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Alleviation of neuropathic pain by glial regulation  

in the insular cortex of rats 
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(Directed by Professor Bae Hwan Lee) 

 

 

Studies on the role of neuroglia in neuropathic pain have been carried out, 

but a majority of studies have been done at the level of the spinal cord. 

The insular cortex (IC) is known to process pain information. However, 

the analgesic effects of inhibition of glia in the IC remain unexplored. 

Therefore, the aim of this study was to reveal the pain alleviation effects 

by inhibition of astrocytes or microglia in the IC during the pain 

development. Two experiments were conducted to evaluate pain 

relieving effects. 1) Consecutive administration of fluorocitrate (FC, 

astrocyte inhibitor, 1 nM) and minocycline (MC, microglia inhibitor, 20 

μM) seven times into the IC immediately after nerve injury (early 

inhibition). 2) Seven repetitive application of each drug after 

establishment of pain (late inhibition). Mechanical allodynia was 

measured for 14 days. Western blot analyses were performed to evaluate 
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expression changes of glial fibrillary acidic protein (GFAP), cluster of 

differentiation molecule 11b and c (CD11b/c) and purinergic receptors 

(P2X4 receptor (P2X4R) and P2X7 receptor (P2X7R)) in the IC. 

Furthermore, morphological quantification measures were performed by 

using immunofluorescence labeling and identified the cells expressing 

P2X4R and P2X7R. As a result, both early and late inhibition of 

astrocytes and microglia was effective in attenuating the pain. 

Interestingly, early inhibition of microglia showed enduring analgesic 

effects, persisting after drug withdrawal. Both GFAP and CD11b/c 

expressions were decreased after injection of FC or MC, respectively. In 

addition, morphological alterations of astrocytes and microglia were 

observed after FC or MC injection. The expression of purinergic 

receptors, which are associated with glial activation were increased 

during pain development in the IC. Furthermore, the P2X4R was 

expressed in neurons, astrocytes and microglia whereas the P2X7R was 

predominantly exhibited in microglia in the IC. These findings indicate 

that suppression of astrocytes and microglia in the IC alleviates the 

development of neuropathic pain. Additionally, alterations of P2X4R and 

P2X7R imply that purinergic signaling in the IC may be involved in pain 

development. 

 

 

 

---------------------------------------------------------------------------------------- 

Key words : neuropathic pain, insular cortex, astrocyte, microglia, 

purinergic receptor, pain alleviation 



 

3 
 

 
 

Alleviation of neuropathic pain by glial regulation  

in the insular cortex of rats 

 

 

Song Yeon Choi 

 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

 

 

 

(Directed by Professor Bae Hwan Lee) 
 

 

 

I. INTRODUCTION 

Pain is a type of defense system to protect our body from danger.1 Neuropathic 

pain (NP), however, refers to a phenomenon in which an abnormal pain persists 

for days or years, even after the causative factors of pain have disappeared.1 Pain 

signals are complex pathways that travel through several brain regions.2 The brain 

regions that are activated by the pain signal is defined as a pain matrix, and among 

them, insular cortex (IC) could be a potential target to control pain effectively.2,3 

The activation of IC in chronic pain conditions has been observed in imaging 

studies of the human brain.4-6 Patients suffering from an insular lesion could not 

recognize the affective aspects of pain like “pain asymbolia”.7 However, the 

factors or mechanisms leading to the activation of the IC in chronic pain 

conditions have not been fully identified. 

The development of pathological pain is closely related to neural plasticity.8,9 

The formation of neuroplasticity is by transmission of continuous and abnormal 

pain signals from the injured site that changes the function and structure of 
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neurons.10 Neuroplasticity can be linked to the strengthening of synaptic plasticity 

in the biological processing of pain signal11,12 and these changes in synaptic 

plasticity have been demonstrated in the spinal cord, ganglion, and some brain 

regions that are activated in chronic pain conditions.9,13-16 In the IC, there are 

studies confirming the change in expression of factors required for synaptic 

strengthening in chronic pain conditions.17-19 Based on this concept of pathological 

pain development, many studies on the regulation of neuroplasticity have enabled 

control of NP.20-23 However, despite modulation that strongly blocks the enhanced 

synaptic plasticity of neurons, there are limitations of insufficient pain control. 

Emerging evidence in modulating neuroplasticity suggest that non-neuronal cells 

called “glia” play a pivotal role in regulating neural cells.24,25 Several roles of glial 

cells have been reported in the process of the initiation or development of pain.26 

Traumatic nerve injuries activate astrocytes and microglia in the central nervous 

system and induces central sensitization and pathological pain development.27,28 In 

human tissue, robust activation of both astrocytes and microglia in the posterior 

horn of the spinal lumbar segment was observed in a patient suffering from 

complex regional pain syndrome.29 In addition, some glial inhibitors have shown 

efficacy in the treatment of chronic pain patients in clinical studies.30,31 Despite 

pioneering studies on the analgesic effect of glial modulation, the activation of 

astrocytes and microglia in a disease state has a double-sided role that may induce 

or suppress the pathological conditions.32,33 Research on controlling pain by glial 

inhibition has reported contradictory results in the regional differences and optimal 

time window for glial inhibition. Some studies have reported that spinal astrocytes 

and microglia were significantly activated after nerve injury and it contributes to 

initiation or maintenance of NP.34 However, the results of supraspinal regions on 

pain regulation and glia activity are varied. A study using heterozygous 

Cx3cr1GFP/+mice which labels microglia, reported that there were no changes in the 

microglial activity in the brain regions closely related to pain signaling.35 In 

contrast, in an imaging study using translocator protein, glial activation marker, 

the activation of glial cells was confirmed in patients with severe low back pain 

and glial activation increased in the thalamus, anterior cingulate cortex (ACC), 
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and IC.36 A recent study has observed a marked change in astrocyte and microglial 

activation in the ACC in a chronic pain condition.37 The pain-relieving effect was 

confirmed by suppressing the activated astrocytes and microglia in the ACC.37 

Meanwhile, studies on the activation time window of glial cells have shown that 

the spinal microglia were activated immediately after nerve damage.32,38 The 

microglia that rapidly respond to nerve damage contribute to the initiation of pain 

signals.38 The activation of spinal astrocytes is enhanced afterwards, contributing 

to the development and maintenance of NP.39 On the contrary, another study has 

reported that spinal astrocyte activity is stronger than microglial activity in the 

initiation of chronic pain.33 In addition, some researchers have reported that the 

activity of microglia in the spinal dorsal horn after peripheral nerve injury lasts for 

several weeks,40 not several hours to several days.28 Therefore, understanding the 

essential role of glial cells that could affect pain signals at an optimal time window 

is important.  

The activity change of glial cells is preceded by various factors and extracellular 

adenosine triphosphate (ATP) is one of them.25 ATP is a ligand of the purinergic 

receptors; purinergic receptors are divided into two subtypes – ionotropic (P2X) 

and metabotropic (P2Y).41 Among them, it has been reported that the activation of 

P2X receptors (P2XR) plays a crucial role in neuroplasticity which could induce 

NP.42 The signals underlying the activation of P2XRs consequently induce the 

secretion of glutamate and gamma-aminobutyric acid.43 In a study that first 

revealed the relationship between P2XR and chronic pain, activated spinal P2X4R 

was shown to be the key element in the initiation of tactile allodynia.44 In addition, 

the role of P2X7R as a direct regulator of glial cell activation has been getting 

attention in pain studies.45,46 Therefore, understanding the role of both P2X4R and 

P2X7R in pain modulation is important. However, the activation mechanism of 

P2XRs, which aggravates the pain signals in the brain, has not been elucidated.  

Compelling evidence has shown that glial activation and NP which is reinforced 

by neuroplasticity share specific interaction mechanisms.34,47 However, little is 

known about the mechanisms that are directly linked to pain modulation. 

Therefore, the aim of this study was to investigate the activation change in 
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astrocytes and microglia in IC after peripheral nerve injury and to determine the 

pain relieving effects by suppressing astrocytes and microglia in the IC. 

Specifically, fluorocitrate (FC, astrocyte inhibitor) and minocycline (MC, 

microglia inhibitor) were used to suppress glial cells during both early and late 

stages of NP development. Subsequently, the role of astrocytes and microglia were 

demonstrated by observing the changes in protein expression and morphological 

alterations. Furthermore, changes in expression of P2X4R and P2X7R were 

demonstrated, to identify the putative involvement of purinergic receptors in the 

IC during NP development. 
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II. MATERIALS AND METHODS 

 

1. Experimental animals 

 

Male Sprague-Dawley rats (200-250 g; Harlan, Koatec, Pyeontaek, Korea) were 

used for the experiments. All rats were housed under 12 hrs light/dark 

cycle-controlled conditions in Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC)-approved animal facilities. All experiments 

were conducted in accordance with National Institutes of Health guidelines. All 

experiments were approved by the Institutional Animal Care and Use Committee 

of Yonsei University Health System (permit no. 2017-0076). 

 

 

2. Experimental design 

 

Traumatic nerve injury can cause pathological pain development.48 Mechanical 

allodynia is strengthened as NP develops after a nerve injury.9 Studies have 

described that the phases of pain development can be divided into an early 

developing stage (a period immediately after the nerve injury to the rapid decrease 

in mechanical withdrawal threshold (MWT)), a late developing stage (a period of 

gradual decrease of MWT), and a maladaptive stage (a period of completely 

stabilized pathological pain development).49,50 Pain-relieving effects through the 

inhibition of astrocytes and microglia were shown to have varied results at 

different stages of pain development.51-53 Therefore, in order to identify the 

pain-alleviating effects of glial inhibition depending on the stages of pain 

development, we designed two different experiments. We designated an 

experiment that inhibits glial cells in the early stage of pain development as 

“Experiment 1” and an experiment that suppresses glial cells in a late stage of pain 

development as “Experiment 2” (Figure 1a). 
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A. Experiment 1: Pain-relieving effect by suppressing IC glial cells in the early 

stage of pain development 

 

In order to evaluate the pain reliving effect by suppressing astrocytes or 

microglia in the early stage, FC (F9634, Sigma, St. Louis, MO, USA) and MC 

(M9511, Sigma) were injected right before the nerve injury (Figure 1b). Thereafter, 

the nerve was injured and the drugs were continuously administered for an 

additional 6 days at 24 hrs intervals, every day. To measure the MWT, von Frey 

test was conducted before the nerve injury (post-injury day (PID) -1) and was 

reassessed daily for 14 days. From PID 1 to PID 6, the von Frey tests were 

performed at the same time every day and FC or MC were injected after the 

behavioral test was completed. Thereafter, from PID 7 to PID 14, the von Frey 

tests were performed at the same time every day, without FC or MC 

administration. In order to observe the molecular changes of the IC, tissue was 

extracted on PID 7. In addition, IC tissue was extracted on PID 14 to observe the 

changes of glial cells after the drug withdrawal (Figure 1b). Sham-injury (sham), 

vehicle-treated (vehicle), FC- and MC-treated groups were the experimental 

groups for Experiment 1 (Exp. 1). The sham group underwent sham surgery and 

received a vehicle solution. The vehicle group was subjected to NP surgery and 

were injected a vehicle solution. The FC and MC groups underwent NP surgery 

and were injected FC and MC, respectively. 

 

B. Experiment 2: Pain attenuating effects of established mechanical allodynia by 

suppressing glial cells in the IC 

 

To examine the pain relieving effects of glial inhibition on the late stage of pain 

development, FC and MC were administered for 7 consecutive days starting from 

PID 7 (Figure 1b). Additionally, the drugs were administration for 6 days at 24 hrs 

interval. The von Frey test was conducted one day before the nerve injury, PIDs 1, 

4, 7, and were reassessed daily from PID 8 to PID 14. The von Frey tests were 

performed at the same time every day, and FC or MC were injected after the 
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behavioral test was completed. In order to observe molecular changes in the IC, 

tissue was extracted on PID 7, which is the day after the establishment of NP. In 

addition, IC tissue was also extracted on PID 14 to observe the changes in glial 

cells after repetitive drug injection. In Experiment 2 (Exp. 2), the sham and NP 

experimental groups were observed from PID 0 to PID 7 (Figure 1b). The sham 

group underwent sham surgery and received a vehicle solution. The NP group 

underwent NP surgery and did not receive any solution until PID 6. Then, the rats 

in the NP group were divided into the vehicle, FC- and MC-treated groups. Thus, 

the experimental groups from PID 8 to PID 14 were the sham, vehicle, FC- and 

MC-treated groups. The vehicle group was subjected to NP surgery and was 

injected a vehicle solution. The FC and MC group underwent NP surgery and were 

injected FC and MC, respectively. 

 

 

 

Figure 1. Schematic overview of the experimental design. (a) The mechanical 

withdrawal threshold (MWT) decreases over time after a nerve injury. The 

inhibition of glial activity in the early period exhibits rapid reduction of MWT 

after nerve injury in Experiment 1 (Exp. 1). The suppression of glial activation in 

the late period shows gradual decrease of MWT following early period in 

Experiment 2 (Exp. 2). (b) Operational procedures of Exp. 1 and Exp. 2. The red 

bar indicates nerve injury surgery inducing neuropathic pain. The black bar 

indicates the period of repeated injection of the glial inhibitors (fluorocitrate (FC) 

or minocycline (MC)) once daily every 24 hrs. The purple tubes indicate 
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extraction of insular cortex tissues on post-injury days (PID) 7 and PID 14 to 

identify the molecular changes. The inverted triangles indicate a von Frey test 

measuring mechanical allodynia. 

 

 

3. Cannula implantation 

 

All rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed 

in a stereotaxic frame (David KOPE Instruments, Los Angeles, CA, USA). 2% 

lidocaine was injected into the scalp for local anesthesia and the scalp was cut to 

expose bregma of rats. Stainless steel guide cannulae (28-gauge, P1 Technologies, 

Roanoke, VA, USA) were bilaterally implanted into the rostral anterior IC 

(anterior: 1.0 mm from bregma; lateral: ±4.9 mm from the midline; depth: -5.9 

mm from the surface of the skull). Cannulae were fixed to the skull bilaterally 

using stainless steel screws and acrylic cement. Dummy cannulae were inserted 

into the guide cannulae to avert coagulation. 

 

 

4. Neuropathic pain surgery 

 

A model of NP was prepared by ligation and cutting of the sciatic nerve 

branches.54 Under isoflurane anesthesia, three branches of the left sciatic nerve 

were exposed and two branch nerves (the tibial and sural nerve) were tightly 

ligated with 5-0 black silk and cut. The common peroneal nerve was left intact. 

Surgical procedures for the sham group were identical to those for the NP group 

without the nerve injury procedure. 

 

 

5. Assessment of Mechanical allodynia 

 

Mechanical allodynia was assessed by measuring MWT using electronic von 
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Frey filament (no.38450; UGO Basile, Varese, Italy). Rats were individually 

placed in an acrylic cage and habituated for 15 mins. The filament was vertically 

applied to the medial side of the left hind paw, and the force values were measured 

until the animal exhibited withdrawal or licking of the hind paw. The 

measurements were performed seven times in 2 to 3 mins intervals and the 

averaged data were collected, omitting the maximum and minimum values. The 

von Frey tests were assessed by a researcher who was blinded to the experimental 

groups. 

 

 

6. Preparation and administration of glial inhibitors 

 

DL-Fluorocitric acid barium (Ba) salt (fluorocitrate; FC) is an astrocyte 

metabolic inhibitor that inhibits astrocytic activation, and has been shown to 

attenuate hyperalgesia in a rat model of neuropathy.55,56 FC was prepared as 

described previously.57 In brief, 8 mg of FC was dissolved in 1 ml of 0.1 M HCl. 

Two to three drops of 0.1 M Na2SO4 were added to precipitate the Ba2+. 2 ml of 

0.1 M Na2HPO4 was added and the suspension was centrifuged at 1,000 g for 5 

mins. The supernatant was diluted with 0.9% NaCl to a final concentration of 1 

nmol/μl and the pH was adjusted to 7.4. Minocycline hydrochloride (MC) is a 

second-generation tetracycline derivative that can penetrate into the central 

nervous system and has been shown to alleviate pain in addition to its antibiotic 

effect.58 MC was prepared at a concentration of 10 μg/ml.59 All drugs were 

dissolved in 0.9% NaCl solution and the vehicle solution was prepared with 0.9% 

NaCl solution. For microinjection, the injection cannula was connected with a 

polyethylene tubing (PE-10) to a 1 μl Hamilton syringe and was inserted into the 

IC through the guide cannula. Drugs were slowly injected into the IC (0.5 μl/min) 

and injection cannula was maintained in place for another 1 min to allow diffusion. 

The movement of an air bubble in the PE-10 tubing confirmed drug flow. The 

drugs were administered daily for 7 days. The FC and MC solutions were freshly 

prepared every day before injection.  
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7. Western blot analysis 

 

On PID 7 and PID 14, rats were overdosed with isoflurane. Then the contralateral 

IC tissues were immediately extracted, frozen in liquid nitrogen, and stored at 

−70°C for further processing. Samples were homogenized with a lysis buffer 

(PRO-PREP; Intron Biotechnology, Pyeongtaek, Korea) using an ultrasonicator 

and centrifuged at 15,000 rpm for 10 mins. Protein samples were denatured and 

equal amounts of samples were separated and then transferred onto polyvinylidene 

fluoride membranes (Merck Millipore, Darmstadt, Germany). The membranes 

were blocked with 5% bovine serum albumin solution for 1 hr at room 

temperature (RT), and incubated overnight at 4°C with primary antibodies. The 

following primary antibodies were used: Rabbit anti-glial fibrillary acidic protein 

(GFAP) (1:10,000; ab7260, Abcam, Cambridge, UK), Mouse anti-cluster of 

differentiation molecule 11b and c (CD11b/c) (1:1,000; 550299, BD PharMingen, 

San Diego, CA, USA), Rabbit anti-P2X7 receptor (1:3,000; AB5246-200UL, 

Millipore, CA, USA), Rabbit anti-P2X4 receptor (1:3,000; APR-002, Alomone 

Labs, Jerusalem, Israel), β-actin (1:15,000; LF-PA0207, ABFrontier, Seoul, 

Korea). The membrane was then incubated with anti-rabbit antibody (1:5,000; no. 

7074, Cell Signaling Technology, Beverly, MA, USA) and anti-mouse antibody 

(1:5,000; no. 7076, Cell Signaling Technology) for 2 hrs at 20°C. Six animals per 

group were used for western blot analysis. The bands were developed using the 

LAS system (LAS 4000, Fuji Film Co, Ltd., Tokyo, Japan) and quantified using 

Multiguage software (Fuji Film Co, Ltd., Tokyo, Japan). β-actin was used as a 

loading control for protein expression. 

 

 

8. Immunohistochemistry and image acquisition 

 

At 7 and 14 days after the NP surgery, the brain samples were extracted to verify 

the location of expression of the protein of interest in the IC. Rats were deeply 

anesthetized with urethane and were transcardially perfused with normal saline 
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(0.9% NaCl), followed by 4% paraformaldehyde in 0.1 M sodium phosphate 

buffer (PB, pH 7.4). Brain was collected and were placed in 30% sucrose in 

phosphate-buffered saline (PBS) at 4°C for cryoprotection after 24 hrs 

post-fixation with 4% paraformaldehyde in 0.1 M PB. For the double 

immunofluorescence staining, samples were cryosectioned as 20 μm sections on a 

cryostat (HM 525, Thermo Scientific, Waltham, MA, USA). Brain sections were 

washed three times with PBS then blocked in 10% normal donkey serum 

(017-000-121, Jackson ImmunoResearch, West Grove, PA, USA) in 0.3% Trion 

X-100 for 1 h at RT. The sections were incubated overnight at 4°C with the 

following primary antibodies: Rabbit anti-GFAP (1:1,000; ab7260, abcam), 

Mouse anti-GFAP (1:1,000; no.36701, Cell Signaling Technology), Mouse 

anti-CD11b/c (1:200; 550299, BD PharMingen), Rabbit anti-P2X7 receptor 

(1:300; AB5246-200UL, Millipore), and Rabbit anti-P2X4 receptor (1:3,000; 

APR-002, Alomone Labs). Primary antibodies were used as a mixture of two 

antibodies, appropriate for each experiment. After incubation of the primary 

antibodies, the sections were rinsed and a mixture of Cy3-conjugated donkey 

anti-mouse IgG (H+L) (1:1,000; 715-166-151, Jackson ImmunoResearch) and 

Alexa Fluor 488-conjugated donkey anti-rabbit IgG (H+L) (1:1,000; 711-545-152, 

Jackson ImmunoResearch) was applied for 2 hrs at RT. All sections were mounted 

with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). 

The images of astrocytes, microglia, P2X4R, and P2X7R were captured using 

laser scanning confocal microscopy (Zeiss LSM 700, Carl Zeiss, Jena, Germany) 

at 20× or 40× magnitude and were scanned in z-direction every 1 µm. Images 

scanned at 1 µm underwent maximum intensity projection (MIP) process by using 

Zen 2.3 black software (Carl Zeiss) to represent the branches and processes of 

astrocytes and microglia.  
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9. Morphometric analysis of astrocytes and microglia 

 

A. Quantification of cell number in the region of interest 

 

To quantify the astrocytes and microglia in the IC, 3 segments per rat were 

randomly selected. A total of 12 segments (four rats) for each group were used to 

quantify the morphometric analyses. An image of 20× magnification was captured 

and the number of GFAP-positive and CD11b/c-positive cells was quantified 

within a 1024×1024 pixel sample of each IC region of interest (ROI). Within each 

ROI, the number of GFAP-positive and CD11b/c-positive cells was counted 

manually. Only those cells with a distinct soma were included in the manual 

counts. 

 

B. Quantification of the morphological properties of astrocytes 

 

The images at 40× magnification were used for the morphological analysis of 

astrocytes. Total length, volume, the number of processes, and the number of 

nodes were obtained by Sholl analysis.60,61 For Sholl analysis, the Simple Neurite 

Tracer (SNT) plugin (http://fiji.sc/Simple_Neurite_Tracer) was applied to the MIP 

images as previously described.61 Astrocytes with DAPI-stained nuclei and 

without truncated processes were considered for reconstruction. The 

reconstruction of astrocyte processes was semi-automatically traced by the 

software. All the traced processes were selected and the starting point for the 

analysis was set at the center of the DAPI-stained nuclei. A concentric circle with 

4 μm was set to provide enough morphological detail. Volume was assessed by 

filling all the paths of astrocyte reconstruction. A threshold of 0.05 yielded 

reproducible results for the volume analysis. 
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C. Quantification of the morphological properties of microglia 

 

The images at 40× magnification were used for the morphological analysis of 

microglia. The morphology of microglia was quantified via a skeleton analysis and 

fractal analysis by using FIJI-ImageJ software as described previously.62 To apply 

the skeleton analysis, all the images were converted to the binary images. Then the 

FIJI-ImageJ software was used to convert the binary image to a skeletonized image. 

Further, the AnalyzeSkeleton (2D/3D) plugin (http://imagej.net/AnalyzeSkeleton) 

was applied to acquire the total process length, and the number of endpoints per 

cell. To collect the fractal dimension of the microglia, the FracLac plugin 

(https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html) was applied to the outlined 

images which was converted from the binary images. 

 

 

10. Statistical analysis  

 

Statistical analyses were performed using SPSS 20.0 software (IBM Corporation, 

Armonk, NY, USA). Behavioral data were analyzed by two-way analysis of 

variance (ANOVA) with repeated measures, followed by Bonferroni’s test for post 

hoc comparisons. Western blotting data was analyzed by one-way ANOVA 

followed by Bonferroni’s test for multiple comparisons. Morphometric data were 

analyzed by one-way ANOVA followed by Tukey's post hoc test. All values are 

expressed as mean ± standard error of the mean (SEM). p values less than 0.05 

were considered statistically significant. 

https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html
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III. RESULTS 

 

1. Blocking activation of astrocytes and microglia in the IC attenuated neuropathic 

pain  

 

In order to identify the pain alleviation effect after glial cell inhibition, the 

cannulae were bilaterally implanted (Figure 2a) in the appropriate location.63 As a 

result, there was no difference in the MWT between the four experimental groups 

before the NP surgery (Figure 2b). However, the MWTs of the NP group 

significantly decreased over time at 1, 4, and 7 days after the nerve injury (Figure 

2b). This result indicated that NP caused by nerve injury was well developed. The 

MWT of the sham group showed no difference throughout the behavioral 

experiment. 

In order to determine the pain alleviating effect of FC and MC in the IC, each 

drug was prepared and injected into the IC on PID 7. Both FC and MC have been 

used in studies on regulation of glial cell activation and have been reported to 

inhibit glial activation selectively without affecting neuronal activity directly.64,65 

After injection of the vehicle, FC or MC on PID 7, we observed the changes in 

MWT from 1 to 72 hrs after drug injection (Figure 2c). The FC-treated group 

showed significant analgesic effects from 2 to 24 hrs after injection and the 

mechanical allodynia of the MC-treated group was significantly attenuated from 4 

to 24 hrs after the injection (Figure 2c). However, there was no change in the 

vehicle group (Figure 2c). These results suggest that direct inhibition of astrocytes 

and microglial activity in the IC is effective in alleviating the NP.  
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7

 

Figure 2. Pain-relieving effects of a single injection of fluorocitrate (FC) and 

minocycline (MC) into the insular cortex (IC). (a) Location of the implanted 

cannula for drug injection. Dotted red lines indicate the IC. The guide cannulae 

were bilaterally implanted into the target sites and the injection cannulae to diffuse 

the drugs to the target areas (red dot). Hematoxylin-eosin stained rat brain on the 

bottom shows implanted cannulae into the IC. (b) Development of mechanical 

allodynia after nerve injury. The vehicle- (n=8), FC- (n=8) and MC- (n=8) treated 

groups that received nerve injury showed a significant decrease in mechanical 

withdrawal threshold on post-injury day (PID) 1, 4, and 7 compared to the sham 

group (n=8). Data are presented as mean ± standard error of mean (SEM). ***p < 

0.001 vs. Sham, two-way repeated measures analysis of variance (ANOVA) 

followed by Bonferroni test. (c) The pain attenuation effects of single injection of 

FC or MC on PID 7. After drug injection, the FC-treated group (n=8) showed 

significant pain alleviation effects from 2 to 24 hrs compared to the vehicle group 

(n=8). The pain alleviation effects of the MC-treated group (n=8) started 4 hrs 

after MC injection and was maintained until 24 hrs after injection compared to the 

vehicle group. Data are presented as mean ± standard error of mean (SEM). #p < 

0.05; ##p < 0.01; ###p < 0.001 vs. Vehicle, two-way repeated measures analysis 

of variance (ANOVA) followed by Bonferroni test. 
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2. Early repeated inhibition of astrocytes and microglia in the IC attenuated 

neuropathic pain 

 

In order to verify the pain alleviation effects with respect to the period of glial 

cell inhibition, we divided the phases of NP development into two stages by 

referring to a prior study.55 After NP surgery, drastic decrease of MWT was seen 

during the first 7 days (Figure 3a, PID 7: Sham, 25.50±1.12; Vehicle, 6.97±0.64) 

whereas there was a gradual decrease from PID 7 to PID 14 in the vehicle group 

(Figure 3a, PID 14: Sham, 25.87±0.80; Vehicle, 6.68±0.83). Thus, the period from 

the day of NP surgery (PID 0) to 7 days after NP surgery (PID 7) was defined as 

an early stage (Figure 3a) of NP development (early stage). The period from PID 7 

to PID 14 (Figure 3a) was defined as a late stage of NP development (late stage). 

Moreover, repetitive injection of glial inhibitors from PID 0 to PID 6 was defined 

as “early inhibition” and repetitious administration of glial inhibitors from PID 7 

to PID 13 was defined as “late inhibition.” 

First, we carried out early inhibition of astrocytes or microglia in the IC. The 

result of the experiment showed that the MWT of FC-treated group decreased on 

PID 1. However, it rebounded on PID 2 and showed a significant pain alleviation 

effect (Figure 3a). The MWTs of the FC-treated group gradually decreased and 

showed significant analgesic effects until PID 7, compared to the vehicle group 

(Figure 3a, PID 7: Vehicle, 6.97±0.64; FC, 11.95±0.68). However, from the 

second day of drug withdrawal (PID 8) to PID 14, the MWTs of the FC-treated 

group did not show significant analgesic effects (Figure 3a, PID 14: Vehicle, 

6.68±0.83; FC, 8.17±1.29). The MC-treated group also showed significant pain 

relieving effects compared to the vehicle group as the MWT rebounded from PID 

2 to PID 4. Although the MWTs gradually decreased, it showed significant pain 

alleviation effects until PID 12 compared to the vehicle group (Figure 3a, PID 7: 

Vehicle, 6.97±0.64; MC, 12.73±1.09; PID 12: Vehicle, 6.20±0.84; MC, 

10.74±1.22). These results indicate that suppressing astrocyte or microglial 

activation in the IC during the early stage alleviates the development of NP. The 

pain alleviation effect of the FC-treated group persisted during the FC injection 
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period, while that of the MC-treated group persisted up to 6 days after MC 

withdrawal, in addition to the MC injection period. This result suggests that NP 

development may be delayed when microglial activation is inhibited in the early 

stage of pain development.  

The IC tissue was extracted on PID 7 and PID 14 and examined for molecular 

changes by immunoblotting. In order to investigate the changes in astrocytic 

activation, GFAP, known as a reactive astrocytic marker,66 was examined. With 

regard to microglial activation, CD11b/c was used as a marker of activated 

microglia.67,68 Our results show that the expression of GFAP in the vehicle group 

significantly increased compared to the sham group on PID 7 (Figure 3b, Sham, 

1±0; Vehicle, 1.34±0.10). The expression of GFAP in the FC-treated group 

showed a significant decrease compared to the vehicle group (Figure 3b, Vehicle, 

1.34±0.10; FC, 0.83±0.04). The MC-treated group showed lower expression level 

of GFAP than that of the vehicle group (Figure 3b, Vehicle, 1.34±0.10; MC, 

1.08±0.10); however, there was no significant difference between vehicle and 

MC-treated group. These results and behavioral tests showed that nerve injury 

significantly increases the activation of astrocytes in the IC. Additionally, 

continuous suppression of the increased astrocyte activity reduced the mechanical 

allodynia. The change in expression of CD11b/c on PID 7 did not show a 

difference between the sham and vehicle groups (Figure 3b, Sham, 1±0; Vehicle, 

0.90±0.08). There were no significant changes of CD11b/c in the FC-treated group 

compared to the vehicle group (Figure 3b, Vehicle, 0.90±0.08; FC, 0.85±0.13). 

The expression of CD11b/c in the MC-treated group showed a significant decrease 

compared to the sham group (Figure 3b, Sham, 1±0; MC, 0.61±0.06). 

Interestingly, the expression of GFAP in the vehicle, FC- and MC-treated groups 

were significantly increased compared to the sham group on PID 14 (Figure 3c, 

Sham, 1±0; Vehicle, 1.63±0.09; FC, 1.77±0.15; MC, 1.98±0.21). In addition, the 

expression level of GFAP in the FC- and MC- treated groups was higher than the 

vehicle group. However, FC- and MC-treated groups showed no significant 

change when compared to the vehicle group. This result indicated that the vehicle, 

FC- and MC-treated groups were all in a state of pain on PID 14. In contrast, there 
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was no significant change in CD11b/c-positive microglia in all groups on PID 14 

(Figure 3c, Sham, 1±0; Vehicle, 0.95±0.11; FC, 1.02±0.09; MC, 0.97±0.05). 

These results were consistent with the behavioral test and suggested that the drug 

effect disappeared in FC- and MC-treated groups on PID 14. 
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Figure 3. Changes in mechanical allodynia and molecular alterations in 

astrocytes and microglia in early repetitive inhibition of glial activity.  (a) 

Changes in mechanical withdrawal threshold (MWT) after early repetitive 

injection of fluorocitrate (FC) and minocycline (MC) into the insular cortex (IC). 

After nerve injury, the MWTs of vehicle group (n=12) reduced from post-injury 

day (PID) 1 to PID 14 compared to the sham group (n=12). Each drug was 

injected into the IC every 24 hrs for 7 days from PID 0 to PID 6. FC-treated group 

(n=12) showed significant pain-relieving effects from PID 2 to PID 7. MC-treated 

group (n=12) showed significant analgesic effects from PID 2 to PID 12. Data are 

presented as mean ± standard error of mean (SEM). #p < 0.05; ##p < 0.01; ###p < 

0.001 vs. Vehicle, two-way repeated measures analysis of variance (ANOVA) 

followed by Bonferroni test. (b) Changes in expression of glial fibrillary acidic 

protein (GFAP) and cluster of differentiation molecule 11b and c (CD11b/c) after 

7 consecutive days of injection of FC and MC in the early stage of pain 
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development (PID 1~7). The expression of GFAP in the vehicle group (n=6) was 

significantly increased compared to the sham group (n=6). The FC-treated group 

(n=6) showed significant decrease in GFAP expression compared to the vehicle 

group. In CD11b/c expression, there was no significant difference between the 

sham and vehicle group. The MC-treated group (n=6) showed significant decrease 

in expression of CD11b/c compared to the sham group. Data are presented as 

mean ± SEM. *p <0.05 vs. Sham; ##p < 0.01 vs. vehicle, one-way ANOVA 

followed by the Bonferroni’s post hoc multiple comparison test. (c) Change in 

expression of GFAP and CD11b/c at 7 days after FC and MC withdrawal (PID 14). 

The expression of GFAP in the vehicle group (n=6) was significantly increased 

compared to the sham group (n=6). The FC- and MC-treated groups (n=6) showed 

significant increase in GFAP expression compared to the sham group. There was 

no significant difference between vehicle-, FC- and MC-treated groups. In 

CD11b/c expression, there were no significant differences between groups. Data 

are presented as mean ± SEM. *p <0.05; **p < 0.01 vs. Sham, one-way ANOVA 

followed by the Bonferroni’s post hoc multiple comparison test. 
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3. Early repeated inhibition of glial activity prevented nerve injury-induced 

morphological alterations of astrocytes and microglia 

 

The astrocytes and microglia have distinct properties that differentiates them 

from neurons.69,70 The active state of astrocytes and microglia can be seen 

according to their morphology.69,71 Therefore, immunofluorescence staining was 

performed to identify the morphological changes of astrocytes and microglia in the 

IC during the pain development stages. First, we performed immunofluorescence 

labeling of GFAP-positive astrocytes and CD11b/c-positive microglia for 

quantitative morphological analysis. To quantify the length, volume, and branch 

complexity of the astrocytes, Sholl analysis was applied by using several 

concentric circles (Figure 4a). To confirm the complexity of the microglial 

ramification, skeleton analysis (Figure 4b, c) and fractal analysis (Figure 4b, d) 

were performed and branch length, endpoints, and fractal dimension of microglia 

were acquired.  

After early inhibition of astrocytes and microglia on PID 7, the GFAP-positive 

astrocytes in the vehicle group appeared to have thicker primary branches and 

longer processes compared to the sham group (Figure 5a). The skeletonized 

(Figure 5a.1) and reconstructed volume (Figure 5a.2) images of GFAP-positive 

astrocytes in the vehicle group showed many processes and thick branches. On the 

contrary, FC- and MC-treated groups showed fine processes and relatively thin 

primary branches of GFAP-positive signals compared to the vehicle group (Figure 

5a). The skeletonized (Figure 5a.3) and reconstructed volume (Figure 5a.4) images 

of GFAP-positive astrocytes in the FC-treated group showed fewer processes and 

thin branches. Morphometric analysis of astrocytes showed that there were no 

differences in the number of cells between the groups in IC (Figure 5b, Sham, 

1±0; Vehicle, 1.03±0.03; FC, 1.02±0.04; MC, 0.97±0.04). Astrocytes in the 

vehicle group had significantly longer processes, larger volume, increased number 

of processes, and nodes in the IC, compared to the sham group (Figure 5b, Total 

length: Sham, 641.21±16.41; Vehicle, 735.72±21.46; Volume: Sham, 

695.58±30.55; Vehicle, 805.91±26.98; No. of processes: Sham, 36±1.58; Vehicle, 
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41.5±1.31; No. of nodes: Sham, 28.83±1.19; Vehicle, 34.5±0.98). In contrast, the 

FC-treated group showed significant decrease in all the measured values compared 

to the vehicle group (Figure 5b, Total length: Vehicle, 735.72±21.46; FC, 

655.19±21.12; Volume: Vehicle, 805.91±26.98; FC, 680.66±27.77; No. of 

processes: Vehicle, 41.5±1.31; FC, 35.41±1.35; No. of nodes: Vehicle, 34.5±0.98; 

FC, 29.5±1.41). In the MC-treated group, the total length, number of processes, 

and number of nodes except for volume were significantly decreased compared to 

the vehicle group (Figure 5b, Total length: Vehicle, 735.72±21.46; MC, 

656.52±22.89; Volume: Vehicle, 805.91±26.98; MC, 729.5±26.87; No. of 

processes: Vehicle, 41.5±1.31; MC, 35.66±1.52; No. of nodes: Vehicle, 

34.5±0.98; MC, 29.41±1.52). These results indicate that continuous injection of 

FC or MC affected the astrocyte activity and this led to the morphological changes 

of astrocytes.  

In CD11b/c-positive microglia, the sham, vehicle, and FC-treated groups had 

similar appearances whereas the MC-treated group showed short branches and few 

processes. The skeletonized image of CD11b/c-positive microglia in the 

MC-treated group appeared to have fewer processes compared to the vehicle 

group (Figure 5c.1, c.2). The number of cells, the number of endpoint, total length, 

and fractal dimension were significantly decreased in the MC-treated group 

compared to the vehicle group. However, there was no difference in the sham, 

vehicle, and FC-treated groups (Figure 5d, No. of cells: Sham, 1±0; Vehicle, 

1.07±0.04; FC, 1.03±0.04; MC 0.91±0.04; Total length: Sham, 575.41±17.95; 

Vehicle, 595.16±22.41; FC, 587±22.81; MC 522.75±18.94; No. of endpoint: 

Sham, 87.75±2.65; Vehicle, 93.16±2.88; FC, 88.75±3.50; MC 79.41±3.04; Fractal 

dimension: Sham, 1.51±0.01; Vehicle, 1.52±0.01; FC, 1.51±0.01; MC, 1.45±0.01). 

These results indicate that the number of microglia and their morphology was 

changed by continuous injection of MC into the IC.  

On PID 14, the GFAP-positive astrocytes in the vehicle, FC-, and MC-treated 

groups appeared to have thicker primary branches and processes compared to the 

sham group (Figure 6a). The skeletonized (Figure 6a.1) and reconstructed volume 

(Figure 6a.2) images of GFAP-positive astrocytes in the vehicle group showed 
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many processes and thick branches. Similarly, the skeletonized (Figure 6a.3) and 

reconstructed volume (Figure 6a.4) images of GFAP-positive astrocytes in the 

FC-treated group showed thick branches and many processes. The number of 

astrocytes was not different between all the groups. However, the total length, 

volume, number of processes, and number of nodes were significantly increased in 

the vehicle, FC, and MC-treated groups compared to the sham group (Figure 6b, 

No. of cells: Sham, 1±0; Vehicle, 1.01±0.02; FC, 1.05±0.03 ; MC, 1.07±0.03; 

Total length: Sham, 657.73±14.20; Vehicle, 768.95±22.66; FC, 762.03±23.98; 

MC, 756.72±32.13; Volume: Sham, 728.91±17.86; Vehicle, 827.66±27.94; FC, 

832.75±21.51; MC, 829.25±31.89; No. of processes: Sham, 36.66±1.44; Vehicle, 

43.25±1.64; FC, 42.41±1.33; MC, 42.41±1.58; No. of nodes: Sham, 32.83±1.15; 

Vehicle, 38.58±1.29; FC, 38±1.37; MC, 38.33±1.33). These results suggest that 

astrocytes could have longer and thicker morphology after FC or MC withdrawal.  

In CD11b/c-positive microglia, all the groups appeared to have a similar 

appearance. The skeletonized image of CD11b/c-positive microglia in the vehicle 

and MC-treated groups showed comparable morphological appearance (Figure 

6c.1, c.2). Morphometric analysis of microglia showed that there was no statistical 

difference among changes in microglia morphology (Figure 6d, No. of cells: Sham, 

1±0; Vehicle, 1.02±0.04; FC, 1.04±0.03; MC, 1.03±0.04; Total length: Sham, 

597.75±16.37; Vehicle, 573.91±31.86; FC, 583.5±13.47; MC, 594.16±;21.10; No. 

of endpoint: Sham, 84.91±1.49; Vehicle, 83±1.45; FC, 84.25±1.03; MC, 

82.66±1.38; Fractal dimension: Sham, 1.54±0.01; Vehicle, 1.53±0.01; FC, 

1.55±0.01; MC, 1.54±0.01). 
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Figure 4. Process of morphometric analyses of astrocytes and microglia. (a) A 

schematic representation of Sholl analysis. The selected astrocyte is analyzed by 

using concentric circles at 4 μm intervals after reconstruction process by using the 

Simple Neurite Tracer plugin of the FIJI-ImageJ. Scale bar = 10 µm. (b) The 

acquired microglia image was converted to binary image by using FIJI-ImageJ. 

Scale bar = 10 µm. (c) Conversion of binary image to skeletonized image 

according to skeleton analysis protocol. The skeletonized image (right) represents 

skeletonized processes as orange, junctions as purple, and endpoints as blue. Scale 

bar = 10 µm. (d) Illustration of FracLac box counting procedure by using binary 

image according to FracLac plugin protocol. Left shows fractal dimension 

calculation of microglia outline and right indicates convex hull (blue) and 

bounding circle (pink) of the identical microglia. 
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Figure 5. Morphometric alterations of astrocytes and microglia after early 

inhibition of glia activity. (a) Representative immunofluorescence z-stack images 

of GFAP-positive astrocytes in the IC on PID 7. An increased complexity of 

astrocyte morphology was seen in the vehicle group compared to the sham group. 

The FC- and MC-treated group exhibited decreased complexity of astrocytes. a.1 

and a.2 represent the transformed skeletal image and volume reconstruction image 

of astrocytes, respectively, in the vehicle group. a.3 and a.4 represent the 

transformed skeletal image and volume reconstruction image of astrocytes, 
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respectively, in the FC-treated group (inhibit astrocyte activation). Scale bar = 50 

µm. (b) Both FC and MC interrupts the morphological activation of astrocytes in 

the early stage of pain development. Total length, volume, no. of processes, and no. 

of nodes were quantified by Sholl analysis protocol (Sham, Vehicle, FC, MC: 

n=4). Data are presented as mean ± SEM. *p <0.05 vs. Sham; #p < 0.05 vs. 

vehicle, one-way ANOVA followed by Tukey's post hoc test. (c) Representative 

immunofluorescence z-stack images of CD11b/c-positive microglia in the IC on 

PID 7. Decreased ramification of microglia was observed in the MC-treated group 

compared to the vehicle group. c.1 and c.2 represent the transformed skeletal 

image of microglia in the vehicle group and MC-treated group (inhibit microglia 

activation), respectively. Scale bar = 50 µm. (d) MC inhibits morphological 

activation of microglia in the early stage of pain development. Total length, no. of 

endpoints, and fractal dimension were quantified by skeleton analysis and fractal 

analysis (Sham, Vehicle, FC, MC: n=4). Data are presented as mean ± SEM. #p < 

0.05 vs. vehicle, one-way ANOVA followed by Tukey's post hoc test. 
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Figure 6. Morphological changes of astrocytes and microglia at 7 days after 

FC and MC withdrawal. (a) Representative immunofluorescence z-stack images 

of GFAP-positive astrocytes in the IC on PID 14. An increased complexity of 

astrocyte morphology was seen in the vehicle, FC- and MC-treated groups 

compared to the sham group. a.1 and a.2 represent the transformed skeletal image 

and volume reconstruction image of astrocytes, respectively, in the vehicle group. 

a.3 and a.4 represent transformed skeletal image and volume reconstruction image 

of astrocytes, respectively, in the FC-treated group (inhibit astrocyte activation). 
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Scale bar = 50 µm. (b) Increased morphological activation of astrocytes in the 

vehicle, FC- and MC-treated group after drug injection withdrawal. Total length, 

volume, no. of processes, and no. of nodes were quantified by Sholl analysis 

protocol (Sham, Vehicle, FC, MC: n=4). Data are presented as mean ± SEM. *p 

<0.05 vs. Sham, one-way ANOVA followed by Tukey's post hoc test. (c) 

Representative immunofluorescence z-stack images of CD11b/c positive microglia 

in the IC on PID14. Similar ramification of microglia was observed in all groups. 

c.1 and c.2 represent the transformed skeletal image of microglia in the vehicle 

group and MC-treated group (inhibit microglia activation), respectively. Scale bar 

= 50 µm. (d) Similar ramification of microglia was seen in all groups at 7 days 

after FC and MC withdrawal. Total length, no. of endpoints, and fractal dimension 

were quantified by skeleton analysis and fractal analysis (Sham, Vehicle, FC, MC: 

n=4). Data are presented as mean ± SEM. One-way ANOVA followed by Tukey's 

post hoc test. 
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4. Repeated inhibition of astrocytes and microglia in the late stage of neuropathic 

pain development alleviated mechanical allodynia 

 

We performed late inhibition of astrocytes and microglia in the IC to evaluate the 

pain relieving effect, after analyzing the early inhibition of NP. The rats identified 

as Vehicle, FC and MC groups before PID 7 underwent NP surgery without 

receiving any treatment. All rats except for the sham group during the period from 

PID -1 to PID 7 of Exp. 2 were defined as the NP group. Therefore, the MWTs 

from PID -1 to PID7 correspond to rats, which were later divided into vehicle, FC, 

and MC-treated groups. As a result, the MWTs of NP group rapidly decreased 

until PID 7 (Figure 7a, PID 7: Sham, 26.33±0.76; Vehicle, 8.22±0.71; FC, 

8.17±0.86; MC, 7.86±0.8). This result indicates development of the pathological 

pain condition. The MWTs of FC- and MC-treated groups showed a significant 

analgesic effect compared to the vehicle group one day after the first injection 

(PID 8). Similar MWTs were maintained throughout the drug injection period 

from PID 8 until PID 14, showing a significant pain alleviation effect compared to 

the vehicle group (Figure 7a, PID 14: Sham, 25.96±0.84; Vehicle, 6.08±0.90; FC, 

11.52±1.01; MC, 11.76±1.28). Additionally, to evaluate the sustained analgesic 

effect of FC and MC, MWTs from PID 14 to PID 21 were measured. As a result, 

one day after FC and MC withdrawal (PID 14), significant pain relieving effects 

were maintained in both FC- and MC-treated groups compared to the vehicle 

group. The MWTs in FC- and MC-treated group started to decrease on PID 15 and 

subsequently showed no pain alleviation effects. From PID 16 to PID 21, all 

groups showed similar MWTs compared to the vehicle group (Figure 7b, PID 14: 

Sham, 25.35±1.27; Vehicle, 6.06±1.14; FC, 12.51±0.95; MC, 12.01±1.02; PID 21: 

Sham, 25.21±0.94; Vehicle, 5.24±1.64; FC, 5.71±1.37; MC, 5.58±1.64).  

The expression of GFAP in the NP group on PID 7 was significantly increased 

compared to the sham group (Figure 7c, Sham, 1±0; NP, 1.2±0.02), indicating that 

the activation of astrocytes had increased in pain condition. On the contrary, a 

change in expression of CD11b/c was not seen in the NP group compared to the 

sham group (Figure 7c, Sham, 1±0; NP, 0.92±0.11). The expression of both GFAP 



 

32 
 

and CD11b/c were consistent with the results of PID 7 in the early inhibition 

experiment (Figure 3b).  

On PID 14, the expression of GFAP in the vehicle group significantly increased 

compared to the sham group (Figure 7d, Sham, 1±0; Vehicle, 1.26±0.03). This 

result indicates that astrocytic activity increased in the late stage of pain 

development. In the FC-treated group, the expression of GFAP significantly 

decreased compared to the vehicle group (Figure 7d, Vehicle, 1.26±0.03; FC, 

0.98±0.07). This result supports the analgesic effect of FC in the behavioral test. 

In the MC-treated group, the expression of GFAP was decreased, however, there 

was no statistically significant difference as compared to the vehicle group (Figure 

7d, Vehicle, 1.26±0.03; MC, 1.16±0.04). There was no significant difference in 

the expression of CD11b/c between the sham and vehicle groups (Figure 7d, Sham, 

1±0; Vehicle, 0.92±0.09). The FC-treated group showed a decrease in expression 

of CD11b/c, however, it was not statistically significant (Figure 7d, Vehicle, 

0.92±0.09; FC, 0.86±0.089). In the MC-treated group, CD11b/c expression was 

significantly reduced compared to the vehicle group (Figure 7d, Vehicle, 

0.92±0.09; MC, 0.55±0.06). This result supports the analgesic effect of MC in the 

behavioral tests. 
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Figure 7. Changes in mechanical allodynia and molecular alterations in 

astrocytes and microglia after repetitive inhibition of glial activity on 

established neuropathic pain. (a) Changes in mechanical withdrawal threshold 

(MWT) after repetitive injection of FC and MC into the IC on developed 

neuropathic pain condition. After nerve injury, significantly lower MWTs were 

observed in the NP group (n=36) on post-injury day (PID) 1, 4, 7, and 14 

compared to those in the sham group (n=12). Each drug was injected into the IC 

every 24 hrs for 7 days from PID 7 to PID 13. Both FC- (n=12) and MC- (n=12) 

treated groups showed significant pain-relieving effects from PID 8 to PID 14 

compared to the vehicle group (n=12). Data are presented as mean ± standard error 

of mean (SEM). *p < 0.05; **p < 0.01; ***p < 0.001 vs. Vehicle, two-way 

repeated measures analysis of variance (ANOVA) followed by Bonferroni test. (b) 

Evaluation of analgesic effects after 7 consecutive days of injection of FC and the 

MC in the late stage of pain development. One day after FC and MC withdrawal 
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(PID 14), the MWT showed significant analgesic effects in both FC- (n=4) and 

MC- (n=4) treated groups compared to the vehicle group (n=4). The MWTs in FC- 

and MC-treated groups were decreased on PID 15 and showed no pain alleviation 

effects. From PID 16 to PID 21, all groups showed similar MWTs compared to the 

vehicle group. Data are presented as mean ± standard error of mean (SEM). **p < 

0.01 vs. Vehicle, two-way repeated measures analysis of variance (ANOVA) 

followed by Bonferroni test. (c) Change in expression of GFAP and CD11b/c at 7 

days after nerve injury. The expression of GFAP in NP group (n=6) was 

significantly increased compared to the sham group (n=6). In CD11b/c expression, 

there was no significant difference between the sham and vehicle group. Data are 

presented as mean ± SEM. **p < 0.01 vs. Sham, one-way ANOVA followed by 

the Bonferroni’s post hoc multiple comparison test. (d) Change in expression of 

GFAP and CD11b/c after seven consecutive daily injections of FC and MC in the 

late stage of pain development. The expression of GFAP in the vehicle group 

(n=6) was significantly increased compared to the sham group (n=6). The 

FC-treated group (n=6) showed significant decrease in GFAP expression 

compared to the vehicle group. In CD11b/c expression, there was no significant 

difference between the sham (n=6) and the vehicle group (n=6). The MC-treated 

group (n=6) showed significant decrease in expression of CD11b/c compared to 

the vehicle group. Data are presented as mean ± SEM. *p <0.05 vs. Sham; ##p < 

0.01 vs. vehicle, one-way ANOVA followed by the Bonferroni’s post hoc multiple 

comparison test. 
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5. Chronic inhibition of glial activity after neuropathic pain development led to 

morphological changes of astrocytes and microglia in the IC 

 

After the development of early stage of NP, GFAP-positive astrocytes in the NP 

group showed thicker primary branches and longer processes (Figure 8a). The 

skeletonized and reconstructed volume images of GFAP-positive astrocytes in the 

NP group showed many processes and thick branches compared to the sham group 

(Figure 8, Sham, a.1, a.2; Vehicle, a.3, a.4). Morphometric analysis of astrocytes 

on PID 7 in the late inhibition experiment indicated that there were no differences 

in the number of cells between the groups (Figure 8b, Sham, 1±0; NP, 1.01±0.01) 

in the IC. Longer processes, larger volume, increased number of processes, and 

increased number of nodes were seen in the IC of the NP group (Figure 8b, Total 

length: Sham, 638.75±33.18; NP, 796.83±48.03; Volume: Sham, 669.91±29.24; 

NP, 782.83±30.34; No. of processes: Sham, 35.91±3.10; NP, 45.66±2.99; No. of 

nodes: Sham, 29.91±1.23; NP, 34.58±1.27). This result was consistent with the 

morphological changes of astrocytes on PID 7 in the early inhibition experiment 

(Figure 5b).  

The CD11b/c-positive microglia of the sham and NP groups had a similar 

appearance. The skeletonized image of CD11b/c-positive microglia in the NP and 

MC-treated groups showed comparable morphological appearance (Figure 8c.1, 

c.2). There were no statistical differences in the morphological properties between 

the groups (Figure 8d, No. of cells: Sham, 1±0; NP, 1.05±0.02; Total length: Sham, 

566.75±13.60; NP, 591.16±16.53; No. of endpoint: Sham, 74±1.77; NP, 

77.25±2.46; Fractal dimension: Sham, 1.48±0.01; NP, 1.48±0.01).  

After late inhibition of astrocytes and microglia on PID 14, the GFAP-positive 

astrocytes in the vehicle group appeared to have thicker primary branches and 

longer processes compared to the sham group (Figure 9a). The skeletonized 

(Figure 9a.1) and reconstructed volume (Figure 9a.2) images of GFAP-positive 

astrocytes in the vehicle group showed thick branches and increased number of 

processes. On the contrary, FC-treated group had fine processes and thin primary 

branches in GFAP-positive astrocytes compared to the vehicle group (Figure 9a). 
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The skeletonized (Figure 9a.3) and reconstructed volume (Figure 9a.4) images of 

GFAP-positive astrocytes in the FC-treated group showed few processes and thin 

branches. In the MC-treated group, relatively low intensity of astrocytes were 

observed (Figure 9a). In the morphometric analyses, the number of astrocytes 

showed no difference between all the groups (Figure 9b, Sham, 1±0; Vehicle, 

1.05±0.02; FC, 1.02±0.01; MC, 1.00±0.03). However, total length, volume, the 

number of processes, and the number of nodes were significantly increased in the 

vehicle group compared to the sham group. In contrast, FC-treated group showed a 

decrease in the morphological properties of astrocytes, compared to the vehicle 

group. The changes in astrocyte morphology in MC-treated group tended to 

decrease, however, there was no statistically significant difference (Figure 9b, 

Total length: Sham, 644.62±30.03; Vehicle, 762.16±20.94; FC, 644.92±17.09; 

MC, 687.15±32.63; Volume: Sham, 738.16±26.17; Vehicle, 800.58±20.34; FC, 

641.91±18.42; MC, 744±23.73; No. of processes: Sham, 35.41±1.35; Vehicle, 

44.5±1.99; FC, 36.5±2.21; MC, 42.16±2.45; No. of nodes: Sham, 33±1.05; 

Vehicle, 38.16±1.41; FC, 33.08±0.79; MC, 32.25±2.29).  

In the CD11b/c-positive microglia, the sham, vehicle, and FC-treated groups 

have similar appearance whereas MC-treated group showed short branches and 

few processes. The skeletonized image of CD11b/c-positive microglia in the 

MC-treated group appeared to have fewer processes compared to the vehicle 

group (Figure 9c.1, c.2). In morphological analysis, the number of cells, the 

number of endpoint, total length, and fractal dimension were significantly 

decreased in the MC-treated group. However, there were no differences in the 

morphological properties of microglia between sham, vehicle, and FC-treated 

group (Figure 9d, No. of cells: Sham, 1±0; Vehicle, 1.02±0.04; FC, 0.99±0.03; 

MC, 0.88±0.03; Total length: Sham, 615±7.14; Vehicle, 617.66±16.16; FC, 

582±22.33; MC, 553.91±16.00; No. of endpoint: Sham, 89.58±1.36; Vehicle, 

91.75±1.18; FC, 88±1.96; MC, 83.83±2.47; Fractal dimension: Sham, 1.50±0.01; 

Vehicle, 1.53±0.01; FC, 1.52±0.01; MC, 1.44±0.04). These results suggest that 

consecutive injection of glial inhibitors, even after the pain development, induces 

morphological changes in the astrocytes and microglia.  



 

37 
 

 

Figure 8. Morphometric difference of astrocytes and microglia in the IC 

between sham-operated rats and nerve-injured rats. (a) Representative 

immunofluorescence z-stack images of GFAP-positive astrocytes in the IC on PID 

7. An increased complexity of astrocyte morphology was noted in the NP group 

compared to the sham group. a.1 and a.2 represent the transformed skeletal image 

and volume reconstruction image of astrocytes, respectively, in the sham group. 

a.3 and a.4 represent the transformed skeletal image and volume reconstruction 

image of astrocytes, respectively, in NP group (received nerve injury surgery). 

Scale bar = 50 µm. (b) Nerve injury increased the morphological complexity of 

astrocytes in the IC. Total length, volume, no. of processes, and no. of nodes were 

quantified by Sholl analysis protocol (Sham, Vehicle, FC, MC: n=4). Data are 

presented as mean ± SEM. *p <0.05 vs. Sham, one-way ANOVA followed by 



 

38 
 

Tukey's post hoc test. (c) Representative immunofluorescence z-stack images of 

CD11b/c-positive microglia in the IC on PID 7. Similar ramification of microglia 

was seen in the sham and NP group. c.1 and c.2 represent the transformed skeletal 

image of microglia in the sham and NP group, respectively. Scale bar = 50 µm. (d) 

Similar ramification of microglia was seen in the sham and NP group at 7 days 

after nerve injury. Total length, no. of endpoints, and fractal dimension were 

quantified by skeleton analysis and fractal analysis (Sham, Vehicle, FC, MC: n=4). 

Data are presented as mean ± SEM. One-way ANOVA followed by Tukey's post 

hoc test. 
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Figure 9. Morphological changes of astrocytes and microglia in the IC after 

late inhibition of glia activity. (a) Representative immunofluorescence z-stack 

images of GFAP-positive astrocytes in the IC on PID 14. An increased complexity 

of astrocyte morphology was noted in the vehicle group compared to the sham 

group. The FC-treated group exhibited decreased complexity of astrocytes. a.1 and 

a.2 represent the transformed skeletal image and volume reconstruction image of 

astrocytes, respectively, in the vehicle group. a.3 and a.4 represent the transformed 

skeletal image and volume reconstruction image of astrocytes, respectively, in 
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FC-treated group (inhibit astrocyte activation). Scale bar = 50 µm. (b) FC 

interrupts morphological activation of astrocytes after chronic pain development. 

Total length, volume, no. of processes, and no. of nodes were quantified by Sholl 

analysis protocol (Sham, Vehicle, FC, MC: n=4). Data are presented as mean ± 

SEM. *p <0.05 vs. Sham; #p < 0.05 vs. vehicle, one-way ANOVA followed by 

Tukey's post hoc test. (c) Representative immunofluorescence z-stack images of 

CD11b/c-positive microglia in the IC on PID 14. A decreased ramification of 

microglia was seen in the MC-treated group compared to the vehicle group. c.1 

and c.2 represent the transformed skeletal image of microglia in the vehicle group 

and MC-treated group (inhibit microglia activation), respectively. Scale bar = 50 

µm. (d) MC inhibits morphological activation of microglia after chronic pain 

establishment. Total length, no. of endpoints, and fractal dimension were 

quantified by skeleton analysis and fractal analysis (Sham, Vehicle, FC, MC: n=4). 

Data are presented as mean ± SEM. #p < 0.05 vs. vehicle, one-way ANOVA 

followed by Tukey's post hoc test. 
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6. Suppression of astrocytes or microglia decreased P2X4R and P2X7R expression 

in the IC of neuropathic pain rats 

 

First, we examined the expression levels of P2X4R and P2X7R in the early 

inhibition experiment (Exp. 1) on PID 7. The results showed that P2X4R was 

significantly increased in the vehicle group compared to the sham group (Figure 

10a, Sham, 1±0; Vehicle, 1.26±0.04). The FC- and MC-treated groups showed a 

significant decrease in P2X4R expression compared to the vehicle group (Figure 

10a, Vehicle, 1.26±0.04; FC, 1.00±0.07; MC, 0.96±0.05). The expression of 

P2X7R also increased significantly in the vehicle group compared to the sham 

group. In contrast, the P2X7R expression in the FC- and MC-treated groups 

showed a significant decrease compared to the vehicle group (Figure 10a, Sham, 

1±0; Vehicle, 1.30±0.05; FC, 0.98±0.08; MC, 0.93±0.07). This result suggests that 

the change in expression of P2X4R and P2X7R in the IC may be associated with 

the transmission of pain signals. Further, change in expression of P2X4R and 

P2X7R were examined in the early inhibition experiment (Exp. 1) on PID 14. The 

expression of P2X4R showed no significant differences between all the groups 

(Figure 10b, Sham, 1±0; Vehicle, 0.97±0.05; FC, 1.06±0.07; MC, 0.99±0.10). The 

expression of P2X7R was increased in the vehicle, FC- and MC-treated groups 

compared to the sham group. However, there were no significant differences 

between the groups (Figure 10b, Sham, 1±0 Vehicle, 1.18±0.09, FC, 1.32±0.13; 

MC, 1.39±0.12). These results indicate that the effects of glial inhibitors 

disappeared on PID 14 due to the withdrawal of FC and MC. 

The expression levels of P2X4R and P2X7R were observed in the late inhibition 

experiment (Exp. 2). On PID 7, both P2X4R and P2X7R expression in the NP 

group were significantly increased compared to the sham group (Figure 10c, Sham, 

1±0; NP, 1.19±0.08). This result had the same tendency of P2X4R and P2X7R 

expression, as seen in the early inhibition experiment (Exp. 1) on PID 7 (Figure 

10a).  

Next, P2X4R and P2X7R expression in the IC were observed on PID 14. The 

expression of P2X4R in the vehicle group did not show a significant difference 
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compared to the sham group (Figure 10d, Sham, 1±0; Vehicle, 0.97±0.04). The 

FC-treated group had downregulated expression of P2X4R than the sham and 

vehicle group, however, it was not statistically significant. The MC-treated group 

showed a significant decrease in P2X4R expression compared to the vehicle group 

(Figure 10d, FC, 0.85±0.07; MC, 0.69±0.07). Increased expression of P2X7R was 

noted in the vehicle group; however, it was not statistically significant compared 

to the sham group. The FC-treated group showed a significant reduction of P2X7R 

expression compared to the vehicle group. The MC-treated group was not 

significantly different from the other groups (Figure 10d, Sham, 1±0; Vehicle, 

1.12±0.06; FC, 0.86±0.05; MC, 1.06±0.06). These results indicate that the 

expression of P2X4R was significantly decreased in the MC-treated group in 

which microglial activity was continuously inhibited, and the expression of 

P2X7R showed a significant decrease in the FC-treated group, which had 

continuously inhibited astrocyte activity in the IC. 
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Figure 10. Change in expression of P2X4R and P2X7R in the IC. (a) Change in 

expression of P2X4R and P2X7R after seven consecutive day injection of FC and 

MC in the early stage of pain development (PID 7). The expression of P2X4R in 

the vehicle group (n=6) was significantly increased compared to the sham group 

(n=6). The FC- (n=6) and MC- (n=6) treated groups showed significant decrease 

in P2X4R expression compared to the vehicle group. In P2X7R expression, the 

vehicle group (n=6) showed significant increase compared to the sham group 

(n=6). The FC- (n=6) and the MC- (n=6) treated group showed significant 

decrease in expression of P2X7R compared to the vehicle group. (b) Change in 

expression of P2X4R and P2X7R after FC and MC withdrawal (PID 14). In 

P2X4R expression, there was no significant difference between the groups (Sham, 

Vehicle, FC, MC: n=6). The expression of P2X7R in vehicle (n=6), FC- (n=6) and 

MC- (n=6) treated groups tended to increase compared to the sham group (n=6). 

(c) Change in expression of P2X4R and P2X7R after development of chronic pain 

(PID 7). The expression of P2X4R in the NP group (n=6) was significantly 

increased compared to the sham group (n=6). The P2X7R expression was 

significantly increased in the NP group (n=6) compared to the sham group (n=6). 

(d) Change in expression of P2X4R and P2X7R after seven consecutive day 

injection of FC and MC in the late stage of pain development (PID 14). The 

expression of P2X4R showed no significant differences between the sham (n=6) 
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and vehicle group (n=6). The MC-treated group (n=6) showed a significant 

decrease of P2X4R expression compared to the sham group. The expression of 

P2X7R in the vehicle group (n=6) was increased compared to the sham group 

(n=6), however there was no statistically significance. The FC-treated group (n=6) 

showed significant decrease in P2X7R expression compared to the vehicle group. 

Data are presented as mean ± SEM. *p <0.05 vs. Sham; #p < 0.05; ##p < 0.01 vs. 

vehicle, one-way ANOVA followed by the Bonferroni’s post hoc multiple 

comparison test. 
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7. The P2X4R was co-localized with neurons, astrocytes, and microglia in the IC 

whereas P2X7R was predominantly co-localized with microglia in the IC 

 

Purinergic receptors have been studied as important receptors in the interaction 

between astrocytes, microglia, and neurons.43 The expression of spinal P2X4R and 

P2X7R was observed in the microglia.72 Some brain studies related to ischemia 

have reported that the expression of P2X4R and P2X7R was observed in both 

neurons and glial cells.73 However, few studies have been carried out to reveal the 

changes of P2XRs in the brain during the condition of pain. Therefore, we 

performed double immunostaining using markers that co-localized with P2X4R 

and P2X7R to identify the specific cells in the IC. To investigate the 

co-localization of P2X4R, we performed co-immunostaining of P2X4R with 

GFAP, CD11b/c, and NeuN. It revealed that the expression of P2X4R in 

GFAP-positive astrocytes partially overlapped in the IC (Figure 11a). The 

expression of P2X4R appeared in thick branches of GFAP-positive astrocytes 

(Figure 11b). P2X4R expression also co-localized with CD11b/c-positive 

microglia similar to GFAP expression (Figure 11c). The expression of P2X4R in 

NeuN-positive neurons showed strong overlap in the IC (Figure 11e). The merged 

confocal images of ortho-view showed co-localization of P2X4R-positive 

expression in GFAP-positive astrocyte (Figure 11b), P2X4R-positive expression 

in CD11b/c-positive microglia (Figure 11d) and P2X4R-positive expression in 

NeuN-positive neurons (Figure 11f).  

To investigate the co-localization of P2X7R and glial cells, we performed 

co-immunostaining of P2X7R with GFAP, CD11b/c, and NeuN. P2X7R 

expression was observed in GFAP-positive astrocytes in the IC. However, the 

expression level of P2X7R in GFAP-positive astrocytes was relatively low 

compared to the expression in microglia (Figure 12a, b). P2X7R expression in 

CD11b/c-positive microglia showed high co-localization (Figure 12c). The 

expression of P2X7R in NeuN-positive neurons partially overlapped in the IC 

(Figure 12e, f). The merged confocal images of ortho-view showed co-localization 

of P2X7R-positive expression with GFAP-positive astrocytes (Figure 12b), 
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P2X7R-positive expression with CD11b/c-positive microglia (Figure 12d), and 

P2X7R-positive expression with NeuN-positive neurons (Figure 12f). 
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Figure 11. Co-localized expression of P2X4R in the IC. (a) GFAP-positive 

astrocytes and P2X4R-positive expression in the IC. Representative images of the 

vehicle group on PID 7 in early inhibition. Immuno-labeling of P2X4R (green) is 

co-localized with GFAP-positive astrocytes (red, arrow). The cellular nuclei were 

stained with DAPI (blue). (b) Confocal ortho-images of merged GFAP-positive 

astrocytes and P2X4R-positive expression. (c) CD11b/c-positive microglia and 

P2X4R-positive expression in the IC. Representative images of the vehicle group 

on PID 7 in early inhibition. Immuno-labeling of P2X4R (green) is co-localized 

with CD11b/c-positive microglia (red, arrow). The cellular nuclei were stained 

with DAPI (blue). (d) Confocal ortho-images of merged CD11b/c-positive 

microglia and P2X4R-positive expression. (e) NeuN-positive neurons and 

P2X4R-positive expression in the IC. Representative images of the vehicle group 
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on PID 7 in early inhibition. Immuno-labeling of P2X4R (green) is co-localized 

with NeuN-positive neurons (red, arrow). The cellular nuclei were stained with 

DAPI (blue). Scale bar = 50 µm. (f) Confocal ortho-images of merged 

NeuN-positive neurons and P2X4R-positive expression. 
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Figure 12. Co-localized expression of P2X7R in the IC. (a) GFAP-positive 

astrocytes and P2X7R-positive expression in the IC. Representative images of the 

vehicle group on PID 7 in early inhibition. Immuno-labeling of P2X7R (green) is 

co-localized with GFAP-positive astrocytes (red, arrow). The cellular nuclei were 

stained with DAPI (blue). (b) Confocal ortho-images of merged GFAP-positive 

astrocytes and P2X7R-positive expression. (c) CD11b/c-positive microglia and 

P2X7R-positive expression in the IC. Representative images of the vehicle group 

on PID 7 in early inhibition. Immuno-labeling of P2X7R (green) is co-localized 

with CD11b/c-positive microglia (red, arrow). The cellular nuclei were stained 

with DAPI (blue). (d) Confocal ortho-images of merged CD11b/c-positive 

microglia and P2X7R-positive expression. (e) NeuN-positive neurons and 

P2X7R-positive expression in the IC. Representative images of the vehicle group 
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on PID 7 in early inhibition. Immuno-labeling of P2X7R (green) is co-localized 

with NeuN-positive neurons (red, arrow). The cellular nuclei were stained with 

DAPI (blue). Scale bar = 50 µm. (f) Confocal ortho-images of merged 

NeuN-positive neurons and P2X7R-positive expression. 

 

 

 

 

 



 

51 
 

IV. DISCUSSION 

 

In the present study, pain alleviation effect was demonstrated by inhibiting the 

glial cells in the IC during development of NP. Early inhibition of astrocytes or 

microglia attenuated mechanical allodynia, and showed downregulation of GFAP 

and CD11b/c expression. In particular, analgesic effect was prolonged when the 

microglial activity was repeatedly suppressed during the early stage of pain 

development. In addition, repetitive suppression of astrocytes and microglia in the 

late stage of pain development significantly alleviated chronic pain. Alteration of 

astrocyte and microglial morphology was observed after consecutive 

administration of FC or MC, and showed reduced complexity of glial morphology 

in the IC. Increased expression of P2X4R and P2X7R was significantly reduced 

after FC or MC administration and its downregulated expression coincided with 

attenuated pain behavior. These findings indicate that repetitive inhibition of 

astrocytes or microglia in the IC has the effect of alleviating NP in both early and 

late stage of pain development. Moreover, the involvement of glial cells and 

P2XRs in the early stage of pain development may have the potential to sustain the 

analgesic effect via IC. 

 

 

1. Inhibition of astrocyte or microglial activity in the early stage of pain 

development in IC can delay neuropathic pain development 

 

Increasing evidence of glial modulation in pain studies indicate that astrocytes 

and microglia are closely related to the transmission of pain signals.24,74-76 

However, studies on the effect of pain alleviation that inhibit glial cell activity in 

the brain are insufficient, to date. In the present study, early inhibition of astrocyte 

activity in the IC showed pain-relieving effects. The expression of GFAP was 

significantly upregulated in the vehicle group, whereas the FC-treated group 

showed a significant decrease of GFAP expression. Astrocytes surround the 

synapses of neurons and play a key role in neural signal transmission.77,78 
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Therefore, the astrocytes actively respond to pathological pain conditions.78,79 

Previous research has confirmed that activated spinal astrocytes have increased 

GFAP expression after peripheral nerve injury.39 Therefore, upregulated GFAP 

expression in the vehicle group indicates an active state of astrocytes in the IC. In 

contrast, FC-treated group showed a significant decrease in GFAP expression and 

exhibited significant pain alleviation effects. In a previous study, suppression of 

upregulated spinal astrocyte activity had shown effective pain attenuation.56,80,81 

This analgesic effect was achieved by interference of astrocytic signaling that 

contributed to pain development.81,82 Therefore, the pain alleviation effect in the 

FC-treated group was induced by reduction of astrocyte activation, which 

enhances the transmission of neural signals. These results indicate that direct 

inhibition of astrocyte activity in the IC could alleviate chronic pain.  

Studies have confirmed a significant increase in microglial activation in the 

spinal dorsal horn during pain condition83-85 and reported an increase in markers of 

microglial activation in several brain regions.86,87 In addition, the analgesic effects 

by direct inhibition of increased spinal microglial activity or inhibition of the 

related intracellular signaling have also been established.88-91 In the present study, 

the suppression of microglial activity immediately after the nerve injury delayed 

NP development. However, there were no differences in the CD11b/c expression 

between the sham and vehicle groups. Consistent with the present results, a 

previous study has demonstrated that there was no difference in microglial activity 

in pain related brain regions by observing a microglia-specific receptor.35 

Normally, microglia reacts rapidly to external stimuli and its alterations are 

expressed transiently.92 Accordingly, research has demonstrated that activation 

changes in the spinal microglia appear after a few hours up to 2 days after the 

nerve injury.47 In addition, inhibition of microglial activity before the nerve injury 

or during the early stage of pain development is more effective for pain relief than 

at a later stage.38,53 Previous research indicates that the peak activity of microglia 

occurs before PID 7 and PID 14, which is when the IC tissue was extracted in the 

present study. Therefore, there may be no difference in the IC microglia activity in 

nerve-injured rats on PID 7 and PID 14. Moreover, another study has reported that 
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the changes in microglial activity which was labeled with CD11b/c were 

significant only at the site of direct nerve injury.93 This is supported by pain 

studies using CD11b/c marker to identify the changes in microglia, which did not 

observe a significant difference in the spinal cord.44,93,94 Meanwhile, 

downregulated expression of CD11b/c was observed in the MC-treated rats. 

Furthermore, the number of microglial cells decreased significantly compared to 

the other groups. In previous studies, the number of activated microglia which 

were labeled with CD11b/c decreased after MC administration and the role of 

microglia became weaker as the number of activated microglia decreased.95,96 

Therefore, the pain-relieving effects of the MC-treated group were induced by 

inhibiting the microglial activity during early stage, which exhibited high 

activation of microglia.  

In the present study, an interesting result was observed with regard to the GFAP 

expression. The expression of GFAP was significantly increased in the FC- and 

MC-treated group on PID 14 after the drug withdrawal. The rebound in GFAP 

expression indicates the disappearance of analgesic effect of FC or MC. Moreover, 

GFAP expression in the FC- and MC-treated group showed higher expression than 

the vehicle group. In functional studies of neuroplasticity, astrocytic activation in 

the spinal cord is the highest during initiation or on-going development of NP.33,39 

Therefore, rebounded expression of GFAP suggests that the activity of astrocytes 

that was suppressed during the early development of NP was resumed. Hence, FC- 

and MC-treated groups may have higher expression of GFAP than the vehicle 

group after early inhibition. However, further research is needed to reveal the 

cause of rebound of GFAP expression. 

 

 

2. Repetitive inhibition of astrocytes or microglia activity in the IC effectively 

attenuated the developed chronic pain 

 

Studies on modulating spinal glia have observed that pain suppression in the 

early stage of pain development is effective in inhibition of both astrocytes or 
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microglia.32,80 However, studies that suppressed glial cells after the establishment 

of chronic pain showed different results.32,40 While the involvement of astrocytes 

in maintaining chronic pain has been documented,8,32,39 another study reported that 

the role of astrocytes in sustaining chronic pain was less than that of microglia.28 

Gwak et al.40 claimed that the rapid response of the spinal microglia seen after the 

nerve injury and activation of spinal microglia lasted several weeks. In contrast, in 

a recent study wherein the activity of the microglia after a nerve injury was 

observed, confirmed the disappearance of microglial activation within several days 

in the spinal cord.28,97 Some studies have also shown that there is no analgesic 

effect when the microglial activity is inhibited after pain development.38,53,98 In the 

present study, the pain-relieving effects were observed during late inhibition of 

astrocytes or microglia activity. The expression level of GFAP was significantly 

increased in the vehicle group. On the contrary, the expression of GFAP 

significantly decreased after seven consecutive administration of FC in the late 

stage of chronic pain development. Research has asserted that the suppression of 

astrocyte activation even after establishment of pain could reduce chronic pain.32,40 

Therefore, the pain-relieving effects of the FC-treated group suggest that chronic 

pain signals were reduced due to the suppression of the astrocyte activity. 

Late inhibition of microglial activity by using MC showed similar analgesic 

effects to the FC-treated group. The molecular changes in the MC-treated group 

showed a decrease in the number of activated microglia. However, late inhibition 

of microglia banished the analgesic effect on a day after MC withdrawal. This 

result indicates that late inhibition of microglia activity has no persistent analgesic 

effect compared to early inhibition. Previous researchers have demonstrated that 

the contribution of microglia to the regulation of pain signals is relatively small 

after the development of pain.38,53,98 Therefore, in the present study, the 

disappearance of prolonged analgesic effect in late inhibition of microglial activity 

may have been influenced by a diminished role of microglia in late stage of pain 

development. 
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3. Persistent inhibition of glia activity altered the morphology of astrocytes and 

microglia in the IC  

 

Glial cells have a unique feature in that they can change their appearance into 

specific shapes corresponding to their function.69,99 The most prominent 

appearance during an activated state is hypertrophy.70,100 Normally, the soma and 

primary branches of glial cells become thicker and bulky, indicating high 

activation state. In addition, glial cells produce fine branches at the edge of the cell, 

making their shape to be complex.68,71 Consequently, glial cells are able to deliver 

more complex and enhanced signals.99,100 In the present study, the rats that 

received NP surgery showed longer length, thicker volume, increase in the number 

of nodes of astrocytes in the IC. The complexity of astrocytes was increased in 

line with the upregulation of GFAP expression. These results are consistent with 

previous literature that showed increased in number of dendrites, number of nodes, 

and thicker volume of the astrocyte soma in pain condition.101 On the contrary, the 

length and number of processes, volume, and number of nodes of astrocytes was 

reduced due to the effect of glial inhibitors in all FC-treated groups and 

MC-treated groups during early inhibition. Thus, astrocytes showing a less 

complex shape suggest that the activity of the surrounding cells have decreased 

and this could lead to the pain alleviation effect. Therefore, inhibition of the glial 

activity in the IC results in morphological changes of astrocytes in both early and 

late stage of pain development. 

The microglia have different morphological characteristics from the 

astrocytes.69,102 Morphological studies have reported that the microglia in a resting 

state has a small soma with long thin processes. On the other hand, the activated 

microglia has a plump soma with thick and short branches. The former shape is 

called “ramified microglia” and the latter is called “amoeboid microglia”.92,100 

Thus, several studies have demonstrated that the amoeboid microglia have fewer 

processes, fewer endpoints, and reduced complexity.102,103 In the present study, 

there were no morphological differences between the sham and vehicle group. 

This result is consistent with CD11b/c expression. The MC-treated microglia in 
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the present study showed a significant decrease in cell number, endpoints, total 

length, and fractal dimension. Fractal dimension is an index that indicates the 

complexity of microglial ramification.69 Higher the fractal dimension, the more 

ramified the microglia is. Hence, decreased fractal dimension, endpoints, and total 

length of the MC-treated group indicate that the ramification was reduced. 

However, a decreased ramification of microglia in the MC-treated group does not 

indicate the phenotypic change of microglia to the active state but displays that the 

activation of microglia was suppressed under the influence of MC. Research 

identifying the morphological changes of microglia by using MC, has shown a 

reduction in the ramification of microglia after MC application. The reduction of 

microglial ramification led to debilitation of microglia activity.104 Therefore, 

de-ramified microglia of the MC-treated group is suggested to be in a deactivated 

state due to MC in the present study. Further research is needed to link the 

morphological changes of glial cells with functions that contribute to pain 

development. 

 

 

4. Possible involvement of glial P2X4R and P2X7R on chronic pain development 

in the IC 

 

In the present study, both early and late inhibition of glial cells during the pain 

development process showed pain alleviation effects. In FC- and MC-treated 

groups, the level of protein expression and morphological changes of astrocytes 

and microglia altered along with the analgesic effect. Nevertheless, change in the 

expression of GFAP and CD11b/c might not fully explain the analgesic effects. 

However, the expression of P2X4R and P2X7R may be able to explain the 

activation of glial cells, which is not sufficiently explained by GFAP and CD11b/c 

expression. Previous studies have revealed that the activation trigger for P2XR is 

ATP, which was associated with NP.42,105 Extracellular ATP is an important 

molecule that functions as a neuromodulator between the neuron and surrounding 

glia.105,106 Extracellular ATP can be elevated around neurons that can transmit 
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chronic pain signals.107 P2X4R and P2X7R are activated under the influence of the 

extracellular ATP.41 Activated P2X4R and P2X7R open the ion channels to induce 

the transmission of ions non-selectively.43,108 These ion fluctuations cause changes 

in the activation state of surrounding neurons and glial cells.73 P2X4R may be 

expressed in astrocytes and microglia, as well as in neurons.72,92 Unlike P2X4R, 

P2X7R can be found mainly in glial cells.72,92 The activation of P2X4R 

upregulates the secretion of brain-derived neurotrophic factor (BDNF) in the 

spinal glia.72,109 BDNF is known to be induced in the spinal cord by nerve injury 

and growth factors are important elements for the development of pathological 

pain.109 However, the activated P2X7R releases the lysosomal enzyme cathepsin S 

and consequently activates chemokine receptors in the microglia, triggering the 

production of various glial mediators, such as interleukins and chemokines.110 

These diverse glial mediators act on the neuron to modulate neuronal 

excitation.110,111 Recent studies have reported that these two receptors are closely 

related. The two receptors appear to reciprocally influence each other at the 

molecular level.47,70,112 In addition, a recent study revealed that P2X4R and P2X7R 

play a more diverse role by forming a P2X4R-P2X7R multiprotein complex.113 

Although the activation mechanisms which have been identified so far for P2X4R 

and P2X7R are different, the signals after the activation of both P2XRs are crucial 

for pain development.42,92,107 The results of present study show that the expression 

of both P2X4R and P2X7R was significantly increased in the vehicle group in the 

early stage of pain development. In contrast, the expression levels of P2X4R and 

P2X7R were significantly decreased in both FC- and MC-treated groups during 

early inhibition of glial activity. In addition, the variation of P2X4R and P2X7R 

expression was consistent with the pain-relieving effect in the early stage of pain 

development. Together with these results, the alterations of P2X4R and P2X7R in 

the IC imply a tight relationship between purinergic signaling and modulation of 

chronic pain. 

In the present study, there were no differences in the expression of CD11b/c and 

microglial morphology between the sham and vehicle groups. Previous studies 

have confirmed that the expression of P2XRs can change without expression of 
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CD11b or ionized calcium-binding adapter molecule 1, known as the microglia 

activation markers, in the activated microglia.44,75,94 For this reason, a few 

researchers have claimed that P2XRs are potent microglia activation markers.114,115 

Therefore, a significant increase of P2X4R and P2X7R expression in 

nerve-injured rats in this study suggests that the microglia contribute to pain 

development via P2XRs in the IC.  

In addition to the involvement of P2X4R and P2X7R in the early stage of NP 

development, P2XR-mediated interaction between astrocytes and microglia could 

also be important. In this study, early inhibition of microglial activity delayed pain 

development whereas late inhibition of microglial activation did not. The 

difference in analgesic effect may result from P2X7R-mediated interaction 

between astrocytes and microglia. P2X7R expression was significantly 

downregulated in both FC- and MC-treated groups in early inhibition. The level of 

P2X7R in late inhibition showed a significant decrease in the FC-treated group. 

Based on the results of immunofluorescence staining, P2X7R was mainly 

expressed in the microglia. These results indicate that there is a P2X7R-mediated 

interaction between astrocytes and microglia in the IC during pain development. 

Another study has reported that the activation of microglia via P2X7R was 

mediated by astrocyte-released ATP.116 Moreover, Barbierato et al.112 reported that 

the mediators released from glial cells were significantly increased when the 

astrocytes and microglia functioned in a cooperative manner through the 

P2X7R-related interaction. These studies indicate that the interaction between 

astrocytes and microglia mediated via P2X7R is closely related to the activation of 

glial cells in the IC. More evidence supporting this assumption is that the 

increased expression of P2X7R coincided with the rebound of GFAP expression 

after the early inhibition of glia activity. The expression of P2X7R in the 

drug-injected groups was similar to that of GFAP expression in the present 

experiment. Based on these results, the synergetic effect of astrocytes and 

microglia via P2X7R in the early stages of pain development implies that P2X7R 

signaling is highly related to the establishment of NP in the IC. However, detailed 

mechanisms of this findings could not be fully elucidated. This is because, 
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research on the mechanism of P2X7R and glia activity in the rat brain model of 

chronic pain are lacking. Therefore, more information is needed to reveal the 

involvement of P2XR signaling in NP condition. 

In summary, the pain alleviation effect was demonstrated by suppressing the glial 

cell in the IC. Inhibition of astrocyte activation in the IC was effective in 

suppressing pathological pain during in both early and late stages of pain 

development. Suppression of microglial activity in the IC was also sufficient to 

suppress early and late stages of pain development. In addition, the glia-related 

P2X4Rs and P2X7Rs were significantly upregulated in the IC in the early stage of 

NP development. These results suggest that the regulation of astrocytes and 

microglial activity in the IC plays an important role in pain development. 

Moreover, P2X4R and P2X7R signaling in the IC may be involved in pain signal 

transmission in the early stage of NP development. The findings of the present 

study provides a better understanding of the time window in regulating NP and 

broadens our knowledge of appropriate glial cell modulation that could enhance 

the effect of pain alleviation. 
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V. CONCLUSION 

 

Repetitive inhibition of astrocytes and microglia in the IC showed pain 

alleviation effects in both early and late stage of NP development. In particular, 

inhibition of microglia activity in early stage of pain development showed 

sustained analgesic effects. Additionally, significant changes of P2X4R and 

P2X7R suggest the possibility that P2X4R and P2X7R are involved in relief of 

pain through glial cells in the IC. 
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신경병증성 통증 발달 과정에서  

뇌섬엽 신경아교세포의 조절을 통한 통증 억제 

 

 

< 지도교수 이 배 환 > 

 

 

연세대학교 대학원 의과학과 

 

 

최 송 연 

 

 

뇌섬엽피질(insular cortex, IC)은 통증과 관련된 많은 뇌 영역 

중에서 통증의 불쾌한 감정 정보를 처리하는 영역으로 알려져 

있다. 특히 IC는 통증을 식별하고 통증 강도에 비례하는 활성 

변화를 나타냄으로써 통증과의 밀접한 연관성을 갖는 뇌 

부위이다. 신경계는 통증 신호를 직접적으로 전달하는 뉴런 외에도 

이 세포들을 지지하며 영양을 공급하는 신경아교세포(glial cell)로 

구성되어 있다. 최근 연구들을 통해 신경아교세포는 기존에 알려진 

역할 외에도 통증 신호 전달에 핵심적인 조절자 역할을 함이 밝혀지고 

있다. 특히 별아교세포(astrocyte)와 미세아교세포(microglia)의 

활성 조절을 통한 통증 완화는 각각의 신경아교세포를 조절하는 

시기에 따라 상이한 결과들을 보였다. 이에 따라 만성 통증 

상황에서 대뇌 수준에서의 신경아교세포의 변화를 확인하고, 

통증의 발달 시기에 따라 이를 조절하는 연구를 통해 효과적인 

새로운 치료 표적을 밝혀내는 것이 필요하다. 본 연구는 말초 
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신경이 손상된 Sprague-Dawley 흰쥐를 이용하여, 신경병증성 

통증 발달 과정에서 IC의 별아교세포와 미세아교세포의 활성 

억제를 통한 통증 완화 효과를 규명하고자 하였다. 이를 위하여 

두 가지 연구를 진행하였다. 첫 번째로, 신경병증성통증 발달 

초기 단계에서 7일간 fluorocitrate (FC, astrocyte 활성 억제제, 1 

nM)와 minocycline (MC, microglia 활성 억제제, 20 uM)을 IC에 

주입하고 기계적 이질통을 관찰하였다. 두 번째로, 신경병증성 

통증이 형성된 후 IC에 7일간 FC와 MC를 주입하고 기계적 

이질통을 관찰하였다. 서로 다른 시기에 신경아교세포의 억제에 

따른 차이를 확인하기 위하여 western blot 검사와 면역 조직 화학 

염색을 수행하였다. FC와 MC에 의한 별아교세포와 미세아교세포의 

활성 억제는 신경병증성 통증 발달의 초기단계와 신경병증성 통증 

형성 이후 단계의 억제 모두에서 통증 완화 효과를 보였다. 

별아교세포의 활성지표인 GFAP는 신경병증성 통증 쥐의 

IC에서 유의미하게 증가하였으며, 약물 주입 후 발현량이 

감소되었다. 특히, 신경병증성 통증 발달 초기 단계에서의 

미세아교세포 활성 억제는 MC 약물 주입 중단 6일 후까지 

진통효과가 지속 되었다. 미세아교세포의 활성지표인 CD11b/c는 

신경손상 쥐의 IC에서 MC 주입에 따른 유의미한 발현량 

감소를 나타내었다. 또한, 신경아교세포의 형태학적인 분석을 통하여 

FC와 MC 주입에 따른 별아교세포와 미세아교세포의 활성 감소 

정도를 관찰하였다. 신경아교세포의 활성 억제에 따른 진통 

효과는 신경아교세포 활성에 관여하는 퓨린수용체(P2X)의 

변화에서 기인한 것이라 추측할 수 있다. 신경병증성 통증 발달 

초기의 퓨린수용체의 발현량은 P2X4 수용체와 P2X7 수용체 

모두 유의미하게 증가하였으며, FC와 MC 약물 주입에 따라 

감소하였다. 퓨린수용체의 발현량 변화는 신경아교세포의 

활성과 기계적 이질통의 변화와 비슷한 경향성을 나타내었다. 

면역 조직 화학 염색 분석 결과 P2X4 수용체는 별아교세포와 

미세아교세포, 신경세포 모두에서 발현됨을 확인하였으며, P2X7 
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수용체는 미세아교세포에서 더 많이 발현됨을 확인하였다. 

이러한 결과는 IC에서 FC와 MC 주입을 통한 별아교세포와 

미세아교세포의 활성 억제가 신경병증성 통증을 완화 시킬 수 있음을 

나타내며, 신경병증성 통증 발달 초기 단계에서 신경아교세포에 

특정하게 발현되는 퓨린수용체의 억제는 신경병증성 통증 조절의 

중요한 수단일 수 있음을 시사한다. 
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