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Abstract

p38 mitogen-activated protein kinase (MAPK) consists of two major isoforms: p38α and p38β; 

however, it remains unclear which isoform is more important for chronic pain development. 

Recently, we developed potent, long-lasting, and p38 MAPK subtype-specific antisense 

oligonucleotides (ASOs). We examined the therapeutic effects of isoform-specific ASOs in several 

chronic pain models following single intrathecal injection (300 µg/10 µl) in CD1 mice. In the 

chronic constriction injury (CCI) model, p38α MAPK ASO, given on post-operative day 5, 

reduced CCI-induced mechanical allodynia in male but not female mice. In contrast, mechanical 

allodynia after CCI in both sexes was not affected by p38β MAPK ASO. Intrathecal injection of 

p38α or p38β ASO resulted in a partial reduction (≈50%) of spinal p38α or p38β mRNA level, 

respectively, in both sexes at two weeks. In contrast, intrathecal injection of the ASOs did not 

affect p38α and p38β MAPK mRNA levels in dorsal root ganglia. Intrathecal p38α ASO also 

reduced postoperative pain (mechanical and cold allodynia) in male mice after tibia fracture. 

However, intrathecal p38α ASO had no effect on mechanical allodynia in male mice after 

paclitaxel treatment. Intrathecal p38α MAPK ASO pre-treatment also prevented TLR4-mediated 

mechanical allodynia and downregulated levels of p38α MAPK and phosphorylated p38 MAPK 

following intrathecal treatment of lipopolysaccharide. In summary, our findings suggest that p38α 
MAPK is the major p38 MAPK isoform in the spinal cord and regulates chronic pain in a sex and 

model-dependent manner. Intrathecal p38α MAPK ASO may offer a new treatment for some 

chronic pain conditions.
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Introduction

Chronic pain, such as neuropathic pain, inflammatory pain and cancer pain, is a disease 

caused by peripheral inflammation and abnormal processing in the sensory nervous system 

(Ji et al., 2014; Kuner, 2010). Recent progress has indicated that non-neuronal cells, 

including glial cells and immune cells, regulate the development and maintenance of chronic 

pain through multiple mechanisms, such as neuroinflammation, neural-glial crosstalk, and 

secretion of pain molecules (Grace et al., 2014; Ji et al., 2016; Milligan and Watkins, 2009; 

Ren and Dubner, 2010). Recently, glial activation was implicated in patients suffering 

chronic pain (Loggia et al., 2015). Microglial cells are considered as resident macrophages 

in the central nerve system (CNS). Accumulating literatures indicate that spinal microglial 

activation is an essential step for the generation of pathological pain (Coull et al., 2005; Ji et 

al., 2013; Tsuda et al., 2005). In particular, Toll-like receptor 4 (TLR4) has been strongly 

implicated in microglial activation and pathogenesis of chronic pain (Christianson et al., 

2011; Sorge et al., 2011; Tanga et al., 2005). TLR4 also contributes to opioid induced 

antinociceptive tolerance and opioid induced hyperalgesia (Grace et al., 2016; Watkins et al., 

2009). Mounting evidence suggests that the role of microglial cells in chronic pain is sex 

dependent. For example, spinal TLR4 modulates inflammatory and neuropathic pain only in 

male mice (Sorge et al., 2011). Intrathecal injection of a microglial inhibitor (such as 

minocycline) attenuated mechanical allodynia in male but not female mice following 

peripheral nerve injury (Chen et al., 2017; Sorge et al., 2015). However, morphological 

activation of microglia (microgliosis) is not evident in male rodent models of chronic post-

ischemia pain and chemotherapy-induced neuropathy (Robinson et al., 2014; Tian et al., 

2017).

Numerous studies indicate that p38 MAPK in spinal cord microglia contributes to the 

development of neuropathic, inflammatory, and cancer pain (Ji et al., 2009; Jin et al., 2003b; 

Kobayashi et al., 2008; Malon and Cao, 2016; Milligan et al., 2003; Tsuda et al., 2004; 

Zhuang et al., 2007). GRK2 determines duration of hyperalgesia via possible signaling of 

CX3CR1/p38/IL-1 in spinal microglia (Willemen et al., 2010). Recently, we found that 

chronic constriction injury (CCI) induced identical increases of microglial markers 

CXC3CR1 and IBA-1 in both sexes. However, we also found that p38 MAPK activation 

(phosphorylation) was primarily increased in spinal microglia of male mice, and 

importantly, a specific p38 MAPK inhibitor skepinone reduced CCI-evoked mechanical 

allodynia in male but not female mice (Taves et al., 2016). These findings imply that some 

microglial signaling (e.g., p38 activation, P2X4 upregulation, and caspase-6 response) but 

not overall morphological activation in microglia is male dependent (Berta et al., 2016; 

Sorge et al., 2015; Taves et al., 2016).

There are four isoforms of p38 MAPK, p38α, p38β, p38γ and p38δ, which differ in the 

expression patterns and activation mechanisms (Cuadrado and Nebreda, 2010). Previous 

studies showed that p38α and p38β MAPK are expressed in rodent spinal cord; and 

furthermore, pharmacological intervention using antisense oligonucleotides (ASOs) 

indicated that distinct role p38α and p38β MAPK in persistent pain is model and condition 

dependent (Dong et al., 2014; Svensson et al., 2005). Svensson et al. reported that spinal 
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p38β but not p38α MAPK isoform mediates tissue injury-induced hyperalgesia and spinal 

sensitization [35]. Dong et al. showed that intrathecal p38β MAPK ASOs reduced bone 

cancer pain in rats [8]. However, it remains unclear which p38 isoform such as p38α or 

p38β regulates neuropathic pain and postoperative pain in a sex-dependent manner.

In this study, we examined whether p38α and p38β MAPK play a distinct role in several 

pathological pain models using p38 MAPK subtype-specific ASOs. The ASOs used here 

were optimized for CNS delivery, and are potent and long-lasting due to the use of second 

generation ASOs with 2’-O-methoxyethyl (MOE) modifications and backbones containing 

phosphothioate linkages (Bennett and Swayze, 2010). We found that ASOs are well 

tolerated in mice after intrathecal injection (300 µg). We also report the following interesting 

findings. (1) Intrathecal injection of p38α but not p38β MAPK ASO attenuated nerve 

injury-induced mechanical allodynia in male mice. (2) Intrathecal p38α and p38β ASO had 

no effects on nerve injury-induced mechanical allodynia in female mice. (3) A single 

intrathecal p38α or p38β ASO treatment produced a partial but sustained reduction of p38α 
or p38β mRNA levels in spinal cord but not dorsal root ganglion (DRG) tissues of both 

sexes. (4) Intrathecal p38α but not p38β ASO reduced mechanical and cold allodynia in 

male animals after bone fracture. (5) Neither p38α nor p38β ASO reduced chemotherapy-

induced mechanical allodynia in males following intrathecal injection. (6) Intrathecal p38α 
MAPK ASO pre-treatment prevented LPS-induced mechanical allodynia and decreased the 

levels of p38α MAPK and phosphorylated p38 MAPK in spinal cord tissues. These findings 

support a role of spinal p38α in some chronic pain conditions of male mice.

Materials and Methods

2.1. Animals

Wild-type CD1 (male and female, 8–10 weeks old) were purchased from Charles River 

Laboratories and housed at the vivarium animal facility of Duke University Medical Center. 

The protocol of animal experiments was approved by the Animal Care Committee of Duke 

University Medical Center.

2.2. Drugs and administration

Antisense oligonucleotides (ASO) targeting mouse p38α and p38β were provided by Ionis 

Pharmaceuticals and diluted in sterile PBS (for sequences, see Table 1). Paclitaxel and 

lipopolysaccharide (LPS) were purchased from Sigma. Intrathecal injection was performed 

as described previously (Taves et al., 2016), mice were anesthetized with isoflurane and a 

spinal cord puncture was performed between the L5 and L6 level to deliver drugs (10 µl) 

using a 30G needle.

2.2. Surgery

Chronic constriction injury (CCI) was performed as described previously (Chen et al., 2015; 

Taves et al., 2016). Briefly, the left sciatic nerve was exposed at mid-thigh level under 

isoflurane anesthesia, and three loose silk ligatures (6-0 suture) approximately 1 mm apart 

were made around the sciatic nerve and the incision was closed with non-absorbable silk 

suture (5-0). It was reported that CCI with gut but not silk suture caused hyperalgesia in rats 
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(Maves et al., 1993). However, in our hands, CCI with silk suture consistently produces 

marked and sustained mechanical allodynia and heat hyperalgesia in mice (Chen et al., 

2015; Han et al., 2016b; Taves et al., 2016). We also observed robust neuroinflammation in 

the DRG and spinal cord after CCI with silk suture (Chen et al., 2015). It is possible that the 

onset of neuropathic pain could be slower with silk suture. Tibial facture (TF) was 

performed under isoflurane anesthesia (Zhang et al., 2016b). Muscles were disassociated 

following an incision on the left hindpaw. A 0.38-mm stainless steel pin was inserted into 

the tibia intramedullary canal, followed by the osteotomy, and the incision was sutured with 

6-0 Prolene. To produce chemotherapy-associated neuropathic pain, paclitaxel (2 mg/kg, 

i.p.) was injected at day 0, 2, 4, and 6 (Xu et al., 2015).

2.3. Behavioral analysis

All behavioral tests were performed in boxes on an elevated metal mesh floor under stable 

room temperature and humidity. Mice were habituated to the environment for at least 2 days 

before the experiments. To assess mechanical allodynia, the plantar surface of left hind-paw 

was stimulated using a series of von Frey fibers with logarithmically increasing stiffness 

(0.02–2.56 gram, Stoelting), presented perpendicularly to the central plantar surface. 50% 

paw withdrawal threshold was determined following Dixon's up-down method. The 

frequency response was measured by stimulating the hind-paw with a 0.4 gram von Frey 

hair for ten times and the percentage withdrawal response was calculated as frequency 

(Taves et al., 2016). To assess cold allodynia, two acetone applications (20 µl each) were 

gently applied to the hindpaw bottom using a pipette and the responses to acetone were 

scored: 0, no response; 1, quick withdrawal, paw stamping or flicking; 2, prolonged 

withdrawal or repeated flicking of the paw; 3, repeated paw flicking and licking (Chen et al., 

2016; Han et al., 2016a). All the behavioral tests were performed in a blinded manner.

2.4. Real-time PCR

Tissues sent frozen at −80°C to Ionis Pharmaceuticals for PCR analysis. Upon arrival, 

tissues were homogenized in guanidine isothiocyanate solution (Invitrogen, Carlsbad, CA) 

containing 8% 2-mercaptoethanol. Total RNA was then isolated using the RNeasy 96 Kit 

(Qiagen, Germantown, MD) that included in-column DNA digestion with 50U of DNase I 

(Invitrogen, Carlsbad, CA). Single step real-time reverse-transcription polymerase chain 

reaction (RT-PCR) was performed with gene specific primers (Table 2) (IDT technologies, 

Coralville, IA) using the conditions 50°C for 15 minutes, 95°C for 2 minutes followed by 40 

cycles of 95°C for 15 seconds, 60°C for 1 minute. Relative RNA quantities analyzed based 

on standard curves made from RNA extracted from tissues of vehicle treated animals.

2.5 Western blotting

L3–L5 spinal cord tissues were homogenized in a RIPA lysis buffer (10×, Millipore) 

containing protease and phosphatase inhibitors. Protein samples were quantified using BCA 

Protein Assay (Pierce) and separated on an SDS-PAGE gel (Bio-rad), transferred, and 

probed with antibodies against p38α MAPK (1:1000, Cell signaling), phosphorylated p38 

MAPK (1:1000, Cell signaling), GAPDH (1:10000, Cell signaling). Then, these blots were 

incubated with corresponding horseradish peroxidase-conjugated secondary antibodies (GE 
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Healthcare). Specific bands were visualized with enhanced chemiluminescence (Thermo 

scientific) and quantified with ImageJ software (NIH).

2.6 Statistics

The data were expressed as mean ± S.E.M., as indicated in figure legends. Statistical 

analyses were made using Prism GraphPad 6.0. For behavioral tests, differences between 

groups were analyzed using One-Way or Two-Way ANOVA followed by Bonferroni’s post-

hoc test. For PCR analysis, differences between groups were compared by One-way 

ANOVA with Bonferroni’s post-hoc test. For western blotting, differences between groups 

were analyzed using t test. p<0.05 was taken as the criterion for statistically significance.

Results

3.1. Intrathecal injection of p38α but not p38β MAPK ASO alleviated mechanical allodynia 
in male mice with CCI injury

In order to define specific contribution of p38α and p38β MAPK isoform to neuropathic 

pain, we performed the chronic constriction injury (CCI) of the sciatic nerve and 

administrated 300 µg p38α or p38β MAPK ASO intrathecally to CCI-injured male mice on 

post-operative day (POD) 5. We used two different methods to determine mechanical 

allodynia in response to von Frey hair stimuli: paw withdrawal threshold (PWT) and paw 

withdrawal frequency (PWF). All male animals developed mechanical allodynia on POD 5, 

as indicated by decreased PWT (F(10, 160) = 49.11, p < 0.001) and increased PWF (F(10, 160) 

= 19.13, p < 0.001) (Figure 1A and 1B). Intrathecal injection of p38α MAPK ASO 

produced significant inhibition of mechanical allodynia by increasing PWT (F (1, 121) = 

23.79, p < 0.001) and decreasing PWF (F(1, 121) = 20.60, p < 0.001), as compared to vehicle 

group, and such analgesic effects lasted several days, from post-injection day 4 to day 7 

(Figure 1A and 1B). Surprisingly, intrathecal delivery of p38β MAPK ASO failed to 

attenuate CCI-induced mechanical allodynia (PWF: F(1, 110) = 3.092, p > 0.05; PWT: 

F(1, 110) = 0.07662, p > 0.05) (Figure 1A and 1B). Previously, we reported that intrathecal 

injection of skepinone, a highly selective inhibitor for p38α MAPK, reduced CCI-induced 

neuropathic pain in male rodents (Taves et al., 2016). These behavioral data imply that p38α 
may be the major subtype regulating spinal p38 signaling in neuropathic pain in male 

rodents.

3.2. Intrathecal injection of p38α or p38β MAPK ASO failed to affect mechanical allodynia 
in female mice with CCI

CCI increased the number of IBA-1 labeled microglia in both male and female rodents, but 

only induced p38 MAPK phosphorylation in male animals at the early stage of neuropathy 

(Taves et al., 2016). Therefore, p38 MAPK subtypes may not be involved in CCI-induced 

neuropathic pain. To confirm it, p38α or p38β MAPK ASO (300 µg) was also administrated 

intrathecally to CCI-injured female mice on POD 5. Our results showed that CCI induced 

mechanical allodynia in all female animals on POD 5, as indicated by decreased PWT 

(F(10, 170) = 50.01, p < 0.001) and increased PWF (F(10, 170) = 24.66 p < 0.001) (Figure 2A 

and B). Intrathecal injection of p38α or p38β MAPK ASO on POD 5 failed to reduce 
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mechanical allodynia in female mice with CCI injury. These results further confirm a critical 

role of p38α MAPK signaling in neuropathic pain of males.

3.3. Single intrathecal injection of p38α or p38β MAPK ASO reduced the expression of 
p38α or p38β MAPK mRNA in the spinal cord tissues in CCI mice of both sexes

To ascertain whether intrathecal ASO treatment targets the respective expression of p38α or 

p38β MAPK in the spinal cord, we harvested spinal cord tissues 2 weeks after the treatment 

(ASO, 300 µg, 19 days post CCI surgery) and analyzed mRNA levels of p38 MAPK 

isoforms on both ipsilateral and contralateral spinal cords using real-time PCR. In control 

male mice, there was no difference in p38α or p38β MAPK mRNA levels in the ipsilateral 

and contralateral spinal cord (Figure 3A and B). Intrathecal p38α MAPK ASO only lowered 

the spinal mRNA levels of p38α MAPK, but not p38β MAPK, in both sexes and on both 

sides (Figure 3A, F(5,32) = 1.013, p < 0.001; and C, F(5, 34) = 4.036, p < 0.001). Moreover, 

intrathecal p38β MAPK ASO only decreased the spinal mRNA levels of p38β but not p38α 
MAPK, in both sexes and on both sides (Figure 3B, F(5,32) = 0.3317, p < 0.001), and D, 

F(5,34) = 1.019, p < 0.001). Notably, the knockdown effects were partial (around 35% 

reduction of p38α MAPK mRNA and 60% reduction of p38β MAPK mRNA in both sexes) 

but sustained when examined 2 weeks after a single ASO injection. It is also noteworthy that 

p38β MAPK ASO was more effective than p38α MAPK ASO in suppressing p38β MAPK 

mRNA expression (60% reduction) than p38α expression in the spinal cord, respectively.

In spinal cord from vehicle-treated female animals, there was no difference in p38α MAPK 

mRNA level between both sides (Figure 3C), whereas higher levels of p38β MAPK mRNA 

was found on the ipsilateral side, suggesting an upregulation of p38β but not p38α MAPK 

mRNA levels in females after nerve injury (Figure 3D). Similar to the data from male mice, 

intrathecal p38α or p38β MAPK ASO only reduced the spinal levels of p38α or p38β 
MAPK mRNA in female mice, respectively (Figure 3C and D). Together, these results 

indicated that spinal p38α or p38β MAPK ASO treatment produced isoform-specific 

knockdown of p38α or p38β MAPK expression in the spinal cords of both sexes.

3.4. Effects of single intrathecal injection of p38α or p38β MAPK ASO on the expression of 
p38α or p38β mRNA in DRG tissues in CCI mice of both sexes

Previous studies have shown that intrathecal injections of ASOs reduced target gene 

expression (e.g., TRPA1 after intrathecal infusion) in DRG tissue (Matsuda et al., 2017; 

Obata et al., 2005). Next, we investigated whether a single intrathecal bolus of ASO would 

affect p38α or p38β MAPK mRNA levels in lumbar DRG tissues. In vehicle-treated male 

mice, p38α or p38β MAPK was not expressed in an inducible pattern in ipsilateral or 

contralateral DRG (Figure 4A and B). In female control animals, we found that there was no 

difference of p38α MAPK expression between both sides, whereas p38β MAPK was 

expressed in a higher mRNA level at ipsilateral side, comparing to that in contralateral DRG 

(Figure 4C and D, F(5,34) = 2.195, p < 0.0001). Intrathecal p38α or p38β MAPK ASO 

treatment failed to affect target mRNA levels on neither side or in neither sex, when 

compared to the contralateral side of vehicle control. However, nerve injury-induced 

upregulation of p38β MAPK mRNA in female DRGs was suppressed by p38β MAPK ASO 

treatment (Figure 4D, F(5, 34) = 2.195, p < 0.001). These results indicate that 1) p38α in 
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DRG may not be involved in ASO-evoked analgesic effects in neuropathic pain in male mice 

and 2) p38β MAPK regulation in DRG by nerve injury and p38β MAPK ASO in female 

mice does not contribute to neuropathic pain, given the fact that p38β MAPK ASO failed to 

evoke analgesia in females.

3.5. Intrathecal injection of p38α but not p38β MAPK ASO alleviated postoperative pain in 
male mice after tibia fracture but not neuropathic pain chemotherapy

Bone fracture such as tibia facture results in persistent postoperative pain as well as 

microglial activation in the spinal cord (Wei et al., 2016; Zhang et al., 2016a). We evaluated 

the effects of p38α and p38β MAPK ASO (300 µg, intrathecal) on male mice in a tibia 

fracture model. Following tibia fracture, all male mice developed mechanical allodynia 

(F(4, 44) = 43.55, p < 0.001) and cold allodynia (F(4, 44) = 14.03, p < 0.001) on POD 15 

(Figure 5). Intrathecal injection of p38α MAPK, but not p38β MAPK, ASO produced 

analgesic effects on post-injection day 3 (Figure 5).

Chemotherapy agents such as paclitaxel produce peripheral neuropathy and neuropathic pain 

(Jaggi and Singh, 2012). After paclitaxel treatment, male mice developed robust mechanical 

allodynia on day 3 after the first paclitaxel treatment (F(2, 22) = 174.9, p < 0.001, Figure 6). 

We found that p38α or p38β MAPK ASO, given 3 days after the after the first paclitaxel 

treatment, failed to affect mechanical allodynia in paclitaxel-treated mice, 3 days after the 

ASO treatment (Figure 6).

3.5. Intrathecal p38α MAPK ASO prevented TLR4-induced mechanical allodynia in male 
mice and decreased protein levels of p38α MAPK and phosphorylated p38 MAPK in the 
spinal cord

TLR4 has been strongly implicated in spinal microglial activation and generation of 

pathological pain, and intrathecal TLR4 agonist, lipopolysaccharide (LPS), caused 

mechanical allodynia only in male animals (Sorge et al., 2011). We evaluate the effects p38 

MAPK ASOs (300 µg, intrathecal) on intrathecal LPS (10 µg) induced pain in male mice. 

Intrathecal injection of p38α or p38β MAPK ASO did not affect pain baseline mechanical 

sensitivity 5 days post-ASO injection (Figure 7A). However, p38α MAPK, but not p38β 
MAPK, ASO blocked intrathecal LPS-induced mechanical allodynia (Figure 7A, F(3, 48) = 

24.34, P < 0.0001). We also collected spinal cord tissues at 1 h post-LPS injection and 

examined the protein levels of p38α MAPK and phosphorylated p38 MAPK (P-p38) using 

Western blotting. We found that p38α MAPK ASO downregulated the levels of p38α and P-

p38 (Figure 7B and C, t test, p<0.05), suggesting that p38α MAPK signaling is required by 

intrathecal LPS/TLR4-evoked allodynia.

Discussion

One of the major findings of this study is that spinal p38α MAPK plays a predominant role 

in the development of pathological pain. Despite extensive preclinical studies on p38 

MAPK, conducted in various animal models of pain in last 15 years, it is still unclear which 

p38 MAPK isoform plays a key role in regulating persistent pathological pain. p38 MAPK 

consists of four isoforms (α, β, γ and δ) with distinct expression in different tissues 
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(Cuadrado and Nebreda, 2010). It appears that α and β are two major p38 isoforms in the 

rodent spinal cord (Svensson et al., 2005). However, our knowledge about p38 isoforms in 

pain regulation is still limited, in part because commercial antibodies for phosphorylated p38 

(p-p38) MAPK and inhibitors of p38 MAPK are not isoform-specific (Ji and Suter, 2007). 

Of note, the oral administration of p38 inhibitor (losmapimod), targeting p38α and p38β 
MAPK, failed to produce analgesic effects in patients suffering neuropathic pain (Ostenfeld 

et al., 2013). In another trial, p38α inhibitor dilmapimod alleviated pain via oral route in 

patients with neuropathic pain (Anand et al., 2011). These results implicated that p38α 
MAPK would be a better target for chronic pain therapy, comparing to non-specific 

inhibitors of p38 MAPK. In this study, we test the effects of p38α and p38β MAPK ASOs in 

three mouse models of pathological pain after CCI, tibial fracture, chemotherapy and 

intrathecal LPS following a single intrathecal injection. Our results demonstrated that 

mechanical allodynia, a cardinal feature of chronic pain, was not affected by intrathecal 

p38β MAPK ASO is all four models of persistent pain, despite the fact that p38β MAPK 

ASO produced more inhibition of p38β MAPK (60%) than the inhibition (35%) of p38α 
MAPK by p38α MAPK ASO. This result argues against a role of p38β in MAPK chronic 

pain. Our data also showed that mechanical allodynia after CCI, bone fracture and 

intrathecal LPS was attenuated by p38α MAPK ASO, suggesting that p38α is the major 

isoform for regulating pathological pain in the spinal cord. However, chemotherapy-evoked 

mechanical allodynia was not reduced by p38α MAPK ASO, in agreement with a previous 

report that p38 MAPK inhibitor prevented but did not reverse paclitaxel-induced behavioral 

hypersensitivity via DRG neuronal mechanisms (Li et al., 2015). Also, p38 MAPK inhibitor, 

SCIO-469, provided in the chow, did not attenuate bone cancer pain in rodents (Svensson et 

al., 2008). Thus, it is likely that the primary action of spinal and microglial p38α may be 

found during the development of chronic pain when there is remarkable inflammation. This 

notion is also supported by our recent study. Skepinone-L is a new p38α MAPK inhibitor 

with high potency and excellent selectivity in vitro and in vivo (Koeberle et al., 2012). 

Intrathecal administration of skepinone-L, one week post CCI, effectively blocked nerve 

injury-induced mechanical allodynia (Taves et al., 2016). Previous studies used ASOs to 

assess distinct roles of p38 MAPK informs in rat models of persistent pain. It was shown 

that intrathecal p38β (but not p38α) MAPK ASO attenuated formalin- and neurokinin-1-

induced spontaneous pain (Svensson et al., 2005) and carrageenan-induced thermal 

hyperalgesia (Fitzsimmons et al., 2010). Possibly, p38β MAPK may contribute to the 

generation of some persistent pain, or rat p38β MAPK may equal to mouse p38α 
functionally in pain processing.

Another major finding of this study is that despite p38α MAPK knockdown in both male 

and female mice, only male mice responded to intrathecal p38α MAPK ASO by showing 

increased PWT and decreased PWF in the CCI model. By contrast, neither p38α ASO nor 

p38β ASO changed PWT and PWF in female mice with CCI, despite the fact that CCI 

caused an upregulation of p38β but not p38α mRNA levels in the spinal cord of female mice 

(Figure 3D). Furthermore, p38α MAPK ASO pre-treatment downregulated protein levels of 

p38α MAPK and phosphorylated p38 MAPK in male mice treated with intrathecal LPS, 

suggesting that decreased p38α MAPK expression may affect the phosphorylation 

(function) of p38 MAPK in TLR4-mediated chronic pain. In agreement, we recently found 
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that intrathecal skepinone-L, given one week post CCI, attenuated nerve injury-induced 

mechanical allodynia exclusively in male mice, whereas peri-neural injection of this 

inhibitor reduced mechanical allodynia in both sexes (Taves et al., 2016). We postulate this 

male-specific effect of skepinone and p38α ASO is a result of microglial modulation in the 

spinal cord. In agreement, our recent work found that (1) CCI increased p38 phosphorylation 

(P-p38) levels in the spinal cord dorsal horn of male but not female mice and (2) CCI 

increased P-p38 immunostaining primarily in CX3CR1-postive microglia in male mice 

(Taves et al., 2016). In addition to p38 MAPK, other microglial signaling molecules such as 

TLR4, P2X4, and BDNF also regulate pathological pain, especially neuropathic pain, in 

male rodents (Sorge et al., 2011; Sorge et al., 2015). Furthermore, caspase-6, a microglial 

activator produced by primary afferents in the spinal cord, regulates persistent pain in male 

mice (Berta et al., 2016). However, microglial inhibitor minocycline was also shown to 

reduce neuropathic pain in female rats in the late phase of spinal cord injury (Chen et al., 

2012) and attenuate bone cancer pain in female animals inoculated with breast cancer cells 

(Yang et al., 2015), suggesting that microglia in female animals may also have an active role 

in some pain conditions.

In addition to a central and microglial regulation of pain by p38 MAPK in the spinal cord, 

we should not exclude a peripheral regulation of pain by p38 MAPK in DRG neurons and 

peripheral immune cells. Inflammation and nerve injury cause p38 MAPK activation in 

DRG neurons (Ji et al., 2002b; Jin et al., 2003a; Obata and Noguchi, 2004; Schafers et al., 

2003). Intrathecal injections of ASOs, siRNA, or MAPK inhibitors have been shown to 

reduce gene expression in DRGs of rats and mice (Ji et al., 2002b; Jin et al., 2003a; Matsuda 

et al., 2017; Obata and Noguchi, 2004; Schafers et al., 2003). p38 MAPK activation in DRG 

neurons was implicated in inflammatory pain and neuropathic pain (Ji et al., 2002a; Jin et 

al., 2003a; Obata et al., 2004). Interestingly, we did not find significant knockdown of p38α 
and p38β MAPK expression in mouse DRG of both sexes after the intrathecal treatment of 

ASOs in the CCI model, further supporting a dominant role of p38 signaling in spinal 

microglia in neuropathic pain.

The lack of target reduction in DRG following ASOs treatment was surprising, as ASOs can 

suppress targets in DRG in pain models (Obata et al., 2005). The primary differences 

between previous studies and ours are the targets and the dosing paradigm. It is feasible that 

differential cell-type expression of the target may alter the apparent response when 

comparing whole tissues with different cellular milieu (i.e microglial targets vs. neuronal 

targets). Alternatively, a single bolus injection, as we've done here to mimic a likely clinical 

paradigm, allows for broad ASO distribution throughout the CNS, where alternative dosing 

methods, like slow infusion, can lead to more focal ASO accumulation (Rigo et al., 2014). It 

is plausible, that the previous dosing paradigms led to more focal accumulation of ASO at 

the lumbar site of administration, and thus more accumulation in lumbar DRG. It is likely 

that a different dosing paradigm, or a single bolus of a more potent ASO will achieve target 

reductions in DRG. Furthermore, as we collected spinal cord and DRG tissue for PCR test 

on day 14 post-ASO injection (day 19 post-CCI), mRNA levels of these p38 MAPK 

subtypes, it is not excluded that DRG levels of p38 MAPK subtypes may be affected at early 

time point following ASOs treatment.
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In conclusion, our results show that p38α MAPK is the major p38 MAPK isoform for the 

development of pathological pain via possible regulation of spinal cord microglial signaling. 

Importantly, this regulation of pathological pain by p38α MAPK is also sex-dependent and 

model-dependent. As an emerging therapeutic platform, ASOs can readily regulate target 

gene expression and have been implied in neurodegenerative disorders (Evers et al., 2015). 

Intrathecal delivery of ASOs has proven successful in treating children with spinal muscular 

atrophy (Finkel et al., 2016), and are currently being developed for treatment of various 

neurodegenerative disorders. Thus, targeting p38α MAPK with specific ASOs may offer a 

new treatment for some clinical pain conditions with marked inflammation. Several pain-

related clinical trials were reported with p38 inhibitors. In one trial, p38α MAPK inhibitor 

dilmapimod, administered via oral route, alleviated pain in patients with neuropathic pain 

(Anand et al., 2011). In another trial, oral administration of p38 MAPK inhibitor 

losmapimod that targets both p38α and p38β MAPK did not produce significant analgesic 

effects in patients suffering neuropathic pain (Ostenfeld et al., 2013). The lack of response 

could reflect insufficient losmapimod levels in the spinal cord (Ostenfeld et al., 2013). It 

may also result from different pain models/conditions between lumbosacral radiculopathy in 

patients and animal models of neuropathic pain (Ostenfeld et al., 2013), as we showed in this 

study. It appears that p38 inhibition is not very effective in reversing pathological pain in the 

late-phase (Chen et al., 2014). Another limitation is that an intrathecal dose of p38α MAPK 

ASO only caused a partial reduction of p38α MAPK expression in the spinal cord, 

associated with a transient inhibition of neuropathic pain for a few days. Further 

improvement of p38α MAPK ASO efficacy or knocking down additional MAPK isoforms 

such as JNK1 MAPK (Zhuang et al., 2006) should be considered in future studies.
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Figure 1. Intrathecal injection of p38α but not p38β MAPK ASO alleviates mechanical allodynia 
in male mice with CCI injury
(A, B) Intrathecal injection of 300 µg p38α but not p38β MAPK ASO 5 days after CCI 

increased paw withdrawal threshold (A) and decreased paw withdrawal frequency (B) in 

male mice. **p<0.01 and *p<0.05 in comparison to vehicle (PBS). Two-Way ANOVA with 

Bonferroni’s post-hoc test, n=6–7 mice/per group. Paw withdrawal frequency was induced 

by a 0.4 g von Frey hair.
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Figure 2. Intrathecal injection of p38α or p38β MAPK ASO fails to affect mechanical allodynia 
in CCI-injured female mice
(A, B) Intrathecal injection of 300 µg p38α or p38β MAPK ASO 5 days after CCI did not 

alter paw withdrawal threshold (A) or paw withdrawal frequency (B) in CCI-injured female 

mice. Two-Way ANOVA with Bonferroni’s post-hoc test, n=6–7 mice per group. Paw 

withdrawal frequency was induced by a 0.4 g von Frey hair.

Luo et al. Page 16

Brain Behav Immun. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Intrathecal injection of p38α or p38β MAPK ASO reduces the respective expression of 
p38α or p38β mRNA in spinal cord of mice with CCI injury
(A–D) Intrathecal injection of p38α MAPK ASO only reduced spinal mRNA levels of p38α 
MAPK, but not p38β MAPK, on both sides and in both males (A,B) and females (C,D). 

****p<0.0001, ***p<0.001, **p<0.01. C, contralateral; I, ipsilateral to CCI. One-way 

ANOVA with Bonferroni’s post-hoc test, n=6–7 mice/group. Spinal cord tissues were 

collected two weeks after the ASO treatment.
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Figure 4. Intrathecal injection of p38α or p38β MAPK ASO does not alter p38α or p38β MAPK 
mRNA expression in DRG tissues after CCI
(A–D) Intrathecal injection of p38α or p38β MAPK ASO did not affect p38α or p38β 
MAPK mRNA levels in lumbar (L3–L5) DRG tissues on both sides and in male mice (A, B) 

and female mice (C, D). ****p<0.0001 and **p<0.01. C, contralateral; I, ipsilateral to CCI. 

One-way ANOVA with Bonferroni’s post-hoc test, n=6–7 mice/group. Note that nerve 

injury increased p38β mRNA in the ipsilateral DRGs of vehicle- and p38α ASO-treated 

females, compared to contralateral DRGs (D). However, p38β MAPK ASO-treated females, 

p38β MAPK mRNA levels did not change, compared to vehicle-treated females (D). DRG 

tissues were collected two weeks after the ASO treatment.
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Figure 5. Intrathecal injection of p38α but not p38β MAPK ASO reduces postoperative pain in 
male mice with tibia fracture
(A, B) Tibia fracture induced mechanical allodynia in male mice. Intrathecal injection of 

300 µg p38α but not p38β MAPK ASO, given 15 days after surgery, increased paw 

withdrawal threshold (A) and reduced cold allodynia score (B) in male mice with bone 

fracture. *p<0.05 in comparison to respective vehicle (PBS). Two-Way ANOVA with 

Bonferroni’s post-hoc test, n = 4–5 mice per group.

Luo et al. Page 19

Brain Behav Immun. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Intrathecal injection of p38α or p38β MAPK ASO fails to affect neuropathic pain in 
male mice after chemotherapy-induced neuropathy
Paclitaxel (2 mg/kg, i.p., 4 injections on day 0, 2, 4, and 6) induced robust mechanical 

allodynia in male mice. Intrathecal injection of 300 µg p38α or p38β MAPK ASO 3 days 

after the first paclitaxel treatment had no effects on paw withdrawal threshold in these 

animals. Two-Way ANOVA with Bonferroni’s post-hoc comparison, n = 6–7 mice per 

group.
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Figure 7. Intrathecal p38α MAPK ASO prevents the TLR4-induced mechanical allodynia and 
decreases protein levels of p38α MAPK and phosphorylated p38 MAPK in spinal cord following 
intrathecal LPS treatment
(A–C) Mice received intrathecal 300 µg p38α or p38β MAPK ASO 5 days before 

intrathecal injection of LPS (10 µg). (A) LPS-induced mechanical allodynia was blocked by 

p38α but not p38β MAPK ASO. Two-Way ANOVA with Bonferroni’s pro-test, n=5 per 

group. ***p<0.001 in comparison to vehicle (PBS). (B) p38α MAPK ASO downregulated 

the levels p38α MAPK and phosphorylated p38 MAPK. Student’s t- test, n=3 per group, 

*p<0.05.
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Table 1

ASO sequences and targets

ASO Sequence Target Species

ION 792142 5’-CGTCCAACACTGGAATTGGC-3’ p38α Mouse, rat

ION 725040 5’-TGCTCAATTTCATGGGTGCC-3’ p38β Mouse, rat

Brain Behav Immun. Author manuscript; available in PMC 2018 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Luo et al. Page 23

Table 2

RT-PCR primers and probes

Target Mouse p38α Mouse p38β

Forward 5’-TGTGAACGAAGACTGTGAGC-3’ 5’-CGCCAGAAGGTGGCTGTAAA-3’

Reverse 5’-GCATCCAATTCAGCATGATCTC-3’ 5’-TGTCCTCCTCGCGTGGAT-3’

Probe 5’CCGAGCCAGCCCAAAATCCAGAAT-3’ 5’AAGCTGTCTCGCCCTTTCCAATCGC-3’
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