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Abstract

Background: Tumor necrosis factor alpha (TNFα) is increased in patients with headache, 

neuropathic pain, periodontal and temporomandibular disease. This study and others have utilized 

TNF receptor 1/2 (TNFR1/2) knockout (KO) animals to investigate the effect of TNFα 
dysregulation in generation and maintenance of chronic neuropathic pain. The present study 

determined the impact of TNFα dysregulation in a trigeminal inflammatory compression (TIC) 

nerve injury model comparing wild-type (WT) and TNFR1/2 KO mice.

Methods: Chromic gut suture was inserted adjacent to the infraorbital nerve to induce the TIC 

model mechanical hypersensitivity. Cytokine proteome profiles demonstrated serology, and 

morphology explored microglial activation in trigeminal nucleus 10 weeks post.

Results: TIC injury induced ipsilateral whisker pad mechanical allodynia persisting throughout 

the 10-week study in both TNFR1/2 KO and WT mice. Delayed mechanical allodynia developed 

on the contralateral whisker pad in TNFR1/2 KO mice but not in WT mice. Proteomic profiling 10 

weeks after chronic TIC injury revealed TNFα, interleukin-1alpha (IL-1α), interleukin-5 (IL-5), 

interleukin-23 (IL-23), macrophage inflammatory MIP-1β(MIP-1β), and granulocyte–macrophage 

colony-stimulating factor (GM-CSF) were increased more than 2-fold in TNFR1/2 KO mice 

compared to WT mice with TIC. Bilateral microglial activation in spinal trigeminal nucleus was 

detected only in TNFR1/2 KO mice. p38 mitogen-activated protein kinase (MAPK) inhibitor and 

microglial inhibitor minocycline reduced hypersensitivity.

Conclusions: The results suggest the dysregulated serum cytokine proteome profile and bilateral 

spinal trigeminal nucleus microglial activation are contributory to the bilateral mechanical 

hypersensitization in this chronic trigeminal neuropathic pain model in the mice with TNFα 
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dysregulation. Data support involvement of both neurogenic and humoral influences in chronic 

neuropathic pain.
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BACKGROUND

Tumor necrosis factor alpha (TNFα) is an inflammatory mediator produced not only by 

activated macrophages, CD4+ lymphocytes, and NK cells, but also by neurons, Schwann 

cells, astroglia, and microglia (Gregersen et al., 2000; Locksley et al., 2001). ATP released 

from nerve endings or leaked from damaged cells activates p38 or extracellular-signal-

regulated kinase (ERK)1/2 resulting in release of TNFα (Hide et al., 2000). This 

proinflammatory chemokine has multiple actions including cytolysis, lymphocyte 

recruitment, and initiation of cascades of other proinflammatory cytokines/chemokines 

(Kreutzberg, 1996; Woolf et al., 1997). TNFα stimulation of nerve endings alters neuronal 

excitability and has been implicated in the mechanical allodynia associated with 

development of intractable neuropathic pain (Wagner and Myers, 1996; Sorkin and Doom, 

2000; Empl et al., 2001; Sommer et al., 2001; Thacker et al., 2007; Uceyler et al., 2007; 

Ludwig et al., 2008).

The biologic activities of TNFα are mediated through two TNF gene family receptors 

(TNFR), the widely expressed TNFR1 and the limited constitutively expressed TNFR2. The 

main effect of TNFR1 is related to apoptosis whereas TNFR2 is associated with cell survival 

(Andrade et al., 2011). Feedback control maintained after the full-length membrane-

spanning TNFα (mTNFα) is cleaved by the inducible TNF converting enzyme (TACE) to 

release the diffusible peptide and soluble TNFα (sTNFα) (Fang et al., 2006). TNFα is 

increased in trigeminal ganglia and temporomandibular joint (TMJ) in its tissue binding 

protein format in the complete Freund’s adjuvant (CFA)-induced rat TMJ inflammation 

model (Spears et al., 2005). Increases in TNFα are evident in cerebrospinal fluid (CSF) and 

plasma of rats with spinal level spared nerve injury models (Ren et al., 2011). Successful 

alleviation of neuropathic pain with a gene therapy silencing TNF expression has been 

demonstrated (Ogawa et al., 2014).

Further examination of TNF dysfunction as a potentiator of orofacial neuropathic pain is 

warranted since TNFα levels in serum and CSF have been correlated with pain status in 

patients with other neuropathies (Koch et al., 2007; Uceyler et al., 2007; Ludwig et al., 

2008). Trigeminal neuropathic pain is commonly seen following trigeminal nerve damage 

after surgical procedures or maxillofacial injuries (Becerra et al., 2006). Developing new 

models for study and new targets for better pharmacological treatment of orofacial pain is 

essential since for many patients neuropathic pain is continuous and/or intractable. In animal 

studies, chromic gut suture, CFA oxygel, and coral snake venom have been applied to 

trigeminal nerve branches to cause nerve inflammation and hypersensitivity of the orofacial 

area (Benoliel et al., 2002; An et al., 2011). We developed a mouse model of continuous, 
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chronic facial pain induced by inserting chromic gut suture under the infraorbital nerve to 

produce slight compression and chemical irritation. The histology confirmed mild axonal 

trauma, inflammation, and disruption of myelin were present among axons immediately 

adjacent to the suture (Ma et al., 2012).

In the present study, it was hypothesized that dysregulated TNFα contributes to the 

development of chronic neuropathic pain at both peripheral and central sites. The injury 

activates neurons in the trigeminal ganglion and microglial cells in the spinal trigeminal 

nucleus contributing to mechanical hypersensitivity on the whisker pad. Since microglia are 

one source of TNFα eliciting the inflammatory responses in the CNS (Stoll and Jander, 

1999), it is likely that reciprocal activation of neurons and microglia centrally by TNFα 
induce mouse whisker pad allodynia in the trigeminal nerve injury model. Intrathecal 

injection of TNFα has been shown to produce thermal hyperalgesia and mechanical 

allodynia (Kawasaki et al., 2008). TNFα is theoretically promoting somatic or orofacial 

hypersensitivity acting through TNFR1 and TNFR2 receptors. CFA and formalin do not 

provoke typical nociceptive responses in TNFR1 or 2 knockout (KO) mice (Zhang et al., 

2011). TNFα enhanced excitatory synaptic transmission in spinal lamina II neurons was 

minimal in the absence of TNFR1 and TNFR2 in short-term studies. Thus, support is 

increasing in understanding TNFα’s contribution to the development of neuropathic pain 

(Marchand et al., 2005), and that soluble TNFR1 and R2 can neutralize circulating TNFα to 

alleviate thermal hyperalgesia or mechanical allodynia induced by peripheral nerve injury in 

most conditions (Sommer et al., 1998; Schafers et al., 2003).

In the present study, the potential of other proinflammatory cytokines as factors contributory 

to chronic pain was investigated in the absence of the TNF receptors in TNFR1/2 KO mice. 

The chronic trigeminal inflammatory compression (TIC) nerve injury model was utilized 

with mechanical allodynia that persisted chronically through at least 10 weeks. We reported 

previously that serum TNFα was elevated 8-fold in TNFR1/2 KO mice after an initial CFA 

induced inflammation became chronically recurrent (15 weeks) following a second insult 

(colitic mustard oil), while wild-type (WT) controls recover after one week (Westlund et al., 

2012). Serum TNFα is also strikingly elevated in TNFR1/2 KO mice after intraperitoneal 

lipopolysaccharide (LPS) injection in comparison with either TNFR1 or TNFR2 KO mice in 

another study (Peschon et al., 1998).

In the present study, mechanical hypersensitivity was tested in the TNFR1/2 KO mice with 

TIC injury for comparison to WT mice throughout the 10-week study. Accompanying 

alterations in serum TNFα and other cytokines/chemokines in this chronic pain model were 

analyzed at 10 weeks. Microglial activation in both sides of trigeminal nucleus was 

explored. Potential mechanisms for the mechanical allodynia were tested using drugs 

targeting microglia and the p38 mitogen-activated protein kinase (MAPK) signaling 

pathway. Discussion follows about the involvement of both humoral and neurogenic 

influences of TNFα in the development of chronic neuropathic pain.
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EXPERIMENTAL PROCEDURES

Animals

All experiments were carried out in accordance with the Guidelines of the National Institutes 

of Health (NIH) regarding the care and use of animals for experimental procedures. 

Protocols were approved by the Institutional Animal Care and Use Committee at the 

University of Kentucky.

The mice were male WT (B6129SF2/J) and TNFR1/2 KO (B6129S-Tnfrsf1atm1Imx 

Tnfrsf1btm1Imx/J) (Jackson Laboratory). The mice weighing 20–30 g at the beginning of the 

study were placed in microisolators and accommodated in ventilated animal housing with a 

reversed 10/14-h dark/light cycle.

Surgical induction of the TIC injury model

Mice were anesthetized with sodium pentobarbital (70 mg/kg, i.p.), and all surgeries were 

performed with the aid of a surgical microscope in sterile conditions. The hair over the head 

was shaved and each mouse fixed on a stereotaxic frame for surgery. Artificial tears were 

applied to both eyes to prevent dryness. A 15-mm longitudinal incision was made in skin 

along the midline of the head. The orbital muscle was gently dissected from the bone and 

gently retracted from the orbit. The infraorbital nerve was located ~5 mm deep in the orbital 

cavity lying within the infraorbital fissure. The infraorbital nerve was dissected free from the 

bone and a 2-mm length of chromic gut suture (6–0) was inserted between the infraorbital 

nerve and the maxillary bone as described previously (Ma et al., 2012). The nerve was not 

dissected in the surgical sham mice. The skin incision was then closed with 5–0 nylon 

suture.

Pain related behavioral assessment

Mice were habituated before experiments. The 50% mechanical withdrawal threshold 

(grams, g) of the whisker pad was assessed with a modified up-and-down method using a set 

of von Frey filaments ((4.74) 6.0 g; (4.31) 2.0 g; (4.08) 1.0 g; (3.61) 0.4 g; (3.22) 0.16 g; 

(2.83) 0.07 g; (2.36) 0.02 g; (1.65) 0.008 g; Stoelting, Wood Dale, IL, USA) (Chaplan et al., 

1994). Each filament was applied three to five times at intervals of a few seconds. If head 

withdrawal or front paw swipe toward the face was observed at least three times with 

filament probing, the mouse was considered responsive to that filament. When the mouse 

was responsive to one filament, the next weaker one was applied. The next stronger filament 

was applied if there was no response. The whisker pad was tested on both sides. The 

examiner was blinded to the groups of mice tested. The testing method allowed calculation 

using the published curve-fitting algorithm. There can be up to 2-g variation in the 

mechanical threshold in normal mice with this test. The threshold is decreased during the 3 

weeks recovery from surgery in both the TIC injury and sham surgery group.

Drug administration

Behavioral changes were monitored for 1 h in week 9 after a single administration of 

minocycline hydrochloride (30 mg/kg). Minocycline is a microglial activation inhibitor 

(Sigma–Aldrich Corp. St. Louis, MO, USA). In week 10, the selective p38 MAPK inhibitor, 

MA et al. Page 4

Neuroscience. Author manuscript; available in PMC 2018 October 25.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



SB 203580 hydrochloride (50 lg/kg) (Tocris Bioscience, R&D Systems, Inc., Minneapolis, 

MN, USA), was given prior to behavioral testing. Both drugs were dissolved in normal 

saline and given by intraperitoneal (i.p.) injection. Normal saline served as the vehicle 

control.

Mouse serum cytokine/chemokine protein profiling array

Mice were euthanized at 10 weeks after anesthesia with isoflurane. Blood (0.7–1 ml) was 

immediately drawn from the heart and placed into two serum separator microtainers with 

clot activator (30 min, R.T.) (BD, Franklin Lakes, NJ, USA). Samples were centrifuged 

(5000 rpm, 5 min) to collect sera prior to storage (80 °C) and analysis. Forty cytokines/

chemokine proteins were analyzed in serum samples (100 ll) using the mouse cytokine 

Protein Proteomic Profiler™ Array kit (Mouse Cytokine Array Panel A, ARY006, R&D 

Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The 

resulting pixel densities of the protein immune-blot dots were quantified with image J 

(NIH). Two measurements from each sample were obtained and the pair of duplicate spots 

averaged. Only 39 of the 40 protein blots could be analyzed in the assays due to overlap in 

one case. The cytokine/chemokine levels (pixel densities) were compared among the four 

experimental groups: TNFR1/2 KO mice with or without TIC injury, as well as matched WT 

mice with or without TIC injury. Experiments were repeated in three cohorts of mice with 

one mouse in each group. A clinical evaluation standard for analyzing cytokines in sera of 

patients with pancreatitis was adopted to evaluate the cytokine changes in serum of mice 

with different genotypes and injuries (Torres et al., 2014). The relative values and ratios for 

those proteins were considered major changes if they were 50% above (1.5, red) or below 

(0.5, blue) the ratio value of 1. Proteins with values between 0.5 and 1.5 were considered no 

change (green).

Spinal trigeminal nucleus microglial immunohistology

Mice were euthanized with isoflurane and transcardially perfused with heparinized saline 

followed by 4% ice-cold paraformaldehyde in 0.1 M phosphate buffer solution (PB, pH 7.4). 

After the fixative perfusion, the medulla was dissected and post fixed (4 h). The tissues were 

switched to 30% sucrose (0.1 M PB, 24 h) and then embedded into Cryo-O.C.T. Tissue-Tek 

compound (Life Technologies, Grand Island, NY, USA). The tissue block was sectioned (12 

lm) with a cryostat and mounted onto gel-coated glass slides. Sections were washed with 0.1 

M phosphate-buffered saline (PBS, pH 7.4) and blocked with 5% non-fat milk (30 min, RT). 

Sections were batch processed, incubated with mouse anti-OX42 (1:1000, Abcam, 

Cambridge, MA, USA) antibody at 4 °C overnight. Primary antibody omission as a negative 

control and staining for a different primary antibody as a positive control were performed in 

parallel with the immunohistological study. Sections were incubated with secondary 

antibody, Alexa Fluor 488 goat anti-mouse antibody (1:1000, 1 h, Invitrogen, Grand Island, 

NY, USA). The slides were coverslipped with glycerol-based mount media (Vector 

Laboratories, Burlingame, CA, USA). Photos were captured in 20 magnification using a 

Nikon E1000 microscope (Nikon Instruments, Inc., Melville, NY, USA) equipped with the 

MetaVue 6.1 program (Molecular Devices, Downingtown, PA, USA). Microglial cells in the 

spinal trigeminal nucleus were counted with the assistance of MetaMorph offline software. 

Threshold was set on the digital images according to the background density in ipsilateral 

MA et al. Page 5

Neuroscience. Author manuscript; available in PMC 2018 October 25.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



tissue from the sham mice. This level was used throughout to assess the number of positive 

cells in other groups. The number of cells was averaged on both sides in five sections from 

each animal (n = 3 animals per group).

Statistical analysis

Data were analyzed with Prism 6 software (Graph Pad Software, Inc., La Jolla, CA, USA) 

and all the data were presented as mean ± SE. The head withdrawal threshold data were 

analyzed with a two-way analysis of variance (ANOVA) with Bonferroni multiple 

comparison tests for comparisons of each time point with their own baseline. Between- and 

within-groups comparisons were analyzed with repeated measures a one-way ANOVA with 

Geisser–Greenhouse’s correction test. Cytokine profile data were analyzed with two-tailed t-

test. A p value of ≤0.05 was considered significant.

RESULTS

Mechanical allodynia on bilateral whisker pads of TNFR1/2 KO mice after TIC injury

Mechanical threshold was tested with von Frey filament stimulation on both whisker pads on 

days 3 and 7 in the first week and once a week thereafter for a period of 10 weeks (70 days) 

(Fig. 1A). The behavioral responses were compared between and within the two groups over 

time for 10 weeks (Fig. 1A, B). There was no difference in the baseline responses between 

groups or side to side. The mechanical thresholds for the TNFR1/2 KO mice were variable 

for three weeks after sham surgery on both sides of the whisker pads, then they recovered 

and were not significantly different from their baseline. Although a significant decrease from 

baseline in week 3 could be detected when compared to baseline, there was no difference 

between ipsilateral and contralateral whisker pads in the TNFR1/2 KO sham mice overall 

(Fig. 1A).

On the ipsilateral whisker pad, the TNFR1/2 KO and WT mice with TIC injury exhibited 

mechanical allodynia 3 days after TIC injury compared to baseline (0.17 ± 0.05 g vs. 3.45 

± 0.00 g for TNFR1/2 KO n = 5; and 0.14 ± 0.04 vs. 3.47 ± 0.00 for WT n = 6; two-way 

ANOVA, Bonferroni multiple comparisons test, F (3, 216) = 102.3; p < 0.001, Fig. 1A, B). 

The mechanical allodynia on the ipsilateral whisker pad persisted through the entire 

experimental duration. In fact, in week 10, responses were 0.16 ± 0.05 g (TNFR1/2 KO TIC) 

vs. 3.17 ± 0.3 g (TNFR1/2 KO sham) and 0.27 ± 0.03 g (WT TIC) vs. 2.9±0.57 g (WT 

sham). In the overall analysis for TNFR1/2 KO mice, the ipsilateral mechanical thresholds 

were significantly decreased in TIC injury group compared to the sham group (repeated 

measures one-way ANOVA with Geiss er–Greenhouse’s correction test, F (1, 11) = 57.11, p 
< 0.001) (Fig. 1A). The contralateral mechanical thresholds were significantly decreased in 

TIC injury group compared to the sham group (repeated measures one-way ANOVA with 

Geisser–Greenhouse’s correction test, F (1, 11) = 43.22, p < 0.001) (Fig. 1A). The ipsilateral 

50% mechanical thresholds were significantly decreased in WT TIC injury group compared 

to WT sham group (repeated measures one-way ANOVA with Geisser–Greenhouse’s 

correction test, F (1, 11) = 68.66, p < 0.001). No statistically significant difference was 

detected between the TIC and sham WT mice for contralateral whisker pads (TIC: 3.03 

± 0.36 g vs. sham: 3.47 ± 0.00 g, p > 0.05).
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On the contralateral whisker pads, mechanical allodynia progressively developed only in 

TNFR1/2 KO mice beginning in the third week after TIC injury [0.64 ± 0.21 g vs. 3.13 

± 0.57 g baseline, a two-way ANOVA, Bonferroni multiple comparisons test F (3, 216) = 

102.3, p < 0.001]. No statistically significant difference was detected between the ipsilateral 

and contralateral whisker pads (TNFR KO TIC, p > 0.05, Fig. 1A, B). The mechanical 

threshold on contralateral whisker pad of TNFR1/2 KO mice with TIC injury also showed a 

statistically significant difference from that of WT mice with TIC injury starting from the 

third post injury week onward. A repeated measures one-way ANOVA analysis with 

Geisser–Greenhouse’s correction test demonstrated a statistically significant overall 

difference [F (1, 11) = 46.80, p < 0.001] (Fig. 1B). A statistically significant difference was 

detected between the ipsilateral and contralateral whisker pads of WT mice with TIC [F (1, 

11) = 126.9, p < 0.001] (Fig. 1B).

Serum cytokine/chemokine proteomic profile for TNFR1/2 KO and WT mice alterations with 
or without TIC injury (10-week)

Proteomic profiling determined the relative expression levels of 40 mouse cytokine/

chemokine proteins in sera at the 10-week time point for the four groups of mice: Control 

WT, WT with TIC, Control TNFR1/2 KO and TNFR1/2 KO with TIC. The cytokine/

chemokine data are presented with color coding in Tables 1–3. The relative values and ratios 

for those proteins were considered major changes if they were 50% above (1.5, red) or 

below (0.5, blue) the ratio of 1. Proteins with values between 0.5 and 1.5 were considered no 

change (green). Table 1 lists all the individual cytokine/chemokine values for the TNFR1/2 

KO mice with TIC injury, for the TNFR1/2 KO control mice without TIC injury, as well as 

for the KO TIC/KO Control ratios. Table 2 lists the individual cytokine/chemokine values 

for WT mice with TIC injury, the WT control mice without TIC injury, as well as the WT 

TIC/WT Control ratios for the cytokines. Table 3 provides the individual serum cytokine/

chemokines for both WT and TNFR1/2 KO mice after TIC injury, as well as the KO 

TIC/WT TIC cytokine ratios. The summary pie charts illustrate the percent change in the 

cytokines. Both the tables and the pie charts use the same color-coding scheme for proteins 

that were up-regulated (red), down-regulated (blue), or had no change (green), in the on-line 

version.

TNFR1/2 KO mice with and without TIC injury.—Table 1 shows individual and ratio 

data for TNFR1/2 KO mice with and without TIC injury. A total of 10 (26%) cytokines/

chemokines were up-regulated in TNFR1/2 KO mice with TIC injury compared to TNFR1/2 

controls. The up-regulated proteins included chemokine (C-C motif) ligand 4/macrophage 

inflammatory protein-1β(CCL4/MIP-1β), Eotoxin, CXCL12, colony stimulating factors 

granulocyte colony-stimulating factor (G-CSF), granulocyte–macrophage colony-

stimulating factor (GMCSF), and inflammatory cytokines interleukin-1alpha (IL-1a) and 

interleukin-23 (IL-23). Seventy-four percent of the cytokines tested were unchanged. No 

down-regulated cytokines/chemokines were detected comparing TNFR1/2 KO mice 10 

weeks following TIC injury to TNFR1/2 control mice. The pie chart summarizes the change 

in cytokine/chemokines in TNFR1/2 KO mice after TIC injury as a percentage of the total 

number of cytokines measured.
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WT mice with and without TIC injury.—Table 2 shows individual and ratio data for 

WT mice with and without TIC injury. Only three cytokines/chemokines were up-regulated 

(8%) in WT animals after TIC injury. Of interest, B lymphocyte chemoattractant (CXCL-13) 

was up-regulated in WT mice with TIC injury similar to the TNFR1/2 KO mice. However, 

TREM-1 up-regulation was specific to the WT mice with TIC injury. Most intriguing, 

CCL3/MIPα which was significantly up-regulated in dysregulated TNFR1/2 KO mice, was 

actually down-regulated in WT mice after TIC injury. In WT mice, six different cytokines 

(15%) were down-regulated 10 weeks post TIC injury, and 77% were unchanged.

Comparison of TNFR1/2 KO and WT mice with TIC injury.—In Table 3, the 

cytokine profile of TNFR1/2 KO with TIC injury compared to WT mice with TIC injury 

indicated that 38% were up-regulated, 3% were down-regulated, and 59% were not different 

10 weeks after nerve injury. Representative proteomic profiler arrays (A) are shown below 

the table with an arrow indicating the duplicate blots for TNFα in the serum of one 

TNFR1/2 KO mouse with TIC injury. Two representative cytokine proteomic profiler arrays 

are shown for TNFR1/2 KO with TIC (left) and for WT mice with TIC (right) for 

comparison. The pie chart (B) shows the summary of the percent changes in the number of 

serum cytokines/chemokines for the KO/WT mice with TIC injury. Another comparison 

between TNFR1/2 KO and WT mice without injury showed that CXCL12 was upregulated 

(1565 ± 410 vs. 2365 ± 442) and CCL11 was downregulated (1561 ± 112 vs. 860 ± 156) in 

TNFR1/2 KO mice.

Bilateral microglial activation in trigeminal nucleus of TNFR1/2 KO mice with TIC injury

Medullary brainstem sections were immunostained with anti-OX42 antibody to identify 

activated microglia in the spinal trigeminal nucleus (Fig. 2). Higher OX42 immunoreactivity 

was detected in both the ipsi- and contralateral spinal trigeminal nucleus in TNFR1/2 KO 

mice with TIC (Fig. 2A, B) than in WT mice with TIC injury (Fig. 2C, D). The basal level 

of OX42 in the WT (Fig. 2E) and TNFR1/2 KO sham groups (not shown) as barely 

detectable. An increase in OX42 immuno-reactivity indicates that chromic gut suture 

induced infraorbital nerve activation triggers microglial activation in the trigeminal nucleus. 

The bar graph (Fig. 2F) indicates the statistically significant increases of OX42-positive cells 

in trigeminal nucleus bilaterally in TNFR1/2 KO mice compared to the WT surgical sham 

mice both ipsilaterally as well as contralaterally (TNFR1/2 KO TIC, WT TIC vs. WT sham; 

*ipsi p < 0.05; **contra p < 0.01; n = 3/group) with a non-parametric one-way ANOVA test. 

The results for bilateral spinal trigeminal nucleus microglial activation after TIC injury in 

mice with disrupted TNFR1/2 are congruent with the bilateral whisker pad hypersensitivity 

following TIC injury.

Alleviation of bilateral orofacial hypersensitivity in TNFR1/2 KO mice by inhibition of 
microglia and the p38 MAP kinase pathway

With the speculation that microglial activation was contributing to the bilateral orofacial 

hypersensitivity, the effect of microglial activation inhibitor, minocycline, was tested for its 

efficacy in reducing whisker pad mechanical allodynia in TNFR1/2 KO mice with TIC 

injury in week 9. Bilateral behavioral changes were monitored for 1 h after minocycline 

administration (30 mg/kg, i.p.). Data showed that minocycline provided brief alleviation of 
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the bilateral whisker pad mechanical allodynia. The peak effect was at 30 min (ipsilateral: 

1.29 ± 0.00 g vs. 0.19 ± 0.05 g, n = 5, p < 0.001; contralateral: 1.29 ± 0.00 g vs. 0.64 ± 0.21 

g), and the analgesic effect subsided at 1 h (Fig. 3A).

SB203580 is a specific inhibitor of p38 MAP kinase activity. In week 10 after TIC injury, 

mechanical sensitivity was tested before and 0.5, 1, 3, 6 h after SB203580 (50 μg/kg, i.p.) 

administration in TNFR1/2 KO mice. In TNFR1/2 KO mice, the mechanical hypersensitivity 

of the ipsilateral side was significantly reduced 1 h after SB203580 administration (3.04 

± 0.49 vs. 0.32 ± 0.07 g, n = 5, p < 0.01) and was alleviated at 3 h after (Fig. 3B). The effect 

of SB203580 was also noticeable on the contralateral side of TNFR1/2 KO mice although 

the differences were not statistically significant. The mechanical threshold was elevated 

beginning at 0.5 h and did not return to the pre-drug level even at the 6-h time point. The 

SB203580 reduced whisker pad mechanical hypersensitivity bilaterally in TNFR1/2 KO 

mice with TIC injury. The saline injected as vehicle control had no effect (data not shown). 

The OX42 immunofluorescence was not examined after pharmacological treatment with 

minocycline or p38 inhibitor. The transient analgesic effect of these drugs was not expected 

to cause central morphological changes with a single dose.

DISCUSSION

The results of this study reflect behavioral changes and dysregulation of cytokines in 

TNFR1/2 KO mice after the TIC insult. Pain-related behavior was observed bilaterally and 

was paralleled by increases in both ipsilateral and contralateral microglial activation. Both 

hypersensitivity and microglial activation were unilateral in WT mice. Serum cytokine 

increase is one of contributors to contralateral whisker pad hypersensitivity and microglial 

activation in TNFR1/2 KO mice in the study.

Proteome profile alteration

The intensities of the proteome profile dot blots indicated levels of immune responsiveness 

in the mouse sera. Up to 38% of the cytokines/chemokines measured were increased in 

serum when considering the TNFR1/2 KO/WT ratios after TIC injury, with statistically 

significant increases for TNFα and IL-1α. TNFα can be released from affected peripheral 

nerves, dorsal root ganglia and central nervous tissue after nerve injury (Wagner and Myers, 

1996; Marchand et al., 2005), potentially increasing CSF and serum levels (Ren et al., 2011), 

in addition to the systemic immune response due to the injury itself. TNFα is also 

measureable in both the CSF and serum in a clinical study of painful polyneuropathy 

(Ludwig et al., 2008). Blood samples from patients with different types of neuropathies have 

been tested for cytokine changes including those with painful, painless and control 

conditions (Uceyler et al., 2007). In patients with painful neuropathies, TNF mRNA was 

shown to be increased with levels varying depending on the type of neuropathy. It has been 

shown that TNF activates peripheral nerves in chronic constriction injury model in rats 

(Sommer and Schafers, 1998; Schafers et al., 2003) and maintains chronic neuropathic pain 

(Covey et al., 2002; Kleinschnitz et al., 2004; Ohtori et al., 2004).

It was reported that circulating TNFα is dramatically elevated in TNFR2 KO mice (Peschon 

et al., 1998). Previously, the question has arisen as to how excess TNFα can execute a 
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physiological role in the absence of its receptors. Structure and functional study reported the 

ability of three TNF molecules to form a transmembrane trimer with a central pore-like 

region (Kagan et al., 1992). The TNFα trimer forms a low pH-dependent, voltage-

dependent, ion-permeable channel which increases the sodium permeability of inflammatory 

cells. The remarkable structure is similar to the “jelly-roll” motif structure characteristic of 

viral coat proteins on cellular membranes (Jones et al., 1989). This mechanism was later 

dismissed with findings that the TNF trimer is tethered to the receptor and that only after 

interaction with the receptor will it exert its effects (van der Goot et al., 1999; Uceyler et al., 

2009). Transmembrane TNFα over-expression is reported in TNFR1/2 KO mice using an 

inflammatory arthritis model (Edwards et al., 2006). Other in vitro and in vivo studies also 

demonstrate that transmembrane TNFα contributes to microglial activation in neuropathic 

pain caused by spinal nerve ligation or partial spinal cord injury (Peng et al., 2006; Hao et 

al., 2007; Zhou et al., 2010).

The present study provides the cytokine proteome profile after the TIC injury that is 

potentially prolonging the nociceptive response since in their absence or dysregulated state 

the TNFα receptors cannot autoregulate TNFα levels. Data showed 26% of cytokines 

assayed were up-regulated in TNFR1/2 KO at 10 weeks compared to only 8% up-regulated 

in WT mice after TIC injury. This clearly emphasizes the impact of other serological 

inflammatory mediator changes for inducing bilateral microglial activation and mechanical 

allodynia. The increase in multiple cytokines also implies that TNFα is not the only 

mechanism responsible for the bilateral hypersensitivity observed in the TNFR1/2 KO mice 

with TIC injury.

The present study confirmed serum TNFα was increased in the mice with the dual TNFR1 

and TNFR2 deficiency. In most biological processes, multiple cytokines operate in large 

networks and TNFα is an important factor initiating a cascade of cytokine activation. 

Absence of TNFRs contributed to the lack of feedback control for TNFα, however, many 

other cytokine increases were likely responsible for the continuing hypersensitivity in the 

present study including CCl4/MIP1β, IL-1α, GM-CSF, and IL-23, in particular.

Cytokines prolonging bilateral mechanical hypersensitivity in the absence of TNFR1/R2

Serum level alterations of various other inflammatory cytokines/chemokines are known to 

impact pain-related behaviors. Several cytokines have been shown to be involved in 

debilitating orofacial diseases at either nerve trauma sites or the relevant adjacent tissue. 

Although different inflammatory mediators are increased in trigeminal ganglion, 

inflammatory mediators increase more abundantly in the TMJ after CFA induced injury 

(Carleson et al., 1997; Spears et al., 2005). While serum cytokines can be measured, changes 

in cytokines are not always evident even in inflammatory conditions. For example, only 

elevation of serotonin was reported in serum of rheumatoid arthritis patients with TMJ pain 

among several inflammatory mediator candidates (Alstergren et al., 1999). However, many 

reports have appeared for increased somatic nociceptive responses attributed to IL-1α 
through increased prostaglandin E2 levels, although reports for cytokine involvement in 

trigeminal pain has been limited thus far to TMJ models. IL-1α and CCl4/MIP1β are 

reportedly present in synovial fluid of 80% and 68% patients with TMJ pain, respectively 
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(Matsumoto et al., 2006). MIP-1β, a regulator of neuronal glial interactions, has been shown 

to be increased acutely for 1–3 days in the injury site with the sciatic nerve injury model in 

mice (Saika et al., 2012). Serum levels of IL-23/IL-17 are reportedly elevated in 

periodontitis patients (Qi et al., 2013). IL-23 was the only cytokine reportedly above the 

detectable limit in human blood of patients with neuropathic pain in a report by Luchting et 

al. (2015). GMCSF is increased in T lymphocytes after L5 nerve transection in mice 

(Draleau et al., 2014). Thus, while few reports have appeared thus far, circulating levels of 

these cytokines/chemokines have begun to be linked to nociception.

Comparison between WT and KO uninjured mice showed CXCL12 was upregulated and 

CCL12 down-regulated in the TNFR1/2 KO mice. CXCL12 release could be induced in 

addition to dysregulated TNFα. We speculate that high concentration of CXCL12 inhibits 

CCL11 which belongs to the same chemokine family with CXCL12. Compensation may be 

involved in constitutive release in TNFR1/2 KO mice and cytokine changes exaggerated 

after TIC injury. Increased levels of CXCL12 could also be contributing to bilateral 

hypersensitivity in the chronic model although levels in the naı¨ve mice are not significantly 

different from baseline. Sciatic nerve hypersensitivity has been shown to be driven by 

CXCL1 speculated to be induced by TNFα and released from spinal astrocytes (Zhang et 

al., 2013).

Bilateral mechanical allodynia and microglial activation

In rats with WT, TNFR1 and TNFR2 KO genotypes, decreased unilateral mechanical 

thresholds have been reported after chronic constrictive injury of the sciatic nerve, although 

in other studies TNFR1 mice were less affected and the mechanical allodynia was partially 

reversed over time (Vogel et al., 2006). In the present study, the delayed, moderate 

mechanical allodynia also developed on the contralateral whisker pad in the TNFR1/2 KO 

mice. Bilateral orofacial hypersensitivity has been related to the brain stem medullary 

microglial activity increase in both animal and clinical studies. Spinal neurons are hyper-

excitable when microglia are activated which accounts for bilateral allodynia reported in a 

model of unilateral focal burn injury in rats (Chang et al., 2010). Microglial cells primed by 

high levels of TNFα respond readily after injury, and thus microglial activation is reported 

to be causative in the central sensitization induced hypersensitivity after head and neck 

injury (Curatolo et al., 2001; Hubbard and Winkelstein, 2005). In the brain, however, TNFα 
can elicit either exacerbating or protective effects by activated signaling pathways that 

involve either microglial activation or increased oxidative stress, respectively (Sriram et al., 

2006). This was demonstrated to be dependent on the specific brain region involved. 

Deficiency of TNF receptors was protective in mice injected with neurotoxic 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine to induce brain injury in TNFR1/2 KO mice, however, the 

deficiency had the opposite effect increasing damage in the hippocampus in the same mouse 

model (Sriram et al., 2006). TNFα provided neuroprotective effects in focal cerebral 

ischemia and epileptic seizure brain injury models primarily through an anti-oxidative 

pathway (Bruce et al., 1996). The TNFα overexpression developing in TNFR1/2 KO mice in 

an inflammatory arthritis model was accompanied by tissue swelling and bone deformities 

(Edwards et al., 2006).
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In the present study, the side-to-side difference in the time course for development of 

whisker pad mechanical allodynia and the bilateral trigeminal nucleus microglial activation 

suggests sequential central mechanisms are invoked. The peripheral nerve injury initiates 

microglial activation on the ipsilateral side, while the microglial activation on the 

contralateral side was likely primed by TNFα as well as other circulating and local 

cytokines, such as IL-1α released in the TNFR1/2 KO mice. The result is hypersensitivity on 

the contralateral side. Both in vitro and in vivo studies have demonstrated that 

transmembrane TNFα as one of the cytokines contributing to microglial activation in 

neuropathic pain models induced by spinal nerve ligation or partial spinal cord injury (Peng 

et al., 2006; Hao et al., 2007; Zhou et al., 2010). It is reported that calcitonin gene-related 

peptide (CGRP) appears in the contralateral trigeminal ganglia in response to unilateral 

ligature-induced periodontitis after day 10 (Gaspersic et al., 2008). Similar to mechanisms 

proposed in that study, the contralateral microglial activation in the present study is likely 

mediated by crosstalk through the transmedian neurological pathways crossing in the 

trigeminal nuclear complex since microglia have CGRP receptors (Pfaller and Arvidsson, 

1988; Edvinsson et al., 1989). We have observed inflammatory cells in the dissected nerve 

near the TIC insult at 10 weeks (Ma et al., 2012). The systemic inflammatory reaction to an 

initial injury and activation of the so called “neuro-immune axis” is modulated by the 

nucleus solitarius receiving vagal innervation (dorsal vagal complex) (Watkins et al., 1995; 

Tracey, 2002). The disrupted cytokine signaling in the TNFR1/2 KO mice likely affects the 

neuroimmune axis and the altered proteome profile. Alternatively, the nerve injury induced 

neurogenic excitation itself may invoke the neuroimmune axis in the TNFR1/2 KO, in 

addition to the prolonged hypersensitivity and proteome profile alteration. This suggests that 

similar genetic or epigenetic alterations can lead to chronic neuropathic pain in patients.

Block of microglial activation reduces mechanical allodynia

In the present study, both the microglial and the p38 MAPK inhibitors provided brief 

bilateral decrease in whisker pad hypersensitivity in TNFR1/2 KO mice with TIC injury 

after single dose injection. This suggests that longer term treatments with these inhibitors 

might be used clinically since they cross the blood–brain barrier. Minocycline used in our 

previous TIC model study in WT mice determined that microglial activation contributes to 

the hypersensitivity (Ma et al., 2012). The p38 inhibitor also completely blocked the 

mechanical allodynia at 1 h. These data for trigeminal nerve injury supports many other 

studies that report microglial activation is causal in the development of mechanical 

allodynia. For example, in a similar study Chang et al. discussed minocycline’s impact on 

microglial accumulation and found that long term systemic treatment with minocycline 

could significantly decrease microglial activation (Chang and Waxman, 2010). They 

reported CGRP and SP were normalized at 10 weeks, but glial activation was significantly 

increased. Long term treatment with minocycline reduced mechanical allodynia in their 

study for several weeks. The transient effect of minocycline was also evident in sciatic nerve 

chronic constrictive injury rats after injection into the posterolateral nucleus of the thalamus 

(LeBlanc et al., 2011). Systemic application of minocycline acutely attenuated acetic acid 

induced visceral nociceptive behavior and decreased c-Fos (Cho et al., 2012). There could be 

other minocycline effects on signaling and/or reduction in numbers of activated microglia. 

Minocycline inhibition of synaptic currents in the substantia gelatinosa is reported for 
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formalin-induced inflamma-tory pain and the ERK inhibitor suppression of the acetic acid-

induced visceral pain may bridge the minocycline effect in nociception (Cho et al., 2006, 

2012). Thus, the mechanisms for microglial activation may involve p38 mediation after TNF 

priming on the contralateral side of the brain stem (Schafers et al., 2003). Considering 

peripheral, central, and systemic methods of p38 inhibitor delivery, all of them attenuate 

capsaicin-induced hind paw hyperalgesia (Sweitzer et al., 2004b). Our data find in 

agreement with these studies that increase in mechanical threshold was evident bilaterally on 

the whisker pad following single p38 inhibitor systemic administration. The acute effect of 

p38 was also reported in diabetes-induced neuropathic pain when delivered intraperitoneally 

(Sweitzer et al., 2004a). However, p38 may participate in contralateral signaling transduction 

either upstream of microglial activation following cytokine priming or downstream after 

microglial activation. Our result finding suppression of mechanical allodynia bilaterally with 

p38 MAPK inhibition in TNFR1/2 KO mice with TIC-induced nerve injury is supportive of 

downstream pathway signaling after microglial activation as a causal mechanism (Hua et al., 

2005). While transitory analgesic effects were shown with these two drugs, this would not 

likely change microglial morphology of trigeminal nucleus in such a brief period. It is 

suggestive, however, that continued study with chronic dosing would be beneficial for 

reducing microglial activation as well as hypersensitivity.

CONCLUSION

The current study demonstrates continuous and persisting bilateral orofacial pain-like 

behaviors in TNFR1/2 KO mice after TIC of the infraorbital nerve. The cytokine profile 

indicated increases in CCl4/MIP1β, IL-1α, GM-CSF, and IL-23, in particular, accompany 

the mechanical hypersensitivity. Dysregulation of numerous serum cytokines and bilateral 

microglial activation triggered in the mice lacking both TNFα receptors after the trigeminal 

nerve injury indicates involvement of both humoral and neurogenic influences. These 

conditions lead to widespread, persisting systemic immune responses that account for the 

bilateral orofacial mechanical allodynia in the chronic trigeminal neuropathic pain model.
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IL-1α interleukin-1alpha

IL-5 interleukin-5

IL-23 interleukin-23

KO knockout

MIP-1β chemokine (C-C motif) ligand 4/macrophage inflammatory 

protein-1β

PB phosphate buffer

TACE tumor necrosis factor converting enzyme

TIC trigeminal inflammatory compression

TMJ temporomandibular joint

TNFα tumor necrosis factor alpha

TNFR tumor necrosis factor alpha receptor

WT wild-type
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Fig. 1. 
Bilateral mechanical allodynia of whisker pads in TNFR1/2 KO mice. (A) Mechanical 

allodynia is indicated by the decrease in the mechanical threshold (in grams force). 

TNFR1/2 KO mice had statistically significant decreases in mechanical threshold 3 days 

after TIC injury on the ipsilateral side (ipsi) that persisted through the end of the experiment. 

The decreased mechanical threshold on the contralateral side (Con) 3 weeks after TIC injury 

persisted through the remaining 8 weeks of the experiment (n = 6; ***p < 0.001 TNFR1/2 

KO mice ipsilateral side vs. sham surgery; ###p < 0.001 TNFR1/2 KO mice contralateral 

side vs. sham surgery. §p < 0.05 TNFR1/2 KO sham vs baseline). (B) Mechanical threshold 

decreased on both ipsilateral and contralateral sides in mice with TIC injury (n = 6) but no 

difference was detected between the ipsilateral and contralateral sides. Mechanical threshold 

decreased on the ipsilateral side of WT mice with TIC injury (n = 6). There were significant 

differences between ipsilateral and contralateral side beginning 3 days after TIC injury that 

persisted for the entire experimental time course. A statistically significant difference was 

also found between the contralateral sides of WT and TNFR KO on post injury day 21 and 

thereafter. (***p < 0.001 WT TIC contralateral side vs. TNFR1/2 KO TIC contralateral; ###p 
< 0.001 WT TIC ipsi vs. WT TIC contralateral).
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Fig. 2. 
OX-42 immunohistology indicates microglial activation in spinal trigeminal nucleus. (A) 

Increased OX42 immunoreactivity was identified both ipsi- and (B) contralaterally in the 

spinal trigeminal nucleus of TNFR1/2 KO mice 10 weeks after TIC injury. (C) OX42-like 

immunoreactivity was evident in the ipsilateral spinal trigeminal nucleus, (D) but was 

minimal in the contralateral side of WT mice with TIC. (E) There was minimal OX-42 

immunoreactivity detected in the brainstem spinal trigeminal nucleus of WT sham mice. (F) 

The bar graph illustrates the statistically significant increase of OX42 positive cells in 

trigeminal nucleus bilaterally in TNFR1/2 KO mice. (*p < 0.05 ipsilateral in TNFR1/2 KO 
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TIC, WT TIC and WT sham; **p < 0.01 contralateral in TNFR1/2 KO TIC, WT TIC and 

WT sham, non-parametric one-way ANOVA) The inset in (A) provides better detail of the 

region above the calibration bar. Calibration bar: 100 μm.
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Fig. 3. 
Microglial and p38 MAPK inhibitors reduced bilateral mechanical hypersensitivity in TIC 

injured TNFR1/2 KO mice. (A) Microglial activation inhibitor, minocycline, administered in 

week 9 provided brief alleviation of mechanical allodynia in TNFR1/2 KO mice. Behavioral 

improvement was best at 30 min after administration (n = 6; ***p < 0.001 vs. mechanical 

threshold at the zero time point before minocycline administration). (B) In week 10, the p38 

MAPK inhibitor, SB203580, alleviated TIC injury induced mechanical allodynia bilaterally 

in TNFR1/2 KO beginning at 0.5 h, peaking at 1 h, and persisting for 3 h. The mechanical 

threshold of the contralateral whisker pad was elevated at 0.5 h and had not returned to 
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pretreatment levels at the 6-h time point (n = 6; **p < 0.01 vs. mechanical threshold at the 

zero time point before drug treatment, one-way ANOVA).
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