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Abstract

Neuropathic pain often develops following nerve injury as a result of maladaptive changes that 

occur in the injured nerve and along the nociceptive pathways of the peripheral and central 

nervous systems. Multiple cellular and molecular mechanisms likely account for these changes; 

however, the exact nature of these mechanisms remain largely unknown. A growing number of 

studies suggest that alteration in gene expression is an important step in the progression from acute 

to chronic pain states and epigenetic regulation has been proposed to drive this change in gene 

expression. In this review, we discuss recent evidence that the DNA-binding protein Neuron-

Restrictive Silencing Factor/Repressor Element-1 Silencing Transcription factor NRSF/REST) is 

an important component in the development and maintenance of neuropathic pain through its role 

as a transcriptional regulator for a select subset of genes that it normally represses during 

development.
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Introduction

Neuropathic pain is a persistent nociceptive hypersensitivity caused by either injury or 

disease to the somatosensory nervous system. It is widely considered to be one of the most 

difficult pain syndromes to treat, and it creates a substantial economic burden for modern 

healthcare [37]. While a precise number of affected individuals is difficult to determine 

given the variable and subjective nature of the symptoms, a recent systematic review of 

epidemiological studies of neuropathic pain in the general population estimates the 

population prevalence of pain with neuropathic characteristics between 6.9% and 10% [61]. 
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The mechanisms responsible for the transition from acute to chronic pain following neural 

injury are not well understood, but this transition is accompanied by significant changes in 

the transcriptome of both the central and peripheral circuits [1, 19]. These long-term changes 

in gene expression profiles are mediated, in part, by epigenetic mechanisms that reorganize 

chromatin structure. The Neuron-Restrictive Silencing Factor/Repressor Element-1 

Silencing Transcription factor NRSF/REST) is a DNA-binding protein that represses 

neuronal gene transcription by recruiting several chromatin-modifying co-factors. Several 

studies have shown that NRSF-mediated repression of specific genes is an important 

component in the development and maintenance of neuropathic pain. This review discusses 

this role of NRSF in neuropathic pain as a transcriptional regulator for a select subset of 

genes that it normally represses during development.

Neuropathic Pain

The primary hallmark of chronic pain is persistent nociceptive hypersensitivity resulting in a 

significant reduction in the thresholds required to induce a painful response [23, 63, 69]. 

This typically manifests as either allodynia, where a previously innocuous stimuli now 

causes pain, or hyperalgesia, which results in an amplified response to a noxious stimuli 

[64]. Chronic pain often develops following acute pain as the result of tissue damage and 

persistent inflammation or pathological adaptive plasticity in the peripheral and central 

nervous systems. This chronic pain is classified as neuropathic when it arises as a direct 

result of damage or disease to the somatosensory system. There is considerable variability in 

which individuals will transition from an acute pain state to a chronic pain state, and the 

mechanisms underlying this variability are largely unknown. Given this variability and a 

lack of understanding about its causes, it should come as no surprise that current therapeutic 

strategies aimed at treating chronic pain are largely ineffective, with over half of chronic 

pain patients having little or no control over their pain using currently available therapies 

[31].

The development and subsequent maintenance of chronic pain states involves persistent 

changes to multiple regions within both the peripheral and central nervous system. These 

alterations along the nociceptive pathway occur at both the cellular and molecular levels. For 

example, neurons in the dorsal horn exhibit increased excitatory responses as well as 

decreased firing thresholds [20]. These aberrant neuronal activities and the development of 

neuropathic pain behaviors correlate with changes in gene expression along the entire length 

of the pain transduction and modulation pathways, including supraspinal, spinal, and brain 

regions (reviewed in [15]). The mechanism(s) that drive these changes in gene expression, 

which persists for long periods well after the precipitating injury has resolved, are poorly 

understood. Recently, interest has turned to epigenetic mechanisms as a possible means of 

driving these transcriptome changes. Epigenetic changes are well known to modify neuronal 

activity in synaptic plasticity, learning, and memory. In addition, pathophysiologic changes 

in a number of neuropsychiatiric disorders involve epigenetic modifications [5]. Recent 

studies have demonstrated epigenetic changes in both spinal and brain regions in chronic 

pain disorders, contributing to sensitization to thermal and mechanical stimuli [21, 68]. 

Taken together, these studies suggest that epigenetic mechanisms are an important mediator 
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of the development and maintenance of neuropathic pain. To date, however, few studies have 

identified specific players critical to driving these epigenetic changes.

REST/NRSF

NRSF is a zinc finger DNA-binding protein that mediates both transient and long-term 

repression of neuronal gene transcription. A bipartite interaction domain within NRSF 

recruits the SIN3A/B and CoREST co-repressor complexes through its N- and C-terminal 

regions, respectively. These co-repressor complexes epigenetically modify target genomic 

regions through several chromatin-modifying enzymes, including Histone Deacetylases 1/2 

(HDAC1/2), the histone demethylase LSD1, and the histone methylase G9a (reviewed in 

[39]). The CoREST complex also contains the ATP-dependent helicase BRG1, which 

improves NRSF access to the target gene regions [38]. Recruitment of CoREST can also be 

stabilized by interactions with methyl-CpG-binding protein (MeCP2) [4]. Recent studies 

suggest that NRSF-mediated silencing of gene transcription is also assisted by the 

recruitment of Polycomb Repressive Complexes through interactions between the subunits 

of the Polycomb and NRSF protein complexes [16, 33, 46, 58].

Initially considered a developmental master regulator of neuronal cell fate [13, 51], NRSF is 

now recognized as having an important regulatory role in several neural diseases as well 

(recently reviewed in [56]). During development, NRSF is expressed at high levels in non-

neuronal tissues and suppresses neuronal specification by repressing neuronal gene 

transcription [13, 51]. Although the loss of NRSF can derepress transcription of some target 

genes, the lack of NRSF does not alter cell fate specification of non-neuronal tissue [11]. 

Compared to non-neuronal tissue, NRSF is expressed at lower levels in both embryonic and 

adult neural progenitor cells and its expression level diminishes as differentiation proceeds 

[4, 17]. NRSF remains expressed at low levels, however, within mature neurons of several 

brain regions [32, 43]. NRSF has multiple alternatively spliced isoforms including a neuron 

specific isoform, REST4, which weakly binds DNA [27, 43]. The full functional 

significance of the truncated REST4 isoform in neurons, however, is not completely 

understood.

In contrast to the maintenance of low NRSF expression levels, NRSF expression is 

upregulated under some pathological conditions in the adult nervous system. Global 

ischemic stroke in rodents, for example, elevates mRNA and protein levels of both NRSF 

and CoREST in hippocampal CA1 neurons [8, 36]. This up-regulation represses a battery of 

genes essential for synaptic function and plays a causal role in the death of CA1 neurons 

following stroke. High NRSF expression levels also characterize several neural-lineage 

cancers, such as medulloblastomas and glioblastomas. Disruption of NRSF-mediated 

repression in these cancers leads to apoptosis and a reduction in tumor size [24, 26], 

suggesting that NRSF promotes self-renewal of neural tumor cells in a manner similar to its 

role in maintaining neural progenitor pools during development.
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Pain-induced transcriptional repression mediated by NRSF

In addition to stroke and cancer, NRSF expression levels are upregulated in neuropathic 

pain. Remifentanil is a short-acting synthetic opioid that is widely used as a general 

anesthetic, but can also induce post-operative hyperalegesia. Infusion of remifentanil in an 

incisional post-operative pain mouse model elevated NRSF expression levels in the 

periaqueductal gray [29]. This increase in NRSF was associated with a decrease in paw 

withdraw times in response to mechanical and thermal stimulation. Consistent with studies 

in cultured cells showing that transcription of Oprm1 (encoding the μ-opioid receptor) is 

directly repressed by NRSF [25], Oprm1 expression in the periaqueductal gray was 

repressed by remifentanil-induced elevation of NRSF and ventricular administration of 

antisense oligonucleotide directed against NRSF rescued both Oprm1 expression levels and 

paw withdrawal latency times.

Pain is also associated with an upregulation of NRSF expression in the peripheral nervous 

system. Studies using partial sciatic nerve ligation in mice showed an increase in both NRSF 

mRNA and protein levels in dorsal root ganglia that was maintained for several weeks 

following injury [47, 59, 60]. Expression levels for the NRSF target genes Kcnd3, Kcnq2 
and Scn10a (which respectively encode the Kv 4.3, Kv 7.2 and Nav1.8 channels) as well as 

Oprm1 were repressed in response to the increase in NRSF. Repression of these target genes 

was associated with both persistent C-fiber dysfunction and disruption of K+ M-type 

currents that facilitated neuropathic excitability of peripheral sensory fibers. Knockdown of 

NRSF with antisense oligonucleotides was sufficient to rescue both expression levels for 

several of these NRSF target genes and C-fiber function [59].

Consistent with a role for chromatin remodeling in the development of persistent pain, 

administration of histone deacetylase (HDAC) inhibitors can alleviate pain symptoms in 

several model systems (reviewed in [3]). For NRSF target genes, such Kcnd3 and Scn10a, 

persistent pain is associated with hypoacetylation of genomic regions surrounding the NRSF 

binding sites [59, 60] which suggests that HDAC inhibitors ameliorate neuropathic pain, at 

least in part, by counteracting chromatin remodeling and transcriptional repression mediated 

by NRSF. Given the ability to HDAC inhibitors to alleviate pain by restoring expression 

levels of NRSF target genes, we have examined whether Glutamic acid decarboxylase 2 

(Gad2) expression in the raphe magnus is regulated by NRSF. GABAergic interneurons in 

the raphe magnus are integral to suppressing descending facilitation of pain [12]. In rodents, 

both inflammatory pain and spinal nerve ligation-induced neuropathic pain models decrease 

histone acetylation levels at the Gad2 promoter and repress Gad2 expression levels [68]. 

This repression is also associated with the recruitment of HDAC 1/2 enzymes to the Gad2 
promoter. Since these HDAC enzymes are part of the co-repressor protein complexes 

recruited by NRSF, the Gad2 promoter nucleotide sequence was examined for NRSF 

binding sites. Our analysis revealed an NRSF consensus binding site that was highly 

conserved in mammals, and the ENCODE database confirms that this Gad2 promoter region 

is bound by NRSF and its co-repressors SIN3A and HDAC2. Together, these findings 

suggest that NRSF directly binding to the Gad2 promoter may be involved in the repression 

of Gad2 seen in neuropathic pain states.
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Selective targets gene repression by NRSF in neuropathic pain

The full set of genes directly targeted by NRSF that are involved in neuropathic pain has not 

yet been established. Bioinformatic analyses using consensus NRSF target sequences have 

identified putative NRSF binding sites within the genomes of several vertebrate species [6, 

52], and high throughput sequencing of immunoprecipitated genomic DNA has shown 

which putative binding sites are occupied in different cell types [40, 50]. The NRSF ChIP-

seq datasets include a series of studies with several human cell lines that are incorporated 

into the ENCODE database [14].

Comparing genomic regions occupied by NRSF in the ENCODE database to a meta-

analyses of microarray and RNA-seq studies in neuropathic pain mouse models [44] reveals 

several additional genes that are likely direct targets of NRSF-mediated repression. These 

down-regulated genes include several neurotransmitter receptors subunits (Chrna3, Gabbr1, 

Grik1 and Htr3a), the Kcnc2 voltage-gated potassium channel and the Snap25 
synaptosomal-associated protein. The ENCODE database shows that NRSF associates with 

these genes either near their transcription start site or within introns, and that these regions 

are also typically occupied by many NRSF cofactors including SIN3A, CoREST and 

HDAC1/2.

Elevated levels of NRSF, however, are not likely sufficient to account for the repression of 

target genes in neuropathic pain conditions. Many genes upregulated in the microarray and 

RNA-seq studies of neuropathic pain mouse models also have promoter regions that show 

occupancy by NRSF in the ENCODE database. These upregulated genes include Gabra5 
(GABAA receptor α5 subunit), Cacna2d1 (an L-type voltage-gated calcium channel), Vip 
(Vasoactive intestinal peptide), Gadd45a (DNA demethylase) and Gap43 (growth associated 

protein 43). The ENCODE database also shows that these up-regulated genes are occupied 

many NRSF cofactors, including SIN3A, CoREST and HDAC1/2. Since most cell types in 

the ENCODE are non-neural, the genes associated with NRSF in the database are more 

likely to be representative of the genes targeted by NRSF during development. Thus, the 

comparison of microarray and RNA-seq studies in neuropathic pain mouse models indicates 

that NRSF selectively targets only a subset of the genes it represses during development.

Selectivity in target gene repression suggests other factors modulate NRSF's ability to either 

bind target gene regions or recruit co-repressors. Pain-induced phosphorylation of MeCP2 is 

one potential mechanism to modify repression by NRSF. MeCP2 is a methylated DNA-

binding protein that recruits co-repressor complexes containing HDACs (reviewed in [2]), 

and, as noted above, MeCP2 can facilitate recruitment of CoREST to NRSF [30]. 

Phosphorylated MeCP2, however, has a diminished affinity for methylated DNA, and 

MeCP2 target gene transcription levels are derepressed when MeCP2 is phosphorylated 

[10]. In an inflammatory pain mouse model, phosphorylated MeCP2 levels were elevated in 

subsets of dorsal horn neurons, and the expression of MeCP2 target genes, including Sgk1 
and Fkbp5, was increased [18]. Examination of the ENCODE database reveals that 

respective promoter regions for Sgk1 and Fkbp5 are also targeted by NRSF and CoREST. 

This suggests the possibility that phospho-MeCP2 disrupts NRSF repression of genes that 

these factors co-repress. Thus, future studies are needed to establish why the NRSE on some 
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genes is insufficient to mediate gene repression when MeCP2 is phosphorylated despite the 

fact that NRSF is able to repress other target genes under these conditions (Figure 1).

In addition to protein coding genes, expression levels for several micro-RNAs (miRNAs) are 

downregulated under chronic pain conditions (reviewed in [15]). Expression levels for 

miR-7a, 96 and 134 were reduced in the dorsal root ganglia of various rodent pain model 

systems [9, 34, 48]. None of the promoter regions for these downregulated miRNAs, 

however, have either consensus NRSF binding site sequences or association with NRSF 

binding in the ENCODE database. This suggests that the repression of these miRNAs during 

neuropathic pain is not mediated by NRSF, although it is possible that distant NRSF 

complexes could modulate expression of these miRNAs. In development, by contrast, NRSF 

represses miR-21 expression in embryonic stem cells [55]. Interestingly, miR-21 expression 

is elevated in the dorsal root ganglia for at least two weeks in rats after either spinal nerve 

ligation or chronic constriction injury [49]. This pain-induced increase in miR-21 expression 

is further evidence that, under neuropathic pain conditions, NRSF represses only a select 

subset of its developmental target genes.

Future Considerations

Neuropathic pain is associated with an increase in NRSF levels in both central and 

peripheral pain circuits, and this elevation of NRSF selectively represses a set of target genes 

within the neurons of these circuits. A better understanding of NRSF's role in neuropathic 

pain will require establishing the mechanisms that initiate and maintain the upregulation of 

NRSF expression following neural injury as well as the mechanisms that guide NRSF to 

repress a select subset of target genes.

There are several non-mutually exclusive potential mechanisms to upregulate NRSF 

expression levels. The Wnt signaling pathway activates Nrsf transcription in chick embryos 

[35], and several studies have linked neuropathic pain to Wnt pathway activation [22, 53, 54, 

66, 67]. Thus, establishing whether the Wnt pathway directly activates Nrsf expression will 

significantly improve our understanding the dynamics of injury-induced Nrsf transcription. 

In addition to transcriptional regulation, the contribution of post-transcriptional regulatory 

mechanisms, including alternative splicing and miRNA regulation, remain to be clarified. As 

noted above, NRSF has several alternatively spliced isoforms, including a truncated REST4 

isoform that weakly binds to DNA. The balance between full length NRSF and REST4 

isoforms appears to be important for the maintenance and differentiation of neural 

progenitor cells [41, 45]. Studies in epilepsy and fetal alcohol exposure rodent models have 

respectively reported that the full-length NRSF and REST4 isoform ratio contributes to the 

homeostatsis of neural networks and neuroprotection [7, 57]. Whether this isoform ratio is 

altered in neuropathic pain and if such a change is integral to the maladaptive in either 

peripheral or central pain circuits remains to be established. Finally, our knowledge of how 

NRSF levels are regulated by miRNA following neural injury is limited. Several miRNAs 

have been reported to target NRSF, both directly and indirectly, and for several of these 

miRNAs, NRSF mediates reciprocal repression [28, 42, 62, 65].
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Selective repression of subset target genes by NRSF in response to neural injury suggests 

that other regulatory factors modulate NRSF's ability to either bind target gene regions or 

recruit co-repressors. As discussed above, interactions with phosphorylated MeCP2 

following neural injury are a potential mechanism for a subset of target genes to escape 

NRSF-mediated repression, but this mechanism remains to be verified. Alternatively, 

interactions with Polycomb Group complexes [16, 33, 46, 58] may also influence NRSF 

target gene repression, but the contribution of Polycomb-mediated neuropathic pain is 

currently poorly understood. Elucidating the intricate regulatory web modulating both NRSF 

target gene selection and NRSF expression levels are essential to understanding how the 

epigenetic program controlled by NRSF become maladaptive and facilitate neuropathic pain.
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ENCODE Encyclopedia of DNA elements

HDAC histone deacetylase

MeCP2 methyl CpG binding protein 2
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NRSF Neuron-Restrictive Silencing Factor
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Figure 1. Differential Responses of NRSF Target Genes
In mature neurons, many NRSF target gene expression levels are elevated because of NRSF 

is present at only low levels. Some NRSF target genes, however, are repressed in mature 

neurons due to the action of other repressor proteins, such MeCP2 binding to methylated 

DNA. Upon nerve injury, NRSF levels are elevated and transcription of several NRSF target 

genes (e.g., Gad2, Oprm1, Kcnd3, Scn10a) is repressed due to increased NRSF occupancy at 

NRSF binding sites (NRSE/RE1). For some NRSF-responsive genes that are also regulated 

by MeCP2 (e.g., Sgk1, Fkbp5), however, nerve injury derepresses expression levels. MeCP2 

is phosphorylated following nerve injury, which reduces its affinity for methylated DNA. 

Future studies are needed to establish why the NRSE on some genes is insufficient to 

mediate gene repression when MeCP2 is phosphorylated after injury, despite the fact that 

NRSF is able to repress other target genes under these conditions.
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