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Abstract 

Neuropathic pain, a highly debilitating pain condition that commonly occurs after 

nerve damage, is a reflection of the aberrant excitability of dorsal horn neurons. 

This pathologically altered neurotransmission requires a communication with 

spinal microglia activated by nerve injury. However, how normal ‘resting’ 

microglia become activated remains unknown. Here we show that in naive animals, 

spinal microglia express a receptor for the cytokine interferon-γ (IFN-γR) in a cell-

type specific manner and that stimulating this receptor converts microglia into 

activated cells and produces a long-lasting pain hypersensitivity evoked by 

innocuous stimuli (tactile allodynia – a hallmark symptom of neuropathic pain). 

Conversely, ablating IFN-γR severely impairs nerve injury-evoked microglia 

activation and tactile allodynia without affecting microglia in the contralateral 

dorsal horn or basal pain sensitivity. We also find that IFN-γ-stimulated spinal 

microglia show upregulation of Lyn tyrosine kinase and purinergic P2X4 receptor, 

crucial events for neuropathic pain, and genetic approaches provide evidence 

linking these to IFN-γR-dependent microglial and behavioral alterations. These 

results imply that IFN-γR is a key element in the molecular machinery through 

which ‘resting’ spinal microglia transform into an activated state that drives 

neuropathic pain. 
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Introduction 

Neuropathic pain is a chronic pain condition that occurs after nerve damage, such as 

that induced by bone compression in cancer, diabetes, infection, autoimmune disease or 

physical injury (1).  One troublesome hallmark symptom of neuropathic pain is pain 

hypersensitivity to normally innocuous stimuli, a phenomenon known as tactile 

allodynia, which is refractory to currently available treatments such as non-steroidal 

anti-inflammatories and opioids (2, 3).  Accumulating evidence from diverse animal 

models of neuropathic pain has suggested that neuropathic pain might involve aberrant 

excitability of the nervous system, notably at the levels of the primary sensory ganglia 

and the dorsal horn of the spinal cord, resulting from multiple functional and anatomical 

alterations following peripheral nerve injury (3, 4).  While it has long been considered 

that these alterations might occur mainly in neurons, emerging lines of evidence have 

revealed that they also occur in spinal microglia, a group of immune cells (5-9). After 

injury to peripheral nerve, microglia in the normal state (traditionally called ‘resting’ 

microglia) in the spinal dorsal horn are converted to an activated state through a series 

of cellular and molecular changes. Activated spinal microglia show hypertrophied soma, 

thickened and retracted processes, and increased proliferation activity (6, 9, 10). 

Furthermore, these microglia induce or enhance expression of various genes including 

neurotransmitter receptors (11) (for example, P2X4R: a subtype of ATP-gated cation 

channels (12)) and intracellular signaling kinases (for example, mitogen-activated 

protein kinases (13-16) and Lyn tyrosine kinase (17)). By responding to extracellular 

stimuli such as ATP, the activated microglia evoke various cellular responses such as 

production and release of bioactive factors including cytokines and neurotrophic factors 
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(18, 19). Importantly, pharmacological, molecular and genetic manipulations of the 

function or expression of these microglial molecules have been shown to substantially 

influence nerve injury-induced pain behaviors (12-16, 20-22) and hyperexcitability of 

dorsal horn pain pathway (23, 24).  Therefore, activated spinal microglia after nerve 

injury critically contribute to the pathologically enhanced pain processing in the dorsal 

horn that underlies neuropathic pain (5-9). Thus understanding how ‘resting’ spinal 

microglia are transformed into activated cells after nerve injury may be an important 

step in unraveling the pathogenesis of neuropathic pain, yet it remains obscured.  

In the present study, we investigated this issue, focusing on the proinflammatory 

cytokine interferon-γ (IFN-γ). IFN-γ is among the biologically active signaling 

molecules that have been reported to activate primary cultured microglial cells (25). A 

recent study has indicated that IFN-γ levels are increased in the spinal cord after nerve 

injury (20), leading to speculation that it has a role in neuropathic pain. However, there 

is no direct evidence indicating that IFN-γ signaling contributes to microglia activation 

in the dorsal horn and tactile allodynia under neuropathic pain conditions. Here, we 

report that the receptor for IFN-γ (IFN-γR) which is constitutively expressed in normal 

‘resting’ microglia in the dorsal horn is a key component in the molecular machinery 

through which peripheral nerve injury converts spinal microglia from the resting state to 

the activated state that underlies the pathogenesis of neuropathic pain.  

 

Results 

Stimulating IFN-γRs in spinal microglia under normal conditions induces 

activation of microglia and long-lasting allodynia 
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We first investigated expression of IFN-γRs by in situ hybridization for IFN-γR mRNA 

on sections of the L5 dorsal spinal cord of naive rats. Signals for IFN-γR mRNA were 

readily detected in the dorsal horn (Fig. 1A, intense violet dots indicated by 

arrowheads); these were not observed in sections hybridized with a corresponding sense 

probe (Fig. 1A).  Similar results were obtained with another set of cRNA probes for 

IFN-γR (data not shown). To identify the type of cells expressing IFN-γRs, we 

performed in situ hybridization combined with immunohistochemistry for ionized 

calcium-binding adapter molecule-1 (Iba1), a marker of microglia, we showed that the 

IFN-γR mRNA signals were restricted to cells labeled with Iba1 (Fig. 1B, arrowheads).  

In addition, IFN-γR protein was also detected in homogenates from the spinal cord of 

naive rats and microglial cells in culture in Western blot analysis (data not shown).  To 

determine whether IFN-γRs are expressed as functional receptors in spinal microglia, 

we spinally administered recombinant IFN-γ to naive rats and immunohistochemically 

examined the level of activated signal transducer and activator of transcription 1 

(phosho-STAT1), a molecule downstream of IFN-γR (26). At 15 min after intrathecal 

IFN-γ administration (1000 U), immunofluorescence of phosho-STAT1 was increased 

in the dorsal horn (Fig. 1C). Consistent with microglia-restricted localization of IFN-γR, 

STAT1 phosphorylation evoked by IFN-γ also occurred specifically in cells that were 

double-labeled with OX-42, a microglial marker, but not with glial fibrillary acidic 

protein (GFAP; an astrocyte marker), microtubule-associated protein 2 (MAP2) or 

neuronal nuclei (NeuN) (neuronal markers) (Fig. 1D). STAT1 phosphorylation was also 

induced in cultured spinal microglial cells stimulated directly with IFN-γ (data not 

shown). These findings imply that under normal conditions, IFN-γRs are expressed as 

functional receptors in ‘resting’ microglia in the dorsal horn. 
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To examine the in vivo responses evoked by IFN-γ, we spinally administered IFN-γ to 

naive rats and subsequently employed a behavioral assay for tactile allodynia.  We 

found that a single intrathecal administration of IFN-γ (1000 U) produced marked and 

long-lasting tactile allodynia: the paw withdrawal threshold (PWT) to mechanical 

stimulation applied to the hindpaw progressively decreased over the first 2 days, 

peaking between days 2 and 3 (P<0.01), and the decreased PWT persisted for at least 10 

days after the administration (P<0.05, Fig. 2A). The IFN-γ-induced allodynia was dose-

dependent (10 U: P<0.05, 100 and 1000 U: P<0.01, on day 3, Fig. 2B). While a similar 

allodynic behavior was produced in wild-type C57BL/6J mice injected intrathecally 

with IFN-γ (10 U, P<0.01, Fig. 2C), IFN-γ receptor (IFN-γR)-deficient (ifngr–/–) mice 

failed to produce this response. Interestingly, we found that ifngr–/– mice that had been 

intrathecally infused with primary cultured microglia taken from wild-type C57BL/6J 

mice show a decrease in the paw withdrawal threshold after IFN-γ administration 

without any change in threshold in ifngr–/– mice infused with ifngr–/– microglia (Fig. 2D). 

This implies that a deficiency of IFN-γ-evoked allodynia in ifngr–/– mice is rescued by 

infusing IFN-γR-expressing microglia. In addition, the paw withdrawal threshold was 

not affected by infusion of microglia either from wild-type C57BL/6J or ifngr–/– mice 

alone (data not shown). These results indicate that stimulating IFN-γRs in spinal 

microglia produces persistent tactile allodynia in otherwise naive animals. 

These results then prompted us to investigate the status of microglia in the dorsal 

horn after IFN-γR stimulation, and we performed immunohistochemical analyses on 

sections of L5 dorsal spinal cord. On day 3 after IFN-γ administration, microglial cells 

in the dorsal horn had enhanced Iba1 labeling, hypertrophic cell bodies and thickened 

and shortened processes (Fig. 2E). By contrast, immunofluorescence of ED-1 (a 
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macrophage marker) was not enhanced by IFN-γ and neither morphology nor number of 

ED-1+ cells was not changed [supporting information (SI), Fig. S1]. In addition, there 

were only very few circulating ED-1+ macrophages that labelled by intravenously 

injecting PKH26-PCL (Fig. S2), an inert fluorescent dye that selectively label cells with 

phagocytic capabilities (27), implying that intrathecal administration of IFN-γ did not 

cause macrophage infiltration. Next, to test whether IFN-γ-stimulated microglia 

undergo proliferation, we visualized proliferating cells by administering 

intraperitoneally with a single dose of bromodeoxyuridine (BrdU), a marker of the S-

phase of cell cycle. Intrathecal administration of IFN-γ drastically increased the number 

of BrdU+Iba1+ cells in the dorsal horn on day 1 (P<0.001, Fig. 2F). In addition, we 

observed a few BrdU+Iba1– cells in the dorsal horn, the number of which was not 

altered by IFN-γ (vehicle: 3.0 ± 1.5 cells; IFN-γ: 4.7 ± 2.2 cells). The proliferation of 

spinal microglia is strongly supported by our further immunohistochemical analyses 

demonstrating that the number of OX-42+ microglia positive to Ki-67, a nuclear protein 

expressed in all phases of the cell cycle except the resting phase, was also increased in 

the dorsal horn of IFN-γ-administered rats (Fig. S3A). In addition, there were also only 

very few Ki-67+ED-1+ cells in the dorsal horn (Fig. S3A). By counting microglial cells 

within the dorsal horn on day 3, we observed that the total number of Iba1+ microglia 

increased in IFN-γ-administered rats compared with vehicle-administered rats (P<0.01, 

Fig. 2G). IFN-γ did not increase the number of OX-42+ P2Y12R– cells in the dorsal horn, 

and almost all OX-42+ cells are double-labeled with an antibody of P2Y12 purinoceptor 

(P2Y12R) (Fig. S3), a G-protein-coupled receptor that is expressed in microglia but not 

in macrophages (29, 30). These changes in the morphology and number of microglia in 

IFN-γ-administered rats are all consistent with immunohistochemical criteria for 
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activated microglia in vivo (28), and are observed in the dorsal horn after nerve injury 

(6).  

We next tested the effect of minocycline, which inhibits microglia activation in vivo 

(31), on IFN-γ-induced tactile allodynia. Minocycline (40 mg/kg) suppressed the 

decrease in the PWT at all time points of testing (P<0.001, Fig. 2H) as well as microglia 

activation in the dorsal horn on day 3 after intrathecal administration of IFN-γ (Fig. 2H). 

These findings together indicate that stimulation of spinal IFN-γRs expressed 

selectively in microglia under normal conditions causes tactile allodynia by directly 

activating spinal microglia. 

 

Lack of IFN-γR impairs activation of microglia and tactile allodynia after nerve 

injury 

To next investigate the role of IFN-γR in microglia activation and tactile allodynia in 

the dorsal horn under neuropathic pain conditions, we injured the fifth lumbar spinal 

nerve of wild-type C57BL/6J and ifngr–/– mice, an animal model of neuropathic pain. 

Consistent with our previous studies (17, 32), in wild-type C57BL/6J mice, a marked 

activation of microglia was observed on the ipsilateral side of the dorsal horn 14 days 

after nerve injury, as indicated by alterations in Iba1 immunofluorescence (Fig. 3A), 

morphology (Fig. 3B) and number (P<0.001, Fig. 3C). However, in ifngr–/– mice with 

nerve injury, these alterations in activated microglia were severely impaired (Figs. 3A 

and B), and the number of Iba1+ cells was much lower than that in wild-type C57BL/6J 

mice (P<0.001, Fig. 3C). The number of microglia in the contralateral dorsal horn was 

not different between these two genotypes (Fig. 3C). Behaviorally, wild-type C57BL/6J 

mice showed a marked decrease in PWT after nerve injury (day 1: P<0.01; day 3 to 14: 
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P<0.001, Fig. 3D).  By contrast, the nerve injury-induced allodynic behavior was 

strikingly attenuated in ifngr–/– mice at all time points of testing (day 1 and 7: P<0.05, 

day 3 and 5: P<0.01, day 10 and 14: P<0.001, Fig. 3D). The loss of IFN-γR did not 

change either basal mechanical sensitivity or the PWT of the contralateral hindpaw after 

nerve injury (Fig. 3D). Nor did IFN-γR deficiency affect motor behaviors in the rotarod 

test (time on rotarod; wild-type C57BL/6J: 55.4 ± 4.6 sec, ifngr–/–: 53.2 ± 6.8 sec). 

These findings indicate that IFN-γR-mediated signaling is required for switching spinal 

microglia to the activated phenotype in the spinal dorsal horn after nerve injury, and for 

producing the subsequent tactile allodynia.  

 

Lyn tyrosine kinase is a critical intermediary in the IFN-γR-dependent activation 

of spinal microglia 

To elucidate the molecular mechanism by which IFN-γ activates spinal microglia, we 

examined the role of Src-family kinases (SFKs), which have been implicated in cellular 

responses including the proliferation of many types of cells (33). Among five major 

SFKs (Src, Fyn, Lck, Yes and Lyn) known to be expressed in the CNS (34), expression 

of Lyn in spinal microglia is upregulated and activated by nerve injury, which is 

essential for tactile allodynia after nerve injury (17). In the spinal cord of animals 

administered IFN-γ intrathecally, expression of Lyn protein was increased 1 day after 

the administration (P<0.05, Fig. 4A), and this was observed selectively in microglia 

labeled by Iba1 (Fig. 4B). When cultured microglial cells were treated with IFN-γ, the 

upregulation of Lyn expression was also observed in a dose-dependent manner (Fig. 

4C). We also found that immunofluorescence for the active form of SFKs including Lyn 

that were autophosphorylated in the kinase domain (phospho-SFK) increases 
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exclusively microglia labeled by OX-42 in dorsal horn after intrathecal administration 

of IFN-γ (Fig. 4D), suggesting that Lyn kinase may become activated in IFN-γ-

stimulated spinal microglia. To determine the in vivo role of Lyn kinase, we spinally 

administered IFN-γ to wild-type C57BL/6J and Lyn-knockout (lyn–/–) mice. In contrast 

to the changes in morphology (Fig. 4E) and number of microglia (P<0.01, Fig. 4F) in 

the dorsal horn of wild-type C57BL/6J mice following IFN-γ administration, dorsal 

horn microglia lacking Lyn showed less activated morphology (Fig. 4E) and a reduction 

in the size of the increase in their number (P<0.05, Fig. 4F). Furthermore, the loss of 

Lyn blunted the decrease in PWT following intrathecal administration of IFN-γ (P<0.01, 

Fig. 4G). Moreover, the nerve injury-induced increase in microglial cell number in the 

ipsilateral dorsal horn was lower in lyn–/– mice than wild-type C57BL/6J mice (P<0.001, 

Fig. 4H). These results indicate that Lyn tyrosine kinase is a critical intermediary in the 

activation of microglia caused by IFN-γ and nerve injury.  

 

P2X4 receptors upregulated in microglia are required for IFN-γ-induced allodynia 

Following nerve injury, activated spinal microglia upregulate expression of P2X4 

receptors (P2X4Rs), a principal subtype of ATP-gated ion channels crucial for 

neuropathic pain (12, 23). We therefore determined whether IFN-γR-induced allodynia 

involves P2X4R. Applying IFN-γ directly to primary cultured microglial cells increased 

the level of P2X4R protein (Fig. 5A). Furthermore, intrathecal administration of IFN-γ 

increased the expression of P2X4R protein in the spinal cord of rats (Fig. 5B). In the 

dorsal horn, cells showing P2X4R immunofluorescence were double-labeled with OX-

42 (Fig. 5C). Using P2X4R-deficient mice (p2rx4–/–), we found that the marked decrease 

in PWT induced by intrathecal administration of IFN-γ in wild-type C57BL/6J mice 
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was significantly attenuated in p2rx4–/– mice (P<0.01, Fig. 5D). In contrast to the 

reduced behavior, IFN-γ-induced microglia activation in the dorsal horn was not 

different between the two genotypes (Fig. 5E). This is consistent with our previous 

findings demonstrating that an antisense knockdown of P2X4R in the spinal cord fails to 

affect microglia activation (12).  These results indicate that IFN-γR-mediated tactile 

allodynia depends on microglial P2X4R. 

 

Discussion 

Growing evidence has revealed several microglial molecules involved in 

neuropathic pain (5-9). While the expression levels or activities of these molecules are 

upregulated in activated spinal microglia after nerve injury, they remain at low levels in 

‘resting’ microglia under normal conditions (9). By contrast, we show that in otherwise 

naive animals, spinal microglia express IFN-γRs in a cell-type specific manner and that 

acute stimulation of these receptors alone induces a conversion of these cells into the 

activated state and produces long-lasting tactile allodynia. Our genetic approach 

revealed that IFN-γR deficiency results in a marked attenuation in spinal microglia 

activation and tactile allodynia in a model of neuropathic pain, in which IFN-γ levels 

have been reported to be increased in the spinal cord (20). The attenuated microglia 

activation observed in IFN-γR-deficient mice seems to be in stark contrast to the 

phenotype observed in mice lacking P2Y12R. P2Y12R is among the molecules expressed 

in microglia under normal conditions (30) and is implicated in neuropathic pain (32, 35), 

however, the loss of P2Y12R fails to affect nerve injury-induced morphological and 

numerical alterations of spinal microglia (32). Therefore, these results imply that the 

IFN-γ/IFN-γR system is a critical device in ‘resting’ spinal microglia to transform these 
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cells into the activated state linking them to tactile allodynia. This is emphasized by our 

further evidence demonstrating that, in addition to cellular alterations, stimulation of 

resting spinal microglia by IFN-γ causes a change in their molecular profile (increased 

expression of Iba1, Lyn and P2X4R), which have also been shown to occur in animal 

models of neuropathic pain (6-8, 12, 17). However, the fact that activation of spinal 

microglia after nerve injury was not completely eliminated in IFN-γR-deficient mice 

suggests that IFN-γR-mediated signaling, although important, is not the only 

mechanism underlying microglia activation and that there may be independent and/or 

cooperative mechanisms involving other signals (8).  

Among numerous genes whose expression levels have been reported to be altered in 

microglia stimulated by IFN-γ (36), the present study identified Lyn tyrosine kinase to 

be upregulated by IFN-γ and required for IFN-γR-dependent microglia activation. This 

kinase was shown to be upregulated exclusively in microglia in a model of neuropathic 

pain (17) and to be implicated in various cellular events in microglia (37-40). Previous 

work using Lyn-deficient mice also showed attenuated microglia activation evoked by 

β-amyloid peptide in the brain (39), which supports our notion that Lyn is critically 

involved in the molecular machinery underlying microglia activation. Consistent with 

impaired neuropathic allodynia in mice lacking Lyn (17), these mice were also resistant 

to IFN-γ-induced tactile allodynia. We have previously indicated that Lyn kinase in 

microglia also controls expression of P2X4R (17), a receptor that is crucial for tactile 

allodynia (6-8, 12, 23, 41-43). Interestingly, we further revealed that IFN-γ-stimulated 

spinal microglia allowed upregulated expression of P2X4R and that the deletion of 

P2X4R blunted tactile allodynia, implying that IFN-γR-dependent tactile allodynia 

involves the P2X4R. As shown previously(23), activation of P2X4R upregulated in 
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activated spinal microglia may lead to release of bioactive factors such as brain-derived 

neurotrophic factor, which causes hyperexcitability of dorsal horn neurons by reducing 

inhibition and converting γ-aminobutyric acidA (GABAA) receptor-mediated inhibition 

to excitation (23) and, in turn, produces tactile allodynia (12, 23). It is of particular 

interest to note that intrathecal delivery of IFN-γ to normal rats enhances the excitability 

of dorsal horn neurons evoked by innocuous stimulation in vivo (44, 45), which might 

involve a reduction of GABAergic inhibitory control (45). Although such effects of 

IFN-γ have been considered a neuronally-mediated phenomenon (44, 46, 47), our 

present findings indicating that spinal microglia are stimulated directly by IFN-γ 

administered spinally and contribute to IFN-γR-dependent pain hypersensitivity, 

together with recent evidence (6-9, 12, 23), propose a new mechanism that spinal 

microglia are key intermediaries for modulation of spinal pain processing by IFN-γ.   

Our present study demonstrates that IFN-γR is a key element in the molecular 

machinery through which ‘resting’ spinal microglia transform into the activated state 

that underlies the pathogenesis of neuropathic pain. On the other hand, the loss of IFN-

γR did not change microglia morphology and number under normal conditions, despite 

the expression of IFN-γR in resting microglia. The lack of a phenotype in resting 

microglia has also been reported in the brains of IFN-γ-deficient mice (48). It is thus 

conceivable that this receptor may not affect the development and localization of 

microglia in the spinal cord and may not be activated under normal conditions. No 

obvious activation of STAT1 in the normal spinal cord supports this notion. These 

findings together suggest the possibility that the attenuating effects of IFN-γR 

deficiency on spinal microglia activation in a model of neuropathic pain may be due to 

activation of this receptor by IFN-γ, which is elevated in the spinal cord after nerve 
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injury (20). Because the loss of IFN-γR did not change basal pain sensitivity, our results 

also implicate that interfering with IFN-γR-mediated signaling in spinal microglia may 

be a novel approach to treating neuropathic pain without affecting physiological acute 

pain. 
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Materials and Methods 

Detailed methods are presented in SI Methods. 

 

Behavioral studies.  All experimental procedures were performed under the guidelines 

of Kyushu University. The PWT was measured using calibrated von Frey filaments in 

rats (Wistar) or mice [ifngr–/– (B6.129S7-Ifngr1tm1Agt/J, The Jackson Laboratory), lyn–/– 

(49), p2rx4–/– (50) and their background wild-type control C57BL/6J]. The three 

knockout mouse lines were backcrossed to C57BL/6J mice for more than 10 generations. 

Minocycline was administered intraperitoneally once a day from day 0 to day 7.  

 

In situ hybridization. A digoxigenin-labeled antisense probe for the rat IFN-γR 

(NM_053783, sequence position 997-1713) was used. 

 

Immunohistochemistry. Transverse L5 spinal cord sections (30 μm) were cut and 

processed for immunohistochemistry as described previously (12, 17). To visualize 

proliferating cells, BrdU (75 mg/kg, i.p.) was injected 22 hr after intrathecal 

administration of IFN-γ; 2 hr later, BrdU-treated rats were fixed by paraformaldehyde.  

 

Microglial culture.  Rat primary cultured microglia were prepared in accordance with a 

method described previously (12, 51).  

 

Western blotting.  Western blot analysis of Lyn and P2X4R expression in the 

membrane fractions from spinal cord segments L4-L6 and in whole-cell lysates of 
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cultured microglial cells were performed in accordance with methods described 

previously (17).  

 

Statistics.  Statistical analyses of the results were made with Student’s t test, Student’s 

paired t test or one-way ANOVA with a post hoc test (Dunnett’s multiple comparison 

test). 
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Figure Legends 

Fig. 1. IFN-γRs in the spinal cord are expressed in microglia under normal conditions. 

(A) In situ hybridization (ISH) analysis of the IFN-γ receptor (IFN-γR) mRNA in the 

dorsal horns of normal rats. Scale bar, 80 μm. (B) IFN-γR mRNA signals overlapped 

with immunoreactivity for Iba1. Scale bar, 80 μm. (C) Phospho-STAT1 

immunofluorescence 15 min after IFN-γ injection. Scale bar, 20 μm. (D) Double 

immunofluorescence labeling for phospho-STAT1 (green) and cell-type markers (OX-

42, a marker of microglia; GFAP, a marker of astrocytes; MAP2 and NeuN, markers of 

neurons). Scale bar, 20 μm. 

 

Fig. 2. Intrathecal delivery of IFN-γ to normal animals induces long-lasting tactile 

allodynia and activation of spinal microglia. (A) Paw withdrawal threshold (PWT) after 

a single intrathecal administration of recombinant IFN-γ (1000 U) or vehicle (PBS) to 

naive rats (n=6, *P<0.05, **P<0.01). (B) Dose-dependent tactile allodynia on day 3 

(n=5-6, *P<0.05, **P<0.01). (C) PWT in wild-type C57BL/6J and IFN-γR-deficient 

(ifngr–/–) mice 3 days after IFN-γ (10 U) administration (n=6, **P<0.01 vs. pre-

injection; ##P<0.01 vs. wild-type C57BL/6J mice with IFN-γ). (D) Effects of intrathecal 

infusion of wild-type (C57BL/6J) and ifngr–/– primary cultured microglia to ifngr–/– 

mice on IFN-γ (10 U)-induced change in PWT (n=X, ***P<0.001 vs. pre-injection; 

##P<0.0X vs. wild-type C57BL/6J microglia with IFN-γ injection). (E) 

Immunofluorescence of Iba1 in the dorsal horn 3 days after IFN-γ (1000 U) 

administration. Scale bar, 200 μm. Insets are images at high-magnification. (F) Double 

immunofluorescence labeling of Iba1 (green) with BrdU (red) in the dorsal horn 1 day 

after IFN-γ administration. Scale bar, 80 μm. The number of BrdU+Iba1+ cells in the 
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dorsal horn of rats (n=3, ***P<0.001). (G) The number of Iba1+ microglia in the dorsal 

horn of vehicle- and IFN-γ-treated rats (**P<0.01). (H) Effect of minocycline (40 

mg/kg, i.p.) on IFN-γ-induced microglia activation (photographs: immunofluorescence 

of Iba1 on day 3, scale bar, 200 μm) and tactile allodynia (n=5, ***P<0.001 vs. IFN-

γ/PBS group). Data are mean ± SEM. 

 

Fig. 3. Lack of IFN-γR impairs activation of microglia and tactile allodynia after nerve 

injury. (A) Photographs show immunofluorescence of Iba1 in the L5 dorsal spinal cord 

of wild-type C57BL/6J and ifngr–/– mice 14 days after nerve injury. Scale bar, 150 μm. 

(B) Morphological changes in the spinal microglia in the spinal dorsal horn of wild-type 

C57BL/6J or ifngr–/– mice. Scale bar, 20 μm. (C) The change in the number of Iba1-

positive microglia cells in the dorsal horn of wild-type C57BL/6J and ifngr–/– 14 days 

after nerve injury (n=5, *P<0.05; ***P<0.001 vs. the contralateral side; ###P<0.001 vs. 

the ipsilateral side in wild-type C57BL/6J mice). (D) PWT of wild-type C57BL/6J and 

ifngr–/– mice before and after nerve injury (n=7, **P<0.01; ***P<0.001 vs. the 

contralateral side of wild-type C57BL/6J mice; #P<0.05; ##P<0.01; ###P<0.001 vs. the 

ipsilateral side of wild-type C57BL/6J mice). Data are mean ± SEM. 

 

Fig. 4. Lyn is a crucial kinase mediating both IFN-γ- and nerve injury-induced 

activation of spinal microglia. (A) Western blot analysis of Lyn in spinal cord 

homogenates from rats treated intrathecally with IFN-γ (1000 U). The relative values of 

Lyn protein were normalized to β-actin protein (n=3, *P<0.05). (B) Double 

immunofluorescence labeling for Lyn (green) and Iba1 (red) in the dorsal horn of IFN-

γ-treated rats (merged: yellow). Scale bar, 30 μm. (C) Lyn and β-actin proteins in a 
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whole cell lysate from primary cultured microglial cells treated with IFN-γ (50-300 

U/mL) for 24 h. (D) Immunofluorescence of phospho-SFK (green) and double 

immunofluorescence labeling with OX-42 (red) in the dorsal horn of IFN-γ-treated rats 

(merged: yellow). Scale bars, 80 μm (upper) and 30 μm (lower). (E) Iba1 

immunofluorescence in the dorsal horn of wild-type C57BL/6J and Lyn-deficient mice 

(lyn–/–) 3 days after intrathecal administration of IFN-γ (10 U). Scale bar, 80 μm. (F) 

The number of Iba1+ microglia in the dorsal horn (n=5-6, **P<0.01 vs. vehicle-treated 

wild-type C57BL/6J mice; ##P<0.01 vs. IFN-γ-treated wild-type C57BL/6J mice). (G) 

PWT after intrathecal administration of IFN-γ in wild-type C57BL/6J and lyn–/– mice 

(n=6, **P<0.01; ***P<0.001 vs. before IFN-γ injection; ##P<0.01 vs. IFN-γ-treated 

wild-type C57BL/6J mice). (H) Photographs show Iba1 immunofluorescence in the 

dorsal horn of C57BL/6J or lyn–/– mice 10 days after nerve injury. Scale bar, 80 μm. The 

number of Iba1+ microglia in the dorsal horns (n=5, **P<0.01; ***P<0.001 vs. 

contralateral; ##P<0.01 vs. ipsilateral side in wild-type C57BL/6J mice). Data are mean 

± SEM. 

 

Fig. 5.  IFN-γ-stimulated microglia show upregulated expression of P2X4 receptor, 

which is required for tactile allodynia. (A, B) Western blot analysis of P2X4 receptor 

(P2X4R) and β-actin proteins in a whole cell lysate from cultured microglial cells 

treated with IFN-γ and vehicle for 24 h (A) and in homogenates from the spinal cord of 

rats 1 days after intrathecal administration of IFN-γ (1000 U) or vehicle (B). (C) Double 

immunofluorescence labeling for P2X4R (green) and OX-42 (red) in the L5 dorsal 

spinal cord of IFN-γ-treated rats (merged: yellow). Scale bar, 30 μm. (D) PWT after 

intrathecal administration of IFN-γ (10 U) in wild-type C57BL/6J or P2X4R-deficient 
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mice (p2rx4–/–) (n=5-6, *P<0.05; **P<0.01; ***P<0.001 vs. before IFN-γ injection; 

##P<0.01 vs. IFN-γ-treated wild-type C57BL/6J mice). (E) Photographs show 

immunofluorescence of Iba1 in the dorsal horn of wild-type C57BL/6J or p2rx4–/– mice 

3 days after intrathecal IFN-γ injection. Scale bar, 40 μm. Data are mean ± SEM. 


