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Abstract

The physiological link between neuropathic pain and depression remains unknown despite a high 

comorbidity between these two disorders. A mouse model of spared nerve injury (SNI) was used 

to test the hypothesis that nerve injury precipitates depression through the induction of 

inflammation in the brain, and that prior exposure to stress exacerbates the behavioral and 

neuroinflammatory consequences of nerve injury. As compared with sham surgery, SNI induced 

mechanical allodynia, and significantly increased depressive-like behavior. Moreover, SNI animals 

displayed increased interleukin-1β (IL-1β) gene expression within the frontal cortex and 

concurrent increases in the expression of glial fibrillary acidic protein (GFAP) within the 

periaqueductal grey (PAG). Additionally, exposure to chronic restraint stress for 2 weeks before 

SNI exacerbated mechanical allodynia and depressive-like behavior, and resulted in an increase in 

IL-1β gene expression in the frontal cortex and brain-derived neurotrophic factor (BDNF) gene 

expression in PAG. Treatment with metyrapone (MET), a corticosteroid synthesis inhibitor, before 

stress eliminated deleterious effects of chronic stress on SNI. Finally, this study showed that 

interference with IL-1β signaling, through administration of IL-1 receptor antagonist (IL-1ra), 

ameliorated the effects of neuropathic pain on depressive-like behavior. Taken together, these data 

suggest that peripheral nerve injury leads to increased cytokine expression in the brain, which in 

turn, contributes to the development of depressive-like behavior. Furthermore, stress can facilitate 

the development of depressive-like behavior after nerve injury by promoting IL-1β expression.
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Introduction

Acute pain is often adaptive. It promotes survival by encouraging organisms to avoid threats 

and to protect existing injuries against further damage. In contrast, chronic or persistent pain 

can become maladaptive and debilitating, limiting physical activity and leading to 

psychopathology and reduced quality of life.1–3 Chronic pain disorders are a prevalent 

source of human suffering, afflicting over 50 million Americans and accounting for 

approximately 80% of all physician visits.4

Neuropathic pain, defined as pain derived from a lesion or dysfunction of nervous tissue,5 

represents one of the more disabling chronic pain disorders. It can arise from a broad 

collection of pathological states, ranging from direct nerve trauma to diabetes and cancer.6,7 

Despite the broad spectrum of causes, relatively little is known regarding the physiological 

mechanisms underlying neuropathic pain, and consequentially, relatively few effective 

treatments exist. Although much of the research on chronic pain has been focused at the 

level of the spinal cord, it has become increasingly apparent that supraspinal structures are 

intimately involved in both the development and maintenance of chronic pain states, 

including neuropathic pain.8–10 Indeed, neuropathic pain enhances synaptic transmission of 

nociceptive-specific input to the amygdala,11 induces long-term synaptic changes in the 

anterior cingulate,12 and upregulates proinflammatory cytokine gene expression in the 

prefrontal cortex and brainstem.13 The neuropathic pain-induced alteration in supraspinal 

structures, in turn, can facilitate nociceptive signal transmission through the activation of the 

efferent arm of the descending modulatory pain pathway, consisting of the midbrain 

periaqueductal grey (PAG) and rostroventral medulla (RVM). In the context of NP, the 

PAGRVM system is capable of facilitating nociceptive transmission through amplification of 

afferent spinal nociceptive signaling.9,14

The involvement of supraspinal structures in neuropathic pain provides a substrate through 

which emotional states are capable of altering pain perception and vice versa.15,16 Chronic 

pain conditions are associated with an increased risk of mood disorders, and >50% of the 

individuals suffering from chronic pain conditions have symptoms of depression.17 One 

possible link between neuropathic pain and depression is the induction of 

neuroinflammation. Apart from their role in regulating immune responses, proinflammatory 

cytokines are potent modulators of behavior and affect.18 Both exogenous and endogenous 

proinflammatory cytokines (that is interleukin-1β, IL-1β) induce depressive-like behavior in 

animals and therapeutic administration of the proinflammatory cytokine interferon-α leads 

to depression in up to 50% of clinical patients.18 In addition to the induction of depression, 

inflammatory cytokines also lead to hyperalgesia (hypersensitivity to noxious stimuli).19

This study will also examine a role for stress in exacerbating allodynia (a state in which 

typically innocuous stimuli elicit a pain response) and depressive-like behavior after nerve 

injury. Chronic stress is one of the more prominent risk factors for clinical depression.20 and 

is known to exacerbate various chronic pain conditions.21,22 Similarly, animals exposed to 

chronic stress develop hyperalgesia.23 Such findings are not surprising given the broad 

effects of chronic stress on brain structure and function. Stress, and subsequent exposure to 

high levels of glucocorticoids, dramatically alters the activity of corticolimbic structures 
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known to modulate PAG-RVM-dependent pain facilitation.24,25 Thus, significant overlap 

exists between the brain structures involved in chronic pain, major depression, and chronic 

stress, which may explain the comorbidity of such conditions.

The goals of this study were (1) to determine whether peripheral nerve injury precipitates 

depressive-like behavior in a mouse model of neuropathic pain and (2) to elucidate the 

mechanism through which chronic stress impacts the behavioral and physiological responses 

to nerve injury. The primary hypothesis was that chronic stress before induction of nerve 

injury would decrease the nociceptive threshold, and increase the development of 

depressive-like behaviors. Additionally, we hypothesized that stress would increase the 

expression of genes associated with pain facilitation and depressive-like behavior.

Materials and methods

Adult male C57/BL6 mice (23–30 g; Charles River, Wilmington, MA, USA) were 

maintained on a 14:10 light/dark cycle and individually housed within a temperature and 

humidity-controlled vivarium. Water and food were available ad libitum throughout the 

study. The study was conducted in accordance with NIH guidelines for the care and use of 

animals and under protocols approved by the OSU Institutional Animal Care and Use 

Committee.

Experimental protocols

Study 1: Stress effects on mechanical allodynia, depressive-like behavior and supraspinal 
mRNA expression

To assess the effects of chronic stress on spared nerve injury (SNI), 40 animals were 

randomly assigned to one of four main groups: sham surgery with no exposure to stress 

(Sham-No Stress; n = 10), sham surgery with exposure to chronic stress (Sham-Stress; n = 

10), SNI with no stress (SNI-No Stress; n = 10), or SNI with exposure to chronic stress 

(SNI-Stress; n = 10). At 1 day before surgery, baseline measures of mechanical allodynia 

were taken and re-assessed on days 1, 3, and 7 after surgery. At 6 days after surgery, 

locomotor activity was assessed in an automated open field chamber. At postoperative day 7, 

depressive-like behavior was assessed through the forced swim test and blood and tissue 

samples were collected (8–10 h after conclusion of the swim task).

Spared nerve injury—The SNI and sham-surgery (Sham) were performed on 

anesthetized mice (isoflurane) using sterile surgical technique and an earlier described 

procedure for inducing neuropathic pain in mice.26 Briefly, the right hind limb was 

immobilized in a lateral position and slightly elevated. The three peripheral branches (sural, 

common peroneal, and tibial nerves) of the sciatic nerve were exposed. The tibial and 

common peroneal nerves were ligated using a 6.0 silk suture and transected (1.5mm sections 

removed). The sural nerve was carefully preserved. The sham procedure consisted of the 

same surgery without ligation or transection of any nerves; instead, a 3 mm long thread of 

6.0 silk was placed longitudinally at the level of the trifurcation.
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Restraint stress—This stressor consisted of placing a mouse in a well-ventilated 50-ml 

transparent tube for 2 h per day for 14 consecutive days; the final restraint session occurred 

immediately before the surgery. The nonstressed control mice were left undisturbed in their 

home cages. Restraint occurred at random time points throughout the light phase.

Behavioral testing—Behavioral testing was conducted during the dark (active) phase of 

the daily light–dark cycle. The individual conducting and scoring behavioral tests was 

uninformed of experimental assignments, and all animals were tested using the same 

apparatus (cleaned between animals with 70% ethyl alcohol) under consistent conditions. 

The mice were habituated to the room for 15 min before testing.

Measuring allodynia—Baseline von Frey monofilament testing (Stoelting Co, IL, USA) 

took place one day before SNI or SHAM surgery. Subsequent testing took place on days 1, 

3, and 7 after surgery. Testing procedures were conducted as described earlier in Bourquin et 
al. (2006). Assessment began with the 8 mg monofilament and was followed by increasingly 

firm monofilaments until a positive response was determined. A positive response was 

defined as a flexion response (paw withdrawal) occurring twice in 10 applications of the 

respective filament being applied to the lateral side of both hind paws. After a positive 

response, the threshold (in milligrams) was noted and no further monofilaments were 

applied.27,28 A significant decrease in response threshold after surgery is interpreted as the 

development of allodynia, a state in which typically innocuous stimuli begin to elicit pain 

responses.

Open field—General activity and anxiety-like behavior were assessed during a 60-min 

session in an open field apparatus (40 × 40 × 37.5 cm) using Flex Field photobeam activity 

(San Diego Instruments, San Diego, CA, USA). The apparatus was enclosed in a sound-

attenuating chamber equipped with a ventilating fan. Data were analyzed to determine 

general locomotor activity, and relative amount of activity occurring in the periphery vs the 

center of the apparatus (anxiety-like behavior).

Forced swim task—Mice were placed into an opaque cylinder tank (24 cm diameter, 53 

cm height) filled to a depth of 30cm with water maintained at 29 °C. The water was changed 

after each animal and the tank was thoroughly cleaned. Swimming behavior was recorded 

for 5 min and scored for time spent actively swimming vs floating (no leg or tail movement 

contributing to forward movement). Quantification of float vs swim time was performed 

with Observer software (Version 5, Exeter Software, Setauket, NY, USA). An increase in 

floating is interpreted as an increase in depressive-like behavior.29,30

Gene expression—On postsurgical day 7, the mice were killed through rapid cervical 

dislocation and tissue collected. Samples from the periaqueductal gray and frontal cortex 

were dissected from whole brain and total RNA was extracted using a homogenizer (Ultra-

Turrax T8, IKA Works, Wilmington, NC, USA) and an RNeasy Mini Kit (Qiagen, Valencia 

CA, USA) according to the manufacturer’s protocol. Extracted RNA was suspended in 30 

µL of RNase-free water and RNA concentration was determined by a spectrophotometer 

(NanoDrop ND-1000, Wilmington, DE, USA). The following inventoried primers and 

probes (Applied Biosystems, Foster City, CA, USA) were used: glial fibrillary acidic protein 
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(GFAP), MAC-1, IL-6 and IL-1β, tumor necrosis factor α (TNF-α), cholecystokinin, 

serotonin receptor-4, and brain-derived neurotrophic factor (BDNF). A TaqMan 18S rRNA 

primer and probe set (labeled with VIC dye: Applied Biosystems, Foster City, CA) was used 

as a control gene for relative quantification. Amplification was performed on an ABI 7000 

Sequencing Detection System by using Taqman Universal PCR master mix. The universal 

two-step RT-PCR cycling conditions used were: 50 °C for 2 min, 95 °C for 10 min followed 

by 40 cycles of 95 °C for 15 s, and 60 °C for 1 min.

Corticosterone—Trunk blood samples were collected at the time of euthanasia and placed 

on ice. Clots were removed and the samples were centrifuged at 6000 rpm for 30 min at 

4 °C; sera was collected and stored at −80 °C until assayed. Corticosterone (CORT) 

concentrations were determined by using an I125 corticosterone kit (MP Biomedical, Solon, 

OH); all samples were run in a single assay. The standard curve was run in triplicate and 

samples were run in duplicate. The lower limit of the assay is 7.7 ng ml−1 corticosterone, the 

cross reactivity with other steroids is low (< 1%), and the intra-assay coefficient of variation 

for this assay was 6.4%.

Study 2: Role of stress-induced corticosterone in modulating SNI outcome

To determine the functional significance of stress-induced increases in CORT concentrations 

on SNI outcome, 80 mice were randomly assigned to one of the four experimental groups 

that were treated with vehicle or MET (100 mg kg−1 MET; details provided below), a 

corticosteroid synthesis inhibitor: SNI with no exposure to stress, but treated daily with 

vehicle (SNI-No Stress-Vehicle), SNI with exposure to chronic stress, and treated daily with 

vehicle (SNI-Stress-Vehicle), SNI with no exposure to stress, but treated daily with MET 

(SNI-No Stress-MET), or SNI with exposure to chronic stress and treated daily with MET 

(SNI-Stress-MET). Two different regimens for MET administration were used to determine 

whether amelioration of stress effects on post-SNI behavior require preventing the rise in 

corticosterone that typically accompanies stress (Study 2a), or the suppression of 

corticosterone after nerve injury (Study 2b). In Study 2a (n = 10 per group), the MET or 

vehicle was administered 1 h before each restraint session (or at an equivalent time for 

animals in the No Stress groups), and in Study 2b (n = 10 per group), the MET or vehicle 

was administered daily beginning 24 h after SNI. All other aspects of the study were 

identical to Study 1, including the stress exposure, behavioral analyses, and physiological 

analyses. Briefly, 1 day before surgery, baseline measures of mechanical allodynia were 

taken and re-sampled on days 1, 3, and 7 after surgery. At 6 days after surgery, locomotor 

activity was measured in an automated open field chamber. At postoperative day 7, 

depressive-like behavior was assessed through the forced swim test and blood and tissue 

samples were collected (8–10 h after swim task).

Inhibition of corticosterone synthesis—To modulate glucocorticoid effects, groups of 

animals were injected IP with the glucocorticoid synthesis inhibitor MET [2-methyl-1, 2-

di-3-pyridyl-1-propanone] (MET, Sigma; 100 mg kg−1) or vehicle (isotonic saline). The 

dose of MET used was chosen based on earlier studies showing that this dose is sufficient to 

block GC synthesis without causing long-term dysregulation of the HPA axis.31
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Study 3: The functional significance of increased IL-1β levels in SNI animals

To determine the functional significance of increased IL-1β in SNI animals, mice were 

cannulated and IL-1 receptor antagonist (IL-1ra; 1.8 µg in 2µl) or artificial cerebral spinal 

fluid (2 µl) was administered intra-cerebroventricularly (ICV) to sham (n = 6 per group) and 

SNI (n = 7 per group) animals on days 6 and 7 after surgery. A guide cannula, targeting the 

left lateral ventricle, was implanted 1 week before surgery. The mice were anesthetized with 

1–1.5% isofluorane in oxygen-enriched air and placed in a stereotaxic apparatus (David 

Kopf Instruments, Tujunga, CA, USA). The cannula (2.00 mm below the pedestal, Plastics 

One, Roanoke, VA, USA) was positioned at +0.02 mm posterior and +0.95 mm lateral to 

bregma, and secured with glue. The FST was conducted approximately 30 min after ICV 

injection on day 7. The dose was selected based on earlier reports showing its efficacy.32 At 

conclusion of the study, accuracy of cannula placement was confirmed.

Statistical analysis—The data are expressed as means ± standard error of the mean. 

Testing of statistical significance was performed using ANOVA. When a significant overall 

treatment effect was reported (P < 0.05), post hoc analyses were conducted using the Tukey 

test. Levels of significance were taken at P < 0.05. Von Frey responses for all experiments 

were analyzed using two-way repeated measures ANOVA assessing effects of time and 

group. CORT concentrations, mRNA expression, FST, and open field data were analyzed 

using one-way ANOVAs. In the case of von Frey responses, conditions of normality were 

not met, so the data were subsequently log transformed, which succeeded in normalizing the 

data.

Results

Study 1: Stress effects on mechanical allodynia, depressive-like behavior, and supraspinal 
mRNA expression

Allodynia—As expected, both SNI groups exhibited an increase in mechanical allodynia as 

measured by von Frey response threshold on postsurgical day 7 (Figure 1a, F3,57 = 61.34, P 
< 0.05), whereas neither of the Sham-operated groups exhibited mechanical allodynia at any 

of the postsurgical time points (P > 0.05). Furthermore, exposure to 14 consecutive days of 

restraint stress before SNI surgery (SNI-Stress) significantly reduced von Frey response 

threshold at postsurgical day 7 relative to the SNI-No Stress group and the two Sham groups 

(Figure 1, F3,36 = 35.05, P < 0.05, post hoc = P < 0.05), suggesting that stress exposure 

exacerbates SNI-induced allodynia. In contrast, von Frey response thresholds were similar 

for the Sham-No Stress and Sham-Stress groups at all time points, thereby showing that 

exposure to chronic stress did not produce allodynia in the absence of nerve injury in this 

study.

Depressive-like and anxiety-like behavior—Overall, the SNI groups spent 

significantly more time floating during the forced swim test than the two Sham groups, 

suggesting an increase in depressive-like behavior among SNI animals (Figure 1b, F1,38 = 

25.04, P < 0.05). Presurgical exposure to stress further increased floating behavior in the 

SNI-Stress group relative to the other three experimental groups (Figure 1b, P < 0.05), but 

did not influence floating behavior among the Sham groups. All four experimental groups 
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exhibited similar levels of general locomotor activity (P > 0.05, data not shown) thereby 

suggesting that SNI does not produce a general motor deficit. Furthermore, central tendency 

in the open field, a measure of anxiety-like behavior, was similar among groups (P > 0.05; 

data not shown).

Gene expression—Gene expression analysis of the PAG on postsurgical day 7 revealed 

increased levels of GFAP, an intermediate filament protein that is up-regulated in astrocytes 

after SNI (F1,38 = 9.74, P < 0.05), although stress did not significantly alter GFAP 

expression in either the Sham or SNI groups (Figure 2a). BDNF mRNA expression in PAG 

(Figure 2b) was significantly greater in the Stress-SNI group than the other three groups 

(F1,36 =12.05, P < 0.05), which did not differ from one another. SNI animals had 

significantly higher levels of IL-1β mRNA within the prefrontal cortex (Figure 2c, F1,38 = 

25.63, P < 0.05) than the SHAM animals (P < 0.05). Stress did not alter IL-1β mRNA within 

the Sham group, but IL-1β gene expression was significantly greater in the Stress-SNI group 

than the No Stress-SNI group (F1,36 = 11.14, P < 0.05). No significant differences among 

experimental groups were found in mRNA expression of GFAP or BDNF in the PFC, IL-1β 
in the PAG, or IL-6, TNF-α, cholecystokinin, MAC-1 or serotonin receptor-4 in the PAG or 

frontal cortex (P > 0.05).

Corticosterone—On day 7 after SNI or Sham surgery, corticosterone concentrations were 

similar between the SNI-No Stress and Sham-No Stress groups, and both of these groups 

had significantly lower corticosterone concentrations than the SNI-Stress and Sham-Stress 

groups (F1,38 = 22.32, P < 0.05). Furthermore, corticosterone concentrations were greater in 

the Stress-SNI group than the Stress-Sham group (P < 0.05). Thus, prior exposure to chronic 

stress, regardless of nerve injury, was sufficient to produce a prolonged elevation in 

corticosterone concentrations, but that the greatest increase occurred among the mice that 

were exposed to both stress and SNI.

Study 2: Role of stress-induced corticosterone in modulating SNI outcome

Study 2a: Administration of MET before stress Allodynia—After SNI surgery, all 

experimental groups exhibited allodynia (F3,117 = 78.43, P < 0.05). Paw withdrawal 

thresholds at all four time points were similar for the SNI-No Stress-Vehicle, SNI-No Stress-

MET, and SNI-Stress-MET groups (P > 0.05). Paw withdrawal thresholds were not 

statistically different for the SNI-Stress-Vehicle group and the other three groups at baseline, 

or on post-SNI days 1 or 3 (Figure 3a, P > 0.05). However, by post-SNI day 7, paw 

withdrawal threshold was significantly lower (F3,36 = 7.56, P < 0.05, post hoc = P < 0.05) 

for the SNI-Stress-Vehicle group than the other three experimental groups. Thus, in the 

absence of stress, blockade of corticosterone synthesis for 2 weeks before SNI had no 

impact on the development of allodynia. In contrast, preventing the stress-induced increase 

in CORT for 2 weeks before SNI eliminated the stress-induced increase in allodynia.

Depressive-like behavior: Time spent floating in the Porsolt forced swim test was 

significantly greater among mice in the SNI-Stress-Vehicle group than the other three 

experimental groups (Figure 3b, F1,36 = 7.21, P < 0.05, post hoc = P < 0.05). Inhibition of 

CORT synthesis through administration of MET before stress, eliminated the effects of 
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stress on depressive-like behavior in the swim test; time spent floating was similar for the 

SNI-Stress-MET group and the SNI-No Stress-MET and SNI-No Stress-Vehicle groups 

(Figure 3b).

Gene expression: There were no group differences detected for GFAP (Figure 4a, P > 0.05) 

within the PAG of SNI animals. Among vehicle-treated mice, exposure to stress and SNI 

significantly increased BDNF (P < 0.05) mRNA expression in the PAG (Figure 4b) and 

IL-1β in the PFC (Figure 4c) relative to the SNI-No Stress group. Inhibition of CORT 

synthesis with MET before stress eliminated the effects of stress on SNI-induced BDNF and 

IL-1β mRNA expression such that expression of these two genes was similar for the SNI-

Stress-MET group and the SNI-No Stress-MET and SNI-No Stress-Vehicle groups (Figure 

4b and c).

Corticosterone concentration: Among vehicle-treated mice, exposure to stress before SNI 

was associated with a significant increase in circulating CORT on postsurgical day 7; the 

SNI-Stress-Vehicle group had significantly higher circulating CORT concentrations than the 

SNI-No Stress-Vehicle, SNI-No Stress-MET and SNI-Stress-MET groups (F1,36 = 11.21, P 
< 0.05, Tukey = P < 0.05; Figure 4d).

Study 2b: Administration of MET beginning 24 h after SNI—In contrast to Study 

2a, inhibition of CORT synthesis through daily administration of MET beginning 24 h after 

SNI had no effect on allodynia (VEH: 1.83 + 0.22 vs MET: 1.93 + 0.16 log(mg) threshold), 

performance in the FST (SNI-Stress-VEH: 63% vs SNI-Stress-MET: 59% time floating), 

CORT (SNI-Stress-VEH: 68 + 13 pg ml−1 vs SNI-Stress-MET: 77 + 11 pg ml−1), or gene 

expression (PFC IL-1β: SNI-Stress-VEH: 2.73 + 0.37 vs SNI-Stress-MET: 2.59 + 0.31).

Study 3: The functional significance of increased IL-1β levels in the prefrontal cortex of 
SNI animals

Depressive-like behavior—Similar to the outcome of study 1, SNI-vehicle-treated 

animals displayed increased depressive-like behavior as measured by increased floating in 

the forced swim test relative to Shams (Figure 5, P < 0.05). However, IL-1ra treatment on 

postsurgical days 6 and 7 significantly reduced floating behavior in SNI animals (Figure 5, 

F1,22 = 14.89, P < 0.05, Tukey = P < 0.05). IL-1ra administration did not influence floating 

behavior in Sham animals.

Discussion

This study establishes that peripheral nerve injury induces the expression of IL-1β in the 

brain, which in turn contributes to the development of depressive-like behavior in mice. A 

causal relationship between IL-1β response to nerve injury and the change in affect is 

confirmed through ICV administration of IL-1ra, which returns depressive-like behavior 

after SNI to Sham levels. Furthermore, stress has a robust influence on the expression of 

IL-1β and behavioral responses to nerve injury. Exposure to chronic stress increases IL-1β 
expression in the frontal cortex, and potentiates allodynia, and depressive-like behavior. 

These effects are reversed when the stress-induced increase in corticosterone is prevented 

with concurrent MET treatment. It is well established that IL-1β expression at the level of 
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the spinal cord contributes to the development of pain behaviors; however, this study 

provides the first evidence that a concomitant increase in supraspinal IL-1β expression 

modulates the induction of depressive-like behavior after nerve injury.

SNI, stress, and allodynia

The SNI procedure produces a significant increase in allodynia, which is exacerbated by 

prior exposure to stress (Figure 1a). However, in the absence of nerve injury (Sham), stress 

has no effect on pain threshold (Figure 1a), thereby suggesting that some component of the 

pathophysiological response to SNI (likely IL-1β, discussed below) is necessary for stress to 

induce allodynia. Furthermore, it is likely that stress-induced increases in circulating 

corticosterone underlie the effects of stress on allodynia after SNI. Treating mice with MET, 

a corticosteroid synthesis inhibitor, 1 h before stress eliminates the effect of stress on pain 

threshold (Figure 3a) and normalizes corticosterone concentrations on postsurgical day 7 

(Figure 4d). In the absence of stress exposure, treatment with MET has no effect on SNI-

induced allodynia (Figure 3a) or postsurgical CORT concentrations (Figure 4d). These data 

support and extend an earlier study, which showed that stress exacerbates SNI-induced 

allodynia, and that treatment with a glucocorticoid receptor antagonist at the time of stress 

exposure eliminates the effects of stress on allodynia.33 As circulating corticosterone 

concentrations are elevated on postsurgical day 7 among the mice that had been exposed to 

stress for 2 weeks before SNI or Sham surgery (Figure 2d), we tested the hypothesis that 

post-SNI elevations in corticosterone mediate the effects of stress on the physiological and 

behavioral responses to SNI. However, delaying treatment with MET until after SNI is 

ineffective in decreasing pain responses among mice that were exposed to stress before SNI.

SNI, stress, and depression

Chronic pain conditions within clinical populations are associated with a high incidence of 

affective disorders, including depression.1,2 Mirroring this pattern, this study shows that SNI 

increases depressive-like behavior, as indicated by increased floating in the forced swim test 

(Figure 1b). Exposure to chronic restraint for 2 weeks before SNI, further increases 

depressive-like behavior (Figure 1b). Inhibition of CORT synthesis through pretreatment 

with MET eliminates the effect of stress exposure on floating behavior in the forced swim 

test, but does not influence floating behavior among mice that were not exposed to stress 

before SNI (Figure 3b). In addition, in the absence of the nerve injury, the repeated stress 

does not influence behavior in the forced swim test. Importantly, there were no significant 

concomitant differences among the experimental groups in general locomotor activity or 

anxiety-like behavior.

Hypercortisolism is a common feature of depression,34 and pharmacological blockade of 

glucocorticoid receptors ameliorates depressive symptoms in many such patients.35 In this 

study, corticosterone concentrations on postoperative day 7 are significantly elevated after 

stress in both the SNI and Sham groups. However, the finding that behavior in the FST is 

similar between Sham groups despite differential exposure to stress and elevated 

corticosterone concentrations indicates that these two factors alone are not sufficient to 

induce depressive-like behavior under the experimental parameters used in this study. In 

contrast, the MET experiment shows that exposure to stress-induced increases in 

Norman et al. Page 9

Mol Psychiatry. Author manuscript; available in PMC 2017 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



corticosterone before SNI, increases the expression of depressive-like behavior (Figure 3b). 

The stress-induced increase in depressive-like behavior after SNI, but not Sham surgery, is 

likely because stress exposure exacerbates the pathophysiological (neuroinflammatory) 

response to nerve injury, which in turn, influences the expression of depressive-like 

behavior. Corticosteroids are typically characterized as having anti-inflammatory properties, 

but several recent studies suggest stress and treatment with exogenous glucocorticoids can 

be proinflammatory within the CNS.36–38

SNI, stress, and Supraspinal gene expression

On postsurgical day 7, tissue was collected from the PAG and prefrontal cortex. The PAG, 

through its projections to the RVM, is capable of both inhibitory and facilitatory regulation 

of nociceptive information through direct modulation of spinal cord signal transmission that, 

together with primary afferent input, ultimately determines the excitability of spinal 

neurons.8,9 The frontal cortex was chosen because of its prominent role in mediating 

depressive-like behaviors.19 SNI produces a significant increase in GFAP mRNA expression 

in the PAG relative to Sham, but there is no effect of prior stress exposure on GFAP 

expression among the SNI or Sham groups (Figure 2a). Increased glial activity within the 

RVM-PAG system contributes to descending pain facilitation.39 Thus, increased GFAP 

mRNA expression within the PAG-RVM system of SNI animals may contribute to allodynia 

after nerve injury through modulation of supraspinal descending pain pathways; additional 

studies will need to be conducted to determine how GFAP expression may be influencing 

the development and maintenance of pain-related behaviors.

The combination of stress exposure and SNI increases BDNF expression in PAG, but there 

are no independent effects of stress or SNI on expression of this gene (Figure 2b). This 

observation provides a potential physiological mechanism for the enhanced nociceptive 

states in stressed neuropathic animals. Large quantities of BDNF mRNA are present within 

the PAG40,41 and interference of BDNF signaling within the PAG inhibits hyperalgesia, 

whereas microinjection of exogenous BDNF produces hyperalgesia.39 Furthermore, 

administration of MET before stress completely abolishes the effect of chronic stress on 

mechanical allodynia and BDNF mRNA expression within the PAG. Thus, corticosterone-

mediated increases in BDNF mRNA levels within the PAG of chronically stressed 

neuropathic animals may represent one physiological mechanism underlying the stress-

induced increases in mechanical allodynia and other behaviors.

In this study, there are no group differences in IL-1β mRNA levels in the PAG, but 

expression of this gene in the frontal cortex is significantly increased after SNI and further 

increased by the combination of stress and SNI (Figure 2c). Treatment with MET before 

stress eliminates the effects of stress on SNI-induced IL-1β gene expression (Figure 4c), 

which suggests that the increase in corticosterone during stress augments expression of this 

gene after nerve injury. Elevated gene expression of IL-1β within the PFC is particularly 

interesting given the ability of proinflammatory cytokines to induce hyperalgesia, as well as 

depressive-like behavior, in mice without nerve injury.19,42 Within the spinal cord, 

proinflammatory cytokines, including IL-1β, are central to the development and 

maintenance of neuropathic pain43,44 and disruption of cytokine signaling attenuates 
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neuropathic pain.43,45 Centrally administered IL-1β induces hyperalgesia,46,47 whereas 

IL-1ra reduces pain behavior in enhanced pain states.48 Additionally, IL-1β expression 

within supraspinal regions, including prefrontal cortex, covary with measures of 

allodynia,13,49,50 and administration of an IL-1β neutralizing antibody into the red nucleus 

of the rostral midbrain, prevents the development of allodynia after nerve injury.50 Although 

this study does not directly test the functional consequences of IL-1β on mechanical 

allodynia, the existing literature suggests that the stress-induced increase in IL-1β expression 

in this study may contribute to the stress-induced increase in allodynia.

The concomitant increase in IL-1β gene expression in the prefrontal cortex (Figure 2a) and 

depressive-like behavior (Figure 1b), paired with the elimination of SNI-induced depressive-

like behavior after treatment with IL-1ra (Figure 5), supports the hypothesis that the increase 

in the expression of proinflammatory cytokine IL-1β after SNI is responsible for the display 

of depressive-like behavior. Within the past decade, numerous studies have implicated 

inflammatory mediators, including IL-1β, in the pathophysiology of depression.42,51,52 

Individuals suffering from medical conditions characterized by inflammation and increased 

IL-1β production within the brain have significantly higher rates of major depression.53,54 

Additionally, the risk of depression is elevated in individuals with heightened levels of 

IL-1β55,56 and those with specific polymorphisms in genes within the IL-1 family.57 The 

finding that IL-1ra administration significantly reversed the effects of SNI on depressive-like 

behavior suggests a causative role for the elevated PFC IL-1β mRNA levels. Furthermore, 

chronic stress is capable of increasing central IL-1β expression,58 a process thought to 

mediate chronic stress-induced depression.59 Although chronic stress in the absence of nerve 

injury did not influence behavioral or immunological outcomes in this study, when 

combined with SNI it led to a synergistic increase in depressive-like behavior and IL-1β 
mRNA within the PFC as compared with no-stress neuropathic animals. The chronic stress-

induced increases in depressive-like behavior and IL-1β mRNA among SNI animals was 

mediated by corticosterone, as administration of MET before each stress session entirely 

blocked the effects on behavior and gene expression. Thus, in conjunction with earlier 

reports on the functional significance of proinflammatory states in both depression and 

chronic pain, these data suggest treatments focused on reducing CNS inflammation may 

prove beneficial in NP and major depression in clinical settings.

In sum, this study shows that in conjunction with its effects on mechanical allodynia, SNI 

leads to significant increases in mRNA expression of GFAP within the PAG and IL-1β 
within the prefrontal cortex, as well as depressive-like behavior. The increased IL-1β mRNA 

expression has a causative function in the expression of post-SNI depressive-like behavior as 

administration of IL-1ra blocks the effects of SNI on floating behavior in the FST. In line 

with earlier studies, the SNI procedure did not significantly alter circulating corticosterone 

levels, anxiety-like behavior, or overall locomotor activity. However, exposure to 2 weeks of 

daily 2 h restraint stress potentiated the behavioral and proinflammatory cytokine effects of 

SNI in a glucocorticoid-dependent manner. Together, the data suggest that the 

neuroinflammatory response to peripheral nerve injury can precipitate a depressive-like 

state, and that psychosocial factors that modulate inflammatory processes can, in turn, 

influence injury-induced depression.
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Figure 1. 
Assessment of allodynia and depressive-like behaviors. (a) SNI significantly decreases paw 

withdrawal threshold as compared with sham-operated animals on postsurgical days 3 and 7. 

Exposure to 14 consecutive days of chronic stress exacerbates SNI effects on threshold on 

post-SNI days 3 and 7. Chronic stress does not alter threshold in Sham animals. (b) SNI 

significantly increases the percentage time spent floating during a 5 min forced swim test 

conducted on day 7 after surgery. Exposure to 14 consecutive days of chronic stress 

exacerbates SNI effects on the forced swim test. Similar letters above error bars indicate no 

significant difference between groups (P > 0.05), whereas different letters represent a 

significant difference between groups (P < 0.05). Data are presented as mean ± s.e.m.
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Figure 2. 
SNI influences on supraspinal gene expression and CORT levels on day 7. SNI significantly 

increases mRNA expression of GFAP (a) and BDNF (b) within the PAG and IL-1β (c) 

within the PFC. Chronic stress does not influence the expression of GFAP within the PAG 

(a). Chronic stress increased the expression of PAG BDNF (b) and IL-1β (c) among SNI 

animals. No chronic stress effects are detected in Sham-operated animals. (d) SNI alone 

does not alter CORT concentration at 7 days after surgery. Exposure to 14 days of chronic 

stress before surgery lead to significant increases in CORT levels within Sham and SNI 

animals, with SNI-chronic stress animals having the highest levels of CORT. Similar letters 

above error bars indicate no significant difference between groups (P > 0.05), whereas 

different letters represent a significant difference between groups (P < 0.05). Data are 

presented as mean ± s.e.m.
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Figure 3. 
(a) Modification of stress effects on SNI-induced allodynia and depressive-like behavior by 

metyrapone. SNI significantly decreases threshold in all groups. Vehicle (VEH)-treated 

animals exposed to chronic stress before SNI surgery have significantly lower paw 

withdrawal thresholds. Inhibition of stress-induced CORT elevation through treatment with 

metyrapone (MET; 100 mg kg−1) before restraint eliminates the effect of stress on SNI 

outcome. Data are presented as mean ± s.e.m. (b) Vehicle-treated chronic stress mice spend 

more time floating in the FST at day 7. Inhibition of stress-induced CORT elevation through 

treatment with metyrapone (MET, 100 mg kg−1) eliminates the deleterious effect of chronic 

stress on SNI-induced depressive-like behavior. Similar letters above error bars indicate no 

significant difference between groups (P > 0.05), whereas different letters represent a 

significant difference between groups (P < 0.05). Data are presented as mean ± s.e.m.
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Figure 4. 
Modification of stress effects on SNI-induced gene expression and depressive-like behavior 

by metyrapone. Neither chronic stress nor MET treatment influences (a) PAG GFAP mRNA 

expression. Inhibition of stress-induced CORT elevation through treatment with metyrapone 

(MET, 100 mg kg−1), eliminates the effects of chronic stress on (b) PAG BNDF and (c) PFC 

IL-1β and mRNA expression. Inhibition of CORT synthesis during chronic stress eliminates 

the effects of pre-SNI stress on CORT levels measured a week after the final restrain session 

(d). Similar letters above error bars indicate no significant difference between groups (P > 

0.05), whereas different letters represent a significant difference between groups (P < 0.05). 

Data are presented as mean ± s.e.m.
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Figure 5. 
Influence of IL-1ra on SNI-induced depressive-like behavior. Percentage time spent floating 

during a 5-min forced swim test conducted on day 7 after surgery was used as an index of 

depressive-like behavior. The mice were fitted with a cannula targeting the left lateral 

ventricle 1 week before SNI or Sham surgery. IL-1ra (1.8 µg) or the vehicle (VEH; 2 µl 

aCSF) was administered on postoperative days 6 and 7. SNI animals treated with CSF spent 

more time floating in FST than the other three experimental groups. Administration of 

IL-1ra eliminated the effect of SNI on time spent floating, such that behavior in this group 

was not significantly different than either Sham group. Similar letters above error bars 

indicate no significant difference between groups (P > 0.05), whereas different letters 

represent a significant difference between groups (P < 0.05). Data are presented as mean ± 

s.e.m.
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