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ABSTRACT 

Study Design: Controlled, interventional animal study. 

Objective: To investigate whether or not pain-related behaviors induced by the autologous 

nucleus pulposus (NP) rat model are prolonged by social defeat stress (SDS). Additionally, 

this study also evaluated the expression of glial fibrillary acidic protein (GFAP) and ionized 

calcium-binding adaptor molecule-1 (Iba-1) in the dorsal root ganglion (DRG), spinal cord 

(SC), and ventrolateral periaqueductal gray matter (VLPAG) using the NP rat model with 

SDS. 

Summary of Background Data: It has been reported that the mechanical withdrawal 

threshold is reduced by stress. Psychophysical stress affects GFAP protein level in the 

central nervous system (CNS). GFAP and Iba-1 expression in the DRG and SC play an 

important role in the neuropathic pain state. 

Methods: Adult female Sprague-Dawley (SD) rats were used. Application of SDS to SD rats 

was achieved through a repeated daily 15 minutes exposure to Long Evans (LE) rats for 8 

days. Autologous NP to the left L5 was applied to the DRG of SD rats. Mechanical 

withdrawal thresholds were measured for 35 days. Plasma corticosterone concentrations 

were measured to assess the stress response caused by SDS. Immunohistochemical 

localizations of GFAP and Iba-1 in the DRG, SC, and VLPAG were performed, and the 

number of immunoreactive (IR) cells were counted. 

Results: There was a decrease in the mechanical withdrawal thresholds in the NP group for 

21 days compared with the sham group, whereas there was a significant decrease in the 

thresholds in the NP+SDS group for 35 days. The concentration of plasma corticosterone 

increased immediately after SDS. In the NP and the NP+SDS groups, the expression of 

GFAP and Iba-1 in the DRG and SC significantly increased up to day 21. In the sham+SDS 

and NP+SDS groups, expression of GFAP in the VLPAG decreased until day 35, while there 

was no significant change in the Iba-1 expression. 

 

Conclusion: SDS prolongs the pain-related behavior caused by NP. Changes of GFAP 
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expression in the VLPAG were associated with pain-related behavior of the NP+SDS group 

during the late phase. These results suggest that psychological chronic stress might delay 

recovery from pain-related behavior induced by LDH model. 

 

Key words 

Lumbar disc herniation, Neuropathic pain, Social defeat stress, periaqueductal gray matter, 

ionized calcium-binding adaptor molecule-1, glial fibrillary acidic protein 

 

Key points 

・We used an NP applied model with social defeat stress (SDS) to investigate the association 

between stress and pain-related behavior and the change of expression in the dorsal root 

ganglion (DRG), spinal cord (SC), and ventrolateral periaqueductal gray matter (VLPAG). 

・The reduction of thresholds in the NP + SDS group lasted longer than those in the NP 

group. 

・In the NP+SDS group, there was a significant decrease in the number of GFAP-IR cells in 

the VLPAG compared with the sham group. 
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INTRODUCTION 

Lumbar disc herniation (LDH), which is one of the most common diseases that cause low 

back pain and radiculopathy, is caused by both mechanical compression and inflammation.1–

10 The severity of LDH symptoms is not correlated with the size of the herniated disc. 

Several animal models have shown that the expression of proinflammatory cytokines and 

glial cells in the spinal cord and dorsal root ganglion (DRG) is implicated in neuropathic 

pain states.11–14 Therefore, chemical factors have become the focus as pharmacological 

targets. However, some recommended pharmacological treatments for patients with chronic 

pain have been limited to pain relief, and chronic conditions remain difficult to treat and 

prevent. While it is a major concern for medicine and public health to treat chronic pain, in 

clinical situations, the background of chronic pain patients varies. 

Psychological and social factors are believed to be involved in the onset and prolongation of 

chronic pain.15,16 but it is difficult to evaluate the impact of stress on the onset and 

chronicity of pain. In particular, stress and depression are clearly closely involved in chronic 

low back pain with or without radiculopathy and daily disability, but the mechanisms have 

yet to be clearly elucidated. One of the mechanisms of chronic pain is thought to be descend-

ing inhibitory system dysfunction caused by stress, anxiety, and depression.17 In our previ-

ous study using functional magnetic resonance imaging to investigate brain activation, low 

back pain patients with psychiatric problems showed dysfunction of the descending inhibi-

tory system, which is associated with central analgesic activity.18 In addition to the varia-

tions in background, cross-sectional observation studies are insufficient to prove causal rela-

tionships between psychosocial stress and subsequent low back pain. Furthermore, prospec-

tive longitudinal studies with the same degree and frequency of stress intervention among 

the general population or for low back pain patients would be impossible to perform. There-

fore, in vivo studies using animal models are appropriate to investigate pain-related behav-

ior, and some targets expressed in the DRG, spinal cord, and brain with or without con-

sistent stress intervention can be detected histologically. Several experimental methods are 

used to induce physical and psychological stresses, such as chronic stress due to repeated 
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restraint, forced swims, cold environments, and restraint stress, which can be caused by 

hyperalgesia.19–22 In regard to physical stress, we have found that physical restraint stress 

induces a reduced mechanical withdrawal threshold and delays in the recovery of 

neuropathic pain induced by the autologous nucleus pulposus (NP) in a rat model, which is 

the same model used in the present study.23 However, there are few reports on the impact of 

social defeat stress (SDS) on pain-related behavior due to neuropathic pain, and the role of 

psychological stress in lumbar spinal disorders, especially LDH, in rats has not been 

investigated. SDS is a method used to reflect psychological and social stress23,24 and induces 

a depressive condition that is useful to investigate the efficacy of pharmacological treat-

ments for depression.25 For these reasons, we chose SDS as the psychological stress to 

investigate its impact on an LDH model, which reflects the most common lumbar spinal 

disorder in the clinic. When an organism is exposed to stress, information about the stressful 

situation reaches an array of brain regions, including parts of the limbic system and areas 

involved in sensory processing. The output from these areas is funneled through the nucleus 

paraventricularis of the hypothalamus, where it can give rise to the activation of two 

hormone systems. These systems include the rapid sympatho-adrenomedullar system and 

the slow-acting hypothalamo-pituitary-adrenal system.26 Then, adrenaline and 

corticosterone levels increase due to activation of these systems, which is thought to be a 

reflection of stress. Since SDS methods vary and are modified between studies, we measured 

plasma corticosterone after SDS to observe whether the rats received stress. The dorsal horn 

of the spinal cord and the periaqueductal gray (PAG) are important components of the de-

scending inhibitory system. The functions of PAG include roles in fear, anxiety, defensive 

reaction and autonomic regulation. It also plays a crucial role in pain modulation.27,28 

Anatomically and functionally, the PAG is divided into four longitudinal parts (the 

dorsomedial, dorsolateral, lateral, and ventrolateral columns) that run parallel to the 

aqueduct; the ventrolateral column is also called the ventrolateral periaqueductal gray 

(VLPAG).27 Activation of glial cells such as astrocytes and microglia in the spinal cord plays 

an important role in neuropathic pain, and the VLPAG is also involved in chronic pain.27 
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Ionized calcium-binding adaptor molecule-1 (Iba-1) is a marker of endoneurial macrophages 

and microglia, and glial fibrillary acidic protein (GFAP) is a marker of satellite glial cells 

and astrocytes.29 Chronic stress decreases GFAP level in the cerebral cortex, amygdala, and 

hippocampus.30–32 After chronic restraint stress, the expression of GFAP in the VLPAG has 

been shown to decrease and there are decreases of the mechanical withdrawal thresholds 

also observed.28  

The aims of the current study were to assess the effect of the SDS on pain-related behavior 

induced by NP application in rats, and to determine the changes of GFAP and Iba-1 

expression in the VLPAG, DRGs, and spinal cord, with or without SDS. 

 

MATERIALS AND METHODS 

Animals 

A total of 272 female Sprague-Dawley (SD) rats (8 weeks old, 150-180 g; Japan SLC, 

Shizuoka, Japan) and 12 male Long Evans (LE) rats (9 weeks old, 325-350 g; Japan SLC) 

were used. Animals were housed in plastic cages at room temperature (RT; 21-24°C) on a 12-

hour light/dark cycle with free access to food and water.  

The animal experiments were carried out under the guidance of the Fukushima Medical 

University Animal Care and Use Committee and the Guidelines for Animal Experiments, 

and in accordance with the Japanese government’s law and fundamental guidelines concern-

ing the protection and control of animals.   

 

Experimental Groups 

SD rats were divided into 2 surgical groups: the NP application group (NP group) and the 

sham operated group (sham group). Naive rats were used for blood sampling.  

 

Surgical Procedure33–36 

A combination of 0.3 mL of medetomidine hydrochloride (1.0 mg/mL; Nippon Zenyaku 

Kogyo, Fukushima, Japan), 0.8 mL of midazolam (5.0 mg/mL; Astellas Pharma, Tokyo, 
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Japan), and 1.0 mL of butorphanol tartrate (5.0 mg/mL; Meiji Seika Pharma, Tokyo, Japan) 

were prepared as the anesthetic. Animals were anesthetized by an intraperitoneal injection 

of 0.1 mL/100 g of body weight. Rats were placed in a prone position followed by an incision 

made in the middle of the spine at the L4–L6 level. The fascia was incised along the left side 

of the supraspinous ligament for approximately 20 mm. The multifidus muscles were moved 

laterally in order to expose the facet joint between the left 5th and 6th lumbar vertebrae. 

Next, left L5/6 facetectomy was then performed. After exposing the left L5 spinal nerve and 

DRG, NP harvested from the tail was applied to the left L5 DRG (NP group). In the sham 

group, the same surgical procedure was performed except for the lack of the application of 

NP to the DRG. 

 

Social defeat stress protocol37,38 

The paradigm for the social defeat stress model consists of placing a smaller experimental 

rat (intruder) in the home cage of a larger and aggressive LE rat, which will then defend its 

territory and defeat its intruder.23 SD female rats and LE male rats were housed in 2 

separate cages. A SD female rat was subsequently placed as an intruder in the resident 

male’s cage for 15 minutes per day starting from 4 days preoperative to 4 days postoperative. 

If the fighting became too intense during the SDS, or there was a potential sexual 

interaction between the intruder and resident rat, the intruder rat was transferred to a 

protective plastic cage within the resident’s home cage, which allowed for intense visual, 

auditory, and olfactory interactions.37,38 This cage was large enough for intruders to move 

freely. SDS was performed for 15 minutes between 9:00~12:00. 

 

Measurement of Plasma Corticosterone Concentrations  

Radioimmunoassay (RIA) was used to compare the concentrations of plasma corticosterone 

between the naive rats with (SDS group) or without (naive group) SDS (n=6 in each). 

Plasma samples were collected at 14:00–15:00 due to consideration of the influence of the 

circadian rhythm. Rats were deeply anesthetized using isoflurane (Wako Pure Chemical 
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Industries, Osaka, Japan). Blood samples (3.0 mL) were collected from the right atrium 

using a 23G medical needle and mixed in a test tube with ethylenediaminetetraacetic acid 

dipotassium salt dehydrate (EDTA-2K). To extract the plasma, samples were centrifuged at 

3,000 g for 10 minutes at RT. Supernatants were stored at -20°C with the concentrations of 

plasma corticosterone measured by the LSI Medicine Corporation. Blood samples in the SDS 

group were obtained within thirty minutes after the SDS procedure. 

 

Measurement of Mechanical Withdrawal Thresholds39 

Behavior testing was performed in the 5 experimental groups: NP group, NP + SDS group, 

sham-operated group (sham group), sham + SDS group, and naive + SDS (n=12 in each 

group). Sensitivity to non-noxious mechanical stimuli was tested using the von Frey test. 

Baseline testing was performed at 1 day before SDS to determine the rat’s normal responses 

at baseline. The left hind paw withdrawal responses to the von Frey filament (monofilament 

sensory tester, Sakai Med, Tokyo, Japan) stimulation of the plantar surface of the footpads 

was determined at postoperative days 2, 7, 14, 21, 28, and 35. Each rat was placed 

individually in an acrylic cage with a mesh floor and allowed to acclimatize until cage 

exploration and major grooming activities ceased. The left lateral-plantar surface of the 

operated hind paw was stimulated with nine von Frey filaments (1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 

10.0, 15.0, and 26.0 g; Sakai Med) projected through the mesh floor. The gram designations 

of the von Frey filaments were based on the manufacturer’s ratings. Stimulation was 

initiated with the 1.0-g filament and was applied until there was bending of the filament for 

3 seconds. If the rat did not withdraw its foot after the stimulation, the next-stiffer filament 

was tested in the same manner. The response was considered positive if the hind limb was 

lifted with either licking or shaking of the foot as an escape response 

 

Immunohistochemical Analysis 

Immunohistochemical examination was performed in the 4 experimental groups, the NP 

group, NP + SDS group, sham group, and sham + SDS group (n=5 for each group at each 
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time point). Rats were anesthetized using isoflurane (Wako Pure Chemical Industries, 

Osaka, Japan), and then perfused with fresh 4% paraformaldehyde in phosphate buffer (PB: 

0.1 mol/L, pH 7.4). The brain was quickly removed, and postfixed with 4% paraformaldehyde 

in PB for 6–8 h, then cryoprotected for 48 h in 30% sucrose in 0.1 M PB at 4°C. Tissues were 

embedded in optimal cutting temperature (OCT) compound (Sakura Finetek Japan Co. Ltd., 

Tokyo, Japan) and then frozen at -80 °C. 

Similarly, left L5 DRG and the L5 segment of the SC were removed. L5 DRG and SC were 

postfixed briefly in 4% paraformaldehyde and embedded in paraffin. 2 sections (6 µm thick) 

were cut from each DRG and each SC and placed individually on separate slides. 

Ventrolateral periaqueductal gray   

Coronal sections of the brain (30 µm) were cut 8mm caudal to bregma40 on a cryostat with 

the free-floating sections washed in 0.01 M phosphate buffer saline (PBS) 3 times at 15 

minutes intervals. After blocking with 0.01 M PBS containing 5% normal swine serum for 30 

minutes at RT, mouse anti-GFAP antibody (1:1000; Millipore Corporation, Billerica, MA, 

USA) and rabbit anti-Iba-1 (1:1000; Wako Pure Chemical Indus- tries, Osaka, Japan) were 

applied overnight at 4°C in 0.01 M PBS with 0.3% Triton-X-100. After washing with PBS, 

sections were incubated with goat anti-rabbit IgG (for Iba1) Alexa Fluor 488 (green) 

fluorescent antibody (1:200; Thermo Fisher Scientific, Waltham, MA, USA ) or goat anti-

mouse IgG (for GFAP) Alexa 488 (green) fluorescent antibody (1:200; Thermo Fisher 

Scientific, Waltham, MA, USA) in 0.01 M PBS with 0.3 Triton-X for 2h at RT. After rinsing, 

sections were put onto gelatin-coated slides and dried overnight at 4°C in the dark. Once dry, 

the sections were mounted on microscope slides with Vectashield mounting medium 

containing DAPI (H-1200, Vector, Burlingame, CA, USA). The number of GFAP-

immunoreactive (IR) cells and Iba-1 cells were counted in a 490×650 µm area of the VLPAG 

in 5 sections.28 The number of each section in five slides was added and averaged.  

 

Spinal cord and dorsal root ganglion 

Sections were deparaffinized with xylene and 100% ethanol, and pre-treated with Dako 
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target retrieval solution (Dako North America, Carpinteria, CA) at 95°C for 20 minutes to 

enhance immunoreactivity. After blocking with 2% normal goat serum applied for 1 hour at 

RT, rabbit anti-Iba-1 (1:1000; Wako Pure Chemical Indus- tries, Osaka, Japan) or mouse 

anti-GFAP antibody (1:1000; Millipore Corporation, Billerica, MA, USA) were applied 

overnight at 4°C by incubation for 1 hour at RT with goat anti-rabbit IgG (for Iba1) Alexa 

Fluor 488 (green) fluorescent antibody (1:200; ThermoFisher Scientific, Waltham, MA, USA) 

or goat antimouse IgG (for GFAP) Alexa 488 (green) fluorescent antibody (1:200; 

ThermoFisher Scientific, Waltham, MA, USA). After rinsing, the sections were mounted on 

microscope slides with Vectashield mounting medium containing DAPI (H-1200, Vector). 

Fluorescent staining was analyzed using a fluorescent microscope (BX53, Olympus, Tokyo, 

Japan) with a digital camera (DP73, Olympus). Two sections of each DRG were used to 

determine the numbers of GFAP- IR cells and Iba1-IR cells. The percentage of each type of 

IR neuron of the total number of neurons was computed for the DRG and averaged.33,35 The 

numbers of GFAP-IR cells and Iba-1-IR cells were counted in a 150×150 µm area in 5 

sections of the ipsilateral SC dorsal horn. The numbers of each IR cell type in the 5 SC slides 

were added and averaged.3541 	

 

Statistical Analysis 

Plasma corticosterone levels are reported as the median [interquartile range (IQR)]. 

Comparisons of the plasma corticosterone levels were assessed with the Mann-Whitney U 

test. Other measurements are reported as the mean±standard deviation (SD). Statistical 

differences for the behavior testings and histological findings were analyzed using a 

Dunnett’s test. P values <0.05 were considered significant. 

 

RESULTS 

RIA Analysis of Plasma Corticosterone 

Concentrations of plasma corticosterone in the SDS group was 549.5 ng/mL [ range: 383-638 

ng/mL], while they were 209 ng/ml [ range: 68.9-323 ng/mL] in the naive group. There was a 



Effect of social defeat stress on radiculopathy  

 

significant increase in the levels in the SDS group compared to the naive group (p<0.05) 

(Figure 1). 

 

Behavioral Testing 

The mechanical withdrawal thresholds in the NP group were reduced starting from day 7 

until day 21 compared to the sham group (p<0.05). In the NP+SDS group, the thresholds 

were significantly reduced starting from day2 to day 35 compared to the sham group 

(p<0.05) (Figure 2). There was a difference between the NP and NP+SDS groups at day 28 

and day 35 (p<0.05). There were no significant differences for the thresholds between the 

sham, SDS, and sham + SDS groups. 

 

Immunohistochemical Analysis in DRGs 

GFAP expression was localized at the satellite glial cells within the DRG (Figure 3-A). There 

was a significant increase in the percentage of GFAP-IR cells in the NP+SDS group on days 

14, 21, and 35 compared to the sham group (p<0.05). In the NP group, the percentage of 

GFAP-IR cells increased on days 14 and 21 as compared to the sham group (p<0.05). There 

was a significant increase in the percentage of GFAP-IR neurons in the sham+SDS group on 

days 14 and 35 compared to the sham group (p<0.05). Although on day 7 there was an 

increase in the number of GFAP-IR cells in all of the groups, there was no significant 

difference compared to the sham group (Figure 3-B). 

 Iba-1-IR endoneurial macrophages were observed within the DRG (Figure 4-A). In the 

NP+SDS group, there was a significant increase in the Iba-1-IR cells on days 7 and 21 

compared to the sham group (p<0.05). In the NP group, there was only an increase of the 

Iba-1-IR cells on day 7 compared to the sham group (Figure 4-B). 

 

Immunohistochemical Analysis in Spinal Cord 

GFAP is the marker for astrocytes, and GFAP expression was observed in the SC (Figure 5-

A). In the NP+SDS group, the number of GFAP-IR cells increased significantly from day 14 
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to 21 compared to the sham group (p<0.05) (Figure 5-B). 

Iba-1 is the marker for microglia, and Iba-1 expression was observed in the SC (Figure 6-A). 

There was a significant increase in the number of Iba-1 cells in the NP group starting from 

day 14 until day 21 compared to the sham group (p<0.05). In the NP+SDS group, there was 

a significant increase in the number of Iba-1 cells starting from day 7 until day 14 compared 

to the sham group (p<0.05) (Figure 6-B). 

 

 

Immunohistochemical Analysis in the VLPAG 

GFAP-IR cells were observed around the aqueduct (Figure 8-A). In the NP group, there was 

a significant decrease in the number of GFAP-IR cells on days 7 and 28 compared to the 

sham group (p<0.05). In the NP+SDS group, there was a significant decrease in the number 

of GFAP-IR cells on days 7, 28, and 35 compared to the sham group (p<0.05) (Figure 8-B). In 

the sham + SDS group, there was a significant decrease in the number of GFAP-IR cells 

starting from day 7 until day 35 compared to the sham group (p<0.05). Iba-1-IR cells were 

observed around the aqueduct (Figure 9. A). There was no significant difference in the 

number of Iba-1-IR cells among the 4 groups at any of the time points (Figure 9-B). 

 

DISCUSSION  

There were two major findings in the present study. First, SDS modified mechanical 

allodynia after NP application to the DRG. Second, the reduction of the pain threshold was 

associated with the decrease of GFAP-IR cells in the VLPAG. 

Increased plasma concentrations of corticosterone are a reflection of stress.26,42 In the 

present study, plasma corticosterone concentrations increased after SDS, showing that SDS 

in this study served as a psychological stressor on rats. SDS methods are different between 

studies, and some SDS methods lead to a reduction in the pain threshold in normal rats28,43–

46 However, SDS in this study did not cause any reduction in the pain threshold in either 

naive or sham rats, while the threshold was reduced in rats with LDH. These results 
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suggest that the SDS method used in this study is not a strong stressor, but does have an 

impact on the condition of LDH. Furthermore, the pain threshold in the NP+SDS group was 

reduced earlier and lasted longer under the stress condition compared to the NP group. 

These results indicate that SDS prolongs the pain-related behavior induced by NP, which is 

analogous to clinical situations in which psychological factors are associated with aggrava-

tion, chronicity, and disability in lower back pain patients.47,48  

Activation of spinal cord microglia and astrocytes after peripheral nerve injury or inflamma-

tion contributes to a reduction in the pain threshold.49 

According to our previous studies, NP application to the DRG and a crushed spinal L5 distal 

nerve result in a large number of GFAP-IR cells and Iba-1-IR cells among satellite cells and 

macrophages, as well as microglia in the spinal cord, which are related to the chronic change 

of pain-related behavior.11,50,51 In the present study, both the NP and the NP+SDS groups 

exhibited a significant increase in GFAP-IR cells and Iba-1-IR cells in the DRG and SC for 

21 days. There was no significant difference in these cells among the 4 groups at day 7. 

These results indicate that there was an influence from the surgical procedure until day 7, 

and the SDS effect was masked by nerve inflammation from the NP. Therefore, changes in 

GFAP and Iba-1 expression of the SC and DRG in NP rats with or without SDS are related 

to the early phase of pain-related behavior due to the application of NP. 

On the other hand, the pain-related behavior in the NP group improved from day 28, while 

that in the NP+SDS group lasted longer than 35 days. And GFAP-IR cells expressed in the 

VLPAG in the NP+SDS and sham + SDS groups slowly decreased at days 28 and 35. 

Therefore, astrocytes play a key role in chronic pain-related behavior. 

Astrocytes organize not only intercellular communications with surrounding neurons, but 

also widespread networks via gap junctions in the nervous system.52,53 Astrocytes sense the 

same synaptic inputs as neurons and elevate the intracellular calcium. Astrocyte calcium 

signaling triggers the release of gliotransmitters, such as glutamate, ATP and D-serine. 

These transmitters modulate presynaptic neurotransmitter release and can affect neuronal 

activity and function.54 The glial glutamate transporters expressed in the PAG seem to be 



Effect of social defeat stress on radiculopathy  

 

EAAT2,55 which is only located in astrocytes.56 EAAT2 is essential for maintaining low 

extracellular glutamate concentrations and for preventing glutamate neurotoxicity.57 A loss 

of GFAP leads to a disturbance in the transfer of EAAT2 from the intracellular space to cell 

surface.57 Moreover, psychophysical stress affects the GFAP protein levels in the central 

nervous system (CNS). It has been shown that chronic psychosocial and unpredictable mild 

stress can cause a decrease of the GFAP protein levels in the hippocampus.3158 Depression 

model rats show reduced GFAP protein levels in the prefrontal cortex, amygdala, and 

hippocampus as compared to SD rat.30 Accordingly, SDS in this study affected the decrease 

of GFAP expression in the VLPAG and the reduction of pain-related behavior at the late 

phase. Furthermore, glucocorticoids are known to regulate the production of GFAP.58 

Corticosterone treatment in adult rats also decreases GFAP protein levels in several brain 

regions, whereas adrenalectomy increases GFAP protein levels.59 In the present study, the 

plasma corticosterone level increased and GFAP-IR cells decreased in the VLPAG due to 

SDS. These results imply that the increase in plasma corticosterone level is possibily the 

cause of the GFAP decrease in the VLPAG, with the decreased GFAP then triggering a 

reduction of EAAT2 in the VLPAG. Thus, SDS might cause dysfunction of the VLPAG, which 

is a part of the descending pain modulation system.  

 Moreover, microglia also play an important role in neuropathic pain. Depressed and 

schizophrenic patients who have committed suicide show increases in microglia in the 

prefrontal and anterior cingulate cortices.60 Animal models of depression, chronic restraint, 

and social defeat stresses have increased microglia in the prefrontal cortex, amygdala, and 

hippocampus.61,62 However, there is no significant difference in the protein levels of CD11b, a 

microglia marker, in the rostral ventromedial medulla between control and chronic stress 

groups.43 In addition, there have only been a few studies that have examined Iba-1 in the 

PAG after chronic stress. In the present study, we found that there was no significant 

difference in Iba-1 cells in the VLPAG among the 4 groups. The changes among microglia in 

the present and previous studies might differ according to variations in psychophysical 

stress and the phase of investigation. 
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Study Limitations 

Firstly, other brain regions which are associated with the component of the descending in-

hibitory system were not examined. Secondly, animal species- and sex-related influences on 

pain-related behavior and substances were not studied. In addition, other setting of SDS 

such as period of stress, frequency of stress, difference combination of sex for stressor/in-

truder animals, and other stress methods were not studied. Finally, the role of EAAT2 did 

not investigate. 

 

Conclusion 

In the present study, pain-related behavior induced by NP application was significantly 

prolonged by SDS. In the early phase, satellite cells and macrophages in the DRG and spinal 

cord microglia and astrocytes increased by application of NP with/without SDS. In the late 

phase, astrocytes expression in VLPAG due to SDS decreased and this change was linked 

with the chronicity of pain-related behavior. These results indicate that psychological 

chronic stress delays recovery from pain-related behavior induced by LDH model. 

 

 

 

 

 

 

 

 

 

 

 

 



Effect of social defeat stress on radiculopathy  

 

References 
 

1.  Igarashi T, Kikuchi S, Shubayev V, et al. 2000 Volvo Award winner in basic science 

studies: Exogenous tumor necrosis factor-alpha mimics nucleus pulposus-induced 

neuropathology. Molecular, histologic, and behavioral comparisons in rats. Spine (Phila 

Pa 1976) 2000;25:2975–80. 

2.  Aoki Y, Rydevik B, Kikuchi S, et al. Local application of disc-related cytokines on spinal 

nerve roots. Spine (Phila Pa 1976) 2002;27:1614–7. 

3.  Kawakami M, Tamaki T, Weinstein JN, et al. Pathomechanism of pain-related behavior 

produced by allografts of intervertebral disc in the rat. Spine (Phila Pa 1976) 

1996;21:2101–7. 

4.  Kayama S, Konno S, Olmarker K, et al. Incision of the anulus fibrosus induces nerve root 

morphologic, vascular, and functional changes. An experimental study. Spine (Phila Pa 

1976) 1996;21:2539–43. 

5.  McCarron RF, Wimpee MW, Hudkins PG, et al. The inflammatory effect of nucleus 

pulposus. A possible element in the pathogenesis of low-back pain. Spine (Phila Pa 1976) 

1987;12:760–4. 

6.  Olmarker K, Rydevik B, Nordborg C. Autologous nucleus pulposus induces 

neurophysiologic and histologic changes in porcine cauda equina nerve roots. Spine (Phila 

Pa 1976) 1993;18:1425–32. 

7.  Olmarker K, Brisby H, Yabuki S, et al. The effects of normal, frozen, and hyaluronidase-

digested nucleus pulposus on nerve root structure and function. Spine (Phila Pa 1976) 

1997;22:471–5; discussion 476. 

8.  Kobayashi H, Kikuchi S, Konno S, et al. Interaction of 5-hydroxytryptamine and tumor 

necrosis factor-α to pain-related behavior by nucleus pulposus applied on the nerve root in 

rats. Spine (Phila Pa 1976) 2011;36:210–8. 

9.  Kato K, Kikuchi S, Konno S, et al. Participation of 5-hydroxytryptamine in pain-related 

behavior induced by nucleus pulposus applied on the nerve root in rats. Spine (Phila Pa 

1976) 2008;33:1330–6. 

10.  Miyoshi S, Sekiguchi M, Konno S, et al. Increased expression of vascular endothelial 

growth factor protein in dorsal root ganglion exposed to nucleus pulposus on the nerve 

root in rats. Spine (Phila Pa 1976) 2011;36:E1-6. 

11.  Hatashita S, Sekiguchi M, Kobayashi H, et al. Contralateral neuropathic pain and 

neuropathology in dorsal root ganglion and spinal cord following hemilateral nerve injury 



Effect of social defeat stress on radiculopathy  

 

in rats. Spine (Phila Pa 1976) 2008;33:1344–51. 

12.  Watkins LR, Maier SF. Beyond neurons: evidence that immune and glial cells contribute 

to pathological pain states. Physiol Rev 2002;82:981–1011. 

13.  Takeda M, Tanimoto T, Kadoi J, et al. Enhanced excitability of nociceptive trigeminal 

ganglion neurons by satellite glial cytokine following peripheral inflammation. Pain 

2007;129:155–66. 

14.  Ohtori S, Takahashi K, Moriya H, et al. TNF-alpha and TNF-alpha receptor type 1 

upregulation in glia and neurons after peripheral nerve injury: studies in murine DRG 

and spinal cord. Spine (Phila Pa 1976) 2004;29:1082–8. 

15.  Takahashi N, Kikuchi S, Konno S, et al. Discrepancy between disability and the severity 

of low back pain: demographic, psychologic, and employment-related factors. Spine (Phila 

Pa 1976) 2006;31:931–9; discussion 940. 

16.  Kovacs FM, Abraira V, Zamora J, et al. Correlation between pain, disability, and quality 

of life in patients with common low back pain. Spine (Phila Pa 1976) 2004;29:206–10. 

17.  Konno S-I, Sekiguchi M. Association between brain and low back pain. J Orthop Sci 

2018;23:3–7. 

18.  Kaneko H, Zhang S, Sekiguchi M, et al. Dysfunction of Nucleus Accumbens Is Associated 

With Psychiatric Problems in Patients With Chronic Low Back Pain: A Functional 

Magnetic Resonance Imaging Study. Spine (Phila Pa 1976) 2017;42:844–53. 

19.  Satoh M, Kuraishi Y, Kawamura M. Effects of intrathecal antibodies to substance P, 

calcitonin gene-related peptide and galanin on repeated cold stress-induced hyperalgesia: 

comparison with carrageenan-induced hyperalgesia. Pain 1992;49:273–8. 

20.  Quintero L, Moreno M, Avila C, et al. Long-lasting delayed hyperalgesia after subchronic 

swim stress. Pharmacol Biochem Behav 2000;67:449–58. 

21.  da Silva Torres IL, Cucco SN., Bassani M, et al. Long-lasting delayed hyperalgesia after 

chronic restraint stress in rats—effect of morphine administration. Neurosci Res 

2003;45:277–83. 

22.  Imbe H, Iwai-Liao Y, Senba E. Stress-induced hyperalgesia: animal models and putative 

mechanisms. Front Biosci 2006;11:2179–92. 

23.  Toth I, Neumann ID. Animal models of social avoidance and social fear. Cell Tissue Res 

2013;354:107–18. 

24.  Toyoda A. Social defeat models in animal science: What we have learned from rodent 

models. Anim Sci J 2017;88:944–52. 

25.  Miczek KA, Yap JJ, Covington HE. Social stress, therapeutics and drug abuse: preclinical 

models of escalated and depressed intake. Pharmacol Ther 2008;120:102–28. 



Effect of social defeat stress on radiculopathy  

 

26.  Uesugi K, Sekiguchi M, Kikuchi S, et al. The effect of repeated restraint stress in pain-

related behavior induced by nucleus pulposus applied on the nerve root in rats. Eur Spine 

J 2011;20:1885–91. 

27.  Bandler R, Shipley MT. Columnar organization in the midbrain periaqueductal gray: 

modules for emotional expression? Trends Neurosci 1994;17:379–89. 

28.  Imbe H, Kimura A, Donishi T, et al. Chronic restraint stress decreases glial fibrillary 

acidic protein and glutamate transporter in the periaqueductal gray matter. Neuroscience 

2012;223:209–18. 

29.  Otoshi K, Kikuchi S, Konno S, et al. The reactions of glial cells and endoneurial 

macrophages in the dorsal root ganglion and their contribution to pain-related behavior 

after application of nucleus pulposus onto the nerve root in rats. Spine (Phila Pa 1976) 

2010;35:264–71. 

30.  Gosselin R-D, Gibney S, O’Malley D, et al. Region specific decrease in glial fibrillary acidic 

protein immunoreactivity in the brain of a rat model of depression. Neuroscience 

2009;159:915–25. 

31.  Czéh B, Simon M, Schmelting B, et al. Astroglial plasticity in the hippocampus is affected 

by chronic psychosocial stress and concomitant fluoxetine treatment. 

Neuropsychopharmacology 2006;31:1616–26. 

32.  Leventopoulos M, Rüedi-Bettschen D, Knuesel I, et al. Long-term effects of early life 

deprivation on brain glia in Fischer rats. Brain Res 2007;1142:119–26. 

33.  Kobayashi Y, Sekiguchi M, Konno S. Effect of an Acid-sensing Ion Channels Inhibitor on 

Pain-related Behavior by Nucleus Pulposus Applied on the Nerve Root in Rats. Spine 

(Phila Pa 1976) 2017;42:E633–41. 

34.  Kameda T, Sekiguchi M, Kaneuchi Y, et al. Investigation of the Effect of Diabetes on 

Radiculopathy Induced by Nucleus Pulposus Application to the DRG in a Spontaneously 

Diabetic Rat Model. Spine (Phila Pa 1976) 2017;42:1749–56. 

35.  Seki S, Sekiguchi M, Konno S. Association Between Neurotrophic Factor Expression and 

Pain-Related Behavior Induced by Nucleus Pulposus Applied to Rat Nerve Root. Spine 

(Phila Pa 1976) 2018;43:E7–15. 

36.  Kaneuchi Y, Sekiguchi M, Kameda T, et al. Temporal and Spatial Changes of µ-Opioid 

Receptors in the Brain, Spinal Cord and Dorsal Root Ganglion in a Rat Lumbar Disc 

Herniation Model. Spine (Phila Pa 1976) 2018;1. 

37.  Dietz DM, Dietz KC, Moore S, et al. Repeated social defeat stress-induced sensitization to 

the locomotor activating effects of d-amphetamine: role of individual differences. 

Psychopharmacology (Berl) 2008;198:51–62. 



Effect of social defeat stress on radiculopathy  

 

38.  Hollis F, Wang H, Dietz D, et al. The effects of repeated social defeat on long-term 

depressive-like behavior and short-term histone modifications in the hippocampus in male 

Sprague-Dawley rats. Psychopharmacology (Berl) 2010;211:69–77. 

39.  Kim WJ, Kang H, Kim JE, et al. Effect of intraperitoneal administered ginseng total 

saponins on hyperalgesia induced by repeated intramuscular injection of acidic saline in 

rats. J Med Food 2014;17:657–62. 

40.  Paxinos G, Watson G. The rat brain (in stereotaxic coordinates). 6th ed. Academic Press, 

2007. 46. 

41.  Saito H, Wakai J, Sekiguchi M, et al. The effect of selective serotonin reuptake inhibitor 

(ssri) on pain-related behavior in a rat model of neuropathic pain. Eur Spine J 

2014;23:2401–9. 

42.  Joëls M, Krugers HJ. LTP after stress: up or down? Neural Plast 2007;2007:93202. 

43.  Imbe H, Kimura A, Donishi T, et al. Effects of restraint stress on glial activity in the 

rostral ventromedial medulla. Neuroscience 2013;241:10–21. 

44.  Khasar SG, Dina OA, Green PG, et al. Sound stress-induced long-term enhancement of 

mechanical hyperalgesia in rats is maintained by sympathoadrenal catecholamines. J 

Pain 2009;10:1073–7. 

45.  Khasar SG, Green PG, Levine JD. Repeated sound stress enhances inflammatory pain in 

the rat. Pain 2005;116:79–86. 

46.  Gamaro GD, Xavier MH, Denardin JD, et al. The effects of acute and repeated restraint 

stress on the nociceptive response in rats. Physiol Behav 1998;63:693–7. 

47.  Pincus T, Burton AK, Vogel S, et al. A systematic review of psychological factors as 

predictors of chronicity/disability in prospective cohorts of low back pain. Spine (Phila Pa 

1976) 2002;27:E109-20. 

48.  Bair MJ, Robinson RL, Katon W, et al. Depression and Pain Comorbidity. Arch Intern 

Med 2003;163:2433. 

49.  Obata H, Eisenach JC, Hussain H, et al. Spinal glial activation contributes to 

postoperative mechanical hypersensitivity in the rat. J Pain 2006;7:816–22. 

50.  Otoshi K, Kikuchi S, Konno S, et al. The reactions of glial cells and endoneurial 

macrophages in the dorsal root ganglion and their contribution to pain-related behavior 

after application of nucleus pulposus onto the nerve root in rats. Spine (Phila Pa 1976) 

2010;35:264–71. 

51.  Handa J, Sekiguchi M, Krupkova O, et al. The effect of serotonin-noradrenaline reuptake 

inhibitor duloxetine on the intervertebral disk-related radiculopathy in rats. Eur Spine J 

2016;25:877–87. 



Effect of social defeat stress on radiculopathy  

 

52.  Scemes E, Suadicani SO, Spray DC. Intercellular communication in spinal cord 

astrocytes: fine tuning between gap junctions and P2 nucleotide receptors in calcium wave 

propagation. J Neurosci 2000;20:1435–45. 

53.  Haydon PG. GLIA: listening and talking to the synapse. Nat Rev Neurosci 2001;2:185–93. 

54.  Pirttimaki TM, Hall SD, Parri HR. Sustained neuronal activity generated by glial 

plasticity. J Neurosci 2011;31:7637–47. 

55.  Drew GM, Mitchell VA, Vaughan CW. Glutamate spillover modulates GABAergic synaptic 

transmission in the rat midbrain periaqueductal grey via metabotropic glutamate 

receptors and endocannabinoid signaling. J Neurosci 2008;28:808–15. 

56.  Rothstein JD, Martin L, Levey AI, et al. Localization of neuronal and glial glutamate 

transporters. Neuron 1994;13:713–25. 

57.  Tanaka K, Watase K, Manabe T, et al. Epilepsy and exacerbation of brain injury in mice 

lacking the glutamate transporter GLT-1. Science 1997;276:1699–702. 

58.  Ye Y, Wang G, Wang H, et al. Brain-derived neurotrophic factor (BDNF) infusion restored 

astrocytic plasticity in the hippocampus of a rat model of depression. Neurosci Lett 

2011;503:15–9. 

59.  O’Callaghan JP, Brinton RE, McEwen BS. Glucocorticoids regulate the concentration of 

glial fibrillary acidic protein throughout the brain. Brain Res 1989;494:159–61. 

60.  Steiner J, Bielau H, Brisch R, et al. Immunological aspects in the neurobiology of suicide: 

elevated microglial density in schizophrenia and depression is associated with suicide. J 

Psychiatr Res 2008;42:151–7. 

61.  Wohleb ES, Hanke ML, Corona AW, et al. β-Adrenergic receptor antagonism prevents 

anxiety-like behavior and microglial reactivity induced by repeated social defeat. J 

Neurosci 2011;31:6277–88. 

62.  Hinwood M, Morandini J, Day TA, et al. Evidence that microglia mediate the 

neurobiological effects of chronic psychological stress on the medial prefrontal cortex. 

Cereb Cortex 2012;22:1442–54. 

 
 

 

 

 

 
 



Effect of social defeat stress on radiculopathy  

 

Figure Legends 

 

Figure 1. Plasma corticosterone concentrations. In the SDS group, plasma corticosterone was 

significantly increased compared to the naive group (p<0.05). The median scores and inter-

quartile ranges are marked by parallel lines inside the box. The highest and lowest point are 

indicated as whiskers. 

 

Figure 2. Changes in the mechanical withdrawal threshold of the footpad using von Frey fila-

ments. Withdrawal thresholds in the NP group were significantly reduced starting from 7 to 

21 days postsurgery compared to the sham group (p<0.05), whereas the thresholds in the 

NP+SDS group showed significant reductions starting from 2 to 35 days postsurgery com-

pared to the sham group (p<0.05). Data were mean ±SD. (n=12 for each group) 

 

Figure 3. Immunohistochemical analysis of GFAP and the percentage of GFAP-IR cells in the 

DRG. GFAP-IR satellite glial cells were observed within the DRG. (A) In the NP and the 

NP+SDS groups, the percentage of GFAP-IR cells increased from day 14 to 21 compared to the 

sham group (p<0.05). The percentage of GFAP-IR cells in the NP+SDS and sham+SDS groups 

decreased starting from day 28. (B) Data were mean ±SD. (n=6 for each group) 

 

Figure 4. Immunohistochemical analysis of Iba-1 and the percentage of Iba-1-IR cells in the 

DRG. In the NP and the NP+SDS groups, the percent of Iba-1-IR cells increased on days 7 

and 21 compared to the sham group (p<0.05). (A, B) Data were mean ±SD. (n=6 for each 

group) 

 

Figure 5. Immunohistochemical analysis of GFAP and the number of GFAP-IR cells in the SC. 

In the NP+SDS group, the number of GFAP-IR cells increased from day 14 to 21 compared to 

the sham group (p<0.05). (A, B) Data were mean ±SD. (n=6 for each group) 
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Figure 6. Immunohistochemical analysis of Iba-1 and the number of Iba-1-IR cells in the SC. 

In the NP group and the NP+SDS groups, the number of Iba-1-IR cells increased starting from 

day 7 to 21 compared to the sham group (p<0.05). (A, B) Data were mean ±SD. (n=6 for each 

group) 

 

Figure 7. In the VLPAG, GFAP-IR cells were observed around the aqueduct. 

In the sham+SDS and the NP+SDS groups, the number of GFAP-IR cells decreased signifi-

cantly up to day 35 compared to the sham group (P<0.05). (A, B) Data were mean ±SD. (n=6 

for each group) ✳VLPAG: ventrolateral periaqueductal gray ✳✳LPAG: lateral periaqueduc-

tal gray ✳✳✳ DLPAG: dorsolateral periaqueductal gray ✳✳✳✳ DMPAG: dorsomedial 

periaqueductal gray 

 

Figure 8. In the VLPAG, Iba-1-IR cells were observed around the aqueduct. 

The number of Iba-1-IR cells showed no significant differences among the groups at each of 

the time points. (A, B) Data were mean ±SD. (n=6 for each group) 

✳VLPAG: ventrolateral periaqueductal gray ✳✳LPAG: lateral periaqueductal gray ✳✳✳ 

DLPAG: dorsolateral periaqueductal gray ✳✳✳✳ DMPAG: dorsomedial periaqueductal 

gray 
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