antibodies: 
IDO1 (1:1000, rat, Santa Cruz, sc-53978), IFN-γ (1:1000, 
rabbit, Affinity Biosciences, DF6045), IFN-β (1:1000, rab-
bit, Affinity Biosciences, DF6471), GAPDH (1:50000, 
mouse, Proteintech, 60004-1-Ig). The membranes were 
washed three times for 10  min each with TBST and 
incubated with HRP-conjugated secondary antibody 
(1:50000, anti-mouse IgG-HRP, Proteintech, SA00001-1; 
1:50000, anti-rabbit IgG-HRP, Proteintech, SA00001-2; 
1:30000, anti-Rat IgG-HRP, Proteintech, SA00001-15) for 
2 h at room temperature. Protein bands were visualized 
using Image Lab software (ChemiDoc XRS+, Bio-Rad, 
USA) and quantified using ImageJ software.

Immunofluorescence staining
Mice anesthetized with pentobarbital sodium (75  mg/
kg, i.p.) were intracardially perfused with ice-cold PBS 
followed by 4% paraformaldehyde (PFA) solution. The 
extracted brains were post-fixed in 4% PFA at 4 °C over-
night, and then dehydrated with 30% sucrose in PBS 
at 4  °C for at least 48  h. Frozen brains were cut into 
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coronal slices (40 μm) using a microtome cryostat (Leica 
CM3050 S). The ACC brain slices were rinsed with PBS 
three times for 10 min each time, followed by exposure 
to citrate buffer (10 mM sodium citrate buffer, pH = 6.0) 
for 30 min at 80 °C. After cooling to room temperature, 
brain slices were washed three times with PBS for 10 min 
and incubated with blocking solution (5% Bovine serum 
albumin, 1% Triton X-100 in PBS) at room temperature 
for 1 h. Sections were then incubated overnight at 4 °C in 
primary antibodies diluted with 5% BSA, including c-Fos 
(1:500, rabbit, Millipore, ABE457), IBA1 (1:500, rat, Syn-
aptic Systems, 234 017), IDO1 (1:500, rabbit, Proteintech, 
13268-1-AP), Synapsin1 (Syn1) (1:500, rabbit, Cell Sig-
naling Technology, #5297), postsynaptic density protein 
95 (PSD95) (1:500, rabbit, Invitrogen, 51-6900). After 
that, the slices were washed three times with PBS for 
10 min each, and incubated with Alexa 488- or 594-con-
jugated secondary antibodies (1:500, Yeasen) for 2  h at 
room temperature in a light-resistant containers. Slices 
were then stained with DAPI (1 µL/mL, Sigma-Aldrich, 
D9542) for 10 min and washed three times with PBS for 
10  min each, mounted and coverslipped with antifade 
solution, and stored at 4 °C away from light. Images were 
captured using a confocal laser-scanning microscope 
(Olympus FV3000, Japan).

Three-dimensional (3D) reconstruction
High-resolution confocal images were performed on 
an Olympus FV3000 microscope using a 60×/1.42 NA 
oil-immersion lens, with 1  μm intervals in the z-stack. 
Images were reconstructed using Imaris 9.0.0 software 
(Bitplane). The total process length and Sholl analysis of 
each microglia were quantified with “Filaments” func-
tion. For microglia engulfment analysis, the number of 
Syn1+ and PSD95+ puncta within IBA1+ microglia were 
assessed and synaptic marker puncta were reconstructed 
using “Spots” function [36].

Statistical analysis
No statistical methods were used to predetermine the 
sample size in experiments. Statistical analysis and graph-
ing were conducted using GraphPad Prism (version 8.0) 
software. All results are expressed as the mean ± standard 
error (SEM). Prior to statistical comparison analysis, all 
data were tested for normal distribution and homoge-
neity of variance (Shapiro-Wilk test, Levene test). The 
unpaired two-tailed Student’s t test was used for compar-
isons between two groups. One-way ANOVA or two-way 
ANOVA followed by Bonferroni or Dunnett post hoc test 
was used for analyses with multiple comparisons. For 
non-normally distributed data, Mann-Whitney U test or 
Kruskal-Wallis test was applied. A value of P < 0.05 was 
considered to be statistically significant.

Results
Inhibition of IDO1 alleviates hyperalgesia in the NTG-
induced chronic migraine model
For a first-order validation experiment, we established 
a chronic migraine mouse model through intermit-
tent intraperitoneal injections of NTG, and assessed 
mechanical and thermal sensitivity using the von Frey 
and hot-plate tests, respectively (Fig. 1A). While no sig-
nificant differences were observed in the basal mechani-
cal and thermal nociceptive thresholds between grounds 
on day 1, chronic NTG-induction resulted in a gradually 
decreased in both basal and acute responses (Fig. 1B-E). 
As photophobia is one of the most common symptoms 
of migraine [1], we utilized the light-dark transition to 
assess light aversion behavior. Compared with control 
mice, NTG-treated mice spent significantly less time in 
the light chamber (Supplementary Fig.  1). These results 
indicate that the NTG-induced chronic migraine model 
effectively mimics the hyperalgesia and photophobia 
characteristic of migraine.

To elucidate the role of IDO1 in chronic migraine, we 
inactivated IDO1 with its inhibitor 1-MT (Fig.  1F), and 
found that treatment with 1-MT significantly attenuated 
the paw mechanical pain thresholds in chronic migraine 
mice, without affecting those in the control group 
(Fig.  1G-H). To further evaluate the physiological sig-
nificance of IDO1 function, we employed IDO1 KO mice 
(Fig. 1I-J and Supplementary Fig. 2). Consistent with our 
pharmacological results, genetic deletion of IDO1 led to 
an increase paw mechanical pain threshold compared 
with that in the WT + Model group (Fig.  1K-L). Collec-
tively, these data suggest that pharmacological inhibition 
and genetic deletion of IDO1 alleviate pain hypersensi-
tivity in the NTG-induced chronic migraine model.

ACC neuronal activity is enhanced in chronic migraine 
model mice
To identify the brain regions responsive to chronic 
migraine, we examined the expression of c-Fos, a well-
established maker of neuronal activity, by quantifying 
positive cells in regions relevant to pain modulation and 
emotional-affective dimension of pain [37]. The ACC 
showed a significant increase in the relative expression of 
c-Fos+ cells (Fig. 2A, B). To monitor ACC pyramidal neu-
ronal activity under freely moving conditions, we injected 
AAV-CaMKIIα-GCaMP6m and implanted an opti-
cal fiber targeting ACC, as well as measured compound 
Ca2+ activity in real-time using fiber photometry tech-
nique (Fig. 2C, D). There was an increase in Ca2+ signal-
ing in the ACC in response to von Frey filament stimuli 
in the NTG-treated mice, whereas no such response was 
detected in the mice prior to NTG injection (Fig. 2E-H). 

Considering the activity changes observed in c-Fos and 
fiber photometry experiments could result from altered 
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Fig. 2  Enhanced ACC neuronal activity contributes to pain hypersensitivity. (A) Quantification of c-Fos+ cells in different brain regions of saline- and 
NTG-treated mice (n = 4). (B) Representative images of c-Fos immunofluorescence staining in the ACC. Scale bar (left), 500 μm; Scale bar (right), 100 μm. 
(C) Schematic diagram of the fiber photometry recording. (D) Representative image verifying the expression of GCaMP6m in optical fiber bundle above 
the ACC. Scale bar, 500 μm. (E) Example raw traces showing the GCaMP6m fluorescence levels in response to von Frey filament stimuli in mice before 
NTG injection (upper line) and 2 h after injection (bottom line). Scale bar, 10% ΔF/F, 2 s. (F-G) Representative heatmaps and traces of fluorescence aligned 
to stimuli pre- and post-NTG injection. (H) Graphic representation of (C) for responses to von Frey filament stimuli pre- and post-NTG injection (n = 6). (I) 
Example traces of 10 s recordings of sEPSCs from ACC neurons in WT mice, as indicated. Scale bars, 20 pA, 2 s. (J-K) Cumulative probability plots of sEPSC 
inter-event interval and amplitude, with additional summary graphs demonstrating the frequency and amplitude of sEPSCs recorded from ACC neurons 
in WT mice, respectively (n = 8–10 cells from 4 to 5 mice). (L) Example traces of 10 s recordings of sIPSCs from ACC neurons in WT mice, as indicated. Scale 
bars, 20 pA, 2 s. (M-N) Cumulative probability plots of sIPSC inter-event interval and amplitude, with additional summary graphs demonstrating the fre-
quency and amplitude of sIPSCs recorded from ACC neurons in WT mice, respectively (n = 8–10 cells from 4 to 5 mice). The data are shown as mean ± SEM, 
*p < 0.05, ****p < 0.0001; Student’s t test in (A, J, N), Mann-Whitney U test in (K, M), two-way ANOVA in (H)
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synaptic transmission or intrinsic membrane properties, 
we employed whole-cell patch-clamp electrophysiologi-
cal recordings. To assess the E/I balance, we recorded 
sEPSC and sIPSC in the ACC of NTG-treated mice. The 
sEPSC frequency was significantly increased, whereas the 
sEPSC amplitude, sIPSC frequency and amplitude were 
not changed in the model mice, resulting in an overturn 
of the E/I balance (Fig. 2I-N and Supplementary Fig. 3A, 
B). Additionally, there were no differences in AP firing 
frequency, RMP, Rin, rheobase and AP threshold poten-
tial in the ACC between the two groups (Supplementary 
Fig. 3C-H).

These results suggest that the enhancement of ACC 
neuronal activity following NTG-induced chronic 
migraine is due to an increase in the E/I balance rather 
than changes in intrinsic membrane properties.

IDO1 in the ACC regulates pain hypersensitivity in chronic 
migraine
Our previous results indicate a role for IDO1 in chronic 
migraine and suggest that the ACC is a key brain region 
involved, raising the possibility that IDO1 in the ACC 
may also regulate migraine-associated pain. We exam-
ined IDO1 expression in the ACC of chronic migraine 
model mice via western blotting (Fig.  3A). Our results 
revealed a significant increase in IDO1 protein expres-
sion in the ACC of NTG-treated mice compared with 
saline-treated controls (Fig.  3B, C). Similar results were 
observed in other chronic migraine models, including 
CSD, ES- and reserpine-induced models (Supplementary 
Fig. 4D-F).

To further investigate the role of ACC IDO1 in chronic 
migraine, we used AAV-shRNA to knockdown IDO1 
expression in chronic migraine mice. We first injected 
AAV-CAG-shRNA-mCherry or control AAV-CAG-
mCherry into the ACC (Fig.  3D-E). Western blotting 
confirmed the knockdown efficiency, showing significant 
reductions in IDO1 protein expression with shRNA1 and 
shRNA2 compared with the mCherry control (Fig.  3F-
G). AAV-CAG-shRNA1-mCherry, which has a rela-
tively high titer and in vivo transduction efficiency, was 
selected for subsequent experiments. Our results showed 
that knockdown of IDO1 in the ACC alleviated mechani-
cal pain hypersensitivity in chronic migraine model mice, 
whereas it had no effect on pain thresholds in mCherry 
mice (Fig. 3H-J).

To determine whether changes in IDO1 levels affect 
synaptic function, we performed whole-cell patch-clamp 
recordings in the ACC. Our data indicated that the fre-
quency and amplitude of the sEPSC remained unchanged 
in the KO mice after saline injection. In NTG-treated 
WT mice, the sEPSC frequency significantly increased, 
but this increase was reversed by IDO1 deletion (Fig. 3K-
M). The frequency and amplitude of the sIPSC were not 

altered in either WT or KO mice after saline or NTG 
injection (Fig.  3N-P). Consequently, The E/I frequency 
ratio and amplitude ratio presented no significantly dif-
ferences between WT and KO mice treated with or with-
out NTG (Supplementary Fig. 5A-B).

IDO1 deletion alleviates microglial activation and 
microglia-mediated synaptic pruning in chronic migraine
Microglia, the resident immune cells of the central ner-
vous system, act as the primary mediators of neuroin-
flammation [38]. Our previous research revealed a link 
between IDO1 and inflammation [22], together with our 
current findings of elevated IDO1 expression in a chronic 
migraine mouse model, suggesting a potential connec-
tion between IDO1 and microglial activity in chronic 
migraine. Immunofluorescence staining for IBA1, a rec-
ognized microglial marker, was conducted to examine 
IDO1 colocalization within microglia. We observed coex-
pression of IDO1 (red) and IBA1 (green) in microglia, 
with increased numbers of IDO1+ and IBA1+ coexpress-
ing cells in NTG-treated mice (Fig. 4A, B). Moreover, the 
number of microglia in the ACC was greater in NTG-
treated WT mice than in that of saline-treated WT mice, 
with no differences observed in KO mice regardless of 
treatment (Fig.  4C, D). Importantly, NTG-treated KO 
mice exhibited significantly fewer microglia compared to 
NTG-treated WT mice (Fig. 4C, D).

Morphometric analyses of individual microglia, on 
the basis of 3D reconstructions, quantitatively revealed 
alterations in the structure of microglia during chronic 
migraine. Semiautomatic quantitative 3D morphometric 
measurements of microglia revealed significantly shorter 
and less complex processes in NTG-treated WT mice 
than in both saline-treated WT mice and NTG-treated 
KO mice (Fig. 4E-G). In contrast, the total process length 
and complexity in KO mice were still intact after injec-
tion of saline or NTG (Fig.  4E-G). These results indi-
cate that microglial reactivity in the ACC is increased in 
response to NTG stimulation.

Microglia participate in synaptic pruning, and dys-
regulated pruning is associated with various brain dis-
eases [39, 40]. To investigate the potential link between 
microglia and neuronal synaptic pruning in chronic 
migraine, we assessed the colocalization of synaptic pro-
tein markers, such as the presynaptic marker Syn1 or the 
postsynaptic marker PSD95, with IBA1-labeled microglia 
in the ACC. Abundant immunoreactive puncta (red) of 
Syn1 colocalized with IBA1-labeled microglia (gray) in 
the ACC of NTG-treated WT mice, but not in those of 
saline-treated WT mice. Syn1 engulfment by microglia 
was significant decreased in NTG-treated KO mice com-
pared with NTG-treated WT mice (Fig.  4H, I). No sig-
nificant changes in PSD95 (red) engulfment by microglia 
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Fig. 3  IDO1 in the ACC regulates pain hypersensitivity in chronic migraine mice. (A) Procedure for evaluation of IDO1 protein expression in various 
chronic mouse models of migraine using western blotting. (B) Increased IDO1 protein levels in the ACC of NTG-treated mice. (C) Quantitative analysis of 
the data in (B). The IDO1 band density was normalized to the loading control GAPDH (n = 6). (D-E) Schematic of viral injection, and representative image 
of viral injection site in the ACC. Scale bar, 200 μm. (F) The silencing effects of three IDO1 shRNAs targeted to different sequences, analyzed with western 
blotting. (G) Quantitative analysis of the data in (F). The IDO1 band density was normalized to control GAPDH (AAV-CAG-mCherry) (n = 3). (H) Schematic 
of the experiment used to evaluate pain sensitivity in WT mice injected with AAVs. (I-J) Basal and acute mechanical paw withdrawal thresholds measured 
by von Frey filament in response to mechanical stimuli in WT mice treated with mCherry and shRNA (n = 12). (K) Example traces of 10 s recordings of sEP-
SCs from ACC neurons among groups, as indicated. Scale bars, 20 pA, 2 s. (L-M) Cumulative probability plots of sEPSC inter-event interval and amplitude, 
with additional summary graphs demonstrating the frequency and amplitude of sEPSCs recorded from ACC neurons among groups (n = 8–19 cells from 
4–5 mice). (N) Example traces of 10 s recordings of sIPSCs from ACC neurons among groups, as indicated. Scale bars, 20 pA, 2 s. (O-P) Cumulative prob-
ability plots of sIPSC inter-event interval and amplitude, with additional summary graphs demonstrating the frequency and amplitude of sIPSCs recorded 
from ACC neurons among groups (n = 8–19 cells from 4–5 mice). The data are shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, **** or ####p < 0.0001; 
Student’s t test in (C), one-way ANOVA in (G, L, M, O, P), two-way ANOVA in (I, J)
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)
Fig. 4  Knockout of IDO1 ameliorates IBA1+ cells-mediated engulfment of synapse in chronic migraine mice. (A) Representative immunofluorescence 
images showing colocalization of IDO1 and IBA1 in the ACC of saline- or NTG-treated mice. Scale bars, 20 μm. (B) Quantification of colocalization between 
IDO1+ and IBA1+ cell numbers in the ACC from saline- and NTG-treated mice (n = 15–16 slices from 4 mice). (C) Representative images of IBA1 immunos-
taining in the ACC of saline- or NTG-treated mice. Scale bars, 50 μm. (D) Quantification of IBA1+ cells in the ACC of WT and KO mice 2 h after saline or NTG 
administration (n = 11–14 slices from 4 mice). (E) Representative 3D reconstruction images and Sholl analysis of microglia in the ACC of WT and KO mice 
with or without NTG-treated. Scale bars, 10 μm (zoom) and 5 μm (rendering). (F) Imaris-based quantification of cell morphometry and total process length 
of IBA1+ microglia in the ACC from saline- and NTG-treated mice (n = 16–18 slices from 4 mice). (G) Sholl analysis of microglial morphology in saline- or 
NTG-treated mice (n = 16–18 slices from 4 mice). (H) Representative images and 3D surface rendering of IBA1+ microglia (gray) containing Syn1+ and 
PSD95+ (red) in the ACC from saline- and NTG-treated mice. Scale bars, 2 μm. (I) Quantification of Syn1+ punta in microglia in mice as indicated in (H) 
(n = 18–20 cells from 4 mice). (J) Quantification of PSD95+ punta in microglia in mice as indicated in (H) (n = 18–20 cells from 4 mice). The data are shown 
as mean ± SEM, *p < 0.05, ***p < 0.001, ****p < 0.0001; Student’s t test in (B), one-way ANOVA in (D, F, I, J), two-way ANOVA in (G)

(gray) were detected between NTG- and saline-treated 
mice (Fig. 4H, J).

Collectively, these results reveal that IDO1 regulates 
microglial activation and synaptic pruning in chronic 
migraine, providing insights into the mechanisms under-
lying neuroinflammation and pain hypersensitivity.

IDO1 regulates chronic migraine through the IFN signaling 
pathway
To investigate the underlying mechanism by which IDO1 
regulates chronic migraine, we performed RNA sequenc-
ing on ACC tissues from both WT and KO chronic 
migraine mice. Principal component analysis (PCA) 
showed a clear separation between saline- and NTG-
treated mice, with NTG-treated KO mice closely align-
ing with, but still differing slightly from, NTG-treated 
WT mice (Fig.  5A). Volcano plots indicated significant 
changes in gene expression: 367 genes were upregulated 
and 223 genes were downregulated in NTG-treated WT 
mice compared with saline-treated controls (Fig.  5B); 
261 genes were upregulated and 374 genes were down-
regulated in NTG-treated KO mice compared with 
saline-treated controls (Fig.  5C); and 142 genes were 
upregulated and 256 genes were downregulated in NTG-
treated KO mice compared with NTG-treated WT mice 
(Fig. 5D). Venn diagrams identified 430 DEGs unique to 
NTG-treated WT mice but not altered in NTG-treated 
KO mice (Fig.  5E). A heatmap was generated to visual-
ize the expression profiles of these DEGs across the four 
groups (Fig. 5F). GO, KEGG pathway, and GSEA analyses 
implicated these DEGs as predominantly associated with 
the IFN signaling pathway, including type I and type II 
interferons (Fig. 5G-J).

The IFN family has been implicated as a key regula-
tory molecule in the inflammatory response [41]. West-
ern blotting analysis revealed significantly elevated 
IFN-γ expression in the ACC of NTG-treated WT mice 
compared with both saline-treated WT mice and NTG-
treated KO mice (Fig.  5K, L). No significant changes 
were observed in IFN-β expression among these mice 
(Fig.  5M, N). To directly assess the involvement of the 
IFN signaling pathway in IDO1-mediated pain sensi-
tization, we employed pharmacological intervention 

(Fig.  5O). Tilorone dihydrochloride, an IFN agonist, 
attenuated mechanical pian thresholds in shRNA-treated 
mice following NTG injection, effectively reversing the 
rescue effect of IDO1 knockdown (Fig.  5P, Q). These 
results indicate that IDO1 modulates pain sensitization 
and microglia-mediated neuroinflammation through the 
IFN signaling pathway in chronic migraine.

IDO1 in the ACC modulates anxiety-like behaviors 
associated with chronic migraine
Anxiety and mood disorders are prominent psychiatric 
comorbidities associated with chronic migraine. Given 
the role of the ACC in pain processing and its critical 
involvement in negative emotional disorders associated 
with chronic pain [42, 43], we investigated anxiety- and 
depressive-like behaviors induced by chronic migraine. 
We found that NTG-treated mice displayed anxiety-
like behaviors in OFT and EPM behavioral assays, with 
reduced center-zone time and total distance in the OFT 
(Fig. 6A-C), as well as reduced open-arm time, increased 
closed-arm time, and fewer open-arm entries in the EPM 
(Fig. 6D-G). However, depressive-like behaviors were not 
observed in NTG-treated mice, as assessed by the SPT 
and FST (Supplementary Fig.  6). These results confirm 
that NTG-induced chronic migraine is comorbid with 
anxiety.

To further investigate the role of ACC IDO1 in 
migraine-related anxiety-like behaviors, we utilized AAV-
mediated knockdown of IDO1. As expected, there were 
no significant differences in general locomotor activity 
assessed by the OFT or anxiety-like behavior assessed 
by the EPM (Supplementary Fig.  7). Compared with 
saline-treated control mice, NTG-treated mCherry mice 
consistently presented significantly shorter center-zone 
times and locomotor activity. However, these anxiety-like 
behaviors in the OFT were not rescued in NTG-treated 
shRNA-treated mice (Fig.  6H-J). Compared with NTG-
treated mCherry mice, NTG-treated shRNA-treated 
mice presented significantly increased open-arm time 
and decreased closed-arm time in the EPM test, although 
the number of open-arm entries was not significantly res-
cued (Fig. 6K‒N). These results suggest that ACC IDO1 
participates in chronic migraine-induced anxiety-like 
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Fig. 5 (See legend on next page.)
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behaviors, particularly in more stressful environments of 
the EPM. To investigate whether the IFN signaling path-
way also influences chronic migraine-induced anxiety-
like behaviors, we tested shRNA mice with NTG-treated 
along with either saline or tilorone injection. Unexpect-
edly, no significant differences were observed in either 
the OFT or the EPM test (Supplementary Fig. 8).

Overall, these data suggest that IDO1 in the ACC mod-
ulates anxiety-like behaviors related to chronic migraine. 
However, this modulation does not appear to be medi-
ated through the IFN signaling pathway downstream of 
IDO1.

Discussion
In this study, we utilized pharmacological inhibi-
tion, genetic knockout and AAV-mediated knockdown 
approaches to elucidate the pivotal role of IDO1 in pain 
sensitivity associated with chronic migraine and its 
underlying mechanism in the ACC. We evaluated neuro-
nal activity in the ACC, a region linked to IDO1-medi-
ated pain sensitivity, and found that ablation of IDO1 in 
the ACC effectively rescued electrophysiological E/I bal-
ance changes and mitigated migraine-related behaviors. 
Furthermore, we demonstrated that IDO1 in the ACC 
regulates microglial activation and synaptic pruning, 
influencing chronic migraine through the IFN signaling 
pathway. Thus, our study revealed that IDO1 regulates 
microglial pruning of neuronal synapses, thereby altering 
the E/I balance in the ACC, which affects pain sensitiv-
ity and anxiety-like behavior in chronic migraine model 
mice.

Emerging clinical imaging studies have demonstrated 
that ACC activity is involved in various types of pain-
related information processing in the human brain and 
is also closely associated with the affective component 
of pain [44–47]. However, the relationship between 
ACC neuron activity and pain sensitization in chronic 
migraine remains poorly understood. In our study, 
immunofluorescence staining for c-Fos in whole-brain 
slices revealed robust expression of c-Fos+ in the ACC 
of chronic migraine model mice. Notably, ACC neurons 
are known to respond to both noxious and nonnoxious 

mechanical or thermal somatosensory stimuli, with 
pyramidal neurons being particularly responsive to nox-
ious inputs [48]. Therefore, we monitored real-time sen-
sory stimulus-induced compound Ca2+ activity via the 
fiber photometry technique, and observed a significant 
increase in Ca2+ signaling in the pyramidal neurons of the 
ACC in response to von Frey filament stimuli in NTG-
treated mice, suggesting a correlation between these 
neurons and migraine hyperalgesia. Consistently, optoge-
netic studies have shown that specific activation of ACC 
pyramidal neurons reduces mechanical pain thresholds 
in mice with inflammatory pain [49], whereas inhibition 
of excitatory transmission produces analgesic effects in 
different chronic pain models [50, 51]. Similar results 
were obtained from complete Freund’s adjuvant-treated 
mice under persistent pain [52]. Our electrophysiology 
results further revealed an increase in excitatory synap-
tic transmission in chronic migraine model mice, with no 
significant difference in inhibitory synaptic transmission 
or intrinsic membrane properties. Together, these results 
suggest that the enhancement of ACC neuronal activity 
following NTG-induced chronic migraine is due primar-
ily to a shift in the E/I balance toward excitation.

Studies have indicated that metabolites produced in the 
serotonin and kynurenine pathways are associated with 
migraine [15, 16, 53]. IDO1 catalyzes the first and rate-
limiting step in the tryptophan catabolism pathway, lead-
ing to the production of kynurenine and a consequent 
reduction in serotonin levels. While there is limited 
evidence suggesting a role for IDO1 in pain, its involve-
ment in migraine remains unclear. In our study, we 
demonstrated that pharmacological inhibition, genetic 
knockout and AAV-mediated knockdown of IDO1 sig-
nificantly alleviated pain hypersensitivity in a chronic 
migraine mouse model. 1-MT, IDO-specific competitive 
protein inhibitors, can effectively inhibit IDO1 activity. 
Treatment with 1-MT significantly attenuated nocicep-
tive behaviors in neuropathic pain and chronic arthritis 
inflammatory pain [23, 25, 54], in accordance with our 
results. This finding aligns with a previous study show-
ing that pharmacological inhibition of IDO1 attenuated 
pain hypersensitivity in neuropathic pain, likely through 

(See figure on previous page.)
Fig. 5  IDO1 regulates pain sensitivity through IFN signaling pathway in chronic migraine. (A) PCA plot indicating distinct clustering of gene expression 
profiles in the ACC of WT and IDO1 KO mice treated with saline or NTG (n = 4). (B-D) Volcano plotsillustrating differentially expressed genes (DEGs) in 
the ACC: (B) WT + Control vs. WT + Model, (C) KO + Control vs. KO + Model, (D) WT + Model vs. KO + Model (n = 4). (E) Venn diagrams depicting the overlap 
of DEGs between WT + Control vs. WT + Model and KO + Control vs. KO + Model groups, identifying 430 DEGs unique to NTG-treated WT mice but not 
altered in NTG-treated KO mice. (F) Heatmap representing the expression levels of the 430 unique DEGs in the ACC across all experimental groups, indi-
cating distinct expression patterns. (G-H) GO and KEGG were used for functional enrichment analysis of the 430 unique DEGs. (I) GSEA plot for the IFN 
signaling pathway. (J) Enrichment plots for the top 10 pathways by GSEA. (K) Increased IFN-γ protein expression in the ACC of NTG- treated WT mice. (L) 
Quantitative analysis of the data in (K). The IFN-γ band density was normalized to the loading control GAPDH (n = 4). (M) No changes of IFN-β between 
NTG- or saline-treated mice. (N) Quantitative analysis of the data in (M). The IFN-β band density was normalized to the loading control GAPDH (n = 4). 
(O) Experimental timeline for treatment with Tilorone, an IFN agonist, in combination with NTG to assess its effects on pain sensitivity (red triangle) in WT 
mice injected with AAVs. (P-Q) Basal and acute mechanical paw withdrawal thresholds measured by von Frey filament in response to mechanical stimuli 
in mice treated with saline + mCherry, NTG + mCherry, NTG + shRNA, and NTG + shRNA + Tilorone (n = 12–14). The data are shown as mean ± SEM, *p < 0.05, 
**p < 0.01, **** or ####p < 0.0001; one-way ANOVA in (I, N), two-way ANOVA in (P, Q)
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Fig. 6 (See legend on next page.)
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mechanisms involving synaptic plasticity and suppres-
sion of NMDA receptor activity [24]. To investigate 
whether changes in IDO1 levels alter synaptic function, 
we performed electrophysiological studies and found that 
the E/I imbalance observed in NTG-treated mice could 
be rescued by genetic knockout of IDO1. These results 
reveal the critical role of IDO1 in the ACC in regulating 
pain hypersensitivity in chronic migraine by modulating 
the E/I balance mechanism.

Several preclinical models of migraine have been exten-
sively described. In this study, we selected four commonly 
used migraine models. NTG, a nitric oxide donor known 
to mediate migraine effects, is the most widely studied 
and considered one of the most reliable and reproduc-
ible models [55]. Studies in conscious mice reveal that 
systemic NTG induces migraine-related hyperalgesia 
[56] and similarly, our results also demonstrate that NTG 
significantly increases hind-paw mechanical and thermal 
hypersensitivity in mice. CSD, a slowly propagating wave 
of neuronal depolarization with glial and vascular activa-
tion, followed by neuronal suppression, mimics phenom-
ena associated with migraine aura [57]. The CSD-induced 
murine migraine models presented facial hyperalgesia, 
photophobia and hypomotility, which could be reversed 
by acute anti-migraine drugs [58]. ES of meningeal nerve 
terminals innervating the superior sagittal sinus to elicit 
trigeminal afferent activation has also been used to 
model migraine preclinically [59]. ES-treated mice exhib-
ited significant mechanical allodynia, which is the most 
common pain-like behavior in migraine models [60]. 
Serotonin plays a key role in migraine pathophysiology, 
and reserpine, a monoamine depleter, increases sensitiv-
ity to nitric oxide-induced cerebral microvessel dilation 
and leads to a migraine-like phenotype. In our study, 
we found a significant elevated levels of IDO1 in all four 
models of chronic migraine, highlighting the important 
role of IDO1 in chronic migraine, rather than in NTG-
induced chronic migraine.

Microglial activation has been implicated in ani-
mal models of pain sensitization, such as inflammatory 
pain, neuropathic pain and chronic pain [61–63]. IDO1 
is also known to participate in immunometabolism and 
inflammatory programming via its role in tryptophan 
catabolism, suggesting a potential regulatory role of 
IDO1 in chronic migraine through microglial activation. 
Our results showed coexpression of IDO1 and IBA1 in 
microglia, with significantly increased numbers of coex-
pressing cells in chronic migraine mice. Genetic knockout 

of IDO1 reversed the microglial activation and associated 
changes in cell number and morphology in the ACC. A 
recent study demonstrated that the activation of microg-
lia in the ACC is involved in mechanical allodynia in mice 
with neuropathic pain [64], a mechanism that may be rel-
evant to our findings. In addition, microglia play a crucial 
role in synapse pruning. A previous study reported that 
chronic psychological stress induces microglial activation 
in the amygdala, contributing to visceral hypersensitivity 
via synaptic engulfment, and that blocking C1q/C3-CR3 
signaling can attenuate this hypersensitivity [65]. Early-
life inflammation has also been shown to contribute to 
depressive-like behaviors via Cx3Cr1-mediated microg-
lial phagocytosis of synapses around the ACC in adoles-
cence [66]. Similarly, we observed that NTG treatment 
induced excessive microglial phagocytosis in the ACC, 
while IDO1 knockout mice displayed a significant reduc-
tion in synaptic pruning, resulting in greater resilience to 
chronic migraine. Surprisingly, our immunofluorescence 
staining, combined with the electrophysiology results, 
revealed increased excitatory synaptic transmission and 
microglia-mediated synaptic pruning (based on Syn1 
and IBA1 immunostaining) in NTG-treated mice, both 
of which were reversed by IDO1 knockout. These fund-
ings suggest that synaptic pruning may be a concomitant 
phenomenon under inflammatory conditions in chronic 
migraine. Collectively, our results highlight the impor-
tant role of IDO1 in regulating microglial activation in 
chronic migraine, and manipulation of IDO1 can reduce 
microglia-mediated synaptic pruning, and alleviate pain 
hypersensitivity.

To further elucidate the mechanisms by which IDO1 
regulates chronic migraine, we investigated the signal-
ing pathways involved in IDO1-mediated microglial 
activation and alterations in the E/I balance. Despite 
ongoing research, the specific pathways involved remain 
incompletely understood. Our RNA sequencing analysis 
revealed that the IFN signaling pathway is responsive in 
chronic migraine models. Previous studies have indicated 
that IFN acts upstream of IDO1, promoting its expression 
[67, 68]. However, our findings suggest that IFN may also 
function downstream of IDO1. Specifically, the adminis-
tration of an IFN agonist reversed the alleviation of pain 
hypersensitivity observed in chronic migraine model 
mice with AAV-mediated IDO1 knockdown. These find-
ings suggest a potential synergistic relationship between 
IDO1 and IFN. In addition, IFN, especially IFN-γ, has 
been shown to induce sustained microglial activation, 

(See figure on previous page.)
Fig. 6  IDO1 in the ACC modulates anxiety-like behaviors associated with chronic migraine. (A-C) Locomotor activity and time spent in the center in the 
OFT (n = 10–12). (D-G) The time spent in open and closed arms, and the number of entries into open arms in the EPM (n = 10–12). (H-J) Locomotor activ-
ity and time spent in the center in the OFT (n = 20–22). (K-N) The time spent in open and closed arms, and the number of entries into open arms in the 
EPM (n = 20–22). The data are shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test in (C, F), Mann-Whitney U test in (B, E, G), one-way 
ANOVA in (I, J, L-N)



Page 17 of 19Hu et al. Journal of Neuroinflammation           (2025) 22:42 

including microglial proliferation and enhanced synapse 
elimination [69], resulting in detrimental neuroinflam-
mation and abnormal synaptic transmission [70]. Our 
study provides evidence that IDO1 regulates microg-
lial activation via the IFN signaling pathway, contribut-
ing to the pain hypersensitivity associated with chronic 
migraine.

Prolonged migraine attacks are associated with a range 
of psychiatric comorbidities, with anxiety and depression 
being the most prevalent in chronic migraine patients 
[71]. Approximately half of migraine sufferers experience 
anxiety, while 20% experience depression [72]. Consis-
tent with these findings, we observed reduced locomotor 
activity and anxiety-like behaviors in chronic migraine 
model mice. However, no significant difference was 
found in the SPT or FST, suggesting that anxiety, rather 
than depression, is more commonly associated with 
chronic migraine in the NTG mouse model, which aligns 
with clinical evidence. Previous studies have reported 
that the ACC mediates comorbid emotional disorders 
in chronic pain [43, 73]. Additionally, increased IDO1 
activity in neuroinflammation leads to a deficiency in 
serotonin synthesis, potentially triggering psychiatric 
disorders [74, 75]. However, the role of ACC IDO1 in 
anxiety-like behaviors associated with chronic migraine 
remains unclear. In our study, knockdown of IDO1 in 
the ACC partially rescued anxiety-like behavior, as evi-
denced by changes in time spent in the open arms and 
closed arms of the EPM test but not in the time spent 
in the center zone of the OFT. This contradictory result 
may be due to the open, elevated apparatus of the EPM, 
which induces higher levels of fear and risk assessment 
compared to the OFT [76]. Since our results revealed 
that IDO1 modulates pain sensitization through the IFN 
signaling pathway in chronic migraine, we hypothesized 
that interfering with IFN signaling might affect anxiety-
like behavior. Unexpectedly, IDO1 knockdown in chronic 
migraine model mice did not affect anxiety-like behav-
ior, regardless of treatment with an IFN agonist or saline, 
suggesting that IDO1 influences pain sensitization, but 
not anxiety-like behavior, through IFN signaling.

The present study has a certain limitation. Gender dif-
ferences exist in chronic migraine and to avoid the effects 
of estrogen on pain mediator transmission [77], male 
mice were employed to establish the chronic migraine 
model. Therefore, future studies in female mice will 
be required to investigate sex differences in migraine 
pathogenesis.

Conclusion
In summary, our study revealed the pivotal role of IDO1 
in the pathophysiology of chronic migraine and its asso-
ciated psychiatric comorbidities, particularly in rela-
tion to microglial function and synaptic integrity. These 

findings suggest that targeting IDO1 and its related path-
ways, such as IFN signaling, may offer novel therapeutic 
strategies for chronic migraine.
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