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Abstract

Alteration in gene expression along the pain signaling pathway is a key mechanism contributing to 

the genesis of neuropathic pain. Accumulating studies have shown that epigenetic regulation plays 

a crucial role in nociceptive process in the spinal dorsal horn. In this present study, we investigated 

the role of enhancer of zeste homolog-2 (EZH2), a subunit of the polycomb repressive complex 2, 

in the spinal dorsal horn in the genesis of neuropathic pain in rats induced by partial sciatic nerve 

ligation. EZH2 is a histone methyltransferase, which catalyzes the methylation of histone H3 on 

K27 (H3K27), resulting in gene silencing. We found that levels of EZH2 and tri-methylated 

H3K27 (H3K27TM) in the spinal dorsal horn were increased in rats with neuropathic pain on day 

3 and day 10 post nerve injuries. EZH2 was predominantly expressed in neurons in the spinal 

dorsal horn under normal conditions. The number of neurons with EZH2 expression was increased 

after nerve injury. More strikingly, nerve injury drastically increased the number of microglia with 

EZH2 expression by more than 7 fold. Intrathecal injection of the EZH2 inhibitor attenuated the 

development and maintenance of mechanical and thermal hyperalgesia in rats with nerve injury. 

Such analgesic effects were concurrently associated with the reduced levels of EZH2, H3K27TM, 

Iba1, GFAP, TNF-α, IL-1β, and MCP-1 in the spinal dorsal horn in rats with nerve injury. Our 

results highly suggest that targeting the EZH2 signaling pathway could be an effective approach 

for the management of neuropathic pain.
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Introduction

Neuropathic pain is a debilitating condition affecting millions of people and poorly managed 

by the current therapeutics such as opioids or nonsteroidal anti-inflammatory drugs. 

Developing more potent and safe analgesics is an urgent need to combat such devastating 

condition. It is known that alterations of protein expression via transcriptional and post 

transcriptional regulation in spinal neurons and glial cells are critical mechanisms 

contributing to the genesis of neuropathic pain (Befort, Costigan, & Woolf, 2001; Suzuki & 

Dickenson, 2000; Taylor, 2001; C. J. Woolf & Salter, 2000). Identifying signaling molecules 

regulating gene expression would provide potential targets for the development of 

analgesics.

One key component leading to the development and maintenance of neuropathic pain is 

excessive activation of spinal dorsal horn neurons following nerve injury (Suzuki & 

Dickenson, 2000; Taylor, 2001). Activation and proliferation of microglia and astrocytes, 

and subsequent over-production of inflammatory mediators such as TNF-α, IL-1β and 

MCP-1 are causative factors causing excessive activation of spinal dorsal horn neurons 

(Grace, Hutchinson, Maier, & Watkins, 2014; Ren & Dubner, 2016). In this context, TNF-α, 

IL-1β (Kawasaki, Zhang, Cheng, & Ji, 2008; Yan & Weng, 2013) and MCP-1 (Gao et al., 

2009) enhance excitatory glutamatergic synaptic activities in the spinal dorsal horn while 
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inhibitory GABAergic synaptic activities in the same region are suppressed by TNF-α, 

IL-1β (Kawasaki et al., 2008; Yan, Jiang, & Weng, 2015). Suppression of microglial 

activation with minocycline (Nie, Zhang, & Weng, 2010), or astrocytic activation with 

propentofylline (Tawfik et al., 2008) can effectively attenuate neuropathic pain. Recent 

studies have demonstrated that regulation of gene expression profile via epigenetic 

mechanisms play an important role in the genesis of chronic pain conditions (Descalzi et al., 

2015; Ligon, Moloney, & Greenwood-Van Meerveld, 2016). Currently, it remains unclear 

whether and how epigenetic mechanisms are engaged in the regulation of glial activation 

and production of TNF-α, IL-β and MCP-1 in the spinal dorsal horn in animals with 

neuropathic pain.

Epigenetics mechanisms including DNA methylation, histone modification, and non-coding 

RNAs are implicated in activation and suppression of various gene expressions in the 

development and maintenance of chronic pain in animals (Bai, Ren, & Dubner, 2015; Liang, 

Lutz, Bekker, & Tao, 2015; Ligon et al., 2016). Among the many histone modification 

mechanisms, N-terminal tail of histone is subjected to various post translation modification 

such as acetylation, methylation, phosphorylation, ubiquitination. In general, histone 

acetylation at the lysine residue promotes gene transcription. Whereas, histone methylation 

can either activate or represses gene transcription, depending upon which histone lysine 

residue is methylated (Margueron et al., 2009; Martinez & Simeonov, 2015). It is generally 

believed that methylation of histone H3 on K27 results in gene silencing (Margueron et al., 

2009). Polycomb complex 2 (PRC2) is one class of gene repressive epigenetic 

transcriptional regulators. PRC2 induces gene silencing by transferring the mono, di or tri-

methyl groups onto lysine 27 of histone3 (H3K27) via its subunit the enhancer of zeste 

homolog-2 (EZH2), a histone methyltransferase (Alam, Gu, & Lee, 2015; Burgold et al., 

2008). Previous studies have shown that EZH2 plays an important role in controlling cell 

differentiation and proliferation. Increased levels of tri-methylated H3K27 (H3K27TM) and 

EZH2 promote the differentiation and proliferation of neurons, astrocytes and 

oligodendrocytes cells (Pereira et al., 2010). During neocortical development PRC2 complex 

checks the multipotent neuronal progenitor cells and controls their early neurogenic- and 

astrogenic cellular fate (Hirabayashi et al., 2009). EZH2 protein prevents the premature 

onset of neurogenesis in a developing brain (Sparmann et al., 2013). More recently, it was 

shown that EZH2 is engaged in the production of inflammatory cytokines and proliferation 

of cells in various diseases such as rheumatoid arthritis (Miao et al., 2013) and breast cancer 

(Hartman et al., 2013; Kim & Roberts, 2016). Given that glial cell proliferation and over-

production of inflammatory mediators are salient mechanisms implicated in the generation 

of chronic pain, the role of EZH2 in the spinal pain system was investigated in this study.

We demonstrated that increased global levels of EZH2 and H3K27TM in the L4–L5 spinal 

dorsal horn are critical epigenetic mechanisms contributing to the regulation of activation of 

microglia and astrocytes, and over-production of TNF-α, IL1-β, and MCP-1 in the spinal 

dorsal horn, which plays a key role in the genesis of neuropathic pain induced by partial 

sciatic nerve ligation.
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Methods and materials

Animals

Adult male Sprague-Dawley rats (body weight range: 210 to 280 g, Harlan Laboratories) 

were used. All experiments were approved by the Institutional Animal Care and Use 

Committee at the University of Georgia and were fully compliant with the National 

Institutes of Health Guidelines for the Use and Care of Laboratory Animals.

Partial sciatic nerve ligation (pSNL) neuropathic pain model

Partial sciatic nerve ligation was made as previously described (Seltzer, Dubner, & Shir, 

1990; Yan, Yadav, Gao, & Weng, 2014). Briefly, animals were anesthetized with 2–3% 

isoflurane. Under sterile conditions, the left sciatic nerve was exposed at the upper thigh and 

ligated approximately to one-thirds to one-half of its diameter with a 5-0 silk suture. In 

sham-operated rats, the left sciatic nerve was exposed but not ligated. Following the surgery, 

the wounds were closed with skin staples.

Behavioral tests

Behavioral tests were conducted in a quiet room with the room temperature at 22°C as we 

previously described (Weng et al., 2006; Yan et al., 2013). To verify the changes in 

mechanical sensitivity before and after surgery, rats were placed on a wire mesh under a 

plexiglass cage (12 × 20 × 15 cm3), loosely restrained and allowed to acclimate for at least 

30 min. A series of von Frey monofilaments (bending force from 0.6 to 26.00 g) were tested 

in ascending order to generate response-frequency function for each animal. Each von Frey 

filament was applied 10 times to the mid planter area of the left hind paw for about 1 s to 

measure hind paw withdrawal response. The response-frequency function for each von Frey 

filament was defined as [(number of withdrawal responses of the hind paw/10) × 100%]. 

Withdrawal responses mechanical threshold was determined by the lowest force filament 

that evoked a 50% or greater withdrawal responses frequency (Weng et al., 2006; Yan et al., 

2013). This value was later averaged across all animals in each group to yield the group 

response threshold (g).

To determine thermal sensitivity, rats were placed on a smooth glass plate pre-heated at 

30 °C. A radiant heat beam (diameter 5 mm) was directed onto the mid-plantar area of the 

left hind paw to evoke a paw withdrawal response from beneath (Hargreaves, Dubner, 

Brown, Flores, & Joris, 1988). The withdrawal latency (defined as the time between the 

onset of radiant heat and the time when the rat withdrew his paw) was recorded. Each hind 

paw was stimulated three times with an interval of at least 2 min. A cutoff time of 20 s was 

used to avoid damage to the skin. Three paw withdrawal latencies recorded from each 

individual rat were averaged.

Intrathecal catheter implantation and drug administration

Intrathecal (i.t.) injection of tested drugs to the spinal enlargement was made through the 

pre-implanted intrathecal catheter. Briefly, a polyethylene (PE-10) catheter that ended at the 

spinal L4 segment was intrathecally placed as previously described (Yadav, Yan, Maixner, 

Gao, & Weng, 2015; Yaksh & Rudy, 1976). Rats were anesthetized with 2–3% isoflurane 
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and a PE-10 catheter was carefully inserted through the atlanto-occipital membrane opening 

and advanced to the lumbar enlargement (L4–L5). The muscles were then sutured in layers 

and the skin edges were closed with skin staples. The animals were allowed to recover for 7 

days before the baseline behavior test were conducted. Animals with the i.t. catheter were 

then randomly divided into pSNL or sham groups to receive pSNL and sham operation 

respectively. Drugs or vehicle in a volume of 10 μL was injected into the spinal lumbar 

enlargement region through the intrathecal catheter, followed by 20 μL of saline to flush. 

The EZH2 inhibitors (DZNep and GSK126) were prepared in DMSO and saline. The final 

concentration of DMSO in the injected solution was less than 1%. Saline with the same 

concentration of DMSO was used as a vehicle control. When the drug administration fell on 

same day as the behavior analysis, the behavior tests were completed prior to the drug 

administration. At the end of the behavior experiments, rats were intrathecally injected with 

50 μL of 2% lidocaine. If hind paw paralysis did not occur, rats were removed from the 

experiment. The experimenter who conducted the behavioral tests was blinded to the 

treatments given to the animals.

Western blotting

Animals were deeply anesthetized with urethane (1.3–1.5 g/kg, i.p.). The L4–L5 spinal 

segment was exposed and removed from the rats. The dorsal quadrant of the spinal segment 

ipsilateral to the operation side was isolated and quickly frozen in liquid nitrogen and stored 

at −80 °C for later use. Frozen tissues were homogenized with a hand-held pellet in lysis 

buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% deoxycholic acid, 

2 mM orthovanadate, 100 mM NaF, 1% Triton X-100, 0.5 mM phenylmethylsulfonyl 

fluoride, 20 μM leupeptin, 100 IU mL-1 aprotinin) for about 30 min on ice. The samples 

were then centrifuged for 20 min at 12,000 g at 4 °C and the supernatants containing 

proteins were collected. The quantification of protein contents was made by the BCA 

method. Protein samples (50 μg) were electrophoresed in 12.5 % SDS polyacrylamide gels 

and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA). The 

membranes were blocked with 5% milk or 5% BSA in TBST, and then incubated 

respectively overnight at 4 °C with polyclonal rabbit anti-GFAP (1:1,000, cell signaling), 

polyclonal rabbit anti-Iba1 (1:1,000; Wako), rabbit anti-TNF-α (1:500; Millipore), rabbit 

anti-IL-1β (1:500; Millipore), rabbit anti-MCP-1 (1:500; Abcam), rabbit anti-EZH2 (1:500; 

Abcam), rabbit anti-H3K27TM (1:500; Epigentek), rabbit anti-total histone H3 (1;1,000; 

cell signaling) primary antibodies, or a monoclonal rabbit anti-β-actin (1:2,000; Millipore) 

primary antibody as a loading control. The blots were then incubated for 2 hr at room 

temperature with corresponding HRP-conjugated secondary antibodies (1:5,000; Santa Cruz 

Biotechnology, CA, USA), visualized in ECL solution (Super Signal West Pico 

Chemiluminescent Substrate, Pierce, Rockford, IL, USA) for 2.5 min, and exposed onto 

Odyssey imaging system-LI-COR biosciences. The bands intensity of immunoreactivity was 

quantified using ImageJ 1.46 software (NIH). Levels of each biomarker were expressed as 

the relative ratio to the loading control protein (β-actin) unless otherwise indicated.

Immunohistochemical Analysis

Animals were deeply anesthetized with urethane (1.3–1.5 g/kg, i.p.) and perfused through 

the ascending aorta with 200 ml heparinized phosphate-buffered solution (0.1 M PBS, pH = 
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7.35) followed by a solution of 4% formaldehyde in (0.1 M PBS, pH = 7.35). The L4 and L5 

spinal cord was removed and fixed for next 24 hrs at 4 °C in fresh 4% formaldehyde. The 

L4–L5 spinal lumbar region was dehydrated with gradient ethanol, and embedded in 

paraffin. The transverse sections of the spinal cord were sliced at a 10 μM thickness and 

mounted on superfrost plus slides. After dewaxing and hydration, slices were subjected for 

an antigen-retrieval method by sodium citrate (pH = 6) at 90°C for 30 min followed by 

bench-cooling for 20 min. After washing with 0.1 M PBS, slices were then blocked in 10% 

normal goat serum with 0.05% BSA, 0.3% Triton X-100 in 0.1 M PBS for 3 hrs at room 

temperature. The sections were then incubated overnight at 4 °C with primary antibodies. 

Either simultaneous or sequential incubation of primary antibodies mixture in 2% normal 

goat serum with 0.0 5% BSA, 0.3% Triton X-100 in 0.1 M PBS against the following 

targets: mouse anti-NeuN (a marker for neuronal cells,1:200, Cell Signaling); mouse anti-

GFAP (a marker for astrocytes, 1:500, Cell Signaling); mouse anti-Iba1 (1:200, Millipore) 

antibodies. After washing three times with 0.1 M PBS, the sections were incubated for 4 hrs 

at room temperature with the corresponding Texas Red antibody (1:500, Vector 

Laboratories) or Alexa Fluor 488 antibody (1:500, Life Technologies). After rinsing three 

times with 0.1 M PBS, the sections were air-dried and cover-slipped with Vectashield 

mounting medium (Vector Laboratories). Non-adjacent sections were randomly selected, 

and the immunostaining for each antibody were viewed under an Olympus BX43 

microscope with an Olympus U-CMAD3 camera. Images were processed using Olympus-

cell Sens Dimensions. Four to five sections from each rodent’s L4–L5 spinal cord segments 

(4–5 animals per group) were randomly selected and used for analysis. The number of 

GFAP+/EZH2+, Iba1+/EZH2+ microglia and NeuN+/EZH2+ neurons with clear, visible cell 

body and nuclei in the spinal dorsal horn were counted.

Materials

DZnep and GSK126 were purchased from Cayman chemicals (USA).

Data analysis

All data are presented as the mean ± S.E. One-way and two-way ANOVA with repeated 

measures were used to respectively detect difference in behavioral data over different time 

points in the same group, and detect difference in behavioral data between groups over 

different time points. Once difference was found, the Bonferroni post hoc test was used to 

determine sources of differences. Non-paired Student’s t-tests were used to make 

comparison between groups for data collected from western blots. A p value less than 0.05 

was considered statistically significant. All statistical analyses were performed using 

GraphPad Prism (v5.03, GraphPad Software, Inc.).

Results

Nerve Injury induced allodynia and thermal hyperalgesia

In order to define the role of EZH2 in the genesis of neuropathic pain, expressions of 

multiple molecules in the spinal dorsal horn ipsilateral to the operation side were analyzed in 

rats on days 3 and 10 after pSNL or sham operation. Adult male animals were randomly 

assigned into 4 groups, two groups receiving pSNL, and two groups receiving sham 
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operation. Behavioral tests were performed to confirm that animals receiving pSNL 

developed mechanical allodynia and thermal hyperalgesia before the animals were used for 

any biochemical assays. The mechanical thresholds of hind paw withdrawal responses (5.75 

± 2.7 g, n = 10) in rats with pSNL on day 3 after surgery were significantly lower than their 

own baseline (prior to the surgery) (14.18 ± 2.3 g, n = 10, p < 0.001) or the sham operated 

rats (14.96 ± 2.4 g, n = 8, p < 0.001) on the same day. At the same time, latencies of hind 

paw withdrawal responses to radiant heat stimuli in rats with pSNL (7.49 ± 0.71 s, n = 10) 

were significantly shorter than their own baseline values (14.29 ± .64 s, n = 10, p < 0.001) or 

the sham-operated rats (15.82 ± 1.17 s, n = 8, p < 0.001). We also found that mechanical 

thresholds (6.05 ± 1.18 g, n = 15) in rats with pSNL on day 10 after surgery were 

significantly reduced in comparison with their baseline values (15.45 ± 0.90 g, n = 15, p < 

0.001) or rats with sham-operation (17.33 ± 0.64 g, n =12, p < 0.001). Meanwhile, latencies 

of hind paw withdrawal responses to radiant heat stimuli in rats with pSNL were 

significantly (p < 0.01) reduced in comparison with their baseline 15.23 ± 0.50 s to 6.91 

± 0.32 s (n = 15) and with the sham-operated rats (16.15 ± 0.77 s, n = 12). Mechanical 

thresholds (n = 8) or thermal thresholds (n = 12) in rats with sham-operation measured on 

day 3 or day 10 after surgery were similar to their own baseline prior to the surgery. These 

data indicate that rats receiving pSNL had clear signs of neuropathic pain (mechanical 

allodynia and thermal hyperalgesia) both on day 3 and day 10 after the surgery. Unless 

otherwise stated, all data in the rest of this paper were obtained from animals that completed 

the behavioral assessment stated above.

Global levels of EZH2 and H3K27TM were increased in the spinal dorsal horn in rats with 
neuropathic pain

To determine the role of EZH2 in the genesis of neuropathic pain, we examined global 

EZH2 protein expression in the spinal dorsal horn ipsilateral to the operation side in rats 

receiving pSNL and rats receiving sham operation on days 3 and 10 after the surgery. Using 

western blot techniques, we found that in comparison with sham-operated rats (n = 4) EZH2 

protein expression in the spinal dorsal horn was significantly (p < 0.05) increased in animals 

(n = 5) with pSNL on days 3 (Fig. 1A) and 10 (Fig. 1B) after surgery. EZH2 is a 

methyltransferase that causes methylation of H3K27 (Kuzmichev, Nishioka, Erdjument-

Bromage, Tempst, & Reinberg, 2002). To determine whether the increased protein 

expression of EZH2 is accompanied with an increase of its functional activity, we measured 

levels of H3K27TM using western blots. We found that in comparison with the sham-

operated groups, animals in the pSNL groups had a higher level of global H3K27TM protein 

in the spinal dorsal horn on days 3 (Fig. 1A) and 10 (Fig. 1B) after surgery. Together these 

data indicate that the EZH2 activity is increased in the spinal dorsal horn of rats with 

neuropathic pain.

EZH2 was predominantly expressed in neurons in the spinal dorsal horn under normal 
conditions, and nerve injury increased the number of neurons and microglia with EZH2 
expression

To identify the cellular types responsible for the globally increased expression of EZH2, we 

investigated the cellular location of EZH2 since the cellular location of EZH2 in the spinal 

cord has not been reported. To define the cellular location of EZH2 protein, the L4–L5 
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spinal segment obtained from rats receiving sham operation and pSNL on day 3 and day 10 

(four to five rats per group) after surgery were used. We observed a stronger EZH2 staining 

in the dorsal horn of rats with pSNL on days 3 and 10 than that in rats with sham-operation 

(Fig. 2A). Furthermore, microglia, astrocytes, and neurons in spinal slices were respectively 

labeled with Iba1, GFAP, and NeuN antibodies. The slices were doubled-labeled with the 

EZH2 antibody. We found that EZH2 was predominantly co-localized with NeuN in sham 

operated rats (Fig. 2B and C). The number of neurons with EZH2 expression was 

significantly (p < 0.001) increased after nerve injury (Fig. 2B and C). More strikingly, nerve 

injury drastically increased (p < 0.001) the number of microglia with EZH2 expression by 

more than 7 fold on day 3 and day 10 after nerve injury in comparison with the sham 

operated rats on the same days (Fig. 2B and C). Consequently, the ratios between cells with 

NeuN+ and EZH2+ and cells with Iba1+ and EZH2+ were significantly reduced from 8.77 

± 2.04 (n = 5) in the sham operated rats to 1.23 ± 0.06 (n = 5, p < 0.01) in rats on day 3 after 

nerve injury, and from 7.86 ± 1.23 (n = 5) in the sham operated rats to 2.21 ± 0.18 (n = 5, p 
< 0.01) in rats on day 10 after nerve injury.

No significant change in the number of GFAP+/EZH2+ cells was observed in rats with pSNL 

on days 3 and 10 after surgery compared to rats with sham operation (Fig. 2B and C). These 

data indicate that: a. EZH2 is mainly expressed in neurons under normal conditions; b. nerve 

injury increases the number of both microglia and neurons with EZH2 expression, with a 

much more drastic increase in microglia with EZH2 expression. Furthermore, the expression 

of Iba1 on day 3 and day 10 after nerve injury were about 2 fold of those in sham operated 

animals on the same day, suggesting that the number of microglia in animals with nerve 

injury was about 2 fold of that in sham animals. The more than 7 fold increase in number of 

microglia with EZH2 expression in animals on day 3 and day 10 after nerve injury suggests 

that the increase in number of microglia with EZH2 expression is not purely due to the 

increase in the number of microglia, rather, it suggests that at least some of the original 

microglia prior to nerve injury have EZH2 expression increased.

The increased levels of EZH2 and H3K27TM was temporally associated with 
neuroinflammation in the spinal cord in neuropathic rats

The drastic increased number of microglia with EZH2 expression prompted us to explore the 

potential link between EZH2 and neuroinflammation in the spinal dorsal horn. We examined 

whether the increased levels of EZH2 and H3K27TM in the spinal cord are temporally 

associated with activation of microglia and astrocytes, and over-production of TNF-α, IL-1β 
and MCP-1. Protein expressions of the microglial marker (Iba1), astrocytic marker (GFAP), 

TNF-α, IL-1β and MCP-1 in the spinal dorsal horn of rats with pSNL on day 3 (Fig. 3A; n = 

5) and day 10 (Fig. 3B; n = 5) were significantly higher than the sham-operated animals on 

day 3 (Fig. 3A; n = 4) and day 10 (Fig. 3B; n = 4). The temporal association between the 

increased levels of EZH2 and H3K27TM and spinal neuroinflammation highly suggest that 

EZH2 and H3K27TM may be implicated in the spinal neuroinflammation process under 

neuropathic conditions.
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Pharmacological inhibition of EZH2 prevented the development of neuropathic pain

To determine whether the increased EZH2 activity contributes to the development of chronic 

pain induced by pSNL, we examined whether pharmacological inhibition of EZH2 can 

prevent the development of neuropathic pain. In the first set of experiments, a widely used 

EZH2 inhibitor, 3-Deazaneplanocin (DZNep) (Girard et al., 2014; Glazer, Knode, Tseng, 

Haines, & Marquez, 1986; Miranda et al., 2009; Tan et al., 2007) was used. DZNep is an S-

adenosylhomocysteine hydrolase inhibitor, known to suppress the protein expression of 

EZH2 and levels of H3K27TM without effects on DNA methyltransferases (Fiskus et al., 

2009; Fujiwara et al., 2014; Tan et al., 2007). Rats were randomly assigned into four groups: 

Sham + Vehicle, Sham + DZNep, pSNL + Vehicle, and pSNL + DZNep groups. Behavior 

analysis was performed on day 1 before the surgery and then on days 2, 4, 6, 8, and 10 after 

the surgery. Rats in the pSNL + DZNep group and Sham + DZNep group received DZNep 

(20 nM in 10 μL) through the pre-implanted intrathecal catheter on day 1 immediately prior 

to the surgery and then daily till day 9 after the surgery. Vehicles (10 μL) were administered 

to rats in the pSNL + Vehicle and Sham + Vehicle groups in the same fashion. As shown in 

Figure 4A, mechanical thresholds of withdrawal responses were significantly (p < 0.001) 

reduced in the pSNL + vehicle group (n = 12) starting from day 2 through day 10 following 

the nerve injury compared to their baseline prior to the surgery and those from the sham + 

vehicle group (n = 9). Mechanical thresholds of withdrawal responses in the pSNL + DZNep 

group (n = 11) at baseline, and on days 2 and 4 were similar to those in the pSNL + Vehicle 

group (n = 12), but became significantly higher than those in the pSNL + vehicle group from 

day 6 through day 10 (p < 0.001). Meanwhile, mechanical thresholds in the Sham + Vehicle 

group and Sham + DZNep group remained stable during the 10 day observation period. 

Similarly, we also observed that latencies of withdrawal responses to radiant heat stimuli 

were significantly prolonged at the same time point in the pSNL + DZNep group than those 

in the pSNL + Vehicle group (Fig. 4B).

In the second set of experiments, we used another agent GSK126, which is a selective, S-

adenosyl-methionine-competitive small molecule inhibitor of EZH2 methyltransferase 

activity (McCabe et al., 2012). Rats were randomly assigned into five groups: Sham + 

Vehicle, Sham + GSK-126 (5 nM), pSNL + Vehicle, pSNL + GSK-126 (5 nM), and pSNL + 

GSK-126 (0.5 nM). Drugs and vehicle were administered in the same fashion and time 

schedule as those described for the DZNep treatment. We found that mechanical thresholds 

of withdrawal responses in the pSNL + GSK-126 (5 nM) group (n = 10) but not in the 

GSK-126 (0.5 nM) group (n = 4) were significantly elevated in comparison with those in the 

pSNL + vehicle group (n = 11) from day 2 through day 10 (p < 0.001) (Fig. 4C). Mechanical 

thresholds in the Sham + vehicle group and sham + GSK-126 (5 nM) group were not 

significantly altered during the same period. We also found that GSK-126 prolonged 

latencies of withdrawal responses to radiant heat stimuli in rats with pSNL in a dose-

dependent manner (Fig. 4D) from day 4 to day 10 after the surgery. These data demonstrate 

that inhibition of EZH2 can prevent the development of neuropathic pain.

Pharmacological inhibition of EZH2 attenuated the pre-existing neuropathic pain

Next, we determined whether inhibition of EZH2 can attenuate the pre-existing neuropathic 

pain. Four groups of rats were used: Sham + Vehicle, Sham + DZNep, pSNL + Vehicle, and 

Yadav and Weng Page 9

Neuroscience. Author manuscript; available in PMC 2018 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pSNL + DZNep groups. DZNep (20 nM in 10 μL) were administered intrathecally daily 

from day 3 to day 9 after the nerve injury. Vehicles (10 μL) were administered to rats in the 

pSNL + Vehicle and Sham + Vehicle in the same fashion. We found that mechanical 

thresholds and thermal latencies of withdrawal responses in the pSNL + DZNep (n = 6) 

group were significantly increased (p < 0.05 to p < 0.01) from day 7 to day 10 after the 

surgery in comparison with their own values on day 3 and those in the pSNL + Vehicle 

group (n = 6) (Fig. 5). These data indicate that blocking spinal EZH2 activity can attenuate 

the pre-existing neuropathic pain.

Global levels of EZH2 and H3K27TM in the spinal dorsal horn of neuropathic rats were 
restored by inhibition of EZH2

DZNep treatment is known to suppress protein expression of EZH2 and reduce levels of 

H3K27TM (Fiskus et al., 2009; Fujiwara et al., 2014; Tan et al., 2007). To determine levels 

of EZH2 and H3K27TM in the spinal dorsal horn, the spinal dorsal horn of the same animals 

that had finished the 9 day DZNep and vehicle treatments as well as behavioral tests on day 

10 as described in Fig. 4A and B were used. Using western blot techniques, we found that 9 

day treatment of DZNep restored basal protein expressions of EZH2 in rats with pSNL (n = 

7) (Fig. 6A). At the same time, the H3K27TM level in the neuropathic rats was also restored 

as demonstrated by western blots (n = 7) (Fig. 6A). Similarly, we determined spinal levels of 

EZH2 and H3K27TM in the rats that had completed the 9 day GSK126 and vehicle 

treatments as well as behavioral tests on day 10 as described in Fig. 4C and D. We found 

that GKS126 treatment normalized the levels of EZH2 and H3K27TM in rats with pSNL 

(Fig. 6B).

DZNep treatment suppressed neuroinflammation in the spinal dorsal horn of rats with 
neuropathic pain

Finally, we examined the molecular mechanisms by which EZH2 inhibitors exerts its 

analgesic effects. The drastic increased number of microglia with expression of EZH2 

highly suggests that DZNep treatment may suppress neuroinflammation in the spinal dorsal 

horn in rats with pSNL. Thus, we determined protein expressions of Iba1, GFAP, TNF-α, 

IL-1β, and MCP-1 in the same animals that had completed with the behavioral tests as 

described in Figure 4A and B. We found that the increased expressions of Iba1, GFPA, and 

TNF-α, IL-1β, and MCP-1 in the spinal dorsal horn of rats with pSNL (n = 8) were 

significantly attenuated when 20 nM DEZNep was intrathecally injected into the animals 

immediately prior to the pSNL surgery and then daily for 9 days (n = 7) (Fig. 7). These 

results demonstrate that suppression of glial activation and production of TNF-α, IL-1β, and 

MCP-1 are important mechanisms by which DZNep produces the analgesic effects in the 

animals with neuropathic pain.

Discussion

In this study, we for the first time demonstrated that EZH2 is a key regulator in the 

development of neuropathic pain. We found that nerve injury caused increases in levels of 

EZH2 and H3K27TM, and the number of neurons and microglia with EZH2 expression in 

the spinal dorsal horn. Importantly, spinal pharmacological inhibition of EZH2 attenuated 
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the development and maintenance of mechanical and thermal hyperalgesia in rats with nerve 

injury. Such analgesic effects are concurrently accompanied with the reduced protein 

expressions of Iba1, GFPA, TNF-α, IL-1β, and MCP-1 in the spinal dorsal horn induced by 

nerve injury. Our findings highly indicate that EZH2 is implicated in the genesis of 

neuropathic pain through regulating neuroinflammation in the spinal dorsal horn.

Gene activation and suppression play a critical role in the development of plasticity along 

the peripheral and central pain signaling pathways in chronic pain conditions (Kuner, 2010; 

Lacroix-Fralish, Tawfik, Tanga, Spratt, & DeLeo, 2006; Clifford J. Woolf, 2011). Emerging 

studies have implicated epigenetic mechanisms such as DNA methylation, histone 

modification, and non-coding micro RNAs in aberrant gene expression in animals with 

neuropathic pain (Buchheit, Van de Ven, & Shaw, 2012; Doehring, Geisslinger, & Lotsch, 

2011; Gräff, Kim, Dobbin, & Tsai, 2011; Tajerian et al., 2011). For example, rats with 

neuropathic pain have increases in global DNA methylation and methyl-CpG-binding 

protein 2 (MeCP2), and suppression of global DNA methylation and MeCP2 expression 

with 5-azacytidine attenuate mechanical allodynia and thermal hyperalgesia induced by 

nerve injury (Wang et al., 2011). Suppression of miR-7a expression in the dorsal root 

ganglion induced by nerve injury causes an increased protein expression of β2 subunit of the 

voltage-gated sodium channel, which contributes importantly to the late phase of 

neuropathic pain (Sakai et al., 2013). Inhibition of histone acetylation with HDAC inhibitors 

attenuates the development of mechanical and thermal hypersensitivity induced by nerve 

trauma or antiretroviral drug—induced neuropathy in rats, but do not have effects on the pre-

existing neuropathic pain (Denk et al., 2013)) Increased histone H3 acetylation in the 

promoter of MIP-2 and CXCR2 leads to the up-regulation of MIP-2 and CXCR2 following 

nerve injury, and neuropathic pain (Kiguchi et al., 2012). In addition to histone acetylation, 

histone methylation is another important mechanism regulating gene expression. Currently, 

our understanding about the role of histone methylation in the nervous system is limited.

The PRC2 is an essential epigenetic machinery that suppresses the gene expression by 

transferring the mono, di or tri-methyl groups onto lysine 27 of histone3 (H3K27) via its 

catalytic subunit EZH2, a methyltransferase (Bannister & Kouzarides, 2011; Ferrari et al., 

2014; Kirmizis et al., 2004). It was recently reported that a global increase of H3K27TM 

and EZH2 protein expression in the dorsal root ganglion of rats with neuropathic pain results 

in suppression of potassium channel activities in the sensory neurons (Laumet et al., 2015). 

Little is known about the global levels of H3K27TM and its methyltransferase (EZH2) in the 

spinal cord in pathological conditions. Similarly, the effects induced by pharmacological 

intervention targeting this signaling pathway at the spinal cord have not been explored. In 

this study, we found that global protein expression of EZH2 and levels of H3K27TM in the 

spinal dorsal horn were increased on day 3 and day 10 after never injury and spinal 

pharmacological EZH2 inhibitors attenuate the development and maintenance of 

neuropathic pain. Importantly, we validated the targets of the EZH2 inhibitors by 

demonstrating that the levels of EZH2 and H3K27TM were normalized in the spinal cord of 

neuropathic rats treated with the EZH2 inhibitors. These findings suggest that normalization 

of the EZH2 activity in the spinal dorsal horn is effective to attenuate neuropathic pain.
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Given that glial activation and over-production of inflammatory mediators are critically 

implicated in the genesis of neuropathic pain, molecular mechanisms regulating spinal glial 

activation and neuroinflammation have been highly sought-after as the basis of a new 

generation of therapeutics for neuropathic pain. Recent studies suggest that histone 

modification is engaged in epigenetic regulation of genes related to inflammation along the 

pain signaling pathway under pathological pain conditions. For example, systemic 

administration of a HDAC inhibitor, sodium butyrate, significantly attenuated the increased 

TNF-α level in the injured sciatic nerve (Kukkar, Singh, & Jaggi, 2014). Nerve injury 

promotes histone H3 and H4 acetylation and increases expression of BDNF via activating 

the BDNF promoter (Uchida, Matsushita, & Ueda, 2013). Pharmacological inhibition or 

knockdown of the histone acetyltransferase E1A binding protein p300 in the spinal cord 

attenuates the COX-2 expression in the spinal cord induced by nerve injury (Zhu et al., 

2012). While it was reported that an upregulation of MCP-3 gene expression in the spinal 

cord of neuropathic rats was ascribed to the decreased H3K27TM at the MCP-3 promoter 

(Imai et al., 2013), it remains unknown whether global spinal neuroinflammation under 

pathological pain conditions can be modulated by altering the global levels of EZH2 and 

H3K27TM in the spinal dorsal horn. Our results show that nerve injury significantly 

increases the global levels of EZH2 and H3K27TM in the spinal dorsal horn. Neuropathic 

rats treated with the EZH2 inhibitors had significant less mechanical allodynia and thermal 

hyperalgesia and less protein expressions of Iba1, GFAP, and TNF-α, IL-1β, and MCP-1 in 

the spinal dorsal horn in comparison with those in neuropathic rats receiving vehicle 

treatment. These data strongly indicate that pharmacological suppression of the increased 

activities of EZH2 attenuate the development of neuropathic pain via suppressing activation 

of microglia and astrocytes, and production of TNF-α, IL-1β, and MCP-1. Our findings also 

reiterate the importance to investigate the global levels and function of a given molecule 

when considering the therapeutic use of the target molecule.

Mechanisms by which EZH2 regulates neuroinflammation remain not well understood. 

Neuroinflammation is characterized by glial activation and proliferation and their 

subsequent over-production of proinflammatory mediators (including TNF-α, IL-1β, and 

MCP-1). Given that trimethylation of H3K27 by EZH2 results in gene repression (Cao and 

Zhang, 2004; Hansen et al., 2008; Marqueron et al., 2009), the types of genes repressed by 

H3K27TM/EZH2 must be negative regulators of neuroinflammation. One gene known to be 

suppressed by EZH2/H3K27TM is the cyclin-dependent kinase inhibitor p16 (Maertens et 

al., 2009). P16 is a well-known cell-cycle-regulatory protein, which inhibits cyclin 

dependent kinase (like CDK4) activities and suppresses cell proliferation (Traves, Luque, & 

Hortelano, 2012). Previous studies have shown that cell proliferation and inflammation are 

regulated positively by EZH2/H3K27TM but negatively by P16 gene expression. For 

example, embryos with EZH2 deletion display severe defects during gastrulation (O’Carroll 

et al., 2001; Zhang et al., 2015) Over expression of EZH2 in differentiating neural stem cells 

promotes neural stem cells to be differentiated into oligodendrocytes (Sher et al., 2008). 

EZH2 suppression in dorsal root ganglion cocultures interferes with in vitro myelination by 

Schwann cells (Heinen et al., 2012; Zhang et al., 2015). Down-regulation of P16 leads to 

cell proliferation (Traves et al., 2012). More recent studies show that EZH2 and P16 are 

involved in the inflammation processes. For example, EZH2 is overexpressed in fibroblast-
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like synoviocytes in the rheumatoid joint and EZH2 causes changes in fibroblast-like 

synoviocytes through the Wnt signaling pathway, which plays an important role in 

regulating rheumatoid arthritis (Miao et al., 2013; Trenkmann et al., 2011). Activation of 

NF-kB by lysophosphatidic acid and production of IL-6, IL-8 in breast cancer cells is 

dependent on high EZH2 expression (Hartman et al., 2013). Enhancement of gene 

expression of P16 results in reduction of rheumatoid arthritis in animal models, and 

attenuation in production of proinflammatory mediators from synovial fibroblasts of 

rheumatoid arthritis, and macrophages in response to lipopolysaccharide (LPS) treatment 

(Murakami, Mizoguchi, Saito, Miyasaka, & Kohsaka, 2012). Currently, it is unknown about 

the role of EZH2 in the regulation of inflammation in the CNS. Our present study fills this 

gap by investigating the role of EZH2 in the spinal cord. The cellular location of EZH2 in 

the spinal cord was defined for the first time. We revealed that EZH2 is predominantly 

expressed in neurons under normal conditions. This is in line with a previous report that 

EZH2 is only expressed in neurons in the spinal dorsal root ganglion (Laumet et al., 2015). 

We found that nerve injury causes an increase in the global EZH2 expression and the 

number of neurons with EZH2 expression in the spinal dorsal horn. Intriguingly, nerve 

injury results in a tremendous increase in the number of microglia with EZH2 expression on 

3 day and 10 day after nerve injury. Given that microglial activation, as evident by an 

increased expression of Iba1 protein, was found at the same time, it is conceivable that the 

increased expression of EZH2 in microglia contributes importantly to the microglial 

activation and its production of inflammatory mediators, which ultimately brings about 

neuroinflammation in the spinal dorsal horn. This notion is indirectly supported by several 

previous findings. First, cell proliferation is associated with production of inflammatory 

mediators (Gong et al., 2011; Turgeon, Blais, Delabre, & Asselin, 2013). Second, microglial 

proliferation is a form of microglial activation, which has been recently demonstrated to be a 

critical mechanism contributing to the genesis of neuroinflammation and neuropathic pain in 

rodents (Guan et al., 2016; Okubo et al., 2016).

In conclusion, our current study reveals that EZH2 plays a critical role in the development 

and maintenance of neuropathic pain through regulating the neuroinflammation process in 

the spinal dorsal horn. Hence, suppressing the spinal EZH2 and H3K27TM levels may be a 

novel strategy for the development of new analgesics for the treatment of neuropathic pain.
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Highlights

Nerve injury increases protein expressions of EZH2 and H3K27TM in the dorsal 

horn.

Number of neurons and microglia with EZH2 expression is increased after nerve 

injury.

Inhibition of EZH2 attenuates the development and maintenance of neuropathic 

pain.

Inhibition of EZH2 suppresses spinal neuroinflammation induced by nerve injury.
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Figure 1. Nerve injury increases EZH2 protein expression and H3K27TM levels in spinal dorsal 
horn
Bar graphs show the mean (+S.E.) of relative density ratio of EZH2 over β-actin and 

H3K27TM over total-histone H3 in the spinal dorsal horn of rats receiving either sham 

operation or pSNL on day 3 (A) and day 10 (B) after surgery. Western blot samples of each 

molecular protein in each group are displayed. *p < 0.05; **p < 0.01.
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Figure 2. EZH2 is predominantly expressed in neurons in the spinal dorsal horn under normal 
conditions, and nerve injury increases the number of neurons with EZH2 expression and 
microglia with EZH2 expression
(A) shows samples of EZH2 staining in L4–L5 spinal dorsal horn ipsilateral to the operation 

site in sham and pSNL rats on days 3 and 10 after surgery. Scale bar: 200 μm. (B) shows co-

localization of EZH2 staining (red) with different cellular markers (in green): Iba1 for 

microglia, GFAP for astrocytes, and NeuN for neurons. Scale bar: 50 μm. (C) Bar graphs 

show the mean (+ S.E.) numbers of EZH2 +/Iba1+, EZH2+/GFAP+, and EZH2+/NeuN+ cells 

in the spinal dorsal horn per section in sham operated and pSNL rats on days 3 and 10 after 

surgery. Four to five rats per group were used for analysis. Comparisons of the same cellular 

types on the same days after surgery between sham-operated and pSNL rats are shown. *** 

p < 0.001.
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Figure 3. Nerve injury increases protein expressions of Iba1, GFAP, TNF-α, IL-1β, and MCP-1 
in the spinal dorsal horn
Bar graphs show the mean (+ S.E.) density of Iba1, GFAP, TNF-α, IL-1β, and MCP-1 

relative to β-actin in the spinal dorsal horn in rats receiving either sham operation or pSNL 

on day 3 (A) and day 10 (B) after surgery. Samples of each molecular protein expression in 

each group are displayed. *p < 0.05; **p < 0.01.
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Figure 4. EZH2 inhibitors prevent the pain hypersensitivity induced by nerve injury
(A) and (B) show the mean (± S.E.) mechanical withdrawal threshold and thermal 

withdrawal latency during the 10-day observation period in four groups of rats treated with 

daily intrathecal injection of either 20 nM DZNep (in 10 μL) or vehicle (10 μL) for 9 days. 

Comparisons between baseline and each time point in the pSNL+ vehicle group are 

indicated with *; comparisons between the pSNL + 20 nM DEZNep and pSNL + Vehicle 

groups are indicated with #. (C) and (D) show the mean (± S.E.) mechanical withdrawal 

threshold and thermal withdrawal latency during the 10-day observation period in five 

groups of rats treated with daily intrathecal injection of either 5 nM GSK-126 (in 10 μL), 0.5 

nM GSK-126 (in 10 μL), or vehicle (10 μL) for 9 days. Comparisons between baseline and 

each time point in the pSNL+ vehicle group are indicated with *; comparisons between the 

pSNL + 5 nM GSK-126 and pSNL + Vehicle group are indicated with #; comparisons 

between the pSNL + 0.5 nM GSK-126 and pSNL + vehicle group are indicated with +. One 

symbol: p < 0.05; three symbols: p < 0.001.
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Figure 5. EZH2 inhibitors attenuate the pre-existing pain hypersensitivity induced by nerve 
injury
Line plots show the mean (± S.E.) mechanical withdrawal threshold (A) and thermal 

withdrawal latency (B) during the 10-day observation period in four groups of rats. Daily 

intrathecal injection of either 20 nM DZNep (in 10 μL) or vehicle (10 μL) was made from 

days 3 to 9. Comparisons between baseline and each time point in the pSNL+ Vehicle group 

are indicated with *; comparisons between the pSNL + 20 nM DEZNep and pSNL + vehicle 

group are indicated with #. One symbol: p < 0.05; two symbols: p < 0.01; three symbols: p < 

0.001.
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Figure 6. Pre-emptive DZNep or GSK126 treatment significantly attenuates the increased levels 
of EZH2 and H3K27TM in the spinal dorsal horn induced by nerve injury
(A): Data were obtained from the spinal dorsal horn of animals treated with daily intrathecal 

injection of either 20 nM DZNep (in 10 μL) or vehicle (10 μL) for 9 days. (B): Data were 

obtained from the spinal dorsal horn of animals treated with daily intrathecal injection of 

either 5 nM GSK126 (in 10 μL) or vehicle (10 μL) for 9 days. Bar graphs show the mean (+ 

S.E.) relative density ratio of EZH2 over β-actin and H3K27TM over total-histone H3. 

Western blot samples of each molecular protein in each group are displayed. *p < 0.05; **p 
< 0.01; ***p < 0.001.
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Figure 7. Pre-emptive treatment of the EZH2 inhibitor attenuates the increased expressions of 
Iba1, GFAP, TNF-α, IL-1β and MCP-1 in the spinal dorsal horn of rats with nerve injury
Data were obtained from the spinal dorsal horn of animals treated with daily intrathecal 

injection of either 20 nM DZNep (in 10 μL) or vehicle (10 μL) for 9 days. Bar graphs show 

the mean (+ S.E.) density of GFAP, Iba1, TNF-α, IL-1β and MCP-1 relative to β-actin in the 

spinal dorsal horn of sham operated rats treated vehicle, pSNL rats treated with DEZNep, 

and pSNL rats treated vehicle. Samples of each molecular protein in each group are 

displayed. *p < 0.05; **p < 0.01.
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