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Abstract

The spinal N-methyl-D-aspartate (NMDA) receptor, and particularly its NR2B subunit, plays a 

pivotal role in neuropathic pain. However, the role of peripheral NMDA receptor in neuropathic 

pain is less well understood. We first treated cultured human keratinocytes, HaCaT cells 

with NMDA or NR2B-specific antagonist, ifenprodil and evaluated the level of total and 

phosphorylated NR2B at 24 h using Western blot. Next, using the chronic post-ischemia pain 

(CPIP) model, we administered NMDA or ifenprodil subcutaneously into the hind paws of male 

rats. Nociceptive behaviors were assessed by measuring mechanical and thermal withdrawal 

thresholds. Expression and phosphorylation of NR2B on keratinocyte were analyzed at 6, 12, 18, 

and 24 h on day 1 (initiation of pain) as well as day 2, 6, 10 and 14 (development and maintenance 

of pain) after the ischemia. The level of peripheral sensitization-related proteins (nuclear factor-κB 

(NF-κB), extracellular regulated protein kinases (ERK), and interleukin-1β (IL-β)) in epidermis 

and dorsal root ganglion (DRG) were evaluated by immunofluorescence and western blot. Central 

sensitization-related C-fos induction, as well as astrocytes and microglia activation in the spinal 

cord dorsal horn (SDH) were studied using immunofluorescence. Administration of NMDA 

upregulated NR2B phosphorylation on HaCaT cells. CPIP-induced mechanical allodynia and 
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thermal hyperalgesia were intensified by NMDA and alleviated by ifenprodil. CPIP resulted in 

an early upregulation of NR2B (peaked at 24 h) and late phosphorylation of NR2B (peaked at 

14d) in hindpaw keratinocytes. CPIP led to an upregulation and phosphorylation of NF-κB and 

ERK, as well as an increased IL-1β production in the ipsilateral skin and DRG. CPIP-associated 

c-fos induction in SDH persisted from acute to chronic stages after ischemia, while microglia 

and astrocyte activation were only observed in chronic phase. These CPIP-induced changes were 

also suppressed by ifenprodil administered subcutaneously in the hind paw. Our findings reveal a 

previously unrecognized role of keratinocyte NMDA receptor subunit 2B in peripheral and central 

nociceptive sensitization induced by CPIP.
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1. Introduction

Limb ischemia-reperfusion injury commonly occurs with tissue injury and tissue injury 

(from ischemia, fracture, immobilization, and/or peripheral nerve injury etc.) is one of the 

most common triggers for the development of complex regional pain syndrome (CRPS) 

(Bruehl, 2010; Marinus et al., 2011). Clinical treatment for CRPS is often insufficient 

largely due to a lack of understanding of the pathophysiology of this syndrome. A chronic 

post-ischemia pain (CPIP) model has been developed (Coderre et al., 2004) and widely 

utilized to study CRPS (Bruehl, 2010; Ragavendran et al., 2014; Tang et al., 2018). Both 

peripheral and central sensitization have been reported to be involved in the development 

of CRPS (Bruehl, 2010; Marinus et al., 2011; David Clark et al., 2018). The N-methyl-d-

aspartic (NMDA) receptor plays a crucial role in central sensitization (Woolf and Thompson, 

1991). Using the CPIP model, we and others have studied spinal microglial activation 

(central sensitization) in CRPS (Tang et al., 2018; Xu et al., 2016; Luo et al., 2016). 

However, the role of the NMDA receptor and peripheral sensitization is less well defined in 

this model.

Recent studies revealed that keratinocytes could be activated by neuropeptide and 

norepinephrine secreted by nerve terminals (Hou et al., 2011). Subsequent release of 

proinflammatory cytokines leads to nociceptive activation and peripheral sensitization 

(Birklein et al., 2014; Guo et al., 2012; Li et al., 2010; Li et al., 2009). Additional 

research indicated that selective keratinocyte stimulation is sufficient to induce noxious 

stimuli transmission from the peripheral to the central nervous system (Pang et al., 2015). 

Furthermore, glutamate NMDA receptors have been found to be expressed on keratinocytes, 

but the role of these receptors in nociception has not been fully defined (Fischer et al., 2004; 

Nahm et al., 2004; Morhenn et al., 2004).

NMDA receptor (NR) is structurally composed of four subunits: two NR1 subunits together 

with either two NR2 subunits or a combination of NR2 and NR3 subunits (Traynelis et 

al., 2010). At least four types of NR2 subunits have been discovered in the central nervous 

system, among which NR2B plays a significant role in neuropathic pain (Paoletti et al., 
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2013; Zhuo, 2009). In the present study, we tested the hypothesis that activation of NR2B on 

keratinocytes is essential for peripheral and central sensitization as well as the development 

of acute and chronic pain after ischemia–reperfusion injury. Our work reveals a previously 

unrecognized role of keratinocyte NR2B in peripheral and central nociceptive sensitization 

induced by CPIP.

2. Material and methods

2.1. Cell culture and drug administration

The human keratinocyte cell line HaCaT was a kind gift from Dr. Nora Singer (Case 

Western Reserve University, OH, USA). These cells were grown in 100-mm plastic 

tissue culture dishes (BD Labware) in a 3:1 mixture of Dulbecco’s Modified Eagle 

Medium (DMEM, BioWhittaker, Walkersville, MD) and Ham’s F12 (Invitrogen Life 

Technologies, Grand Island, NY), supplemented with 10% FBS, 1.2% L-glutamine, 1% 

penicillin/streptomycin, 1% nonessential amino acids (BioWhittaker), and 1% Na-pyruvate 

(Invitrogen Life Technologies). The HaCaT cells were passaged using 0.25% trypsin/1 mM 

ethylenediaminetetraacetic acid (EDTA, Invitrogen Life Technologies). Cells were treated 

with NMDA (Sigma-Aldrich Company, USA) (200 μM) or normal saline (NS, control) for 

24 h. Cell lysate were collected for Western Blot analysis following an established protocol 

(Colombo et al., 2017) (see below).

2.2. The CPIP model of rats

Adult male Sprague-Dawley rats aged 6–7 weeks weighing 200–220 g were purchased from 

the National Institute for Food and Drug Control in China. We only used male rats because 

the CPIP model was developed in male rats (Coderre et al., 2004); and microglial signaling 

in pain is sex-dependent (Sorge et al., 2015). The animals were kept in standard conditions 

(3 rats/cage) under a 12-h light/dark cycle and an ambient temperature of 25 ± 3 °C, with ad 
libitum food and water. All animal experiments were approved by the Institutional Animal 

Care and Use Committee of the Chinese Academy of Medical Sciences, Peking Union 

Medical College Hospital, and conformed to the guidelines set forth by the Committee for 

Research and Ethical Issues of the International Association for the Study of Pain (IASP).

The CPIP model was induced according to Coderre et al. (2004); and rats were anesthetized 

with an intraperitoneal injection of sodium pentobarbital 60 mg/kg, followed by 20 mg/kg 

every 60 min during the 3 h ischemic period, depending on the response to anesthesia 

in each animal. A Nitrile 70 Durometer O- ring (Kangda Chemical Company, China), 

whose internal diameter was 0.56 cm, was placed tightly around the rat’s right (ipsilateral) 

hindlimb just proximal to its medial malleolus. The O-ring was then left on the limb for 

3 h and cut before the rat emerged from anesthesia to allow blood reperfusion. Sham rats 

received the same procedures, except that O-rings were cut and only loosely surrounded 

their ankle joints.

2.3. Animal study design and drug administration

Rats were randomly assigned to the CPIP and sham groups. The CPIP group was further 

divided into three treatment groups (9–10 rats/group): NMDA 1 mM 100 μl, NR2B-specific 
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antagonist ifenprodil (IFEN, Sigma-Aldrich Company, USA) 0.1 mM 100 μl, and NS 100 μl. 

Drugs were subcutaneously injected into the ventral side of the rat’s hind paw on the side 

subjected to ischemia–reperfusion injury.

Each treatment group was further divided into acute and chronic pain phases after ischemia 

(Klafke et al., 2016). In the acute pain groups, rats received drugs for 3 consecutive 

days before ischemia and reperfusion injury (CPIP modeling). Behavior assessment was 

performed before drug administration (baseline), before modeling and every 6 h for 24 h. 

Ipsilateral hind paw plantar skin, dorsal root ganglion (DRG) and spinal dorsal horn (SDH) 

(L4–6) were harvested at 24 h (Fig. 1A). Animals in the chronic pain groups were given 

drugs once daily from day 8 to day 14 after modeling. Behavior assessment was conducted 

before modeling (baseline) and every 4 days from day 2 to day 14. Tissues were harvested 

on day 14 (Fig. 1B).

To investigate the change in NR2B expression in the epidermis during CPIP progression, we 

also built a CPIP model in another group of rats (n = 40). Five of them were sacrificed for 

ipsilateral hind paw plantar skin collection every 6 h on day 1 and every 4 days from day 2 

to 14.

2.4. Behavioral testing

To evaluate nociceptive behavior, hind paw mechanical allodynia and thermal hyperalgesia 

were tested. Rats were acclimated to the measurement environment for 1 h before 

behavioral tests. Behavioral measurements were carried out by an investigator blinded to 

the experimental design and drug administration.

2.4.1. Hindpaw mechanical allodynia—Hindpaw mechanical allodynia was 

evaluated by the up-down method using a calibrated electronic von Frey apparatus (IITC, 

USA). Rats were placed in suspended transparent cages with a wire-mesh floor. After 

acclimatization, the probe was stabbed perpendicularly to the hind paw at a force with no 

acceleration and held for 6–8 s. A withdrawal of the hind paw was considered to be a 

positive response. The hind paw withdrawal threshold was repeatedly measured 3 times at 

approximately 10-minute intervals, and the results were averaged.

2.4.2. Hindpaw thermal hyperalgesia—Hindpaw thermal hyperalgesia was assessed 

using the heat-plate method. Rats were placed in transparent plastic cages on a glass plate 

maintained at a constant temperature of 25 °C. After acclimatization, light from a radiant 

heat device (BME-410A, Chinese Institute of Biomedical Engineering, China) was focused 

on the plantar surface of the ipsilateral hind paw. The hind paw withdrawal latency was 

repeatedly tested 3 times at 10-minute intervals, and the measurements were averaged.

2.5. Immunofluorescence staining

To examine the expression of NR2B and its phosphorylation on keratinocytes, double-

labeling immunofluorescence with the keratinocyte marker pan-keratin and NR2B or 

pNR2B was performed. The expression of IL-1β in keratinocytes was also studied by 

double-labeling. Microglial and astrocyte activation were evaluated by staining ionized 
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calcium-binding adaptor molecule 1 (Ibal) and glial fibrillary acidic protein (GFAP), 

respectively. The expression of the neuronal activation marker c-fos was stained in the 

ipsilateral SDH.

Rats were anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg) 

and perfused with saline followed by fresh 4% paraformaldehyde. The plantar skin of the 

ipsilateral hind paw and SDH was harvested, fixed in 30% formaldehyde for 4 h, and 

then dehydrated in 30% sucrose overnight at 4 °C. Samples were embedded in optimal 

cutting temperature compound (OCT) (Sakura Finetek, Japan), frozen at −20 °C for 2 h, 

cut into frozen sections with a thickness of 9 μm for skin tissues and 12 μm for spinal 

cord by a cryostat, and finally mounted onto Superfrost Plus microscope slides (Shitai, 

China). The slides were dried at 37 °C, blocked with phosphate buffer solution (PBS), and 

permeabilized with 0.2% Triton X-100 (Jiangchen, China). Sample sections were blocked 

in 10% normal goat serum for 1 h at room temperature and then incubated overnight at 4 

°C in 1% bovine serum albumin (BSA) (Sigma-Aldrich, USA) containing mixed primary 

antibodies (Table 1). After washing with PBS 3 times, sample sections were incubated with 

the appropriate secondary antibodies (Table 1). The slides were then washed in PBS 3 times 

and cover-slipped with mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) 

(Vector, USA). Images were captured by a laser scanning microscope (FV1000, Olympus, 

USA). Immunofluorescence intensity (for epidermal section) or the number of positively 

stained cells within unit area (for SDH section) was calculated and statistically analyzed by 

ImageJ software (National Institutes of Health, USA). At least 10 fields of view (×200) from 

5 sections in each sample were examined.

2.6. Western blot

HaCaT cells were washed once with cold phosphate-buffered saline and then quickly 

detached by gently scraping. Cell pellets were collected by centrifugation for 2 min at 4500 

rpm and stored at −80 °C. Whole-protein lysate buffer was prepared using 50 mM Tris-HCl 

buffer, pH 6.8, with 2% SDS. Cell pellets were dissolved in the lysate buffer by pipetting the 

suspension up and down and then boiled at 95 °C for 5 min. The cell lysate was cleared by 

centrifugation at 13,000 rpm for 2 min, and the clear supernatant fractions were subjected to 

Western blot assays.

The ipsilateral hind paw plantar skin and L4-6 DRG were collected from rats deeply 

anesthetized by sodium pentobarbital (40 mg/kg) and snap-frozen in liquid nitrogen. Tissues 

were cut into fine pieces and homogenized by an ultrasonic cell disruptor in ice-cold 

RIPA lysis buffer containing a cocktail of phenylmethanesulfonyl fluoride (PMSF), protease 

inhibitor and phosphatase inhibitor (Sigma-Aldrich, USA).

The protein concentration of supernatants was estimated by the bicinchoninic acid (BCA) 

method (with reagents from Suolaibao, China), according to which the total protein content 

between samples was equalized. Next, protein lysates were denatured with loading buffer 

(0.25 M Tris-HCl, 52% glycerol, 6% sodium dodecyl sulfate (SDS), 5% β-mercaptoethanol, 

and 0.1% bromophenol blue) for 10 min at 100 °C. Denatured lysates (20 μg) were 

then separated by SDS-polyacrylamide gel electrophoresis gels and transferred to a 

polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences, USA). After 
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blocking with 5% skim milk for 1 h at room temperature, membranes were incubated in 

Tris-buffered saline with 0.1% Tween 20 (TBST) overnight at 4 °C with primary antibodies 

(Table 2). After 3 washes with TBST, the membranes were incubated with secondary 

antibodies (Table 2) diluted with 5% skim milk in TBST for 1 h at room temperature. 

Bands were reacted with enhanced chemiluminescence reagents (ECL, CWBio, China) and 

developed by an ImageQuant LAS 4000 mini Chemiluminescence imaging analysis system 

(GE Healthcare Life Sciences, USA). The optical density (OD) of bands was statistically 

analyzed by ImageJ software.

2.7. Statistical analysis

All statistical analysis was conducted with SPSS 22.0. Immunofluorescence and Western 

blot data were analyzed by one-way analysis of variance (ANOVA). Behavioral data were 

analyzed by two-way repeated-measures ANOVA followed by the Newman-Keuls multiple 

comparison test. All data are presented as the mean ± standard deviation, and error bars 

represent the standard error of the mean. The criterion for statistical significance was p < 

0.05.

3. Results

3.1. NR2B is expressed on human keratinocytes, and its phosphorylation is upregulated 
by NMDA

We first studied whether NR2B is expressed on the human keratinocyte cell line HaCaT 

and whether it can be activated by NMDA. Western blot (Fig. 2) showed NR2B expression 

on HaCaT cells. The phosphorylation of NR2B was increased after 24-h NMDA treatment 

(p < 0.01). Treatment with NMDA did not cause changes in the expression of total NR2B. 

These results confirm that NR2B is expressed on human keratinocytes and can be activated 

by NMDA receptor agonists.

3.2. CPIP induces the upregulation and phosphorylation of NR2B on keratinocytes in the 
acute and chronic phases after ischemia–reperfusion injury

We then investigated whether ischemia-reperfusion injury could lead to NR2B activation in 

the skin where the keratinocytes are localized and the peripheral sensitization is initiated. 

Double immunofluorescence labeling of the ipsilateral skin tissue (Fig. 3A–E) showed 

that NR2B and pNR2B were colocalized in keratin-positive cells. The immunofluorescence 

staining intensity of NR2B and pNR2B was significantly increased in the CPIP groups in 

both acute (Fig. 3A, B and E) and chronic phases (Fig. 3C–E) compared with the sham 

groups (p < 0.001 for both NR2B and pNR2B). Similarly, Western blot of the ipsilateral 

skin tissue (Fig. 3F–G) showed increased expression of NR2B starting at 12 h, peaking 

at 18–24 h, and maintained until the last time point (14 d) tested in this study. Activation 

(phosphorylation) of NR2B (pNR2B) occurred as early as 6 h and persisted until day 14 

after CPIP induction. (6 h: p = 0.024 for NR2B and p < 0.001 for pNR2B; 12 h, 18 h, 24 h, 

2 d, 6 d, 10 d, 14 d: p < 0.001 for both NR2B and pNR2B. Fig. 3F–G). These results indicate 

that CPIP results in persistent activation of NR2B in keratinocytes of the skin ipsilateral to 

the injury.
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3.3. Selective inhibition of peripheral NR2B activation attenuates CPIP-induced 
nociceptive behavior

Next, we examined whether NR2B is essential for CPIP-mediated nociceptive 

hypersensitivity. Compared with the sham treatment, CPIP induced a significant decrease 

in hind paw mechanical withdrawal threshold and thermal withdrawal latency (CPIP + NS 

vs. sham: p < 0.001. Fig. 4). Subcutaneous injection of NMDA into the ipsilateral plantar 

aggravated mechanical allodynia and thermal hyperalgesia in the acute phase (CPIP + 

NMDA vs. CPIP + NS: p < 0.001 at 12, 18, and 24 h, Fig. 4A, C) and chronic phase (CPIP + 

NMDA vs. CPIP + NS: p < 0.001 on 10 d and 14 d, Fig. 4B, D). Daily intraplantar injection 

of normal saline (100 μl) from day 8 to 14 did not change mechanical allodynia or thermal 

hyperalgesia (Supplementary Fig. 1). CPIP-induced mechanical and thermal hypersensitivity 

were mitigated by ipsilateral intraplantar administration of ifenprodil in both acute and 

chronic groups (Fig. 4A–D). These findings suggest that peripheral NR2B is required for 

mechanical and thermal hypersensitivity induced by CPIP.

3.4. Peripheral NR2B mediates CPIP-induced activation of NF-κB p65 and ERK 1/2 and 
production of IL-1β in epidermal tissue and DRG – role of NR2B in peripheral sensitization

As NF-κB p65, ERK 1/2, and IL-1β are key players in nociceptive peripheral sensitization, 

we next studied whether peripheral NR2B is required for the activation or production of 

these molecules in the ipsilateral hindpaw skin after CPIP. Western blot analysis showed that 

CPIP significantly upregulated the expression of NF-κB p65, phosphorylated NF-κB p65, 

ERK 1/2 and phosphorylated ERK 1/2 in the acute phase (24 h) (CPIP + NS vs. sham: p = 

0.022 for pNF-κB, p = 0.026 for NF-κB, p < 0.001 for ERK and pERK, Fig. 5A, B). These 

changes persisted in the chronic phase (14 d) (CPIP + NS vs. sham: p < 0.001 for each of 

them, Fig. 5C, D). Such acute and chronic increases were exacerbated by NMDA (CPIP + 

NMDA vs. CPIP + NS: acute phase: p < 0.001 for each of them, Fig. 5A, B; chronic phase: 

p < 0.001 for pNF-κB, NF-κB and pERK, p = 0.008 for ERK, Fig. 5C, D) and abolished by 

ifenprodil (CPIP + IFEN vs. CPIP + NS: acute phase: p = 0.019 for pNF-κB, p < 0.001 for 

NF-κB and pERK, p = 0.024 for ERK, Fig. 5A, B; chronic phase: p = 0.023 for pNF-κB, p 
= 0.004 for NF-κB, p < 0.001 for pERK, p = 0.028 for ERK, Fig. 5C, D).

To examine whether IL-1β is produced in the keratinocytes, we stained for IL-1β and 

keratin in the hindpaw skin tissue. Immunofluorescence assays illustrated the colocalization 

of IL-1β and keratin at 24 h (Fig. 6A, acute phase) and 14 d (Fig. 6B, chronic phase) 

after ischemia-reperfusion injury (Fig. 6A, B), indicating that IL-1β was upregulated in 

keratinocytes immediately and persistently after CPIP (CPIP + NS vs. sham: p < 0.001, Fig. 

6C). CPIP-induced IL-1β upregulation was aggravated by NMDA (CPIP + NMDA vs. CPIP 

+ NS: p < 0.001, Fig. 6A–C) and abolished by ifenprodil (CPIP + IFEN vs. CPIP + NS: p 
< 0.001, Fig. 6A–C) in both the acute and chronic phases. Western blot also showed that 

IL-1β production was significantly increased after CPIP in both acute (CPIP + NS vs. sham: 

p < 0.001, Fig. 6D) and chronic phases (CPIP + NS vs. sham: p = 0.036, Fig. 6E). NMDA 

administration further increased IL-1β production (CPIP + NMDA vs. CPIP + NS: acute 

phase: p = 0.023, Fig. 6D; chronic phase: p < 0.001, Fig. 6E), while ifenprodil suppressed 

IL-1β production (CPIP + IFEN vs. CPIP + NS: acute phase: p < 0.001, Fig. 6D; chronic 

phase: p = 0.011, Fig. 6E).
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Peripheral sensitization involves increased excitability of DRG neurons (Scholz and Woolf, 

2007). We then investigated whether NR2B is also required for sensitization in DRG after 

CPIP. Western blot of ipsilateral DRG revealed no significant change in the expression of 

NR2B after CPIP (Fig. 7A, B). However, in both the acute and chronic phases, NR2B 

phosphorylation, i.e., activation, (Fig. 7A, B) was significantly induced by CPIP (CPIP + 

NS vs. sham: p < 0.001 in the acute phase, p = 0.014 in the chronic phase), which was 

intensified by NMDA (CPIP + NMDA vs. CPIP + NS: p < 0.001 in both phases) and 

alleviated by ifenprodil (CPIP + IFEN vs. CPIP + NS: p < 0.001 in both phases). The 

expression of NF-κB p65, pNF-κB p65, ERK 1/2, pERK 1/2 and IL-1β in ipsilateral DRG 

was also upregulated after CPIP (CPIP + NS vs. sham: acute phase: p = 0.038 for ERK and 

p < 0.001 for others; chronic phase: p < 0.001 for all; CPIP + NMDA vs. CPIP + NS: p < 

0.001 for all in both phases; CPIP + IFEN vs. CPIP + NS: acute phase: p = 0.043 for pERK, 

p = 0.005 for ERK and p < 0.001 for others; chronic phase: p = 0.014 for pERK, p = 0.022 

for ERK and p < 0.001 for others; Fig. 7C–H). Again, CPIP-induced upregulation of these 

proinflammatory markers in DRG was blocked by ifenprodil, similar to the changes found in 

the ipsilateral skin. Taken together, the skin and DRG results strongly suggest that NR2B is 

required for peripheral sensitization after CPIP.

3.5. Peripheral NR2B regulates c-fos induction and glia activation in SDH – role of NR2B 
in central sensitization

Robust evidence suggests that activated glia in the spinal cord dorsal horn (SDH) 

release abundant proinflammatory mediators (e.g., cytokines and chemokines) and enhance 

neuronal excitability (e.g., induction of c-fos), which eventually lead to central nociceptive 

sensitization (Scholz and Woolf, 2007; Ji et al., 2013). To determine the role of NR2B 

in central sensitization after CPIP, we examined c-fos induction and glial activation in the 

ipsilateral SDH in both the acute and chronic phases after ischemia and reperfusion injury. 

Immunofluorescence staining (Fig. 8A, B) showed that the number of c-fos-positive neurons 

in SDH was markedly elevated by CPIP (CPIP + NS vs. CPIP + sham: p < 0.001) and 

further augmented by NMDA (CPIP + NMDA vs. CPIP + NS: p = 0.013). Induction of c-fos 

was significantly reduced by ifenprodil treatment (CPIP + IFEN vs. CPIP + NS: p < 0.001) 

in both acute and chronic phases (Fig. 8A, B).

An upregulation of both Iba1 and GFAP (for microglial and astrocyte activation, 

respectively) in the ipsilateral SDH was observed in the chronic but not acute phase after 

CPIP (CPIP vs. CPIP + NS: p < 0.001 in the chronic phase, Fig. 8C–F). Again, glial 

activation was further aggravated by NMDA (CPIP + NMDA vs. CPIP + NS: p = 0.004 for 

Iba1, p < 0.001 for GFAP, Fig. 8C–F) and suppressed by ifenprodil (CPIP + IFEN vs. CPIP 

+ NS: p < 0.001 for both. Fig. 8C–F). These results suggest that NR2B is crucial for glial 

activation after CPIP.

4. Discussion

In the present study, we investigated the expression and activation of NMDA receptor 

subunit 2B on keratinocytes, as well as its roles in peripheral and central nociceptive 

sensitization induced by ischemia-reperfusion injury in a rat model of CRPS. We found that 
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NR2B was expressed and could be activated by NMDA on cultured human keratinocyte 

cells. CPIP-induced hypersensitivity was associated with persistent upregulation and 

phosphorylation of NR2B on keratinocytes. In response to CPIP, there was significant 

activation of NF-κB p65 and ERK 1/2 and increased production of IL-1β in ipsilateral 

hindpaw skin and DRG, which may underlie the peripheral sensitization after CPIP. Spinal 

c-fos induction was upregulated in both acute and chronic stages, while spinal glial 

activation was found only in the chronic phase of CPIP. Both c-fos induction and glial 

activation are indicators of central sensitization. The above changes were aggravated by 

intraplantar injection of NMDA and alleviated by the NR2B-specific antagonist ifenprodil. 

Our work sheds light on a previously unknown yet essential role of NR2B on keratinocytes 

in peripheral and central sensitization in CPIP.

Recent studies have reported that keratinocytes play a critical role in nociception (Shi et al., 

2011; Baumbauer et al., 2015; Huang et al., 2008; Zhao et al., 2008; Radtke et al., 2010; 

Ritter-Jones et al., 2016). Keratinocytes are in close contact with the peripheral nociceptive 

nerves and the frontline of sensory system (Finch et al., 2009). Stimulation of keratinocytes 

can directly elicit action potentials (Baumbauer et al., 2015) and is sufficient to induce 

nociceptive activation (Pang et al., 2015; Radtke et al., 2010). Neuropeptides (Shi et al., 

2011), transient receptor potential vanilloid 3 (Huang et al., 2008), and voltage-gated sodium 

ion channels (Zhao et al., 2008) have been reported to contribute to nociceptive transduction 

in keratinocytes. In the present study, we found that the NMDA receptor NR2B subunit 

on epidermal keratinocytes is essential for the hypersensitivity induced by ischemia and 

reperfusion injury. Previous studies also reported that intraplantar injection of NMDA could 

initiate mechanical allodynia (Zhou et al., 1996); which could be relieved by an NMDA 

receptor antagonist (Taniguchi et al., 1997). However, this nociceptive effect was attributed 

to NMDA receptors on peripheral nerves rather than on keratinocytes (Carlton et al., 1995; 

Ma and Hargreaves, 2000). NR2B is associated with nociceptive transmission in a series of 

pain models (Qu et al., 2009; Liao and Xu, 2017; Nozaki et al., 2011; Xu et al., 2018). The 

expression of NR2B in the forebrain (Zhuo, 2009; Li et al., 2009) and spinal cord (Boyce et 

al., 1999) has been found to enhance central pain potentiation. Activation of NR2B in DRG 

has been found to be responsible for nociceptive hypersensitivity in visceral and peripheral 

pain (Norcini et al., 2016; Chen et al., 2016). Expression of NR2B has been reported in the 

skin of patients with fibromyalgia (Kim et al., 2006). However, the exact location of NR2B 

in skin tissue and its mechanistic role in nociceptive hypersensitivity were not clear.

To explore the role of keratinocyte NR2B in peripheral and central sensitization, we first 

confirmed the expression and activation of NR2B on cultured HaCaT human keratinocytes 

(Fig. 2) and on rat epidermal keratinocytes (Fig. 4) using the CPIP pain model. We then 

studied the expression and activation of NF-κB p65 (Liu et al., 2018; Arruri et al., 2017; 

Zhang et al., 2017; Xu et al., 2014) and ERK (Zhang et al., 2017; Liu et al., 2016; Hensellek 

et al., 2007), key intracellular mediators for peripheral neuronal sensitization. As expected, 

we found that both NF-κB and ERK were activated after CPIP (Fig. 5). The activation 

was aggravated by NMDA and alleviated by the NR2B-specific antagonist ifenprodil, both 

of which were administered in the ipsilateral epidermal tissue of the ischemia-reperfusion 

injury. Activation of NF-κB and ERK signaling cascades leads to the production of 

proinflammatory cytokines, predominantly IL-1β (Bessler et al., 2006; Wolf et al., 2003; 
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Hollo et al., 2017), and the development of hypersensitivity. The production of IL-1β is 

increased in local cutaneous tissues in patients with CRPS (Birklein et al., 2014; Walker 

and Drummond, 2011; Uceyler et al., 2007). IL-1β production in keratinocytes is increased 

in the rat tibia fracture CRPS model (Li et al., 2009). Peripheral sensitization induced by 

the neuropeptide substance P and calcitonin gene-related peptide is enhanced by IL-1β 
production in keratinocytes (Shi et al., 2011). Preclinical studies also indicate the efficacy 

of systemic IL-1 receptor antagonist treatment in acute CRPS (Guo et al., 2014; Wei et 

al., 2016). In this study, we discovered that increased IL-1β production in keratinocytes 

after CPIP was abolished by epidermal administration of ifenprodil (Fig. 6), indicating 

that the upregulation of this proinflammatory cytokine was mediated by NR2B. Peripheral 

sensitization in the skin transmits to ipsilateral DRG (Basbaum et al., 2009). We found 

that activation of NR2B, NF-κB, and ERK and production of IL-1β in the ipsilateral DRG 

after CPIP were also abolished by epidermal administration of ifenprodil (Fig. 7), further 

confirming the essential role of NR2B in peripheral sensitization.

Peripheral nociceptive signals project to the dorsal horn of the spinal cord, where c-

fos is induced and glial cells are activated, which further aggravate hyperexcitability, a 

phenomenon known as central sensitization (Basbaum et al., 2009). We found that epidermal 

NR2B was required for persistent neuronal excitability (c-fos induction) and late activation 

of glial cells (microglial and astrocytes) in the spinal cord after CPIP, indicating its role in 

central sensitization. Spinal c-fos induction was found in the tibia fracture-immobilization 

model of CRPS (Guo et al., 2014). Glial activation has been extensively studied in the 

pathogenesis of chronic pain (Ji et al., 2013; Watkins et al., 2001). Glial activation is 

characterized by increased expression of Iba1 on microglia and GFAP on astrocytes. Spinal 

microglial activation is rapid, while astrocyte activation is delayed and persistent (Ji et al., 

2018). Our data demonstrated different activation states of neuronal and glial cells during 

the course of CPIP. Spinal neurons were activated early, and the activation persisted to the 

chronic phase (Fig. 8A, B), whereas glial activation in SDH was not observed until the 

chronic phase (Fig. 8C–F). These findings are consistent with previous studies (Klafke et al., 

2016; Wei et al., 2016; Tajerian et al., 2015), which showed significant peripheral changes 

in acute stage and featured spinal involvement in chronic stage. One possible explanation is 

that sensory dysfunction is initiated by peripheral inflammation in the early stage (Klafke 

et al., 2016; Wei et al., 2016; Tajerian et al., 2015) and maintained by central sensitization 

afterwards (Wei et al., 2016; Tajerian et al., 2015). It is still unclear how nociceptive 

stimuli were transmitted from keratinocytes to the DRG and SDH, and further studies to 

investigate the interaction between keratinocytes and peripheral nociceptive nerve endings 

are warranted.

Our study has some limitations. First, the specific NR2B inhibitor ifenprodil can also 

interact with G protein-activated inwardly rectifying K+ (GIRK) channels, α1-adrenergic 

receptors and serotonin receptors (Kobayashi et al., 2006); some of which are located in 

the peripheral nervous system. Therefore, intraplantar injection of ifenprodil may affect 

neuronal function besides acting on NR2B. Second, although immunofluorescence staining 

studies showed that NR2B was expressed remarkably in the keratinocytes (Fig. 3), other 

local cells, including macrophages and Langerhans cells, might also be involved in the 

inflammatory response in this model. Finally, local injection of the medication can lead 
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to systemic absorption, which may affect NR2B receptors located other than in epidermis. 

Further studies are warranted to test these hypotheses.

5. Conclusions

Collectively, our findings reveal the expression and activation of NMDA receptor subunit 2B 

(NR2B) in cultured human keratinocyte cells. Using the rat model of CPIP, we found that 

ischemia and reperfusion injury triggered the upregulation and phosphorylation of NR2B on 

keratinocytes, which subsequently contributed to inflammatory peripheral sensitization by 

activating the NF-κB and ERK pathways and increasing IL-1β production in the skin and 

DRG. Peripheral NR2B also mediated c-fos induction and glial activation in SDH. These 

findings reveal a previously unknown role of keratinocyte NR2B in peripheral and central 

sensitization (Fig. 9). Topical ketamine has been reported to alleviate allodynia in patients 

with CRPS[66]. However, as a non-specific antagonist for NMDA receptor, ketamine has 

many unwanted side effects. Our study therefore has clinical implications with respect to the 

use of selective topical NR2B antagonists for the treatment of CRPS, as topical application 

would be more tolerable and cause fewer adverse effects compared with systemic drug 

administration.
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Fig. 1. 
Timeline. In acute groups (A), rats received drugs for three consecutive days before 

modeling (CPIP induction). Behavior tests were performed before drug administration 

(baseline), before modeling and every 6 h after modeling till the 24th hour when ipsilateral 

hindpaw plantar skin, L4-6 SDH and DRGs were harvested. Rats in chronic groups (B) were 

given drugs once daily from day 8 to 14. Behavioral tests were conducted before modeling 

(baseline) and every 4 days from day 2 to 14. On day 14, Tissue samples were collected. 

Abbreviations: SDH, spinal dorsal horn; DRG, dorsal root ganglion
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Fig. 2. 
NR2B is expressed on cultured human keratinocytes HaCaT cells and can be activated by 

NMDA. A: Western blot image; B: Quantitative analysis of the relative optical density of 

NR2B and pNR2B (n = 3/group). One-way ANOVA, * p < 0.05 versus control. Western 

blot demonstrated the expression of NR2B and phosphorylated NR2B on HaCaT cells. The 

phosphorylation of NR2B was significantly increased after 24-h treatment with NMDA. 

There was no significant difference in the expression of total NR2B after NMDA treatment.
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Fig. 3. 
CPIP induces acute and chronic upregulation and phosphorylation of NR2B on 

keratinocytes. A–D: Double-labeling immunofluorescence of NR2B or pNR2B (green) and 

keratin (red) in ipsilateral epidermal tissue. Representative images showing that NR2B and 

pNR2B were co-localized in keratin-positive cells. The immunoreactivity of NR2B and 

pNR2B was significantly increased in CPIP groups than sham groups in both acute (24 h 

after CPIP, A, B) and chronic (14 d after CPIP, C, D) phases (n = 5/group). E: Quantitative 

analysis of the immunofluorescent intensity results from A–D. One-way ANOVA, * p < 

0.05 versus sham. F, G: Western blot showed that the expression of NR2B in ipsilateral 

epidermal tissue was upregulated starting at 12 h, peaked at 18–24 h, and maintained till 

14d. Phosphorylation of NR2B (pNR2B) occurred as early as 6 h and persisted for 14d after 

CPIP expression in acute (F) and chronic (G) phases. One-way ANOVA, * p < 0.05 versus 

sham. Abbreviations: NR2B, NMDA receptor subunit 2B; pNR2B, phosphorylated NMDA 
receptor subunit 2B; CPIP, chronic post-ischemia pain
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Fig. 4. 
Peripheral NR2B mediates CPIP-induced mechanical allodynia and thermal hyperalgesia. 

(A) acute mechanical allodynia; (B) chronic mechanical allodynia; (C) acute thermal 

hyperalgesia; (D) chronic thermal hyperalgesia (n = 10/group). CPIP induced a significant 

decrease in hind paw mechanical withdrawal threshold and heat withdrawal latency in 

both acute and chronic phase. Behavioral hypersensitivity was exacerbated by NMDA and 

alleviated by ifenprodil, the selective NR2B inhibitor. Two-way repeated-measure ANOVA, 

* p < 0.05 versus sham; # p < 0.05 versus CPIP + NS. Abbreviations: CPIP, chronic 
post-ischemia pain; NS, normal saline; NMDA, N-methyl-D-aspartate; IFEN, ifenprodil.
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Fig. 5. 
Peripheral NR2B mediates CPIP-induced phosphorylation of NF-κB and ERK in ipsilateral 

hindpaw skin. NF-κB p65 and pNF-κB p65 in acute (A) and chronic (C) phase; ERK 1/2 

and pERK 1/2 in acute (B) and chronic (D) phase. Western blot results shown on the top; 

quantification analysis (relative to sham group) shown on the bottom (n = 5/group). One-

way ANOVA, * p < 0.05 versus sham, # p < 0.05 versus CPIP. Abbreviations: CPIP, chronic 
post-ischemia pain; NS, normal saline; NMDA, N-methyl-D-aspartate; IFEN, ifenprodil. 
NF-κB, nuclear factor-κB; pNF-κB, phosphorylated nuclear factor-κB; ERK, extracellular 
regulated protein kinases; pERK, phosphorylated extracellular regulated protein kinases.
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Fig. 6. 
Peripheral NR2B mediates CPIP-induced IL-1β production in ipsilateral hindpaw skin. 

Double-labeling immunofluorescence of IL-1β (red) and keratin (green) in epidermal tissue 

in acute (Fig. 6 A) and chronic (Fig. 6 B) phase after CPIP. IL-1β was co-localized in 

keratin-positive cells. C: Quantitative analysis of the immunofluorescent intensity results 

from A and B. D–E: Western bolt of IL-1β in ipsilateral epidermal tissue in acute (D) and 

chronic (E) phase after CPIP. Western blot results shown on the top; quantification analysis 

(relative to sham group) on the bottom (n = 5 in each). One-way ANOVA, * p < 0.05 versus 

sham, # p < 0.05 versus CPIP. Abbreviations: CPIP, chronic post-ischemia pain; NS, normal 
saline; NMDA, N-methyl-D-aspartate; IFEN, ifenprodi; IL-lβ, interleukin lβ
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Fig. 7. 
Peripheral NR2B mediates CPIP-induced phosphorylation of NR2B, NF-κB p65, and ERK 

1/2, as well as production of IL-1β in DRG. Expression of NR2B and pNR2B in acute 

(A) and chronic (B) phase; NF-κB p65 and pNF-κB p65 in acute (C) and chronic (D) 

phase; ERK 1/2 and pERK 1/2 in acute (E) and chronic (F) phase; IL-1β in acute (G) and 

chronic (H) phase. Western blot results are shown on the top and quantification analysis 

(relative to sham group) on the bottom (n = 5 in each). One-way ANOVA, * p < 0.05 

versus sham, # p < 0.05 versus CPIP. Abbreviations: CPIP, chronic post-ischemia pain; NS, 
normal saline; NMDA, N-methyl-D-aspartate; IFEN, ifenprodil; NF-κB, nuclear factor-κB; 
pNF-κB, phosphorylated nuclear factor-κB; ERK, extracellular regulated protein kinases; 
pERK, phosphorylated extracellular regulated protein kinases; IL-lβ, interleukin 1-β.
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Fig. 8. 
Peripheral NR2B mediates CPIP-induced c-fos induction and glial activation in SDH. (A) 

Immunofluorescence showed c-fos induction through acute to chronic phase after CPIP 

which was abolished by ifenprodil. (B) Quantification of results from A (n = 5 in each). 

Significant microglia (Iba 1 staining) (C, D) and astrocyte activation (GFAP staining) (E, F) 

were observed only in chronic but not acute phase. One-way ANOVA, * p < 0.05 versus 

sham, # p < 0.05 versus CPIP. Abbreviations: SDH, spinal cord dorsal horn; CPIP, chronic 
post-ischemia pain; NS, normal saline; NMDA, N-methyl-D-aspartate; IFEN, ifenprodil; 
Iba1, ionized calcium binding adaptor molecule 1; GFAP, glial fibrillary acidic protein.
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Fig. 9. 
Schematic model showing the mechanistic pathway by which keratinocyte NR2B mediates 

peripheral and central sensitization. Ischemia and reperfusion injury of hindpaw induces 

activation of NR2B receptor on keratinocytes. Activation of NR2B leads to the production of 

pro-inflammatory molecules in keratinocytes and DRGs, which contributes to peripheral 

sensitization. Activation of keratinocyte NR2B also triggers central sensitization by 

upregulating c-fos and activating glia in the spinal cord dorsal horn. Abbreviations: NR2B, 
N-methyl-D-aspartate subunit 2B; DRG, dorsal root ganglion.
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Table 2

Primary and Secondary Antibodies for Western Blot.

Antibody Host Company Catalog Number Dilution

NR2B (HaCaT) Rabbit Abcam ab65783 1:1000

pNR2B (HaCaT) Rabbit Abcam ab18532 1:500

NR2B (tissue) Rabbit Abcam ab65783 1:500

pNR2B (tissue) Rabbit Abcam ab18532 1:500

IL-1β Rabbit Abcam ab9722 1:1000

ERK Rabbit CST #4370 1:1000

pERK Rabbit CST #4695 1:1000

NF-κB Rabbit CST #8242 1:1000

pNF-κB Rabbit CST #3033 1:1000

β-actin Mouse Abcam ab8226 1:1000

Anti-rabbit IgG HRP Goat Abcam ab6721 1:3000

Anti-mouse IgG HRP Goat Abcam ab6789 1:3000

Abbreviation: NR2B, N-methyl-D-aspartate receptor subunit 2B; pNR2B, phosphorylated N-methyl-D-aspartate receptor subunit 2B; IL-1β, 
interleukine 1 β; ERK, extracellular signal-regulated protein kinase; pERK, phosphorylated extracellular signal-regulated protein kinas; NF-κB, 
nuclear factor-κB; pNF-κB, phosphorylated nuclear factor-κB; HRP, horseradish peroxidase.

Brain Behav Immun. Author manuscript; available in PMC 2022 March 15.


	Abstract
	Introduction
	Material and methods
	Cell culture and drug administration
	The CPIP model of rats
	Animal study design and drug administration
	Behavioral testing
	Hindpaw mechanical allodynia
	Hindpaw thermal hyperalgesia

	Immunofluorescence staining
	Western blot
	Statistical analysis

	Results
	NR2B is expressed on human keratinocytes, and its phosphorylation is upregulated by NMDA
	CPIP induces the upregulation and phosphorylation of NR2B on keratinocytes in the acute and chronic phases after ischemia–reperfusion injury
	Selective inhibition of peripheral NR2B activation attenuates CPIP-induced nociceptive behavior
	Peripheral NR2B mediates CPIP-induced activation of NF-κB p65 and ERK 1/2 and production of IL-1β in epidermal tissue and DRG – role of NR2B in peripheral sensitization
	Peripheral NR2B regulates c-fos induction and glia activation in SDH – role of NR2B in central sensitization

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Table 1
	Table 2

