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Abstract

Toll-like receptor 4 (TLR4) has been implicated as a locus for initiation of paclitaxel related 

chemotherapy induced peripheral neuropathy (CIPN). This project explores the involvement of the 

immediate down-stream signal molecules in inducing paclitaxel CIPN. Mitogen-activated protein 

kinases (MAPK) and nuclear factor-κB (NFκB) were measured in dorsal root ganglia (DRG) and 

the spinal cord over time using Western blot and immunohistochemistry in a rat model of 

paclitaxel CIPN. The effects of MAPK inhibitors in preventing and reversing behavioral signs of 

CIPN were also measured (group sizes 4–9). Extracellular signal related kinase (ERK1/2) and p38 

but not c-Jun N terminal kinase (JNK) or PI3K-Akt signaling expression was increased in DRG. 

Phospho-ERK1/2 staining was co-localized to small CGRP-positive DRG neurons in cell profiles 

surrounding large DRG neurons consistent with satellite glial cells. The expression of phospho-

P38 was co-localized to small IB4-positive and CGRP-positive DRG neurons. The TLR4 

antagonist LPS derived from R. sphaeroides (LPS-RS) inhibited paclitaxel-induced 

phosphorylation of ERK1/2 and P38. The MAPK inhibitors PD98059 (MEK1/2), U0126 

(MEK1/2) and SB203580 (P38) prevented but did not reverse paclitaxel-induced behavioral 

hypersensitivity. Paclitaxel treatment resulted in phosphorylation of Inhibitor α of NFκB (IκBα) 

in DRG resulting in an apparent release of NFκB from the IκBα-NFκB complex as increased 

expression of nuclear NFκB was also observed. LPS-RS inhibited paclitaxel-induced translocation 
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of NFκB in DRG. No change was observed in spinal NFκB. These results implicate TLR4 

signaling via MAP kinases and NFκB in the induction and maintenance of paclitaxel-related 

CIPN.
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1.0 Introduction

Paclitaxel is the frontline chemotherapeutic agent for many of the most common solid 

tumors, including those of the breast, ovary, and lung (Hagiwara and Sunada 2004). 

Peripheral neuropathy is the major dose-limiting side effect of paclitaxel and can prompt 

dose reductions or even the discontinuation of therapy, thus impacting survival in cancer 

patients (Chaudhry et al., 1994). Additionally, chemotherapy-induced peripheral neuropathy 

(CIPN) often persists long after cancer treatment is complete and is commonly refractory to 

current treatment strategies, thus impacting rehabilitation, the return to productivity and 

quality of life in cancer survivors (Boyette-Davis et al., 2012; Kosturakis et al., 2014).

Pro-inflammatory immune responses are thought to play an important role in the underlying 

basic pathophysiology of neuropathic pain (Austin and Moalem-Taylor 2010; Vallejo et al., 

2010; Zhang et al., 2013), and evidence implicates similar mechanisms in CIPN (Boyette-

Davis and Dougherty 2011; Boyette-Davis et al., 2011a). Of note, paclitaxel engages the 

same signaling pathway in monocytes in vitro via toll-like receptor 4 (TLR4) as the very 

well-known pro-inflammatory agent lipopolysaccharide (LPS) (Byrd-Leifer et al., 2001; 

Guha and Mackman 2001). Paclitaxel binds to and activates TLR4 in monocytes resulting in 

the activation of the nuclear factor-κB (NF-κB) and MAPK signaling cascades downstream 

to TLR4 including ERK1/2, P38, and JNK. These pathways directly or indirectly 

phosphorylate and activate various transcription factors (Guha and Mackman 2001); that 

lead to the induction and release of proinflammatory cytokine expression identical to that 

produced by LPS (Byrd-Leifer et al., 2001; Han et al., 1994; Karin and Ben-Neriah 2000; Li 

et al., 2013). Specifically, the cytokines IFNα/γ, TNFα, IL-1, and IL-6 are increased in vitro 

by paclitaxel (O’Brien, Jr. et al., 1995; Zaks-Zilberman et al., 2001) and cisplatin (Basu and 

Sodhi 1992; Gan et al., 1992; Pai and Sodhi 1991). The binding site for LPS on human 

TLR4 includes an interaction with the accessory protein MD-2 that paclitaxel also binds in 

an overlapping fashion with LPS (Resman et al., 2008).

Recent work has shown that paclitaxel also interacts with TLR4 in dorsal root ganglion and 

in the spinal dorsal horn (Li et al., 2014b). Paclitaxel treatment resulted in increased 

expression of TLR4 and its canonical immediate downstream signaling molecules Myeloid-

differentiation response gene 88 (MyD88) and TIR-domain-containing adapter-inducing 

interferon-β (TRIF) in DRG neurons that paralleled the development of chemotherapy-

related mechanical hyper-responsiveness. Moreover, co-treatment of rats with the TLR-4 

antagonist LPS derived from R. sphaeroides (LPS-RS) during chemotherapy prevented both 

the up-regulation of TLR4, MyD88 and TRIF as well as the development of the behavioral 

CIPN phenotype (Li et al., 2014b). Yet, in addition to MyD88 and TRIF, mitogen-activated 
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protein kinases (MAPKs) are also activated downstream to TLR4, and activation of MAPKs 

in sensory neurons contribute to behavioral hypersensitivity in a rodent model of 

neuropathic pain (Ji et al., 2009). In addition, MAPK activation has also been shown to 

modulate the activities of ion channels such as sodium channel Nav1.7 (Black et al., 2008; 

Dib-Hajj et al., 2009; Hudmon et al., 2008) and TRPV1 (Han et al., 2012; Ji et al., 2002) 

that have also been implicated as contributing to paclitaxel-related CIPN (Hara et al., 2013; 

Zhang and Dougherty 2014). Hence MAPKs may be engaged in the generation or 

maintenance of paclitaxel-related CIPN.

We hypothesized that MAPKs and NFκB signal pathways are induced by TLR4 activation 

by paclitaxel and play important downstream roles to induce and maintain CIPN. So we 

sought to determine the effects of paclitaxel on the expression of MAPKs and NFκB in 

DRG and spinal cord and the effects of antagonists to MAPKs in reducing paclitaxel-

induced neuropathic pain.

2.0 Materials and Methods

2.1 Animals

Male Sprague-Dawley rats weighing 250–300 g (Harlan, Houston, TX) were housed in 

temperature- and light-controlled (12-hour light/dark cycles) conditions with food and water 

available ad libitum. All 248 rats used in the study were included in the behavioral analysis 

portions and then used in follow-up pharmacologic, immunohistochemistry, or Western blot 

analyses. Animals were randomly assigned to different groups for these experiments. The 

numbers of rats in each of these studies are detailed in the relevant sections of the Results. 

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee at The University of Texas MD Anderson Cancer Center and were performed in 

accordance with the National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals. Every procedure was designed to minimize discomfort to the animals 

and to use the fewest animals needed for statistical analysis.

2.2 Paclitaxel-Induced Neuropathy Model

Rats were treated with paclitaxel (TEVA Pharmaceuticals, Inc., North Wales, PA) as 

previously described (Zhang et al., 2012) based on the protocol of Polomano et al. 

(Polomano et al., 2001). Briefly, pharmaceutical grade paclitaxel (Taxol®) was diluted with 

sterile saline from the original stock concentration of 6 mg/mL (in 1:1 Cremophor EL: 

ethanol) to 1 mg/mL and given at a dosage of 2 mg/kg intraperitoneally (i.p.) every other 

day for a total of four injections (days 0, 2, 4, and 6), resulting in a final cumulative dose of 

8 mg/kg. Control animals received an equivalent volume of the vehicle only, which 

consisted of equal amounts of Cremophor EL® and ethanol diluted with saline to reach a 

concentration of vehicle similar to the paclitaxel concentration. No abnormal spontaneous 

behavioral changes were noted during or after paclitaxel or vehicle treatment.

2.3 TLR4 Antagonist LPS-RS and MAPK Signal Pathway Antagonist Administration

The TLR4 inhibitor LPS derived from R. sphaeroides (LPS-RS) and MAPK inhibitors were 

injected intrathecally via L5 puncture. Twenty μg of LPS-RS was injected in 20 μl PBS 
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(InvivoGen, San Diego, CA) beginning 2 days before paclitaxel treatment and then daily 

until 2 days after the completion of paclitaxel treatment. To assess the role of the MAPK 

signaling pathways on maintenance of paclitaxel CIPN, rats were injected via L5 puncture 

with single dose of 10 μg (or 30 μg) or 5 consecutive daily doses of 30 μg of the MEK1/2 

inhibitor PD98059 (Tocris, Bristol, UK), MEK1/2 inhibitor U0126 (Tocris, Bristol, UK) or 

the P38 inhibitor SB203580 (Tocris, Bristol, UK) in 30 μl PBS at day 14 after paclitaxel 

treatment in rats with behaviorally confirmed paclitaxel-induced mechanical hyperalgesia. 

The rats were briefly anesthetized with 3% isoflurane and flexed over a tube and a 27-gauge 

needle inserted between the L5-S1 vertebrae with a deflection of the tail indicating entry to 

the subarachnoid space. The doses of inhibitors were chosen based on previously published 

studies (Cao et al., 2013; Lim et al., 2007; Svensson et al., 2005). The same volume of 

DMSO (U0126, PD98059 solution) or ethanol (SB203580 solution) in PBS (30 μl) was used 

as the vehicle control. To determine whether PD98059, U0126 and SB203580 can prevent 

paclitaxel-induced CIPN, we treated rats with 10 μg PD98059, U0126 or SB203580 in 30 μl 

PBS by intrathecal injection beginning 2 days before paclitaxel treatment and then daily 

until 2 days after the completion of paclitaxel treatment.

2.4 Mechanical withdrawal threshold measurements

Mechanical withdrawal thresholds were assessed before, during, and after paclitaxel 

treatment by an experimenter blinded to treatment groups. The 50% paw withdrawal 

threshold in response to a series of eight von Frey filaments (041–15.10 g) was assessed 

using the up-down method as described previously, beginning with a filament with a 

bending force of 2.0 g (Chaplan et al., 1994). Animals were placed in clear acrylic cages 

atop a wire mesh floor and allowed to acclimate for 30 min. The filaments were applied to 

the paw just below the pads with no acceleration at a force just sufficient to produce a bend 

and held for 6–8 s. A quick flick or full withdrawal was considered a response.

2.5 Immunohistochemical Analysis

The rats were deeply anesthetized with sodium pentobarbital (100 mg/kg i.p., Lundbeck, 

Inc., Deerfield, IL) and perfused through the ascending aorta with warm saline followed by 

cold 4% paraformaldehyde in 0.1 M PB. The L4 and L5 DRG were removed, fixed in 4% 

paraformaldehyde for 6 hours, and then cryo-protected in 30% sucrose solution. The L4 and 

L5 spinal cord segments were also removed, fixed in 4% paraformaldehyde for 12 hours, 

and then cryo-protected in 30% sucrose solution. Transverse spinal cord sections (15 μm) 

and longitudinal DRG sections (8 μm) were cut in a cryostat, mounted on gelatin-coated 

glass slides (Southern Biotech, Birmingham, AL), and processed for immunofluorescence 

staining (Li et al., 2014a; Zhang et al., 2013). After blocking in 5% normal donkey serum 

and 0.2% Triton X-100 in PBS for 1 hour at room temperature, the sections were incubated 

overnight at 4°C in 1% normal donkey serum and 0.2% Triton X-100 in PBS containing 

primary antibodies against the following targets: phospho-ERK1/2 (rabbit, 1:500; Cell 

Signaling Technology, Beverly, MA), phospho-P38 (rabbit, 1:500; Cell Signaling 

Technology, Beverly, MA), IB4 (1:1000 BS-Isolectin B4 FITC conjugate, Sigma, St. Louis, 

MO), and CGRP (mouse, 1:1000; Abcam). After being washed with PBS, the sections were 

then incubated with Cy3-, Cy5-, or FITC-conjugated secondary antibodies overnight at 4°C. 

Sections were viewed under a fluorescent microscope (Eclipse E600; Nikon, Japan). For a 
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given experiment, all images were taken using identical acquisition parameters. To measure 

cell size, we graphically highlighted each neuron, including the nuclear region. For each 

positive staining of phospho-ERK1/2 and phospho-P38 with IB4 or CGRP co-localization, 

the numbers of total and positively co-localized neurons from 3 sections of each DRG of 3 

rats were counted. The percentages of positive neurons to total neurons were calculated and 

statistically analyzed. The intensity of positively stained neurons was measured after the 

background fluorescence was subtracted; the intensity of positively stained neurons was at 

least 4 times higher than the background by setting a threshold according to each individual 

set of slices. The staining intensity of the vehicle groups for each of the different time points 

(sets of slices) were designated as 100%; fold changes of paclitaxel groups compare to 

vehicle groups were calculated and described as percent changes. All images were analyzed 

using NIC Elements imaging software by an experimenter blinded to treatment groups 

(Nikon, Japan).

2.6 Western Blot Analysis

L4 and L5 DRG and L4–L5 spinal cord segments were collected from rats that were deeply 

anesthetized with sodium pentobarbital (100 mg/kg i.p.) and snap frozen in liquid nitrogen. 

The tissues were later disrupted in RIPA lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1 

mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium 

pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, and 1 μg/mL leupeptin) mixed 

with 1 mM dithiothreitol, protease inhibitor cocktail (P8340; Sigma), and phosphatase 

inhibitor cocktails (P0044 and P5726; Sigma) on ice. The supernatant was then collected 

and denatured with sample buffer (X5) consisting of 0.25 M Tris-HCl, 52% glycerol, 6% 

SDS, 5% β-Mercaptoethanol, and 0.1% bromophenol blue for 10 minutes at 70°C. NE-PER 

Nuclear Protein Extraction Kit was used for the nucleus protein collection (78835; Thermo 

scientific). Lysates (total protein: 20 μg) were separated on SDS-PAGE gels and transferred 

to PVDF membranes (Bio-Rad). After blocking with 5% fat-free milk in TBST (137 mM 

sodium chloride, 20 mM Tris, and 0.1% Tween-20) for 1 hour at room temperature and then 

incubated with mouse anti-phospho-ERK1/2 and rabbit anti-ERK1/2 antibody (1:2000; Cell 

Signaling Technology, Beverly, MA), rabbit anti-GAPDH antibody (1:5000; Cell Signaling 

Technology, Beverly, MA), rabbit anti-NFκB antibody (1:2000; Abcam, Cambridge, MA) 

and anti-phospho-NFκB antibody (1:500; Cell Signaling Technology, Beverly, MA), rabbit 

anti-phospho-P38 and anti-P38 antibody (1:1000; Cell Signaling Technology, Beverly, 

MA), rabbit anti-phospho-JNK (1:2000; Abcam, Cambridge, MA) and anti-JNK antibody 

(1:5000; Cell Signaling Technology, Beverly, MA), rabbit anti-phospho-Akt and anti-Akt 

antibody (1:5000; Cell Signaling Technology, Beverly, MA), rabbit anti-histone H4 (1:2000; 

Cell Signaling Technology, Beverly, MA) and β-actin (1:10,000; Sigma) in 5% fat-free milk 

in TBST overnight at 4°C. After being washed with TBST, the membranes were incubated 

with goat anti-rabbit or anti-mouse antibody (labeled with horseradish peroxidase; 

Calbiochem, CA) diluted with 5% fat-free milk in TBST for 1 hour at room temperature and 

were detected with ECL reagents (GE Healthcare, Little Chalfont, UK). The blots were 

scanned with Spot Advanced and Adobe Photoshop 8.0 (Adobe, Inc., San Jose, CA), and the 

band densities were detected and compared using ImageJ (NIH, Bethesda, MD).
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2.7 Data Analysis

Data were expressed as mean ± SEM and analyzed with GraphPad Prism 6. Behavioral data 

were analyzed with 2-way analysis of variance followed by a Bonferroni post hoc test (two-

tailed). The cell counts percentages of neurons with phospho-ERK1/2 and phospho-P38 

positive staining, the intensity of phospho-ERK1/2 and phospho-P38 positive staining, and 

the percentages of neurons that co-localized with IB4 or CGRP, and Western blot results 

were analyzed by using the Mann Whitney test (two-tailed). P< 0.05 was considered 

statistically significant.

3.0 Results

3.1 Expression and distribution of MAPK in the DRG after paclitaxel treatment

Initial screening of MAPK involvement in paclitaxel-related CIPN was done using Western 

blot and this was then followed using immunohistochemistry (IHC). Paclitaxel induced the 

activation of ERK1/2 and p38 but not JNK MAPK signaling (Figures 1–5). Western blot 

showed that the expression of both phospho-ERK1/2 (pERK1/2) and phospho-p38 was 

increased both at day 7 and 14 in the DRG (Figure 1A–D) (n=4, p<0.05 at day 7, p<0.01 and 

p<0.05 at day 14 for pERK1/2 and PP38 respectively). Consistent with the Western blot 

results, IHC analysis showed an increase in the expression of pERK1/2 at days 7 and 14 

after paclitaxel treatment in the DRG (Figure 2D,E, p<0.001), but as well a significant 

increase in the expression of in pERK1/2 was also detected at day 3 after paclitaxel 

treatment (Fig 2C, p<0.001). Phospho-ERK1/2 was present at only very low levels in rats 

that received vehicle alone (Figure 2A) (n=6). Further IHC analysis of the localization of 

pERK1/2 at day 14 after paclitaxel treatment showed that pERK1/2-positive staining was 

localized in small (<30μm in diameter) CGRP-positive DRG neurons (p=0.01), with lesser 

expression in small IB4-positive (p=0.01) and CGRP/IB4 negative DRG neurons (Figure 3, 

p=0.001) and in narrow bands surrounding large neurons (>45μm) in profiles consistent with 

satellite glial cells (Figure 2) with little or no localization to large or medium (30–45μm) 

sized neurons.

IHC analysis confirmed a significant increase in the expression of pP38 at days 7 and 14 

after paclitaxel treatment in the DRG (Figure 4D–F, p<0.001) that was present at only very 

low levels in rats treated with vehicle (Figure 4A) (n=6). Further IHC analysis of the 

localization of pP38 at day 14 after paclitaxel treatment, showed that pP38 was co-localized 

primarily in small IB4-positive neurons with sparse co-localization to CGRP+ neurons 

(Figure 5). Histography showed that the proportion of pP38-positive/IB4-positive neurons 

was significantly increased with little change in the proportions of other subgroups of 

neurons (Figure 5E, p=0.005). There was no localization of pP38 to either large or medium 

DRG neurons.

3.2 Expression and distribution of MAPK in the dorsal horn after paclitaxel treatment

Western blot indicated that the expression of pERK1/2 alone was increased in the spinal 

dorsal horn after paclitaxel treatment only at day 14 (Figure 6A–B, p<0.01) (n=4). There 

was no change in expression of either pP38 or pJNK in the dorsal horn at any time point 

observed (n=4). IHC revealed that the pattern of pERK1/2 in spinal cord was confined to the 
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most superficial layers consistent with localization to primary afferent terminals with no 

apparent localization to spinal neurons (data not shown).

3.3 Expression of TLR4-IκBα-NFκB and PI3K-Akt in the DRG and spinal cord at day 14 
after paclitaxel treatment

Based on the data in Figures 1–5 additional study of other potential down-stream TLR4 

signals, here IκBα-NFκB and PI3K-Akt signaling, was focused only on day 14 after 

treatment. Paclitaxel induced no change in total NFκB in DRG (Figure 7A), but there was a 

significant increase in the expression of nuclear NFκB (Figure 7B, p<0.05) and phospho-

NFκB (Figure 7C, p<0.05) (n=4). HSP90 staining revealed little crosscontamination 

between the cytoplasm and nuclear proteins (data not shown). The levels of neither total nor 

nuclear NFκB expression in the spinal cord showed any change (data not shown). Paclitaxel 

also did not increase phospho-Akt expression in either DRG or spinal cord (Figure 8A, B) 

(n=4).

3.4 LPS-RS inhibits paclitaxel-induced phosphorylation of ERK1/2 and P38

LPS-RS was used to test whether activation of the MAPK signaling pathways by paclitaxel 

treatment was downstream to TLR4 activation. Rats were treated with 20 μg LPS-RS in 20 

μl PBS intrathecally via L5 puncture beginning 2 days before paclitaxel treatment and then 

daily until 2 days after the completion of paclitaxel treatment (n=4). LPS-RS reduced 

ERK1/2 phosphorylation in both the DRG (Figure 9A, p<0.05) and spinal cord (Figure 9B, 

p<0.05) at day 14 compared to vehicle-paclitaxel-treated controls. LRS-RS also blocked the 

increased expression of P38 phosphorylation in the DRG (Figure 9C, p<0.05) at day 14. 

Treatment with LPS-RS alone for 10 days in naïve rats had no effect on the expression of P-

ERK or pP38 compared to naïve rats receiving saline vehicle (data not shown).

3.5 LPS-RS inhibits paclitaxel-induced internalization of NFκB

LPS-RS co-treatment during paclitaxel administration blocked the nuclear translocation of 

NFκB in DRG neurons (Figure 9D) at day 14 after paclitaxel treatment (n=4). The levels of 

nuclear NFκB was significantly less in the LPS-RS-paclitaxel group than in the PBS-

paclitaxel group (Figure 9D, p<0.05). Treatment with LPS-RS alone for 10 days in naïve 

rats had no effect on the translocation of NFκB to the nucleus compared to naïve rats 

receiving saline vehicle (data not shown).

3.6 Prevention but not reversal of paclitaxel-induced behavioral hypersensitivity by 
inhibitors of MAPK signaling pathway

The contribution of MAPK signaling to paclitaxel-induced behavioral hypersensitivity to 

mechanical stimulation of the hind paws was assessed by testing the effects of intrathecally 

administered inhibitors of the MAPK signaling pathway, PD98059 (MEK1/2), U0126 

(MEK1/2) and SB203580 (P38), on both pre-established paclitaxel CIPN and on the 

induction of paclitaxel CIPN (Figure 10A–I). In the first set of three experiments, wherein 

PD98059, U0126 or SB203580 was tested to reverse paclitaxel-induced behavioral 

hypersensitivity, two groups in each experiment were first treated with paclitaxel, and 

hypersensitivity to mechanical stimuli was confirmed in each group such that there was a 
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statistical difference between the baseline measurement and that at day 14 for both while 

neither paclitaxel treatment group was different from the other (Figure 10A–C). ANOVA for 

the PD98059 experiment showed significant effects for both treatment (F (4,192)=654.8, 

p<0.0001) and time (F (7,192)=92.90, p<0.0001) and for the treatment-time interaction (F 

(28,192)=14.94, p<0.001). The same analysis for the U0126 experiment also showed 

significant effects for treatment (F (4,208)=420.1, p<0.0001), time (F (7, 208)=55.98, 

p<0.0001), and the treatment-time interaction (F (28, 208)=8.624, p<0.0001). Finally, the 

analysis in the SB20380 experiment showed significant effects for treatment (F 

(4,192)=473.7, p<0.0001), time (F (7,192)=68.22, p<0.0001), and the treatment-time 

interaction (F (28, 192)=11.17, p<0.0001). Rats in both groups were then given a single 

intrathecal dose of either 10 μg or 30 μg PD98059, U0126 or SB203580 (n=7 or 8 each) in 

30 μl PBS or 30 μl PBS with vehicle diluent solution alone (n=4, each). Neither, PD98059 

or SB203580 at a dose of 10 μg reversed paclitaxel induced hypersensitivity. Similarly, 

animals treated with higher doses (30 μg) of PD98059 and SB203580 showed no differences 

compared to the paclitaxel-vehicle treated controls. Given that PD98059 is a relatively weak 

MEK/ERK inhibitor, U0126 was also tested. Again, no differences in the mechanical 

withdrawal threshold in either the inhibitor-treated or vehicle-treated animals were observed. 

Given that repeated dosing is often required to reverse existing clinical neuropathic pain, 

this was also tested here (Figure 10D–F). Again, three experiments, one for each inhibitor, 

were run, though here only two paclitaxel groups were include and the design did not 

include the vehicle-drug or vehicle-vehicle groups as used in the first set of experiments. 

Hyper-responsiveness was confirmed in the paclitaxel groups at day 14 and then animals 

were intrathecally injected with MAPK inhibitors (30 μg) for 5 consecutive days. ANOVA 

for the PD90859 experiment only showed a significant effect for time (F (6, 85)= 75.52, p 

<0.0001) wherein the paclitaxel treatment induced hyperalgesia in both groups compared to 

the baseline withdrawal value, but no effect for treatment (F (1, 84)= 0.3530, p=0.5540) or 

the treatment-time interaction (F (6, 84)= 0.2047, p= 0.9745). Similar results were observed 

in the U0126 repeat dose experiment for time (F (6, 84)=267.0, p<0.0001), treatment (F 

(1,84)= 1.255, p=0.2659) and the treatment-time interaction (F (6,84)=1.782, p= 0.1126); 

and in the SB203580 experiment for time (F (6,84)=129.4, p< 0.0001), treatment (F 

(1,84)=0.3820, p= 0.5382) and the treatment-time interaction (F (6,84)= 1.985, p= 0.0768). 

Hence, like in the first set of experiments the repeated dosing of MAPK inhibitors also 

failed to reverse paclitaxel-induced behavioral hypersensitivity.

PD98059, U0126 and SB203580 were also evaluated to determine whether either might be 

useful in preventing paclitaxel-induced behavioral hypersensitivity. Rats were given 

PD98059, U0126 or SB203580 (10 μg in 30 μl) or vehicle control solution (30 μl) via i.t. 

injection every day beginning 2 days before paclitaxel treatment and then daily until 2 days 

after the completion of paclitaxel treatment. ANOVA in the PD98059 experiment showed 

significant effects for treatment (F (3,84)= 51.26, p<0.0001), time (F (3,84)= 19.19, p< 

0.0001), and the treatment-time interaction (F (9, 84)= 8.610, p< 0.0001). Similarly in the 

U0126 experiment there was a significant effect for treatment (F (3,72)= 57.19, p<0.0001), 

time (F (3,72)= 13.16, p<0.0001) and the treatment-time interaction (F (9,72)= 5.804, 

p<0.0001). Likewise in the SB203580 experiment a significant effect was found for 

treatment (F (3,84)= 52.84, p< 0.0001), time (F (3,84)= 14.63, p< 0.0001), and the 
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treatment-time interaction (F (9,84)= 7.109, p<0.0001). Post-hoc analyses revealed that 

PD98059, U0126 or SB203580 had no effect on the baseline mechanical withdrawal 

threshold and showed no interaction with the paclitaxel vehicle over time (Figure 10G–I). 

The paclitaxel-treated rats that received vehicle solution only (n=8) had an expected 

decrease in mechanical withdrawal threshold that was significant from the vehicle treated 

rats by day 7 (Figure 10 G–I, p<0.001). In contrast the paclitaxel-U0126 rats showed only 

partial development of mechanical hypersensitivity that was significantly less when 

compared with the paclitaxel-vehicle treated rats at days 7, 10 and 14 (Figure 10H, n=7, p< 

0.05 at day 7, and p <0.001 at days 10 and 14). Similarly, the paclitaxel-PD98059 and 

paclitaxel-SB203580 rats showed only partial development of mechanical hypersensitivity, 

but this was evident only at day 7 and 10 (Figure 10G and I, p <0.001 at each time point) 

(n=9).

4.0 Discussion

Previous publications indicated that TLR4 in the central nervous system plays a role in the 

development of behavioral hypersensitivity in a rodent model of neuropathic pain 

(Hutchison et al., 2008; Tanga et al., 2005). Rats that lacked functional TLR4 and those that 

received intrathecally administrated TLR4 antisense oligonucleotides showed attenuated 

nerve injury–induced behavioral hypersensitivity in both the initiation and maintenance 

phases (Bettoni et al., 2008).

Canonical signal transduction following TLR4 activation in monocytes/macrophages occurs 

via two distinct pathways. One pathway results in the induction of a MyD88-dependent 

cascade leading to NF-κB activation and subsequent increased synthesis and release of 

multiple cytokines and chemokines (O’Neill and Bowie 2007; Palsson-McDermott and 

O’Neill 2004). The second cascade is TRIF dependent and leads to delayed NF-κB 

activation and interferon-β production (O’Neill and Bowie 2007; Palsson-McDermott and 

O’Neill 2004). In addition to the canonical signal pathways, non-canonical MAPK signaling 

is also associated with activation of TLR4 (Guha and Mackman 2001). Numerous studies 

have shown that LPS activates ERK1/2 in monocytes/macrophages (Geppert et al., 1994; 

Marie et al., 1999; Swantek et al., 1997; van der Bruggen et al., 1999), and the MEK1/2 

inhibitor, PD98059, blocked LPS induced TNFα activation in human monocytes (van der 

Bruggen et al., 1999). Likewise, the p38 signaling pathway is recruited by TLR4 activation 

and the p38 inhibitor, SB203580, reduces LPS-stimulated IL-1 and TNFα expression (Lee et 

al., 1994).

The combined results of a previous study (Li et al., 2014b) with the present implicates both 

the canonical and non-canonical MAPK signaling pathways of TLR4 in DRG and spinal 

cord in the generation of paclitaxel CIPN. Here we detected increased expression of 

pERK1/2 and pP38 in DRG following paclitaxel treatment that was prevented by co-

treatment with the TLR4 inhibitor LPS-RS that itself was previously shown to prevent 

development of paclitaxel related CIPN when given in concert with chemotherapy. The 

contribution of ERK1/2 and p38 signaling in CIPN were in turn demonstrated by the partial 

reduction of the behavioral phenotype by co-treatment with the inhibitors PD98059, U0126 

and SB203580 during chemotherapy, whereas previously a MyD88 inhibitor peptide was 
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also shown to inhibit paclitaxel CIPN (Li et al., 2014b). At a more granular level, TLR4 is 

found predominantly in small IB4+ and CGRP+ DRG neurons with only low levels of 

expression in medium and large size DRG neurons. Paclitaxel treatment induces an increase 

of expression of TLR4 in large, medium and small sized DRG neurons, but most especially 

in small IB4+ and CGRP+ DRG neurons. The downstream signaling of TLR4 is distinct 

between the two subtypes of small DRG neurons with the CGRP+ neurons showing 

increased expression in pERK1/2, MyD88 and TRIF whereas the IB4+ neurons show 

increased expression in pERK1/2, pP38 and TRIF. Interestingly, the small numbers of large 

and medium sized neurons expressing TLR4 show increased expression in TRIF signaling 

alone following paclitaxel treatment. It remains unknown whether individual DRG cells 

show increased expression in both canonical and non-canonical MAPK signaling or whether 

these occur in isolated subsets of cells. Given that intraplantar protein kinase (PK) A and ε 

antagonists suppress CIPN-related hyperalgesia (Dina et al., 2001), subsets of DRG neurons 

may also show increased expression of these signal molecules. Finally, the relationship 

between the increased expression in these signaling pathways and the increased excitability 

and changes in the expression of ion channels in DRG neurons remains to be determined (Li 

et al., 2014b).

TLR4 signaling at the spinal level may also contribute to paclitaxel-related CIPN. TLR4 was 

found co-localized only in astrocytes (GFAP+ cell profiles), but not in either microglia or 

neurons (OX-42+ or NeuN+ cell profiles, respectively) (Li et al., 2014b). Although neuron 

glial interactions have become well recognized as involved in neuropathic pain this 

recognition is largely confined to microglia. CIPN appears unusual in this context in that 

microglia appear to play little if any role while astrocytes appear to contribute a major role 

(Li et al., 2014b; Zhang et al., 2012). The data shown here that pERK1/2 is increased in 

spinal cord, but pP38 is not reinforces the findings of a minimal role for activated microglia 

in CIPN in that p38 signaling is essential in the activation of spinal microglia. Yet, it should 

be noted that others have reported increased CD11b at very late time points following taxol 

treatment beyond that surveyed here (Ledeboer et al., 2007). Hence microglia may play 

important roles in the resolution phase of CIPN.

CIPN shows both similarities as well as differences to other types of neuropathic pain. 

While many types of neuropathic pain are characterized by pronounced touch evoked pain 

this is uncommon in CIPN (Boyette-Davis et al., 2013; Boyette-Davis et al., 2011b). Touch 

evoked pain in CRPS types I and II, by example, are produced by activation of Aβ 

myelinated fibers (Campbell et al., 1988);(Gracely et al., 1992), whereas thresholds to 

similar stimuli in CIPN patients are elevated on average by more than two orders of 

magnitude (Boyette-Davis et al., 2013; Boyette-Davis et al., 2011b). Importantly however, 

touch evoked pain in CPRS type II is driven by on-going activity in nociceptors (Gracely et 

al., 1992) and possibly also in mechanoreceptors (Devor 2009) and spontaneous activity also 

develops in DRG neurons in CIPN (Zhang and Dougherty 2014). Although the animal 

models in CIPN show decreased mechanical withdrawal thresholds, this is not mirrored by a 

lowering of threshold in spinal neurons (Cata et al., 2006a; Cata et al., 2006b; Cata et al., 

2008; Robinson et al., 2014a; Weng et al., 2003). What really stand out in the animal studies 

are the pronounced increases in afterdischarges observed following cutaneous stimuli. These 

findings are exciting in that these also parallel the behavioral observations of rats with CIPN 
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(Boyette-Davis et al., 2011b; Cata et al., 2007; Dougherty et al., 2007; Dougherty et al., 

2004) where exaggerated paw withdrawal to mechanical stimuli, often licking the paw, 

maintaining an elevated posture and often rolling over to avoid additional stimuli are a 

prominent part of the phenotype. Similarly, CIPN patients often report that one of the most 

disturbing symptoms they suffer is that once pain is provoked in their hands or feet affected 

by CIPN the pain will linger for many minutes, hours, or even days. Hence, the specific 

modality or modalities of fibers driving the animals’ behavioral responses are unclear. 

Ablation studies in mice show that mechanical pain is signaled by CGRP+ or Mrgprd+/IB4+ 

nociceptors, whereas TRPV1+ nociceptors signal heat pain and others have reported a key 

role for IB4+ DRG neurons in CIPN (Joseph et al., 2008). The observations here that 

signaling increased in IB4+ and CGRP+ nociceptors further suggests an important role for 

these neurons.

The role for MAP kinase signaling as shown here also illustrates similarities and differences 

of CIPN with other types of neuropathic pain. The MAP kinases p38 and ERK1/2 are 

associated with the activation of microglia and in mediating changes in conduction through 

multiple subtypes of neuronal ion channels, the two effects resulting in increased primary 

afferent and spinal neuron excitability in models of neuropathic pain following peripheral 

nerve damage (Black et al., 2008; Dib-Hajj et al., 2009; Hudmon et al., 2008; Janes et al., 

2015). Increased signaling of NFκB also contributes to the activation of microglia in models 

of direct peripheral nerve damage and suppression of glial activation and MAP kinase 

signaling prevents and reverses signs of behavioral hyper-responsiveness (Ledeboer et al., 

2005; Ledeboer et al., 2007). CIPN is shown here to involve a key role for p38 and ERK1/2 

in dorsal root ganglion neurons and elsewhere has been shown to play a key role in the 

responses of spinal neurons in CIPN(Janes et al., 2015). Yet, CIPN does not involve 

activation of microglia, but rather astrocytes play a key role at spinal levels in generating 

behavioral hyperresponsiveness (Robinson et al., 2014b; Yoon et al., 2013; Zhang et al., 

2012; Zheng et al., 2011). Thus, CIPN is not only a clinically important problem, but as well 

a unique model of neuropathic pain that may reveal novel mechanisms of glial-neuronal 

interactions in chronic pain.

In summary, previous studies have implicated TLR4 and its canonical signal pathways in 

CIPN while this study provides important new data concerning the involvement of the non-

canonical MAPK signal pathways. These signaling pathways may provide novel targets for 

the prevention of CIPN.
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Highlights

• Paclitaxel increases the expression of ERK1/2, pP38 and NFκB

• Co-application of a TLR4 antagonist blocks paclitaxel-induced MAP kinase 

increases

• MAP kinase inhibitors partially prevent paclitaxel-induced hyperalgesia
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Figure 1. 
The representative Western blot images shown in (A) illustrate that the expression of 

phospho-ERK1/2 (pERK1/2) was low in vehicle treated rats, but increased expressions at 

day 7 and 14 of chemotherapy treatment in DRG. The bar graphs in (B) indicate that the 

change in expression of pERK1/2 was significantly different in the/paclitaxel-treated group 

(black bars) versus the vehicle-treated group (open bars). The representative Western blot 

images shown in (C) illustrate that the expression of phospho-P38 (pP38) was increased 

expressed at day 7 and 14 of chemotherapy treatment in DRG. The bar graphs in (D) 

indicate that the change in expression of pP38 was significantly different in the paclitaxel-

treated group (black bars) versus the vehicletreated group (open bars). The representative 

Western blot images shown in (E) illustrate that the expression of neither JNK nor phosho-

JNK (pJNK) showed any change in expression through day 14 of chemotherapy treatment in 

either the DRG. The bar graphs in (F) confirm a lack of statistical differences between the 

groups of paclitaxel-treated rats (black bars) compared to the vehicle-treated rats (open 

bars).* = p<0.05, ** = p<0.01.
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Figure 2. 
Representative IHC images show that expression of pERK1/2 in rat DRG is quite low in 

vehicle treated rats (A). Paclitaxel treatment results in no change in pERK1/2 expression at 

six hours (B) but by day 3 (24 hours after the second paclitaxel dose) there is increased 

expression (C). The increase in expression was more pronounced at day 7 (D, 24 hours after 

the fourth paclitaxel dose) and even more so at day 14 (E). The bar graphs (F) show the 

summarized data for all groups and indicate that the increases in expression were significant 

at days 3, 7 and 14 for the paclitaxeltreated group (black bars) versus the vehicle treated 

controls (open bars). Scale bar= 100 μm. *** = p <0.001.
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Figure 3. 
Double IHC revealed that pERK1/2 (red color, A) was most especially expressed in small 

(<30μm) CGRP positive neurons (blue color, double label is white, B) with only sparse 

localization to small IB4-positive neurons (green color, double label is yellow, C) and also 

found in ring shaped cellular profiles around large DRG neurons consistent with localization 

to satellite glial cells (A–D). The bar graph in (E) shows that a significant increased 

expression in pERK1/2 was also observed in small cells negative for both CGRP and IB4 

while expression did not change in the small percentage or IB4+/CGRP+ that also expressed 

pERK1/2. No localization was observed in either large (>45μm) or medium sized (30–

45μm) neurons. Scale bar= 100 μm. * = p <0.05, ** = P < 0.01.
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Figure 4. 
Representative IHC images show that expression of pp38 is expressed at low levels in DRG 

in vehicle treated rats (A). Paclitaxel treatment resulted in no change in expression at six 

hours (B) but by day 3 (24 hours after the second paclitaxel dose) there is increased 

expression (C). The increase in expression was more pronounced at day 7 (D, 24 hours after 

the fourth paclitaxel dose) and remained elevated at day 14 (E). The bar graphs (F) show the 

summarized data for all groups and indicate that the increases in expression were significant 

at days 3, 7 and 14 for the paclitaxel-treated group (black bars) versus the vehicle treated 

controls (open bars). Scale bar= 100 μm. ** = p <0.01, *** = p <0.001.

Li et al. Page 20

Brain Behav Immun. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Double IHC revealed that pP38 (red color, A) was most especially expressed in small IB4 

positive neurons (green for IB4, yellow for double label, B) with only sparse localization to 

small CGRP positive neurons (blue for CGRP, white for double label, C). The bar graph in 

(E) shows that a significant increased expression in pP38 was observed in small IB4 positive 

neurons while expression did not change in the small percentage of IB4+/CGRP+ or IB4/

CGRP negative neurons that also expressed pP38. No localization was observed in either 

large (>45μm) or medium sized (30–45μm) neurons (not shown). Scale bar= 100 μm. ** = P 

< 0.01.
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Figure 6. 
The representative Western blot images shown in (A) illustrate that the expression of 

phospho-ERK1/2 (pERK1/2) was increased expressed at day 14 of chemotherapy in the 

spinal cord. The bar graphs in (B) show that the level of expression of pERK1/2 was 

significantly higher at day 14 in the group of paclitaxel-treated rats (black bars) compared to 

the vehicle-treated rats (open bars). The representative Western blot in (C) and bar graph 

summaries in (D) show that pP38 showed no change in expression in the spinal cord over 

the interval measured. Finally, the Western blots in (E) and bar graphs in (F) show that JNK 

signaling also was not altered in spinal cord over the interval observed. ** = p <0.01.
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Figure 7. 
The representative Western blot images shown in (A) illustrate that the expression of total 

NFκB showed no change at day 14 of chemotherapy in either DRG (A) or spinal cord (data 

not shown). However, nuclear NFκB and nuclear phospho-NFκB (pNFκB) showed 

increased expressions at day 14 (B and C). There was no change of nuclear NFκB or pNFκB 

in spinal cord (data not shown). The bar graphs indicate that the level of expression of total 

NFκB was not changed (D) whereas nuclear NFκB (E) and nuclear pNFκB (F) were 

statistically different between the group of paclitaxeltreated rats (black bars) versus vehicle-

treated rats (open bars), with NFκB and pNFκB significantly increased expressed in DRG 

nuclei. There were no statistically significant changes in any of these measures in spinal 

cord. * = p <0.05.
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Figure 8. 
The representative western blot images shown in (A) and (B) show that the expression of 

Akt and phospho-Akt (pAkt) were not changed at day 14 of chemotherapy in either DRG 

(A) or spinal cord (B) and the bar graphs show the summaries of this data for the DRG (C) 

and spinal cord (D) group of paclitaxel-treated rats (black bars) compared to the vehicle-

treated rats (open bars).
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Figure 9. 
The representative Western blots show that LPS-RS co-treatment with paclitaxel prevented 

the increased expressions in ERK1/2 phosphorylation both in DRG (A) and spinal cord (B), 

prevented the increased expression of P38 phosphorylation in DRG (C) and also prevented 

the increased expression in nuclear NFκB (D) at day 14 after chemotherapy. The level of 

pERK1/2, pP38 and nuclear NFκB in paclitaxel-PBS (P+PBS) treated rats is in the left hand 

column of each representative blot while the paclitaxel-LPS-RS (P+LPS-RS) data is shown 

in the right hand column. The bar graphs show the level of expression of phospho-ERK1/2 

in the DRG (E) and spinal cord (F), phospho-p38 (G) and nuclear NFκB in the DRG (H) 

respectively was significantly lower in the paclitaxel-treated rats co-treated with LRS-RS 

(black bars) compared to the rats co-treated with PBS vehicle (open bars). * = p <0.05.
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Figure 10. 
The scatter and line plots in (A to F) show the effects of two MEK1/2 (PD98059 and 

U0126) and a p38 inhibitor (SB203580) on established paclitaxelinduced mechanical 

withdrawal threshold hypersensitivity at 14 days after chemotherapy. The data for 

paclitaxel-vehicle treated rats is shown in red filled circles, vehicle-vehicle data is in red 

open circles, vehicle-inhibitor data is in blue open circles and paclitaxel-inhibitor data is 

shown in blue or green filled circles (two doses). In (A to C) rats were treated with a single 

intrathecal dose of the inhibitors (or vehicle) indicated by the arrow and then re-tested 

hourly for six hours and then the following day. In (D to F) rats were treated daily for five 

days as indicated by the arrows and tested after each dose as well as the day following the 

final dose. Crosses indicate significant decrease in mechanical withdrawal threshold 

compared to baseline (BL; +++ p<0.001). In (G–I) rats were intrathecally treated daily with 

10μg PD98059 (U0126 or SB203580) beginning 2 days before and continuing to 2 days 

after paclitaxel (blue filled circles) and showed a significant partial prevention of 

mechanical hypersensitivity compared with the paclitaxel-vehicle group (red filled circles) 
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at day 7 and day 10. Vehicle-treated rats receiving i.t vehicle solution (red opened circles) or 

inhibitors (blue opened circles) showed no changes from the baseline. The paclitaxel-treated 

rats that received inhibitor vehicle solution only had an expected decrease in mechanical 

withdrawal threshold that was significant from the vehicle treated rats by day 7 (G–I) (BL; 

baseline, +++ p<0.001). * = p<0.05; *** = p<0.001. Asterisks indicate significant 

differences between the paclitaxel-PD98059 (U0126 or SB203580) groups versus the 

paclitaxel-vehicle groups.
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