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This thesis is composed of the following article and additional results in terms of the effects 

of intracisternal administration of IL-33 on the development of mechanical allodynia in the 

whisker pad skin in female mice. (Fig. 14): 
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Abstract 

 

Neuropathic pain can cause considerable disruptions in patients' daily lives, especially because 

of a lack of effective medications as its underlying causative mechanisms are not fully 

understood. Here, I found neuron-specific expression of the interleukin (IL)-33 receptor in the 

trigeminal spinal subnucleus caudalis (Vc), distinct from the spinal dorsal horn. Reduction in 

head withdrawal threshold in response to von Frey filament stimulation of the whisker pad skin 

was inversely correlated with the upregulation of IL-33 in the Vc after infraorbital nerve injury 

(IONI). Neutralization of IL-33 in the Vc alleviated mechanical allodynia in the whisker pad 

skin after IONI; conversely, intracisternal administration of IL-33 elicited mechanical 

allodynia in the whisker pad skin, which was relieved by GluN2B antagonism. Furthermore, 

IL-33 triggered the facilitation of GluN2B-containing N-methyl-D-aspartate receptor-mediated 

synaptic currents and phosphorylation of synaptosomal GluN2B in the Vc, whereas IONI-

induced GluN2B phosphorylation was inhibited by neutralization of IL-33 in the Vc. IL-33-

produced GluN2B phosphorylation was mediated by phosphorylation of Fyn kinase, and 

inhibition of the Fyn kinase pathway prevented the development of IL-33-induced mechanical 

allodynia. IL-33-induced mechanical allodynia was also observed in female mice. These 

findings provide insights into a new mechanism by which IL-33 directly regulates synaptic 

transmission and suggest that IL-33 signaling could be a candidate target for therapeutic 

interventions for orofacial neuropathic pain. 
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Abbreviations 

 

IL: interleukin 

Vc: trigeminal spinal subnucleus caudalis  

IONI: infraorbital nerve injury 

SDH: spinal dorsal horn 

SNI: spinal nerve injury 

ST2: suppression of tumorigenicity 2 

CNS: central nervous system 

rhST2: recombinant human ST2 

rhIL-33: recombinant human IL-33 

NMDARs: N-methyl-D-aspartate receptors 

SFKs: Src family kinases 

HWT: head withdrawal threshold 

PBS: phosphate-buffered saline 

OLIG2: oligodendrocyte transcription factor 2 

IBA1: ionized calcium-binding adapter molecule 1 

GFAP: glial fibrillary acidic protein 

SOX9: SRY-box transcription factor 9 

NeuN: neuronal nuclei 

MAP2: microtubule-associated protein 2 

TBS-T: Tween-20 diluted in Tris-buffered saline 
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ACSF: artificial cerebrospinal fluid 

mEPSCs: miniature excitatory postsynaptic currents 

AMPARs: -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors  

SEM: standard error of the mean 

ANOVA: analysis of variance  

GEE: generalized estimating equation 

BDNF: derived brain-derived neurotrophic factor  

TrkB: tropomyosin receptor kinase  

LTP: long-term potentiation 

CaMKII: calmodulin-dependent kinase II 

TNF-: tumor necrosis factor- 

IFN-  interferon- 
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Introduction 

 

Chronic orofacial pain is one of the most debilitating pain conditions because it severely 

impairs basic daily activities such as talking and eating. Multiple diseases, craniofacial injury, 

or dental treatment can cause trigeminal nerve injury, which leads to orofacial neuropathic pain 

[1]. Several treatments are available; however, patients frequently experience insufficient 

therapeutic effects. Many studies have reported that activation of glial cells such as microglia 

and astrocytes is observed in the trigeminal spinal nucleus caudalis (Vc) and the spinal dorsal 

horn (SDH) after trigeminal nerve and spinal nerve injury (SNI), respectively. [2,3,4]. 

Nevertheless, distinctions in pain sensitivity between the orofacial region and other regions 

have been also reported in studies in humans. Repetitive nociceptive thermal stimulation of a 

certain intensity may produce habituation in the hands while leading to sensitization in the face 

[5]. Moreover, when the same intensity of stimulation is applied to the face and hand, the 

amygdala is more activated by face stimulation [6]. Supporting this evidence, mice studies 

have clarified distinct projection patterns and gene profiles in trigeminal ganglion and dorsal 

root ganglion neurons [7,8,9]. A distinct microcircuitry in the brainstem and the spinal cord 

level might contribute to nociception in the orofacial region and other regions; however, the 

details are not fully understood. 

Interleukin (IL)-33 possesses a -trefoil-fold in its C-terminal domain, a characteristic 

feature of the IL-1 family [10]. The best-known members of this family are IL-1 and IL-18; 

unlike them, IL-33 is constitutively expressed in the nucleus, where it functions as a repressor 

of nuclear factor-kappa B [11], and is thereby characterized as a chromatin-associated cytokine 
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[12]. In response to cellular injury and stress, IL-33 is released extracellularly and binds to its 

specific receptor—suppression of tumorigenicity 2 (ST2; also known as IL-1 receptor-like 1)—

which in turn triggers inflammatory signaling in immune cells such as basophils, T cells, and 

mast cells [13]. Accumulating evidence indicates that IL-33 is abundantly expressed in the 

central nervous system (CNS) and is involved in neuroinflammatory processes as well as 

physiological brain functions [14,15,16]. However, although downstream IL-33 signaling in 

the CNS remains largely unclear, recent studies have highlighted the role of the IL-33/ST2 

pathway in nociception. Subcutaneous injection of IL-33 into the hind paw elicited 

spontaneous pain [17], whereas an increase in the serum levels of IL-33 has been observed in 

several painful situations associated with inflammation [18,19]. It is also noteworthy that 

blockade of ST2 in the SDH ameliorates mechanical allodynia in the hind paw following sciatic 

nerve injury [20,21]. 

Thus, although the IL-33/ST2 pathway plays an essential role in both acute and chronic 

pain, the role of IL-33 in orofacial pain remains unclear. The purpose of this study was to 

examine whether IL-33, as a pain-related molecule, also contributes to neuropathic pain in the 

orofacial region. We also examined whether the IL-33 signaling is contributed to the induction 

of mechanical allodynia in female mice. 
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Materials and methods 

 

Animals 

A total of 207 male and 6 female C57BL/6J mice (6–7 weeks old) were purchased from 

Japan SLC (Hamamatsu, Japan). All mice were housed at a temperature of 23 ± 1 °C with a 12 

h light/dark cycle under specific pathogen-free conditions and ad libitum access to food and 

water. All mice were acclimated to the experimenter and the experimental environment for 5 

days to minimize stress. Animal experiments and care were conducted according to the 

protocols approved by the Animal Experimentation Committee of Nihon University (protocol 

number: AP19DEN036-1 and AP21DEN007-1) and the ethical guidelines of the International 

Association for the Study of Pain [22]. 

 

Surgical procedures 

Mice were anesthetized using a mixture of 4 mg/kg midazolam (Sandoz, Tokyo, Japan), 

0.75 mg/kg medetomidine (Zenoaq, Koriyama, Japan), and 5 mg/kg butorphanol (Meiji Seika 

Pharma, Tokyo, Japan). To make the model of orofacial neuropathic pain, mice were subjected 

to infraorbital nerve injury (IONI) in a manner similar to that described in a previous study [2]. 

Briefly, a small incision was made in the left buccal mucosa, and the infraorbital nerve was 

separated from the surrounding tissue. One-third of the infraorbital nerve bundle was tightly 

ligated using 5-0 silk (Natsume, Tokyo, Japan), and the incision was then sutured (IONI: n = 

82 mice). In the sham-operated group, the incision was sutured without nerve ligation (Sham-

IONI: n = 41 mice). For intracisternal administration, a cannula (SP-10; Natsume, Japan) was 
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carefully inserted through a hole drilled in the occipital bone, and the tip of the cannula was 

placed at the cisterna magna. Intracisternal administration of IL-33-induced mechanical 

allodynia in the whisker pad skin in mice (male: n = 8 mice, female: n = 3 mice). For 

establishing the SNI model (n = 3 mice), the left side of the L4 spinal nerve was transected as 

previously described [3]. In Sham-SNI mice (n = 3 mice), the incision was sutured without 

nerve transection. After surgery, mice were allowed to recover in cages with sterile bedding. 

Two to three mice were housed per cage.  

 

Drug administration 

Under anesthesia with 2% isoflurane inhalation, 5 l of drug solution or vehicle was 

administered through the cannula using a 25 l Hamilton syringe (Hamilton, USA) and a 30-

gauge needle. Recombinant human ST2 (rhST2; 300 ng; R&D Systems, USA) or saline was 

administered on day 5 after IONI; recombinant human IL-33 (rhIL-33; 100 ng; Peprotech,  

USA) or saline was administered to naive mice. Ro 25-6981 (a specific antagonist of GluN2B 

subunit-containing N-methyl-D-aspartate receptors [NMDARs]; 300 nmol; Cayman Chemicals, 

USA) or dimethylsulfoxide (0.1% in saline) was administered 5 h after intracisternal 

administration of rhIL-33. Saracatinib (an inhibitor of Src family kinases [SFKs]; 100 nmol; 

Chemscene, USA), fluorocitrate (a metabolic inhibitor of astrocytes; 100 fmol; Sigma-Aldrich,  

USA), minocycline (an inhibitor of microglial activation; 500 nmol; Sigma-Aldrich), or saline 

was administered 2 h before rhIL-33 administration.  

For the intracisternal administraiton of rhIL-33 or saline in female mice, 5 l of rhIL-33 

(100 ng) was administered through the cannula using a 25 l Hamilton syringe 

(Hamilton, USA) and a 30-gauge needle. 
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von Frey test 

Mice were placed in a chamber made of wire mesh (6 × 6 × 6 cm) and allowed to freely 

move about for 0.5–1 h for habituation to the experimental environment once daily for 5 days. 

Mechanical stimulation was conducted in accordance with a previously described method [2] . 

Calibrated von Frey filaments (0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g; North Coast Medical, 

USA) were then applied to the left whisker pad skin, and the head withdrawal threshold (HWT), 

defined as the lowest von Frey filament intensity that evoked nociceptive responses, such as 

head withdrawal or vocalization, in response to more than three out of five stimuli, was 

assessed for each mouse. The cut-off value was set as 2.0 g. 

 

Rotarod test 

An automated rotarod treadmill (3 cm diameter; UgoBasil, Comerio, Italy) was used to 

assess motor performance as previously described [3]. Rotarod tests were conducted before 

and 5 h after intracisternal administration of Ro25-6981 (300 nmol/5 µl, n = 3 mice) or 

saracatinib (100 nmol/5 µl, n = 3 mice) in naive mice. The rotation rate of the rod was set to 5 

rpm. The time spent on the rod was measured, and the cut-off time was set to 300 s. 

 

Immunohistochemistry 

Mice were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde under deep anesthesia with 5% isoflurane inhalation prior to IONI, 1–5 days 

after IONI, 5 days after SNI, or 5 h after IL-33 administration. The brainstem and spinal cord 

were excised, fixed in 4% paraformaldehyde overnight at 4 °C, and then placed in 30% sucrose 

for 48 h at 4°C. Vc and L4 spinal cord slices (30 m thick) were prepared using a cryostat 
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(Tissue-Tek Polar; Sakura Finetek, Tokyo, Japan). Blocking was performed in 1% normal 

donkey serum (Jackson ImmunoResearch, USA), 1% bovine serum albumin (Proliant 

Biologicals, USA), and 0.4% Triton X-100 (Wako, Osaka, Japan) in 0.01 M PBS for 1 h at 

room temperature. Thereafter, the slices were incubated for 2 days at 4 °C with primary 

antibodies against IL-33 (mouse monoclonal, 1:500; Cat. No. GTX14709; GeneTex, USA), 

oligodendrocyte transcription factor 2 (OLIG2) (rabbit monoclonal, 1:500; Cat. No. ab109186; 

Abcam, USA; goat polyclonal, 1:500; Cat. No. AF2418; R&D Systems), ionized calcium-

binding adapter molecule 1 (IBA1) (rabbit polyclonal, 1:5000; Cat. No. 019-19741; Wako or 

goat polyclonal, 1:1000; Cat. No. ab5076; Abcam), glial fibrillary acidic protein (GFAP) 

(rabbit polyclonal, 1:5000; Cat. No. Z0334; Dako, Glostrup, Denmark or mouse monoclonal, 

1:2000; Cat. No. MAB360; Merck Millipore, USA), SRY-box transcription factor 9 (SOX9) 

(goat polyclonal, 1:1000; Cat. No. AF3075; R&D Systems), neuronal nuclei (NeuN) (mouse 

monoclonal, 1: 2000; Cat. No. MAB377; Merck Millipore or rabbite polyclonal, 1:1000; Cat. 

No. GTX16208; GeneTex), ST2 (rabbit polyclonal, 1:500; Cat. No. PA5-23316; Thermo Fisher 

Scientific, USA), phospho-Fyn (pFyn) (rabbit polyclonal, 1:100; Cat. No. SAB4503872; 

Sigma-Aldrich), or microtubule-associated protein 2 (MAP2) (mouse monoclonal, 1:1000; Cat. 

No. M9942; Sigma-Aldrich), or Homer 1 (goat polyclonal, 1:200; Cat. No. Af1270; 

Frontier Institute, Hokkaido, Japan). The slices were washed three times in PBS and then 

incubated for 2 h at 4 °C with secondary antibodies conjugated with Alexa Fluor 488 or Alexa 

Fluor 555 (1:1000 each; Thermo Fisher Scientific). After gentle washing with PBS, the slices 

were mounted in an anti-fading medium (PermaFluor Aqueous Mounting Medium, Thermo 

Fisher Scientific). Images were captured using LSM510 or LSM710 confocal laser 

microscopes (Carl Zeiss, Oberkochen, Germany) with 10× (numerical aperture: 0.30) and 20× 
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(numerical aperture: 0.75) objective lenses and a 63× (numerical aperture: 1.4) oil immersion 

lens or a BZ-9000 system (Keyence, Osaka, Japan) with a 20× (numerical aperture: 0.75) 

objective lens. For the counting of IL-33-positive and OLIG2-positive cells, the middle part of 

the Vc, where the 2nd branch of the trigeminal nerve terminates, was imaged using the BZ-

9000 system. The region of interest was set in the surface layer of the Vc (160000–180000 

m2), which was measured using ImageJ (NIH; http://rsbweb.nih.gov/ij/). Cells were counted 

using the Cell Counter plugin in ImageJ, and then the density per 10000 m2 was calculated. 

To analyze the fluorescence intensity of IBA1 and GFAP immunoreactivity, images were 

captured using an LSM510 confocal laser microscope and converted into binary images using 

ImageJ. The region occupied by the pixels within images (image size: 450 × 450 m2) was 

measured using ImageJ. Three slices from each mouse were stained, and the average value was 

calculated. Red fluorescence changed to magenta as required. 

 

Western blotting 

After behavioral testing, mice were deeply anesthetized using 5% isoflurane and then 

perfused transcardially with ice-cold saline. The Vc was excised as described below and stored 

at -80 oC until use.  

For IL-33 detection, the Vc was excised from mice on day 5 after sham operation or IONI 

and lysed in lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, and 0.5% 

NP-40) supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich).  

To detect GluN2B phosphorylation, the Vc was excised 5 h after administration of saline 

or rhST2 in IONI mice on day 5 or 5 h after administration of saline, IL-33, saline and IL-33, 

or saracatinib and IL-33 in naive mice. For isolation of the synaptosomal fraction from the Vc, 
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samples were lysed in lysis buffer with 1% protease inhibitor cocktail and 1% phosphatase 

inhibitor (Nacalai Tesque, Kyoto, Japan) and then using the Syn-PER Synaptic Protein 

Extraction Reagent with 1% protease inhibitor cocktail and 1% phosphatase inhibitor (Nacalai 

Tesque, Kyoto, Japan) according to the manufacturer’s protocol. 

To detect Fyn kinase phosphorylation, the Vc was excised 5 h after intracisternal 

administration of saline, IL-33, saline and IL-33, or saracatinib and IL-33 in naïve mice and 

lysed in RIPA buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 

5% glycerol) supplemented with 1% protease inhibitor cocktail and 1% phosphatase inhibitor. 

Protein concentrations were determined using a BCA assay kit (TaKaRa, Shiga, Japan). Cell 

lysates (100 μg) were then treated with Dynabeads protein G (Thermo Fisher Scientific) 

coupled with anti-Fyn antibody (2 µg, mouse monoclonal, Cat. No. sc-434; Santa Cruz,  

USA) or anti-Src antibody (2 µg, rabbit monoclonal, Cat. No. 2123; Cell Signaling 

Technology), and the antigen was eluted according to the manufacturer’s protocol. For the 

control experiments, immunoprecipitation was conducted using mouse IgG (2 µg, Cat. No. sc-

434; Santa Cruz) or rabbit IgG (2 µg, Cat. No. 3900; Cell Signaling). The entire volume of the 

eluates was subjected to electrophoresis. 

 

Electrophoresis, transfer, and band detection 

Proteins (10–20 μg) obtained from each sample were resuspended in 2 × Laemmli buffer 

supplemented with 2‐mercaptoethanol, heat-denatured for 5 min, electrophoresed using a 4–

20% Mini-PROTEAN TGX Precast Gel (Bio-Rad, Hercules, USA), and transferred onto a 

polyvinylidene difluoride membrane (Trans-Blot Turbo Transfer Pack, Bio-Rad). After transfer, 

the blots were blocked using TBS-T (0.2% Tween-20 diluted in Tris-buffered saline) containing 
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5% Blocking One (for IL-33 detection) (Nacalai Tesque, Kyoto, Japan) or 5% Blocking One-

P (for detecting phosphorylation) (Nacalai Tesque) for 1 h at room temperature, and then 

incubated with primary antibodies diluted in TBS-T containing 5% Blocking One or Blocking 

One-P overnight at 4 °C. The primary antibodies used were: anti-IL-33 antibody (1:1000; 

GeneTex), anti-phospho-GluN2B (pGluN2B) antibody (rabbit polyclonal, 1:2000; Cat. No. 

10009761; Cayman Chemical, USA), anti-GluN2B antibody (rabbit polyclonal, 1:2000; Cat. 

No. 4207; Cell Signaling, USA), anti-phospho Src (pTyr416) antibody (mouse monoclonal, 

1:1000; Cat. No. 05-677; Merck Millipore), anti-Fyn antibody (1:1000; Santa Cruz), anti-Src 

antibody (1:1000; Cell Signaling), and anti--actin antibody (mouse monoclonal, 1:200; Cat. 

No. sc-69879; Santa Cruz). After washing with TBS-T three times for 5 min, the blots were 

incubated with horseradish peroxidase-conjugated anti-mouse or rabbit secondary antibodies 

(1:2000 each; Cat. Nos. NA931, NA934; Cytiva, USA) for 2 h at room temperature. 

Membrane-bound horseradish peroxidase-labeled secondary antibodies were detected using 

Western Lightning ELC Pro (PerkinElmer, USA) and an image analyzer (ChemiDocXRS 

system; Bio-Rad). The band intensity was quantified using ImageJ. The IL-33, pGluN2B, 

pTyr420, and pTyr416 band intensities were normalized to those of β-actin, GluN2B, Fyn, and 

Src, respectively. 

Mice were deeply anesthetized using 5% isoflurane 5 h after intracisternal administration 

of saline or IL-33, followed by intracardiac perfusion with ice-cold cutting solution (234 mM 

sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM MgCl2, 0.5 mM CaCl2, 25 mM NaHCO3, 

and 11 mM glucose, saturated with 95% O2/5% CO2). The brainstem was quickly removed and 

placed in ice-cold oxygenated cutting solution. Transverse Vc slices (200 μm thick) were 

prepared using the LinearSlicer PRO7 (Dosaka, Kyoto, Japan) and then recovered in artificial 
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cerebrospinal fluid (ACSF; 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM MgCl2, 

1.6 mM CaCl2, 10 mM glucose, and 25 mM NaHCO3, saturated with 95% O2/5% CO2). After 

30–60 min, a Vc slice was placed in a submerged chamber perfused with ACSF at a flow rate 

of 2–3 ml/min. Whole-cell patch-clamp recordings were obtained from lamina I-II neurons in 

the middle part of the Vc, where the 2nd branch of the trigeminal nerve terminates. Vc neurons 

were visually identified using an infrared-differential interference contrast microscope 

(BX51WI; Olympus, Japan) equipped with a 40× water-immersion objective lens. Patch 

electrodes (5–8 MΩ) were fabricated using a Sutter P-97 (Sutter Instruments, Novato, USA) 

from borosilicate glass (outer diameter: 1.5 mm, inner diameter: 1.17 mm; Harvard Apparatus, 

Holliston, USA). Pipettes were filled with internal solution composed of 105 mM Cs-

methanesulfonate, 17.5 mM CsCl, 10 mM BAPTA, 10 mM HEPES, 5 mM QX-314, 2 mM 

MgATP, and 0.5 mM Na2GTP, adjusted to pH 7.25. Voltage-clamp recordings were obtained 

using a Multiclamp 700B amplifier (Molecular Devices, USA), Digidata 1440A (Molecular 

Devices), and Clampex 10.7 (Molecular Devices). Signals were digitized at 10 kHz and low-

pass filtered at 1 kHz. During the recording of miniature excitatory postsynaptic currents 

(mEPSCs), 500 nM tetrodotoxin, 10 μM Cd2+, 10 μM strychnine, 10 μM bicuculline, and 50 

μM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide were added to the 

ACSF to block voltage-gated Na+ channel, voltage-gated Ca2+ channel, glycinergic, and -

aminobutyric acid-ergic currents and -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR)-mediated mEPSCs, respectively. Membrane potential was initially held at 

-60 mV for a while, and then the holding potential was gradually adjusted to +60 mV for the 

removal of the Mg2+ blockade of NMDARs. Following the acquisition of NMDAR-mediated 

mEPSCs, ACSF containing Ro 25-6981 (1 M) was perfused. NMDAR-mediated mEPSC 
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amplitude was analyzed using Clampfit 10.7 (Molecular Devices). The inhibition rate of Ro 

25-6981 was calculated based on the mean amplitude of NMDAR-mediated mEPSCs before 

and after Ro 25-6981 treatment. 

 

Statistical analyses 

Reagent selection; behavioral testing, immunohistochemistry, Western blotting, and 

electrophysiology experiments; and statistical analyses were conducted separately and in a 

blinded manner. Data are presented as the median ± interquartile range or mean ± standard 

error of the mean (SEM), as appropriate. Data normality was assessed using the Shapiro–Wilk 

test. Statistical analyses were performed using two-way analysis of variance (ANOVA) 

followed by Tukey’s test, one-way ANOVA followed by Tukey’s test, the Kruskal–Wallis test 

followed by Dunn’s test, or unpaired Student’s t-test using GraphPad Prism 7 (GraphPad 

Software Inc., USA). Repeated measures of a nonparametric test were assessed using 

generalized estimating equations (GEE) method followed by Bonferroni’s test [23] in SPSS 

version 28 (IBM, USA). Differences were considered significant at P < 0.05. 
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Results 

 

IL-33 was upregulated in oligodendrocytes in the Vc after IONI 

To investigate the possible involvement of IL-33 in orofacial neuropathic pain, I established 

a mouse model of IONI. Reduction in HWT in the ipsilateral side of the whisker pad skin could 

be observed from day 1 after IONI and lasted throughout the experimental period, whereas 

HWT in the sham-IONI group was unaffected after surgery (GEE followed by Bonferroni’s 

test, P < 0.001, df = 1, Wald chi-square = 114.16; Fig. 1A). No significant differences in the 

HWT in the contralateral side of the whisker pad skin were observed between sham-IONI and 

IONI mice (GEE followed by Bonferroni’s test, P = 0.000, df = 1, Wald chi-square = 1.000; 

Fig. 1B). The number of IL-33-positive cells was increased in the ipsilateral side of the Vc; 

this increase was inversely proportional to HWT after IONI compared to the changes in the 

sham operation group (two-way ANOVA, Sham-IONI vs. IONI, Surgery: P < 0.05, F(1, 2) = 

479.9, Time: P < 0.0001, F(5, 10) = 67.28; Fig. 1C, ipsilateral). Furthermore, the amount of IL-

33 in the Vc was significantly upregulated after IONI (unpaired t-test, P < 0.05, t(6) = 3.426; 

Fig. 1D). In the contralateral side of the Vc, the number of IL-33-positive cells was also 

increased after IONI (two-way ANOVA, Sham vs. IONI, Surgery: P < 0.01, F(1, 2) = 508.8, 

Time: P < 0.0001, F(5, 10) = 36.14; Fig. 1C, contralateral). To analyze the expression patterns of 

IL-33 in the Vc, a double-staining experiment was conducted. In the contralateral side of the 

Vc, IL-33 immunofluorescence was colocalized with OLIG2 (a marker for oligodendrocytes) 

immunofluorescence (Fig. 2A, arrow), and some IL-33 immunofluorescence was observed to 

be surrounded by GFAP (a marker for astrocytes) immunofluorescence (Fig. 2B, arrowheads). 
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This adjacent pattern of IL-33 and GFAP immunofluorescence may be due to their different 

subcellular localizations, as IL-33 and GFAP are nuclear and intermediate filament proteins, 

respectively. Therefore, I tried to confirm whether IL-33 is localized in astrocytes using an 

antibody against SOX9 (a specific marker of astrocytic nuclei) [24,25]. IL-33 

immunofluorescence did not overlap with SOX9 immunofluorescence (Fig. 2C), indicating 

that astrocytes do not express IL-33 in the Vc. Besides, IL-33 immunofluorescence was not 

merged with IBA1 or NeuN immunofluorescence (Fig. 2D and E). Similar to the contralateral 

side, IL-33 immunofluorescence in the ipsilateral side of the Vc was restricted to 

oligodendrocytes (Fig. 2F-J). The expression patterns of IL-33 in the Vc did not differ between 

sham-IONI mice and IONI mice (Figs. 2 and 3). These results indicate that IL-33 is 

preferentially expressed in oligodendrocytes in the Vc. Similar to the increase in the number 

of IL-33-positive cells, the number of OLIG2-positive cells in both the ipsilateral and 

contralateral sides of the Vc was significantly increased following IONI (two-way ANOVA, 

ipsilateral, Surgery: P < 0.01, F(1, 2) = 198.4, Time: P < 0.0001, F(5, 10) = 59.15; contralateral, 

Surgery: P < 0.01, F(1, 2) = 155.7, Time: P < 0.0001, F(5, 10) = 18.76; Fig. 4A and B). The ratio 

of IL-33-positive cells in oligodendrocytes was time-dependently increased in both ipsilateral 

and contralateral sides of the Vc following IONI (two-way ANOVA, ipsilateral, Surgery: P < 

0.01, F(1, 2) = 383.4, Time: P < 0.0001, F(5, 10) = 51.25; contralateral, Surgery: P < 0.01, F(1, 2) = 

349.5, Time: P < 0.0001, F(5, 10) = 41.53; Fig. 4C). On the other hand, the number of OLIG2-

positive cells were unchanged by sham-IONI (Fig. 4B and C). Recent studies have indicated 

that some populations of astrocytes express OLIG2, and that oligodendrocytes transform into 

astrocytes after CNS injury [26,27]. However, no overlap between OLIG2 and GFAP 

immunofluorescence was observed in the Vc following IONI (Fig. 4D). 
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IL-33 is necessary and sufficient for mechanical allodynia in the orofacial region 

To demonstrate the necessity of IL-33 for mechanical allodynia in the orofacial region, 

rhST2 (a decoy receptor that neutralizes IL-33) or saline was administered intracisternally on 

day 5 after IONI. The reduction in HWT following IONI was significantly abrogated by a 

single administration of rhST2, but not saline (GEE followed by Bonferroni’s test, P < 0.05, df 

= 1, Wald chi-square = 5.855; Fig. 5A). To further address whether IL-33 is sufficient to induce 

mechanical allodynia in the whisker pad skin, rhIL-33 or saline was administered 

intracisternally into naive mice. HWT was markedly reduced 1 h after a single administration 

of rhIL-33 but not saline; moreover, the reduction in HWT could even be observed 48 h after 

rhIL-33 administration (GEE followed by Bonferroni’s test, P < 0.001, df = 1, Wald chi-square 

= 202.453; Fig. 5B). These results suggest that the IL-33/ST2 pathway is required in the Vc for 

orofacial neuropathic pain. 

 

ST2 is expressed in neurons in the Vc 

To explore the mechanism underlying IL-33-induced mechanical allodynia in the whisker 

pad skin, I assessed the distribution of ST2 in the Vc. ST2 immunofluorescence overlapped 

exclusively with that of NeuN, but not of GFAP, IBA1, or OLIG2 immunofluorescence in the 

ipsilateral and contralateral sides of the Vc in IONI or sham-IONI mice (Fig. 6A-H and 7, 

arrows). These data indicate that ST2 was expressed in neurons in the Vc. However, previous 

studies have suggested the existence of ST2 in neurons as well as microglia and astrocytes in 

the SDH [20, 21]. To clarify the expression patterns of ST2 between the Vc and SDH, I 

investigated the L4 SDH immunohistochemically. On day 5 after surgery, immunofluorescence 

of ST2 in the ipsilateral side of the L4 SDH overlapped with NeuN immunofluorescence (SNI 
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mice: 66.60 ± 3.67 %; sham-SNI mice: 73.34 ± 4.38 %; Fig.6 I and M, arrowheads). Distinct 

from that in the Vc, ST2 immunofluorescence also overlapped with GFAP 

immunofluorescence in the ipsilateral side of the L4 SDH (SNI mice: 33.39 ± 3.67 %; Sham-

SNI mice: 26.65 ± 4.38 %) (Fig. 6J and N, arrows), consistent with the previous report [20]. 

No ST2/IBA1 or ST2/OLIG2 double-positive cells were observed in the ipsilateral sides of the 

L4 SDH in either SNI or sham-SNI mice (Fig. 6K, L, O, and P). The expression patterns of 

ST2 in the contralateral side of the L4 SDH were the same as those on the ipsilateral side in 

both SNI and sham-SNI mice (Fig. 7). As in the Vc, the IL-33-expressing cells in both the 

contralateral and ipsilateral sides of the L4 SDH were restricted to oligodendrocytes (Fig. 8A, 

arrows). Further, no overlap between OLIG2 and GFAP immunofluorescence was observed in 

the ipsilateral side of the L4 SDH following SNI (Fig. 8B). Distinct from the Vc, the number 

of OLIG2-positive cells was unaltered in the SDH following SNI (Fig. 9).  

To further verify the absence of ST2 in astrocytes and microglia in the Vc, I stained for 

GFAP and IBA1 in the Vc following intracisternal administration of saline or IL-33. No 

obvious change in the fluorescence intensity of GFAP and IBA1 in the Vc was observed 

between saline- and IL-33-administered mice (unpaired t-test, GFAP: P = 0.5079, t(9) = 0.6896, 

IBA1: P = 0.7070, t(9) = 0.3880; Fig. 10A-G). In addition, ST2 immunofluorescence did not 

overlap with GFAP and IBA1 immunofluorescence after intracisternal administration of IL-33 

(Fig. 10D and G). I also analyzed the effects of fluorocitrate (a metabolic inhibitor of 

astrocytes) or minocycline (an inhibitor of microglial activation) on IL-33-induced mechanical 

allodynia. Intracisternal administration of IL-33-induced mechanical allodynia in the whisker 

pad skin was not inhibited by pretreatment with fluorocitrate or minocycline (Fig. 10H), 

indicating that IL-33 might act directly on neurons but not astrocytes and microglia in the Vc.  
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IL-33 triggers GluN2B phosphorylation in the Vc 

Due to the analgesic effects of NMDAR antagonists such as MK-801 and ketamine, it is 

widely believed that the activation of NMDARs (ionotropic glutamate receptors) is a prominent 

change in neurons during neuropathic pain [3,28]. In particular, GluN2B subunit-containing 

NMDARs are essential components in neuropathic pain [29,30]. Thus, I hypothesized that 

GluN2B subunit-containing NMDARs in Vc neurons were activated by intracisternal 

administration of IL-33. To assess the possible involvement of GluN2B subunit-containing 

NMDARs in IL-33-induced mechanical allodynia in the whisker pad skin, I intracisternally 

administered Ro 25-6981 (a specific antagonist of GluN2B subunit-containing NMDARs) or 

vehicle 5 h after IL-33 administration (Fig. 11A). IL-33-induced mechanical allodynia in the 

whisker pad skin was significantly but temporarily ameliorated by Ro 25-6981, but not by 

vehicle (GEE followed by Bonferroni’s test, P < 0.05, df = 1, Wald chi-square = 4.261; Fig. 

11B). The rotarod test revealed that motor performance in mice was unaltered by intracisternal 

administration of Ro 25-6981 (Pre: 300 ± 0 s; Post: 300 ± 0 s, n = 3 mice), indicating that the 

recovery effect of Ro 25-6981 on mechanical allodynia was not attributed to sedation. The 

above data indicate that GluN2B subunit-containing NMDARs were activated by IL-33. It has 

been reported that the hyperfunctioning of GluN2B subunit-containing NMDARs in the SDH 

following peripheral nerve injury is attributed to the phosphorylation of GluN2B at Tyr1472 

(pGluN2B) [29,30]. Therefore, I isolated the synaptosomal fraction from the Vc of saline- or 

IL-33-administered mice and analyzed the amount of synaptic pGluN2B. The relative amount 

of pGluN2B in the Vc of IL-33-administered mice was 1.77-fold higher than that in saline-

administered mice (unpaired t-test, P < 0.01, t(8) = 3.618; Fig. 11C). GluN2A and GluN2B are 

typical NMDAR subunits, and subunit-specific gating control has been clarified [31]. Using 



22 

 

the whole-cell patch-clamp technique, NMDAR-mediated mEPSCs were recorded in Vc slices 

obtained from mice 5 h after intracisternal administration of saline or IL-33. Bath application 

of Ro 25-6981 caused a slight reduction in the amplitude of NMDAR-mediated mEPSCs in 

the Vc of saline-administered mice (5.96 ± 1.55 %). In contrast, a marked reduction in the 

amplitude of NMDAR-mediated mEPSCs in the Vc of IL-33 administered mice was observed 

after Ro 25-69818 treatment (51.0 ± 2.77 %) (unpaired t-test, P < 0.0001, t(32) = 13.69; Fig. 

11D). I also examined the involvement of GluN2B-containing NMDARs in IONI-induced 

mechanical allodynia in the whisker pad skin. The reduction in HWT following IONI was 

significantly abrogated by a single administration of Ro 25-6981 but not saline (GEE followed 

by Bonferroni’s test, P < 0.001, df = 1, Wald chi-square = 29.623; Fig. 11E). I further addressed 

whether IL-33 signaling-mediated GluN2B phosphorylation occurred in the Vc following IONI 

(Fig. 11F). The amount of pGluN2B in the synaptosomal fraction from the Vc prepared on day 

5 of IONI was 1.57-fold higher than that from sham-operated mice, and this increase was 

blunted after intracisternal administration of rhST2 (one-way ANOVA, P < 0.01, F(2,10) = 9.605; 

Fig. 11G). 

 

IL-33 triggers GluN2B phosphorylation through Fyn phosphorylation 

Fyn, a member of the SFKs, is known to cause phosphorylation of GluN2B at Tyr1472 

[29,30]. To investigate the possible involvement of Fyn kinase in IL-33-induced GluN2B 

phosphorylation in the Vc, I examined the phosphorylation of Fyn kinase upon IL-33 

administration. The activation of Fyn and Src is regulated by phosphorylation at Tyr420 and 

Tyr416, respectively [29,32]. I immunoprecipitated Fyn or Src from whole cell lysate of the 

Vc from saline- or IL-33-administered mice, followed by detection of phosphorylation levels 
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of Tyr420 or Tyr416 using anti-pSrc (Tyr416) antibody which can detect both pTyr420 for Fyn 

and pTyr416 for Src. IL-33 administration caused a significant increase in Fyn phosphorylation 

at Tyr420, which was prevented by pretreatment with saracatinib (a broad inhibitor of SFKs) 

(one-way ANOVA, P < 0.001, F(2, 12) = 11.25; Fig. 12A, left). In contrast, Src phosphorylation 

at Tyr416 was unaffected by the intracisternal administration of IL-33 (one-way ANOVA, P = 

0.5265, F(2, 12) = 0.6770; Fig. 12A, right). I also immunoprecipitated cell lysate from the Vc 

from sham-IONI and IONI mice on day 5 after surgery. Phosphorylated levels of both Tyr420 

and Tyr416 in the Vc of IONI mice were significantly higher than those in sham-IONI mice 

(Fyn: P < 0.01, t(7) = 3.867; Src: P < 0.05, t(8) = 2.990; Fig. 12B). Cell lysates were also 

immunoprecipitated with normal mouse IgG (for Fyn) or rabbit IgG (for Src); however, no 

signal for Fyn or Src was detected by anti-Fyn or anti-Src antibodies (Fig. 13). 

Immunohistochemical analyses revealed pFyn-positive puncta could be observed in dendritic 

shafts but not soma in the Vc following IL-33 administration and in combination with MAP2 

or NeuN staining (Fig. 12C, arrowheads). In contrast, the signals in the Vc of saline-

administered mice were very faint (Fig. 12C). To further clarify whether pFyn-positive puncta 

were located in the dendritic spine, I performed double staining for pFyn and Homer 1 (a 

marker of postsynaptic density). pFyn puncta were closely matched to Homer 1 puncta in the 

Vc of IL-33-administered mice (Fig. 12C, circles), implying that Fyn is activated at the 

synaptic site. Next, the possible requirement of the IL-33/ST2/Fyn pathway for GluN2B 

phosphorylation was investigated. The amount of pGluN2B in IL-33-administered mice was 

significantly reduced by pretreatment with saracatinib (unpaired t-test, P < 0.05, t(8) = 2.905; 

Fig. 12D). I also assessed the requirement of the Fyn kinase pathway for IL-33-induced 

mechanical allodynia. Pretreatment with saracatinib prevented the development of mechanical 
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allodynia in the whisker pad skin following intracisternal administration of IL-33 (GEE 

followed by Bonferroni’s test, P < 0.001, df = 1, Wald chi-square = 406.309; Fig. 12E). 

Saracatinib itself did not influence motor performance in naïve mice (Pre: 300 ± 0 s; Post: 300 

± 0 s, n = 3 mice). 

 

IL-33 signaling in the Vc contributes to orofacial neuropathic pain in female mice 

To evaluate the requirement of IL-33 signaling in female mice, rhIL-33 or saline was 

administered intracisternally into naive female mice. Intracisternal administration of IL-33 but 

not saline caused the reduction of HWT in naive mice (P = 0.000, GEE Wald chi-square = 

49.830; Fig. 14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 

 

Discussion 

 

Several studies have demonstrated the importance of cytokines in neuropathic pain, 

especially in mechanisms in the SDH [3,33,34]. The importance of cytokines in neuropathic 

pain in the orofacial region has also been studied [35], but their role in the Vc is not fully 

understood. In this study, I demonstrated that IL-33 and ST2 are exclusively expressed in 

oligodendrocytes and neurons in the Vc, respectively. Mechanical allodynia following IONI 

was dramatically relieved by inhibition of the IL-33/ST2 pathway. Intracisternal administration 

of IL-33 triggered mechanical allodynia in the whisker pad skin of naive mice, which was 

ameliorated by Ro 25-6981. Mechanical allodynia caused by IONI was also ameliorated by Ro 

25-6981. IL-33 was able to potentiate GluN2B-containing NMDAR-mediated synaptic 

currents and facilitate the phosphorylation of synaptosomal GluN2B. Inhibition of Fyn kinase 

in the Vc prevented the induction of IL-33-induced mechanical allodynia and GluN2B 

phosphorylation. The IL-33/ST2 pathway was also required for the development of mechanical 

allodynia in the whisker pad skin in female mice (Fig.14). These findings indicate that 

oligodendrocyte-derived IL-33 causes plastic changes in Vc neurons, culminating in orofacial 

neuropathic pain (Fig. 15). 

The main difference between the Vc and SDH observed in this study was with regard to 

the expression pattern of ST2. In the past decade, in vitro experiments have revealed that both 

microglia and astrocytes possess St2 mRNA [36]. Moreover, Zarpelon et al. found that 

intrathecal administration of IL-33 elicited an increase in protein levels of both IBA1 and GFAP 

in the SDH, which was abrogated by St2 gene loss-of-function or pretreatment with 
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minocycline or fluorocitrate [21]. However, despite analysis using the same strain of mice used 

in the study by Zarpelon et al., ST2 expression was detected in both astrocytes and neurons in 

another study [20]. Nevertheless, both studies found that ST2 is expressed in astrocytes. On 

the other hand, whether ST2 is expressed in SDH microglia is open to debate because of the 

lack of experiments using microglia-specific St2 knockout mice and histological analyses. 

Considering microglia-astrocyte communication [2,37], I cannot exclude the possibility that 

astrocyte-derived factors might activate microglia following intrathecal administration of IL-

33. I also analyzed the expression pattern of ST2 in the SDH using the same antibody as in the 

study by Liu et al. [20] and found that ST2 was expressed in both astrocytes and neurons. 

Surprisingly, ST2 expression was restricted to neurons in the Vc, which is distinct from the 

SDH. In addition, no increase in the immunoreactivity of GFAP and IBA1 in the Vc was 

observed after intracisternal administration of IL-33, and no inhibitory effect of fluorocitrate 

on IL-33-induced mechanical allodynia in the whisker pad skin was observed. In contrast, IL-

33-induced mechanical allodynia was partially inhibited by minocycline in 1 of 4 mice. 

Because minocycline has a direct protective effect on neurons [38], the effects of minocycline 

on Vc neurons cannot be ruled out. According to the expression patterns of ST2 in the Vc, ST2 

is not expressed in microglia and astrocytes in the Vc. IL-33 expression has been observed in 

both oligodendrocytes and astrocytes [15,39,21]. In particular, IL-33 expression was found to 

be restricted to oligodendrocytes in the SDH in experiments that combined 

immunohistochemical analyses and Il-33 knockout mice [15]. Oligodendrocyte-specific 

expression of IL-33 in the SDH has also been validated in IL-33/citrine reporter mice [21]. In 

line with previous reports, I found that IL-33 was exclusively expressed in oligodendrocytes in 

the SDH as well as the Vc, and that its expression did not overlap with that of SOX9 (astrocytic 
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nuclei), GFAP, IBA1, or NeuN. Taken together, these observations indicate that the IL-33/ST2 

pathway in the Vc works differently from that in the SDH, which might contribute to the 

distinct pain sensitivities between the orofacial region and other regions. 

It has been reported that GluN2B phosphorylation is observed in both neuropathic and 

inflammatory pain; however, distinct intracellular pathways lead to GluN2B phosphorylation 

[29,30,40]. Nerve injury triggers Fyn kinase-mediated GluN2B phosphorylation in the SDH 

[29], and microglia-derived brain-derived neurotrophic factor (BDNF) contributes to Fyn 

phosphorylation via tropomyosin receptor kinase B (TrkB) [30]. In contrast, inflammatory 

stimuli did not induce Fyn phosphorylation in the SDH [29], and GluN2B phosphorylation 

during inflammatory pain is elicited by ephrinB2-mediated activation of EphB [40]. GluN2B 

phosphorylation plays an important role in synaptic plasticity in both neuropathic and 

inflammatory pain. GluN2B phosphorylation at Tyr1472 strengthens the interaction between 

NMDAR and the postsynaptic density, which contains transmembrane receptors, scaffold 

proteins, and signaling molecules and plays an essential role in the induction of long-term 

potentiation (LTP), a representative form of synaptic plasticity [41,42,43]. LTP is also observed 

as a characteristic plastic change in nociceptive circuits in the SDH [44,45]. Another role of 

GluN2B is binding to Ca2+/calmodulin-dependent kinase II (CaMKII) at the synapse, where 

CaMKII maintains its active form [46,47,48]. Accordingly, GluN2B phosphorylation is 

indispensable for synaptic plasticity and contributes to long-lasting pain. Moreover, a recent 

study clarified the direct role of IL-33 in neurons—it was shown to promote synapse formation 

in cultured hippocampal neurons, and intracerebroventricular administration of recombinant 

ST2 inhibited synaptic plasticity in hippocampal CA1 pyramidal neurons [26]. Considering the 

effects of IL-33 on synapse formation, I could not eliminate the possibility of changes in spine 
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density in Vc neurons following intracisternal administration of IL-33. Since IL-33 

phosphorylated GluN2B in the synaptosomal fraction and potentiated GluN2B-containing 

NMDAR-mediated mEPSCs, at least in my study, IL-33 is likely to produce plastic changes 

through the activation of GluN2B in the Vc. These findings suggest that the analgesic effect of 

rhST2 might be attributed to the erasure of undesirable plastic changes that had occurred in the 

Vc microcircuitry. The current results highlight the importance of NMDARs in the IL-33 

pathway. However, I could not deny the involvement of AMPAR in the IL-33 pathway. Chen 

et al. found that Ca2+-permeable AMPAR-mediated currents were enhanced in the spinal 

neurons of rats with diabetic neuropathic pain [49], indicating that IL-33 may facilitate 

AMPAR-mediated currents during neuropathic pain. Further study is needed to clarify the 

effect of IL-33 on AMPARs. In addition to the direct effects of cytokines, including IL-1, IL-

6, and tumor necrosis factor- (TNF-) on neurotransmission [50], to the best of my 

knowledge, I have demonstrated for the first time that IL-33 also directly regulates synaptic 

transmission. 

Nevertheless, the mechanisms underlying the upregulation of IL-33 are unclear. As 

mentioned above, IL-33 expression is restricted to oligodendrocytes in the SDH [15,21]. 

However, some IL-33-positive cells were negative for OLIG2. Although OLIG2 is expressed 

in all oligodendrocytes regardless of their developmental state [51], in rare instances, OLIG2-

negative oligodendrocytes have been observed [52,53]. A recent study clarified that OLIG2-

positive astrocytes are found in the brain [26]. In addition, oligodendrocytes are known to 

convert into astrocytes following CNS injury [54]. However, OLIG2 immunofluorescence was 

not colocalized with GFAP immunofluorescence in the Vc following IONI. This suggests that 

IL-33 is unlikely to be expressed except in oligodendrocytes in the Vc. Considering these facts, 
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some IL-33 might be expressed in OLIG2-negative oligodendrocytes. However, I could not 

evaluate the role of IL-33-positive/OLIG2-negative cells because of technical limitations, 

namely the lack of specific markers for OLIG2-negative oligodendrocytes. Rather surprisingly, 

I found an increase in the number of IL-33-positive oligodendrocytes even in the contralateral 

side of the Vc following IONI. However, the contralateral side of the whisker pad skin did not 

exhibit mechanical allodynia after IONI. Considering that intracisternal administration of IL-

33 evoked mechanical allodynia in the whisker pad skin, IL-33 was likely released from 

oligodendrocytes in the ipsilateral but not contralateral side of the Vc following IONI. The 

underlying mechanisms for the increase in the number of oligodendrocytes in the Vc remain to 

be clarified. However, I considered the following potential mechanisms. Research has 

indicated that peripheral nerve injury leads to dysfunction of the descending inhibitory system 

that projects bilaterally to the SDH and Vc [55]. Since catecholamines have an inhibitory effect 

on the proliferation of oligodendrocyte progenitor cells [56], the reduced function of the 

descending inhibitory modulation may eliminate the inhibitory tone of constitutive 

oligodendrocyte proliferation. Given that oligodendrocyte progenitor cells are present not only 

in the developmental stage but also in the adult CNS [57], oligodendrocyte progenitor cells in 

the Vc may have proliferated bilaterally after IONI. On the other hand, no proliferation of 

oligodendrocytes was observed in the SDH after SNI. Since microglia are the only proliferative 

cells found in the SDH after nerve injury [58], unknown factors may be upregulated in the Vc 

after nerve injury distinct from the SDH. Further analysis is needed to elucidate the mechanism 

of oligodendrocyte proliferation in the Vc. 

It is also unclear how IL-33 levels increase after IONI. A marked increase in IL-33-

positive cells was detected in the Vc one day after IONI. The time course of the increase in the 
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number of IL-33-positive cells was analogous to that of microglial activation in the SDH and 

Vc after peripheral nerve injury [3,4,59]. The details of microglia-oligodendrocyte crosstalk 

during orofacial neuropathic pain remain unclear; however, microglia presumably influence 

the activation state of oligodendrocytes, because it has been reported that established 

neuropathic pain is not relieved by pharmacological inhibition or genetic ablation of microglia, 

which play an essential role in the induction phase of neuropathic pain [60]; in contrast, 

inhibition of ST2 signaling ameliorated established neuropathic pain. Considering the above 

evidence, it is conceivable that signal relay from microglia to oligodendrocytes is required for 

a phase shift from the induction phase to the chronic phase of pain. Several factors, such as 

interferon- (IFN-), IL-1, TNF-, and reactive oxygen species (ROS), have been identified 

as being responsible for microglia-oligodendrocyte crosstalk [61]. Among these molecules, 

IFN- and ROS possibly induce IL-33 in oligodendrocytes according to experiments in 

keratinocytes and bronchial epithelial cells, respectively [62]. The proliferation of 

oligodendrocytes is regulated by IL-1 and TNF-α [63,64]. Accordingly, microglia-derived 

factors may influence oligodendrocyte function and promote IL-33 secretion. 

Since saracatinib is a broad-spectrum SFK inhibitor, the possible involvement of SFKs 

other than Fyn in IL-33-induced mechanical allodynia cannot be ruled out. Five SFKs—Src, 

Fyn, Yes, Lck, and Lyn—are expressed in the mammalian CNS [32] and have been identified 

as components of the NMDAR complex [65,66,67]. Fyn and Src induce selective 

phosphorylation of GluN2B and GluN2A, respectively [68]. However, Yes, Lck, and Lyn have 

not been reported to affect GluN2B phosphorylation. IL-33 caused selective phosphorylation 

of Fyn, but not Src, in the Vc, and saracatinib suppressed IL-33-induced GluN2B 

phosphorylation. Interestingly, Fyn phosphorylation has been observed in excitatory synapses 
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after IL-33 stimulation. In terms of synaptic plasticity, both induction and maintenance of LTP 

were markedly impaired in Fyn- but not Src-mutant mice [69]. As mentioned above, both 

microglia-derived BDNF and oligodendrocyte-derived IL-33 can independently phosphorylate 

Fyn kinase. The effect of saracatinib on IONI could not be examined, because the IL-

33/ST2/Fyn pathway has not been rigorously evaluated in the presence of the BDNF/TrkB/Fyn 

pathway (microglia-neuron signaling) [30,70]. Given the selective phosphorylation of Fyn by 

IL-33, the inhibitory effect of saracatinib on IL-33-induced mechanical allodynia was 

presumably mediated by the suppression of Fyn kinase.  

My results show that mechanical allodynia caused by IL-33 involves a common 

pathway in both male and female mice. Studies have indicated that microglia during 

neuropathic pain are sexually dimorphic, and that a microglia-dependent pathway is utilized in 

male but not female mice [71]. BDNF is a representative molecule released from microglia in 

male mice [70] and is involved in the phosphorylation of Fyn kinase [30]. Considering these 

findings, BDNF and IL-33 act synergistically to phosphorylate Fyn kinase in male mice, 

culminating in plastic changes in Vc neurons. In female mice, IL-33 but not BDNF contributes 

to the phosphorylation of Fyn kinase. 
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Conclusions 

 

Oligodendrocyte-derived IL-33 induces Fyn phosphorylation, ultimately leading to GluN2B 

phosphorylation in Vc neurons after IONI, and GluN2B-containing NMDARs in the synaptic 

site being activated by IL-33. Moreover, inhibition of the IL-33/ST2 pathway alleviated 

mechanical allodynia. Thus, IL-33 induces a plastic change in Vc neurons following IONI, 

resulting in the development of orofacial neuropathic pain. It has been proposed that cell-cell 

interactions, such as microglia-neuron, astrocyte-neuron, and microglia-astrocyte interactions, 

are involved in neuropathic pain [2, 32] and cooperatively facilitate the development of 

orofacial neuropathic pain. In addition to this, I propose that oligodendrocyte-neuron 

interactions via IL-33 signaling have an important role in orofacial neuropathic pain in male 

and female mice. My results suggest the existence of a new mechanism by which orofacial 

neuropathic pain is segregated from bodily pain, and may lead to the development of 

therapeutic strategies based on oligodendrocyte-neuron communication. 
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Figure 1. Orofacial mechanical allodynia and upregulation of IL-33 in the Vc following IONI. 

(A, B) Time course of HWT in the ipsilateral (A) and contralateral sides (B) of the whisker pad 

skin following IONI. n = 7 mice in each; GEE folloourd by Bonferroni’s test, P < 0.001, df = 

1, Wald chi-square = 114.16 (A); P = 1.000, df = 1, Wald chi-square = 0.000 (B), Sham-IONI 

vs. IONI. *P < 0.05, ***P < 0.001. Boxes show the 25th–75th percentiles with the median value 

indicated as a line within each box. Whiskers indicate the 10th and 90th percentiles of the data. 

(C) Representative images of IL-33 immunofluorescence in the ipsilateral side of the Vc of 
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sham-IONI and IONI mice on day 5 after surgery. Scale bar = 50 µm. The column represents 

the average number of IL-33-positive cells in the contralateral and ipsilateral sides of the Vc 

following sham-IONI or IONI. n = 3 mice in each; two-way ANOVA Tukey’s multiple 

comparison test; ***P < 0.001. Data represent the mean ± SEM. (D) Representative blots of IL-

33 expression in the ipsilateral side of the Vc of sham-IONI and IONI mice on day 5 after 

surgery. The column represents the average value of IL-33/β-actin. n = 4 mice in each; unpaired 

Student’s t-test; * P < 0.05. Data represent the mean ± SEM. 
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Figure 2. Expression patterns of IL-33 in the Vc. Representative images of IL-33 (green) and 

OLIG2, GFAP, SOX9, IBA1, or NeuN (magenta) immunofluorescence in the contralateral (A-

E) and ipsilateral sides (F-J) of the Vc 5 days following IONI. Arrows indicate IL-33/OLIG2 

double-positive cells. Arrowheads indicate IL-33-positive cells surrounded by GFAP 

immunofluorescence. Scale bar = 20 m. The average ratio of cell markers + IL-33 per IL-33-

positive cell is shown in the figure. n = 3 mice in each. Data represent the mean ± SEM. 
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Figure 3. Expression patterns of IL-33 in the Vc. Representative images of IL-33 (green) and 

OLIG2, GFAP, SOX9, IBA1, or NeuN (magenta) immunofluorescence in the contralateral and 

ipsilateral sides of the Vc 5 days after Sham-IONI. Arrows indicate IL-33/OLIG2 double-

positive cells. Scale bar = 20 m. n = 3 mice in each. Data represent the mean ± SEM. 
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Figure 4. OLIG2-positive cells in the Vc after IONI. (A) Representative images of OLIG2-

positive cells in the ipsilateral side of the Vc of sham-IONI and IONI mice on day 5 after 

surgery. Scale bar = 50 m. (B) The column represents the average number of OLIG2-positive 

cells in the contralateral and ipsilateral sides of the Vc following sham-IONI or IONI. n = 3 

mice in each; two-way ANOVA Tukey’s multiple comparison test; ***P < 0.001. Data represent 

the mean ± SEM. (C) The column represents the average ratio of IL-33/OLIG2 double-positive 
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cells per OLIG2 positive cells in the contralateral and ipsilateral sides of the Vc following sham 

operation and IONI. n = 3 mice in each; two-way ANOVA Tukey’s multiple comparison test; 

*P < 0.05, **P < 0.01. Data represent the mean ± SEM. (D) Representative double-staining 

image of OLIG2 and GFAP in the ipsilateral side of the Vc 5 days after IONI. Scale bar = 20 

μm. 
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Figure 5. Requirement of IL-33 signaling in the Vc in mechanical allodynia. (A) Time course 

of HWT in IONI mice intracisternally administered with saline or recombinant ST2 on day 5 

after IONI. n = 8 mice (Saline), n = 9 mice (Recombinant ST2). GEE followed by Bonferroni’s 

test, P < 0.05, df = 1, Wald chi-square = 5.855, Saline vs. Recombinant ST2. *P < 0.05, ***P < 

0.001. (B) Time course of HWT in naive mice intracisternally administered with saline or 

recombinant IL-33 n = 8 in each. GEE followed by Bonferroni’s test, P < 0.001, df = 1, Wald 

chi-square = 202.453, Saline vs. Recombinant IL-33. ***P < 0.001. Boxes show the 25th–75th 

percentiles with the median value indicated as a line within each box. Whiskers indicate the 

10th and 90th percentiles of the data. 
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Figure 6. Expression patterns of ST2 in the Vc or SDH. (A-H) Representative images showing 

ST2 (green) and NeuN, GFAP, IBA1, or OLIG2 (magenta) immunofluorescence in the 

ipsilateral (A-D) and contralateral sides (E-H) of the Vc 5 days following IONI. (I-P) 

Representative images showing ST2 (green) and NeuN, GFAP, IBA1, or OLIG2 (magenta) 

immunofluorescence in the ipsilateral (I-L) and contralateral sides (M-P) of the SDH 5 days 
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following SNI. Arrows and arrowheads indicate ST2/NeuN and ST2/GFAP double-positive 

cells, respectively. Scale bar = 20 µm. The average ratio of cell markers + ST2 per ST2-positive 

cell is shown in the figure. n = 3 (IONI mice), n = 3 (SNI mice). Data represent the mean ± 

SEM. 
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Figure 7. Expression patterns of ST2 in the Vc and SDH 5 days after nerve injury. 

Representative images of ST2 (green) and NeuN, GFAP, IBA1, and OLIG2 (magenta) 

immunofluorescence in the contralateral side of the Vc and SDH following IONI and SNI, 

respectively. Arrows and arrowheads indicate ST2/NeuN and ST2/GFAP double-positive 

cells, respectively. Scale bar = 20 m. n = 3 mice in each. Data represent the mean ± SEM 
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Figure. 8. Expression patterns of IL-33 in the SDH 5 days after SNI. (A) Representative images 

of IL-33 (green) and OLIG2, GFAP, SOX9, IBA1, and NeuN (magenta) immunofluorescence 

in both contralateral and ipsilateral sides of the SDH of Sham-SNI and SNI mice. Arrows 

indicate IL-33/OLIG2 double-positive cells. Scale bar = 20 m. n = 3 mice in each. Data 

represent the mean ± SEM. (B) Representative images showing OLIG2 (green) and GFAP 

(magenta) fluorescence in the SDH 5 days after SNI. Scale bar = 20 m. 
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Figure. 9. Expression of OLIG2 in the SDH 5 days following SNI. Representative images 

showing OLIG2 (green) immunofluorescence in both contralateral and ipsilateral sides of the 

SDH of Sham-SNI and SNI mice. Scale bar = 50 m. The average number of OLIG2 positive 

cells. n = 5 mice in each. Data represent the mean ± SEM. Unpaired Student’s t-test; ns: not 

significant. 
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Figure 10. Glial cell expression patterns in the Vc and glial cell-independent IL-33-induced 

mechanical allodynia. (A) A timeline of the experimental schedule. (B-G) 

Immunohistochemical analyses of GFAP (B-D) and IBA1 (E-G) in the Vc 24 h after 

intracisternal administration of saline or IL-33 in naive mice. Representative images showing 

GFAP (B) and IBA1 (E) immunofluorescence in the Vc in saline or IL-33-administered mice. 

Scale bars = 100 µm. (C, F) Average values of the region occupied by GFAP (C) and IBA1 (F) 

immunofluorescence in the Vc. n = 6 mice (Saline), n = 5 mice (IL-33); unpaired Student’s t-

test; ns: not significant. Data represent the mean ± SEM. (D, G) Representative images showing 

GFAP/ST2 (D) and IBA1/ST2 (G) immunofluorescence in the Vc of IL-33-administered mice. 
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Scale bars = 20 µm. (H) Effects of minocycline or fluorocitrate on IL-33-induced mechanical 

allodynia. Fluorocitrate or minocycline was administered intracisternally 2 h prior to IL-33 

administration. n = 6 mice (Saline + saline), n = 6 mice (Saline + IL-33), n = 5 mice 

(Minocycline + IL-33), and n = 4 mice (Fluorocitrate + IL-33); Kruskal-Wallis Dunn’s multiple 

comparison test, *P < 0.05, **P < 0.01 vs. Saline (24 h); ns: not significant. Boxes show 

the 25th–75th percentiles with the median value indicated as a line within each box. Whiskers 

indicate the 10th and 90th percentiles of the data.  
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Figure 11. GluN2B activation in Vc neurons following intracisternal administration of IL-33. 

(A) A timeline of the experimental schedule. (B) Effect of Ro 25-6981 on IL-33-induced 

mechanical allodynia. n = 5 mice (Vehicle), n = 7 mice (Ro 25-6981). GEE followed by 

Bonferroni’s test, P < 0.05, df = 1, Wald chi-square = 4.261, Vehicle vs. Ro 25-6981. ***P < 

0.001. Boxes show the 25th–75th percentiles with the median value indicated as a line within 

each box. Whiskers indicate the 10th and 90th percentiles of the data. (C) Representative blot 

of phosphorylated-GluN2B (pGluN2B) expression in the synaptosomal fraction in the Vc 

prepared 5 h after intracisternal administration of saline or IL-33. The column represents the 

average value of pGluN2B/GluN2B. n = 5 mice in each; unpaired Student’s t-test; ** P < 0.01. 

(D) Representative full traces (left panel) and single events (right panel) of mEPSC in Vc 

neurons of saline- or IL-33-administered mice. Calibration bars indicate 50 pA and 50 sec (left 

panels) and 20 pA and 100 msec (right panels). Ro 25-6981 was continuously applied during 

the gray bar-indicated period. The column represents the average value of inhibition rate of 

mEPSC by Ro 25-6981. n = 16 neurons from 4 mice for saline, n = 18 neurons from 4 mice for 

IL-33; unpaired Student’s t-test; *** P < 0.001. (E) Effect of Ro 25-6981 on mechanical 

allodynia following IONI. n = 5 mice in each. GEE followed by Bonferroni’s test, P < 0.001, 

df = 1, Wald chi-square = 29.623, Vehicle vs. Ro 25-6981. ***P < 0.001. Boxes show the 25th–

75th percentiles with the median value indicated as a line within each box. Whiskers indicate 

the 10th and 90th percentiles of the data. (F) A timeline of the experimental schedule. (G) 

Representative blot of pGluN2B levels in the synaptosomal fraction in the Vc prepared 5 h 

after intracisternal administration of saline or rhST2 on day 5 in IONI mice. The column 

represents the average value of pGluN2B/GluN2B. n = 5 mice in each; one-way ANOVA 

Tukey’s test; ** P < 0.01. Data represent the mean ± SEM. 
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Figure 12. IL-33-mediated phosphorylation of GluN2B via Fyn kinase. (A) Representative 

blots of phosphorylated-Tyr420 (pTyr420) and phosphorylated-Tyr416 (pTyr416) levels in the 

whole fraction of the Vc 5 h after intracisternal administration of saline or IL-33. Saline (Sal) 

or saracatinib (Sara) administered 2 h prior to IL-33 administration. The column represents the 

average value of pTyr420/Fyn or pTyr416/Src. n = 5 mice in each; one-way ANOVA Tukey’s 

test; * P < 0.05, ** P < 0.01. Data represent the mean ± SEM. (B) Representative blots of 

pTyr420 and pTyr416 levels in the whole fraction of the ipsilateral side of the Vc 5 d after 

surgery. n = 5 mice in each; unpaired Student’s t-test; * P < 0.05, ** P < 0.01. Data represent 

the mean ± SEM. (C) Representative images showing pFyn (green) and MAP2, NeuN, or 

Homer 1 (magenta) expression in the Vc 5 days after saline or IL-33 administration. 

Arrowheads indicate pFyn puncta on the dendritic shaft. Circles indicate the regions where 

pFyn puncta are in contact with Homer 1 puncta. (D) Representative blots of pGluN2B 
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expression in a synaptosomal fraction of the Vc 5 h after intracisternal administration of IL-33 

with pretreatment of saline or saracatinib. The column represents the average value of 

pGluN2B/GluN2B. n = 5 mice in each; unpaired Student’s t-test; * P < 0.05. Data represent the 

mean ± SEM. (E) Effect of saracatinib on IL-33-induced mechanical allodynia. n = 5 mice 

(Saline + IL-33), n = 6 mice (Saracatinib + IL-33). GEE followed by Bonferroni’s test, P < 

0.001, df = 1, Wald chi-square = 406.309, Saline + IL-33 vs. Saracatinib + IL-33. ***P < 0.001. 

Boxes show the 25th–75th percentiles with the median value indicated as a line within each 

box. Whiskers indicate the 10th and 90th percentiles of the data. 
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Figure 13. Representative blots of Fyn and Src levels in the Vc of naïve mice. Whole-cell 

lysates were immunoprecipitated with Fyn, mouse IgG (control for Fyn), Src, or rabbit IgG 

(control for Src). Bands were detected by anti-Fyn or anti-Src antibodies 
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Figure.14 Time course of the HWT in naive mice that received an intracisternal administration 

of saline or recombinant IL-33. n = 3 mice in each. Boxes show the 25th–75th percentiles with 

the median value indicated as a line within each box. Whiskers indicate the 10th and 90th 

percentiles of the data. (P = 0.000, GEE Wald chi-square = 49.830; Fig. 9G). 
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Figure. 15 A schematic illustration of the proposed model of orofacial neuropathic pain. After 

IONI, the number of oligodendrocytes increases in the Vc and they secrete IL-33. Activation 

of ST2 in Vc neurons causes phosphorylation of Fyn kinase and subsequent phosphorylation 

of GluN2B. Thereby, excitatory neurotransmission in the Vc is potentiated, culminating in the 

development of orofacial neuropathic pain. 

 

 

 

 


