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The Cancer Chemotherapeutic Paclitaxel Increases Human
and Rodent Sensory Neuron Responses to TRPV1 by
Activation of TLR4
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Peripheral neuropathy is dose limiting in paclitaxel cancer chemotherapy and can result in both acute pain during treatment and chronic
persistent pain in cancer survivors. The hypothesis tested was that paclitaxel produces these adverse effects at least in part by sensitizing
transient receptor potential vanilloid subtype 1 (TRPV1) through Toll-like receptor 4 (TLR4) signaling. The data show that paclitaxel-
induced behavioral hypersensitivity is prevented and reversed by spinal administration of a TRPV1 antagonist. The number of TRPV1 �

neurons is increased in the dorsal root ganglia (DRG) in paclitaxel-treated rats and is colocalized with TLR4 in rat and human DRG
neurons. Cotreatment of rats with lipopolysaccharide from the photosynthetic bacterium Rhodobacter sphaeroides (LPS-RS), a TLR4
inhibitor, prevents the increase in numbers of TRPV1 � neurons by paclitaxel treatment. Perfusion of paclitaxel or the archetypal TLR4
agonist LPS activated both rat DRG and spinal neurons directly and produced acute sensitization of TRPV1 in both groups of cells via a
TLR4-mediated mechanism. Paclitaxel and LPS sensitize TRPV1 in HEK293 cells stably expressing human TLR4 and transiently express-
ing human TRPV1. These physiological effects also are prevented by LPS-RS. Finally, paclitaxel activates and sensitizes TRPV1 responses
directly in dissociated human DRG neurons. In summary, TLR4 was activated by paclitaxel and led to sensitization of TRPV1. This
mechanism could contribute to paclitaxel-induced acute pain and chronic painful neuropathy.
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Introduction
Paclitaxel is the frontline chemotherapeutic agent used to treat
many of the most common solid tumors (Hagiwara and Sunada,

2004). Peripheral neuropathy is the major dose-limiting adverse
effect of paclitaxel and can force dose reduction or even discon-
tinuation of therapy, thus affecting survival (Chaudhry et al.,
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Significance Statement

In this original work, it is shown for the first time that paclitaxel activates peripheral sensory and spinal neurons directly and
sensitizes these cells to transient receptor potential vanilloid subtype 1 (TRPV1)-mediated capsaicin responses via Toll-like
receptor 4 (TLR4) in multiple species. A direct functional interaction between TLR4 and TRPV1 is shown in rat and human dorsal
root ganglion neurons, TLR4/TRPV1-coexpressing HEK293 cells, and in both rat and mouse spinal cord slices. Moreover, this is
the first study to show that this interaction plays an important role in the generation of behavioral hypersensitivity in paclitaxel-
related neuropathy. The key translational implications are that TLR4 and TRPV1 antagonists may be useful in the prevention and
treatment of chemotherapy-induced peripheral neuropathy in humans.
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1994). Moreover, chemotherapy-induced peripheral neuropathy
(CIPN) often becomes a chronic condition that is refractory to
treatment, affecting rehabilitation, productivity, and quality of
life in cancer survivors (Boyette-Davis et al., 2011b; Boyette-
Davis et al., 2013; Kosturakis et al., 2014). In addition to the
universal reports of numbness and near universal reports of tin-
gling, the next most common symptoms experienced by CIPN
patients is constant, burning pain or deep, aching pain (Boyette-
Davis et al., 2011b; Boyette-Davis et al., 2013). In addition to
chronic neuropathy, paclitaxel is also associated with an acute
pain syndrome (Reeves et al., 2012). Like chronic CIPN, the pac-
litaxel acute pain syndrome is associated with the development of
overt neuropathy and is characterized by patient complaints of
deep muscle aches and arthralgia (Reeves et al., 2012). Also like
chronic CIPN, there is no clear preventative treatment and the
underlying mechanisms remain poorly defined.

Transient receptor potential vanilloid subtype 1 (TRPV1) has
been widely studied in pain mechanisms. It is located on subsets
of nociceptors and is activated by numerous stimuli that are per-
ceived as painful or noxious, including capsaicin, the active in-
gredient in hot chili peppers, as well as by protons, heat �42°C,
and a family of endogenous-inflammation-associated lipids (for
review, see Nagy et al., 2014). The sensation evoked in humans by
activation of TRPV1 in skin by capsaicin is burning (Simone et
al., 1989); whereas, when applied into muscle, it is perceived as
deep aching or cramping pain (Marchettini et al., 1996; Witting et
al., 2000) matching the patient complaints associated with pacli-
taxel (Boyette-Davis et al., 2011b; Boyette-Davis et al., 2013).
Consistent with these observations, TRPV1 expression is in-
creased in rat dorsal root ganglia (DRG) by paclitaxel treatment
when thermal hyperalgesia is observed and the use of a TRPV1
antagonist reduced this hypersensitivity (Hara et al., 2013).

Toll-like receptors (TLRs) play important roles in acute and
chronic itch and pain (Christianson et al., 2011). Recent studies
have demonstrated that TLR3 and TLR7 are expressed by a subset
of primary sensory neurons that coexpress itch and pain signaling
components, including TRPV1 (Liu et al., 2010; Liu et al., 2012).
Another member of this family, TLR4, plays a key role in the
transition of inflammatory pain to chronic status and in promot-
ing the generation of nerve injury pain (Christianson et al., 2011;
Stokes et al., 2013; Agalave et al., 2014). More recently, the ex-
pression and signaling of TLR4 was shown to be increased with
paclitaxel treatment and cotreatment of rats with a TLR4 antag-
onist during chemotherapy prevented the development of the
CIPN phenotype (Li et al., 2014b). Paclitaxel appears to engage
TLR4 in the same fashion as its canonical, well known proinflam-
matory agonist lipopolysaccharide (LPS) (Han et al., 1994; Karin
and Ben-Neriah, 2000; Byrd-Leifer et al., 2001; Byrd-Leifer et al.,
2001; Li et al., 2013), resulting in the induction and release of the
same proinflammatory cytokines from macrophages and other
cells (O’Brien et al., 1995; Zaks-Zilberman et al., 2001). The same
signaling cascade as in macrophages appears to be activated by
paclitaxel in peripheral sensory neurons, resulting in down-
stream activation of the TLR4 adapter proteins MyD88-nuclear

factor-�B (NF-�B) and TIR-domain-containing adapter-
inducing interferon-� (TRIF) and the same mitogen-activated
protein kinase (MAPK) signaling cascades (Li et al., 2015). Fi-
nally, TLR4 and TRPV1 have been shown to be colocalized in
human trigeminal ganglion neurons and posited to underlie
infection-induced oral pain (Diogenes et al., 2011). The hypoth-
esis tested here in mouse, rat, and human tissues is that DRG
neurons coexpress TLR4 and TRPV1 and that paclitaxel activates
TLR4 and sensitizes TRPV1, resulting in increased pain signaling
that contributes to the generation of CIPN-related hyperalgesia.

Materials and Methods
Animals. All experimental animal protocols were approved by the Insti-
tutional Animal Care and Use Committee at The University of Texas
M.D. Anderson Cancer Center or the Institute of Physiology, Czech
Academy of Sciences, and were performed in accordance with the Na-
tional 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.

Male Sprague Dawley rats weighing 250 –300 g (Harlan Laboratories)
were used in the behavioral, pharmacological, immunohistochemistry,
and Western blot experiments; 5-week-old rats were used in the sEPSC
and DRG neurophysiology experiments. Male Wistar rats at postnatal
day 21 (P21) to P23 and adult male C57BL/6 mice were used for the acute
paclitaxel spinal cord slice neurophysiology experiments. All animals
were housed in temperature- and light-controlled (12 h light/dark cycle)
conditions with food and water available ad libitum. The specific num-
bers of animals used in each set of experiments are detailed in the relevant
sections of the Results.

Paclitaxel treatment. Male Sprague Dawley rats were treated with pac-
litaxel (TEVA Pharmaceuticals) as described previously (Polomano et al.,
2001; Boyette-Davis and Dougherty, 2011; Boyette-Davis et al., 2011a;
Zhang et al., 2013a). In brief, pharmaceutical-grade 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 every other day for a total of 4 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
the same concentration of vehicle as in the paclitaxel solution. No abnor-
mal spontaneous behavioral changes were noted during or after pacli-
taxel or vehicle treatment.

TRPV1 and TLR4 antagonist intrathecal administration. The effects of
the TRPV1 antagonist AMG9810 (Tocris Bioscience) and the TLR4
antagonist lipopolysaccharide from the photosynthetic bacterium
Rhodobacter sphaeroides (LPS-RS) on paclitaxel-induced mechanical hy-
persensitivity were both tested after intrathecal injection. The rats were
briefly anesthetized with 3% isoflurane, flexed over a tube, and a 27-
gauge needle was inserted between the L5 and S1 vertebrae with a deflec-
tion of the tail indicating entry to the subarachnoid space. The dose of
both agents were chosen based on previously published studies (Yu et al.,
2008; Li et al., 2014b). AMG9810 was tested on both preestablished pac-
litaxel CIPN and as a preventative agent during chemotherapy. The first
experiment was done at day 14 after paclitaxel treatment in rats with
confirmed hyperalgesia. AMG9810 was given at a dose of 15 �g in 20 �l
of PBS (InvivoGen); control rats received 20 �l of vehicle solution in PBS
alone. In the second experiment, 15 �g of AMG9810 was given in 20 �l of
PBS beginning 2 d before paclitaxel treatment and then daily through day
2 after paclitaxel treatment. LPS-RS (20 �g in 20 �l) was given using the
same repeated dosing scheme beginning 2 d before paclitaxel treatment
and then daily through last dose of paclitaxel treatment.

Mechanical withdrawal test. Mechanical withdrawal threshold was
tested before, during, and after paclitaxel treatment by an experimenter
blinded to treatment groups during the mid-light hours (10:00 A.M. to
5:00 P.M.). The 50% paw withdrawal threshold in response to a series of
8 von Frey hairs (0.41–15.10 g) was examined by the up-down method, as
described previously (Chaplan et al., 1994), beginning with a filament
with a bending force of 2.0 g. Animals were placed under clear acrylic
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cages atop a wire mesh floor. 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.

Immunohistochemical analysis. Rats were deeply anesthetized with so-
dium pentobarbital (Nembutal, 100 mg/kg, i.p.; Lundbeck) and perfused
through the ascending aorta with warm saline followed by cold 4% para-
formaldehyde in 0.1 M PB. The L4 and L5 DRG were removed, fixed in
4% paraformaldehyde for 6 h, and then cryoprotected in 30% sucrose
solution. The L4 and L5 spinal cord segments were also removed, fixed in
4% paraformaldehyde for 12 h, and then cryoprotected in 30% sucrose
solution. Transverse spinal cord sections (15 �m) and longitudinal DRG
sections (8 �m) were cut in a cryostat, mounted on gelatin-coated glass
slides (Southern Biotech), and processed for immunofluorescent stain-
ing. After blocking in 5% normal donkey serum and 0.2% Triton X-100
in PBS for 1 h at room temperature, the sections were incubated over-
night at 4°C in 1% normal donkey serum and 0.2% Triton X-100 in PBS
containing primary antibodies against the following targets: TRPV1
(rabbit anti-rat, 1:1000; Alomone), TLR4 (mouse anti-rat, 1:200; Ab-
cam), IB4 (1:1000 BS-Isolectin B4 FITC Conjugate; Sigma-Aldrich), and
CGRP (mouse anti-rat, 1:1000; Abcam). After washing, the sections were
then incubated with Cy3-, Cy5-, or FITC-conjugated secondary antibod-
ies overnight at 4°C. Sections were viewed under a fluorescent micro-
scope with a 20� objective (Eclipse E600; Nikon) and images were
collected using identical acquisition parameters by experimenters
blinded to treatment groups. The total number of cells, their diameters,
and the numbers with positive staining for TRPV1 and the numbers
showing colocalization with IB4 or CGRP were counted from three sec-
tions of DRG from four rats.

Acute dissociation of rat DRG neurons. Rats were deeply anesthetized
with isoflurane and the bilateral L4 and L5 ganglia were surgically ex-
posed and removed. The ganglia were placed in a culture dish containing
1 ml of trypsin (0.125 mg/ml; Hyclone) and 1 ml of type IA collagenase (2
mg/ml; Sigma-Aldrich) in DMEM. The dish was shaken for 50 min in a
heated (37°C) chamber. After the cells were washed and mechanically
dispersed with a polished Pasteur pipette, they were plated on poly-L-
ornithine-coated glass sheets and held in culture dishes with DMEM
until use (Li et al., 2014a). The cells were used for calcium imaging or
patch clamp within 6 h after plating.

Intracellular calcium imaging in acutely dissociated DRG neurons. Cells
were transferred from the culture dishes to a bath with oxygenated (95%
O2 � 5% CO2) artificial CSF (ACSF) solution that contained the ratio
metric Ca 2� indicator dye Fura-2AM (2 �M; Invitrogen) and allowed to
incubate for at least 30 min at 37°C before use as described previously
(Zhang et al., 2013a). The ACSF solution contained the following (in
mM): 117.0 NaCl, 3.6 KCl, 1.2 MgCl2, 1.5 CaCl2, 1.2 NaH2PO4, 11.0
glucose, and 25.0 NaHCO3. The cells were then transferred to a recording
chamber placed on an inverted microscope (Eclipse Ti; Nikon) and per-
fused with oxygenated ACSF (2 ml/min) at room temperature. The in-
tracellular calcium concentration was expressed as the 340/380 ratio and
the signals were captured and analyzed with NIS-Elements AR software
(Nikon). All chemicals were applied directly into the bath.

Whole-cell patch recording in acutely dissociated DRG neurons. Whole-
cell patch recording was performed as described previously (Li et al.,
2014a). The cells were transferred to a recording chamber placed on an
inverted microscope (Eclipse Ti; Nikon) and perfused with oxygenated
ACSF (2 ml/min) at room temperature. Only neurons with a stable rest-
ing membrane potential of at least �40 mV and evoked spikes that over-
shot 0 mV were used. Series resistance was compensated to �70%.

Spinal cord slice preparation and electrophysiological recordings from
adult paclitaxel/vehicle-treated rats. Sprague Dawley rats (5 weeks old)
were anesthetized with 2–3% isoflurane and laminectomy was used to
expose and remove the L3–L6 segments of the spinal cord (Zhang et al.,
2010). The animals were then killed by inhalation of 5% isoflurane and
exsanguination. The spinal cord segments were immediately placed in
ice-cold sucrose–ACSF saturated with 95% O2 and 5% CO2. The su-
crose–ACSF solution contained the following (in mM): 234 sucrose, 3.6
KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 12.0 glucose, and 25.0
NaHCO3. The tissue was then placed in a shallow groove formed in a

gelatin block and glued onto the stage of a Vibratome (Products Inter-
national). Transverse spinal cord slices (300 �m) were cut in the ice-cold
sucrose–ACSF and then transferred and incubated in regular ACSF bub-
bled with 95% O2 and 5% CO2 at 34°C for at least 1 h before further use.

Slices for study were placed in a glass-bottomed recording chamber
(Warner Instruments) and fixed with parallel nylon threads supported
by a U-shaped stainless-steel weight. The slice was perfused with ACSF at
2.0 ml/min at 34°C maintained by an inline solution heater and temper-
ature controller (TC-344B; Warner Instruments).

Recordings of postsynaptic currents were performed using whole-cell
voltage-clamp, as described previously (Zhang et al., 2010; Zhang et al.,
2013b). All recordings were conducted in lamina II neurons at the L5
spinal level. Lamina II was identified by its distinctive translucent appear-
ance and neurons were located with use of a fixed-stage microscope
(BX51WI; Olympus) with differential interference contrast/infrared illu-
mination. Electrodes for the whole-cell recordings were triple-pulled
from borosilicate glass capillary tubes using a horizontal electrode puller
(P-97; Sutter Instrument). The impedance of the pipette was 4 –7 M�
when filled with internal solution containing the following (in mM): 135
K-gluconate, 5 KCl; 2.0 MgCl2, 0.5 CaCl2, 5.0 HEPES, 5.0 EGTA, 5.0
ATP-Mg, and 0.5 Na-GTP adjusted to pH 7.2–7.4 with 1 M KOH (290 –
320 mOsm). Recordings of postsynaptic currents began �5 min after
whole-cell access was established and the current had reached a steady
state. Input resistance was monitored and recording was abandoned if this
changed by�15%. Signals were amplified by using a MultiClamp700B (Mo-
lecular Devices) at a holding potential of �70 mV for sEPSC, filtered at 2
kHz, digitized at 10 kHz (Digidata 1322A; Molecular Devices), and stored on
a personal computer for later analysis.

Spinal cord slice preparation from juvenile Wistar rats and adult
C57BL/6 mice. Acute spinal cord slices were prepared from male Wistar
rats on P21–P23 and from adult male C57BL/6 mice weighing 25–30 g
using the same methods as in the adult rats, but with some minor differ-
ences in the solutions for improved stability in these tissues. The dissec-
tion solution contained the following (in mM): 95 NaCl, 1.8 KCl, 7
MgSO4, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3, 25 D-glucose, and 50 su-
crose. The ACSF for the recordings contained the following (in mM): 127
NaCl, 1.8 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 26 NaHCO3, and 25
D-glucose. AMPA-mediated spontaneous EPSC (sEPSC), miniature
EPSC (mEPSC), and evoked EPSC (eEPSC) currents were recorded from
neurons clamped at �70 mV in the presence of 10 �M bicuculline and 5
�M strychnine. mEPSCs were identified after the addition of 0.5 �M

tetrodotoxin to the bath solution. The intracellular pipette solution con-
tained the following (in mM): 125 gluconic acid lactone, 15 CsCl, 10
EGTA, 10 HEPES, 1 CaCl2, 2 Mg2ATP, and 0.5 NaGTP adjusted to pH
7.2 with CsOH.

HEK293 cell culture and transfection. HEK and HEK-Blue hTLR4 cells
were from InvivoGen. HEK-Blue-hTLR4 cells were obtained by cotrans-
fection of the human TLR4, MD-2, and CD14 coreceptor genes and an
inducible secreted embryonic alkaline phosphatase reporter gene into
HEK293 cells. HEK cells were cultured in DMEM supplemented with 4.5
g/L glucose, 10% (v/v) fetal bovine serum, 50 U/ml penicillin, 50 mg/ml
streptomycin, 100 mg/ml Normocin, and 2 mM L-glutamine. This me-
dium was further supplemented with HEK-Blue selection medium (In-
vivoGen) to enhance stability of the HEK-Blue hTLR4 cells. The
pCMV6-AC-hTRPV1-GFP plasmid was obtained from OriGene Tech-
nologies to induce expression of the human TRPV1 receptor in these
cells. Transfection (2 �g of cDNA) was performed with Lipofectamine
2000 transfection reagent (Invitrogen) as the density of the cultured cells
reached �50 –70% confluence. The transfected cells were cultured in the
same growth medium for 24 h before electrophysiological recording.

Human DRG preparation. Human DRG sensory neurons were isolated
from patients at M.D. Anderson Cancer Center who provided legal writ-
ten informed consent for the use of their tissue in research. Each donor
was undergoing spinal surgery for their disease treatment from which the
dorsal root was to be harvested as standard of care. The human subjects’
protocol was reviewed and approved by the M.D. Anderson Institutional
Review Board.

Immediately after each ganglion was excised in the operating room, it
was immersed into cold (4°C), sterile balanced salt solution containing
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nutrients and transported to the laboratory in a sealed 50 ml centrifuge
tube. On arrival to the laboratory ganglia for immunohistochemical
study were divided into quarters and then immersed into 4% parafor-
maldehyde and then processed as described above for the rat tissues.
DRG for physiological recordings were dissociated according to a proto-
col and using medium provided by AnaBios (Davidson et al., 2014).
Specifically, the sheath and budding nerve fibers from the ganglion were
separated and the ganglia cut into �3 mm 3 pieces and then digested for
120 min at 37°C in AnaBios digestion medium. Each ganglion was me-
chanically dissociated by gentle suspension and triturated until cloudy
using a fire-polished sterile glass Pasteur pipette; neurons were placed on
coverslips that had been precoated with poly-ornithine. Neurons were
cultured at 37°C with 5% CO2 in DMEM/F12 supplemented with 10%
horse serum, 2 mM glutamine, 25 ng/ml hNGF, 25 ng/ml hGDNF, and
penicillin/streptomycin. Half of the culture medium was replaced with
fresh medium every 3 d (Davidson et al., 2014). Only neurons with a
stable resting membrane potential of at least �40 mV and evoked spikes
that overshot 0 mV were used for further recording and analysis. Series
resistance was compensated to �70%. All recordings were made at room
temperature.

Chemicals. All drugs and chemicals used for the dissections and re-
cordings were of analytical grade and purchased from Sigma-Aldrich.
Tetrodotoxin citrate was purchased from Tocris Bioscience. Capsaicin
(Sigma-Aldrich) and SB366791 (Tocris Bioscience) were dissolved in
dimethylsulfoxide (DMSO; Sigma-Aldrich), which had a concentration
�0.1% in the final solution. AMG9810 (Tocris Bioscience) and LPS-RS
ultrapure (InvivoGen) were suspended in endotoxin-free PBS.

Statistics. Data were expressed as mean 	 SEM and analyzed with
GraphPad Prism version 6 software. Behavioral data were analyzed with
two-way ANOVA (treatment � time) followed by a Bonferroni post hoc
test. The cell counts for immune-positive neurons and the percentages of
neurons that colocalized with IB4 or CGRP were compared using the
Mann–Whitney U test. Calcium imaging data were analyzed by one-way
ANOVA. Action potential frequency across 2 min segments before and
after drug application were analyzed using paired t test, whereas sEPSC
data (also 2 min segments) were analyzed with two-way ANOVA
(group � time) followed by Newman–Keuls post hoc tests. Only EPSCs
with amplitudes of 5 pA or greater (which corresponded to at least twice
the recording noise level) were included in the frequency analysis. In the
case of amplitude analysis, the same events and data segments were used.
mEPSC frequency and amplitude after drug application were normalized
to the control value and compared using by one-way ANOVA with post
hoc test (Student–Newman–Keuls Method). p � 0.05 was considered
statistically significant.

Results
Paclitaxel-induced hyperalgesia is prevented and reversed by
a TRPV1 antagonist
The effects of the TRPV1 antagonist AMG9810 given both
during the induction of and on preestablished paclitaxel
hyperalgesia was assessed in the first set of experiments. Figure
1A shows the results of intrathecal administration of
AMG9810 in preventing paclitaxel-induced hyperalgesia. The
drug (15 �g in 20 �l of PBS) or vehicle (20 �l of PBS) was
given daily beginning 2 d before and continuing through 2 d
after paclitaxel treatment. AMG9810 had no effect on baseline
mechanical withdrawal threshold and showed no interaction
with the paclitaxel vehicle (Cremophor EL) over time. The
paclitaxel–vehicle-treated rats (n 
 5) showed the expected
decrease in mechanical withdrawal threshold that was signifi-
cantly different from that of the vehicle-treated rats (both the
vehicle–vehicle and vehicle–AMG9810 groups) by day 7 and
maximal by day 14, which is consistent with previous studies
by our group (Boyette-Davis et al., 2011a; Zhang et al., 2013a;
Li et al., 2014b). In contrast, the paclitaxel–AMG9810-treated
rats showed only a partial development of mechanical
hypersensitivity that was significantly less than that of the

paclitaxel–vehicle-treated rats at days 7–21. The paclitaxel–
AMG9810-treated rats showed no significant difference from
the vehicle-treated rats in withdrawal threshold.

In the second experiment, AMG9810 was tested as a treat-
ment for preestablished paclitaxel-induced hyperalgesia (Fig.
1B). Two groups were treated with paclitaxel and mechanical

Figure 1. A, B, Prevention and reversal of paclitaxel-induced hyperalgesia by intrathecal
injection of a TRPV1 antagonist (AMG9810). The baseline (BL) behavioral test in A and B were
collected before paclitaxel (Pac) or vehicle (Veh) treatments. In A, the gray shading indicates the
time of treatment with 15 �g of AMG9810 (intrathecal) or vehicle solution. In B, paclitaxel-
induced mechanical hypersensitivity was confirmed as significant from Veh–Veh-treated rats
(open squares, n 
 5) at 14 d after treatment (P) in two groups (open and filled circles, n 
 5
each); rats were then treated with 15 �g of the TRPV1 antagonist AMG9810 intrathecally (filled
circles) or vehicle solution (open circles) as indicated by the arrow. *p � 0.05; **p � 0.01;
***p � 0.001; two-way ANOVA followed by Bonferroni post hoc test. The representative image
in C shows the baseline staining of TRPV1 (red) in the DRG in vehicle-treated rats that was not
different from naive rats (data not shown); TRPV1 staining becomes elevated by day 7 after
paclitaxel treatment (D). Cotreatment of rats with PBS (intrathecally) with paclitaxel did not
affect the increased staining of TRPV1 (E), whereas cotreatment with LPS-RS (intrathecally)
completely prevented the increase in TRPV1 (F ). As indicated by the bar graphs in G, the
increase in TRPV1 � neurons by paclitaxel was statistically significant (**p � 0.01), whereas in
H, this was significantly less in the LPS-RS-treated rats versus the PBS-treated rats. Scale bar,
100 �m. **p � 0.01.
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hyperalgesia was confirmed in each group at day 14 after treat-
ment. Rats in both groups were given a single intrathecal dose
of either 15 �g of AMG9810 in 20 �l of PBS (n 
 5) or just 20
�l of PBS (n 
 5). The AMG9810 group showed a significant
increase in mechanical withdrawal threshold that was evident
within the first hour after treatment compared with the vehicle
group and this effect persisted through 24 h after treatment.
None of the animals that received any intrathecal injections
showed any change in motor performance as assessed using
the rotarod test (data not shown).

TRPV1 is expressed in more DRG
neurons in rats with paclitaxel
hyperalgesia
The basis for the role of TRPV1 in pacli-
taxel hyperalgesia was explored in a series
of follow-up experiments, the first of
which was to confirm whether paclitaxel
increases expression of TRPV1 in sensory
neurons. The L4 –L5 DRG and spinal cord
were collected from rats with confirmed
paclitaxel hyperalgesia and the numbers
of TRPV1� cells determined by immuno-
histochemistry (IHC) at day 7 after pacli-
taxel treatment. As shown in Figure 1,
C–H, the number of neurons in the DRG
that were positive for TRPV1 increased af-
ter paclitaxel treatment compared with
rats that received vehicle (cf. Fig. 1C,D).
Overall, the mean number of TRPV1�

cells in the DRG increased from 21.12 	
1.9% to 31.6 	 2.07% of all cells counted
(p � 0.01; Fig. 1G). Importantly, the
paclitaxel-induced increase in TRPV1�

neurons was prevented by coadministra-
tion of LPS-RS (from 35.78 	 2.08% to
25.87 	 2.77%, p � 0.01; Fig. 1H).

The pattern of TRPV1 localization in
the DRG is very similar to that for TLR4
(Li et al., 2014b), so possible colocaliza-
tion of TRPV1 with TLR4 was tested. As
shown in Figure 2, IHC double staining
revealed that TRPV1 is indeed colocalized
with TLR4 in small DRG neurons (Fig.
2C, yellow arrows), although there were
also populations of neurons that ex-
pressed TRPV1 (red arrow) or TLR4
(green arrow) alone. As shown in Figure 2,
D–F, colocalization of TRPV1 and TLR4
was also observed in the spinal cord, but
only in the most superficial layers, where
peripheral fibers enter. The remainder of
TLR4 observed in the dorsal horn was in
profiles consistent with astrocytes de-
scribed previously (Li et al., 2014b). There
was no TRPV1 localized in spinal neurons
or glial cells (Fig. 2F).

LPS and paclitaxel enhance excitability
of DRG neurons in CIPN rats
The functionality of TLR4 receptors in
DRG neurons was tested using whole-cell
recordings in vitro and direct application
of LPS and paclitaxel. In naive rats, acute

application of neither LPS nor paclitaxel induced increases in
spontaneous action potentials. LPS did induce an increase of
neuronal excitability after incubation for 24 h resulting in re-
duced rheobase and an increased numbers of action potential
discharges to suprathreshold current injection (Ochoa-Cortes et
al., 2010). Because TLR4 was upregulated in rat DRG at day 7
after paclitaxel treatment, DRG neurons were retested for LPS
and paclitaxel responsiveness at this time. LPS (1 �g/ml) and
paclitaxel (12.5 �M) both now evoked action potentials. The con-
centration of paclitaxel in these experiments was intended to ap-

Figure 2. TRPV1 is colocalized with TLR4 in DRG neurons and afferent terminals in the spinal cord. TRPV1 alone is shown in red
in the left column for DRG neurons in A and in spinal terminals in D. TLR4 staining in subsets of DRG neurons is shown in green in B
and spinal terminals in E (center column). Colocalization of the two are shown in the merged image by yellow for DRG in the right
column (C), as well as in fiber profiles in the superficial spinal dorsal horn (F ). Scale bar, 100 �m. The representative recording in
G shows that acute application of paclitaxel (12.5 �M) evoked spontaneous action potentials in subsets of DRG neurons from
animals treated with paclitaxel. In H and I, representative action potential waveforms for the neuron in G evoked by direct current
injection after 5 min of vehicle treatment and then after 5 min of acute perfusion with 12.5 �M paclitaxel are shown. The bar graphs
in J show the group data for the effects of paclitaxel on several action potential properties. AP, Action potential; RMP, resting
membrane potential; AHP, after-hyperpolarization; AHPxx%, interval to each percentage of maximal amplitude. *p � 0.05;
**p � 0.01; ***p � 0.001 paclitaxel versus vehicle; paired t test.
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proximate the peak level that would occur in the DRG after a
cumulative dose of 8.0 mg/kg paclitaxel, as in the behavioral stud-
ies, based on what was observed in the rat DRG 1 d after this
dosing scheme (Xiao et al., 2011) and assuming 4.5 half-time
clearances of paclitaxel (Lian et al., 2013). An example of a DRG
neuron from a paclitaxel-treated rat is shown in Figure 2G (LPS
results not shown). Like LPS, paclitaxel-treated neurons showed
bursts of action potentials during acute application (Fig. 2G).

Representative single action potentials from the neuron
shown in Figure 2G are shown in Figure 2, H and I, and the
summarized data are shown in Figure 2J. The acute administra-
tion of paclitaxel significantly depolarized the resting membrane
potential and significantly decreased rheobase (from 137 	 16.2
to 101 	 12.5 pA, data not shown). Action potential amplitude
was significantly decreased, as was action potential rising time. A
significant increase in action potential falling time due to a pro-
longation of the sustained component of the action potential was
observed, as was an increase in after-hyperpolarization ampli-

tude. In addition, the time for 25%, 50%, and 75% recovery in
after-hyperpolarization were all significantly slowed.

Paclitaxel treatment sensitizes the responses of DRG neurons
to TRPV1
Calcium imaging in dissociated DRG neurons from vehicle-
treated and paclitaxel-treated rats was used to assess whether a
functional TLR4 –TRPV1 interaction occurs in DRG neurons. An
initial perfusion of capsaicin (200 nM) alone on DRG neurons
from vehicle-treated rats resulted in a robust increase in intracel-
lular calcium evidenced by an increase in the 340/380 ratio (Fig.
3A, CAP1). This response showed acute desensitization when
capsaicin was reapplied 25 min after the first response (Fig. 3A,
CAP2). A third perfusion of capsaicin alone showed a loss of
response indicating desensitization of the receptor (Fig. 3A,
CAP3). In contrast, as shown in Figure 3B, coapplication of pac-
litaxel (12.5 �M) with capsaicin on the third test resulted in a
response comparable to or greater than the initial response even

Figure 3. TRPV1 sensitization by paclitaxel and LPS in DRG neurons shown using calcium imaging. Representative calcium imaging results of change in 340/380 ratio in dissociated DRG neurons
after perfusions of capsaicin (CAP, 200 nM) alone and in combination with paclitaxel (12.5 �M) or paclitaxel plus LPS-RS (2 �g/ml) are shown in A–D, each colored line is a single neuron and the time
of each application is indicated by the bars over the traces. The bar graphs show the grouped results for experiments testing the interactions between paclitaxel on the responses to capsaicin (E–G)
on the effects of LPS on DRG neurons alone (H ) and the effects of LPS on DRG neurons from vehicle- and paclitaxel-treated rats (I ). **p � 0.01; ***p � 0.001, vehicle rats versus paclitaxel rats;
###p � 0.001, CAP�Pac versus CAP�Pac�LPS-RS.
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though the cells had shown the initial partial desensitization
upon the second application of capsaicin. Finally, as shown in
Figure 3C (center), this acute sensitization of capsaicin response
by paclitaxel was completely blocked when the TLR4 inhibitor
LPS-RS (2 �g/ml) was applied during the paclitaxel application
(Fig. 3F).

A different pattern of calcium mobilization was observed in
DRG neurons from paclitaxel-treated rats. As in naive rats, DRG
neurons from paclitaxel–CIPN-treated rats showed a robust in-
tracellular calcium response to an initial capsaicin application
(Fig. 3D, CAP). However, in contrast to DRG neurons from naive
rats, reapplication of capsaicin onto DRG neurons from
paclitaxel-treated rats produced a second (data not shown) re-
sponse comparable to the initial response without evidence of
desensitization. Coapplication of paclitaxel with capsaicin pro-
duced an increase in response to capsaicin in DRG neurons from
both CIPN-treated rats (Fig. 3D) and vehicle-treated rats (Fig.
3B,C, CAP�Pac; summarized in Fig. 3G, bar graphs).

DRG neurons from naive and paclitaxel-treated rats were also
tested for calcium mobilization responses to LPS alone. Figure
3H shows that the mean increase in 340/380 ratio for DRG neu-
rons from paclitaxel-treated rats to 10 ng/ml LPS was signifi-
cantly greater that in DRG neurons from vehicle-treated rats.
Figure 3I shows the percentage of responsive neurons with in-
creasing doses of LPS. DRG neurons from paclitaxel-treated rats
were observed to show heightened responses to LPS in that 14 of
76 (18.42%) neurons responded to 10 ng/ml LPS, whereas only

24 of 193 (12.44%) neurons showed a response in DRG from
vehicle-treated rats.

LPS or paclitaxel sensitizes TRPV1 inward currents in TLR4/
TRPV1-coexpressing HEK293 cells
Whole-cell recordings in HEK 293 cells that stably expressed hu-
man TLR4 and in which human TRPV1 was cotransfected were
used to better define the functional interactions between TLR4
and TRPV1. Successfully transfected cells were confirmed by vi-
sualization of enhanced green fluorescence protein reporter. The
first two lines of representative recordings in Figure 4 show re-
sponses in the matching control HEK cell lines. The recordings at
the top show that the application of capsaicin (200 nM) in
HEK293 cells expressing only TLR4 failed to produce any re-
sponse. In these cells, the application of either LPS (10 ng/ml) or
paclitaxel (12.5 �M) also failed to evoke any current. Conversely,
HEK cells only expressing TRPV1 exhibited robust capsaicin-
induced currents (Fig. 4, line 2). Reapplication of capsaicin with
LPS (Fig. 4, left), paclitaxel (Fig. 4, center), or vehicle (Fig. 4,
right) onto the HEK cells lacking TLR4 resulted in a desensitized
response. Finally, in HEK293 cells expressing both TLR4 and
TRPV1, the first application of capsaicin again produced an in-
ward current. Due to lower transfection with both receptors
(TLR4/TRPV1) than single receptor transfection (TRPV1), the
first TRPV1 current in these cells as shown in the bottom trace
appeared smaller than in HEK cells expressing TRPV1 alone.
Application of LPS (Fig. 4, left) or paclitaxel (Fig. 4, center) pro-

Figure 4. Interactions between TLR4 and TRPV1 in HEK 293 cells studied using whole-cell patch clamp. Inward currents were recorded in HEK293 cells transfected with TLR4 only (top line), TRPV1
only (second line), and both TLR4 and TRPV1 (line 3). The bar graphs at the bottom show the summarized responses with statistical differences determined by paired t tests. Capsaicin (200 nM) did
not induce inward currents in cells expressing TLR4 alone, whereas the responses to repeated capsaicin showed desensitization in cells expressing TRPV1 alone. LPS (10 ng/ml) and paclitaxel (12.5
�M) sensitized the responses to capsaicin in cells expressing both TLR4 and TRPV1. *p � 0.05, LPS�capsaicin; ***p � 0.001, paclitaxel�capsaicin; *p � 0.05 vehicle solution�capsaicin versus
first capsaicin response.
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duced small inward currents in the double-transfected cells and
most importantly, a second application of capsaicin after the
TLR4 agonists resulted in augmented responses compared with
the initial response. Application of vehicle between the first and
second application of capsaicin in the TLR4/TRPV1 HEK293
cells resulted in a desensitized response. The grouped data are
summarized in the bar graphs at the bottom of the figure.

Excitatory synaptic input to spinal cord SG neurons mediated
by TRPV1 is increased 7 d after paclitaxel treatment
The possibility of an interaction between TLR4 and TRPV1 was
next tested at the spinal dorsal horn. The frequency and ampli-
tude of sEPSCs of neurons within the substantia gelatinosa were
measured in vehicle- and paclitaxel-treated rats. Figure 5 shows
representative recordings from vehicle-treated rats (Fig 5A,B)
and from rats at day 7 (Fig 5C,D) and 14 after paclitaxel treatment
(Fig 5E,F). The grouped data are shown in the bar graphs at the
bottom of the figure (Fig 5G,H). The baseline recordings in the
left column show that SG neurons in rats at day 7 after paclitaxel
treatment (Fig. 5C) exhibited more sEPSCs than neurons from
vehicle-treated rats (Fig. 5A) or from rats at day 14 after paclitaxel
(F(2,34) 
 9.345, p � 0.001; Fig. 5E). The mean frequency of
sEPSCs in the vehicle-treated rat group was 1.48 	 0.31 Hz
(n 
 6), whereas that in the paclitaxel day 7 group was 7.38 	 1.8
Hz (n 
 8). The frequency of sEPSCs returned to a level not
different from baseline by day 14 after paclitaxel. As shown in the
bar graphs (Fig. 5G, bottom left), there were no differences in

amplitude of sEPSCs between groups. For example, the mean
amplitude of sEPSCs in the day 7 vehicle-treated group was
17.28 	 2.23 pA (n 
 6), whereas the mean amplitude of sEPSC
in the day 7 paclitaxel-treated group was 20.17 	 1.07 pA (n 
 8).
Notably, the TRPV1 antagonist AMG9810 suppressed the in-
creased sEPSC frequency in the day 7 paclitaxel rats such that the
sEPSC frequency after AMG9810 in the day 7 paclitaxel-treated
group was not different from baseline sEPSC frequency in naive
rats (F(1,34) 
 0.871, p 
 0.3573). This is seen in the representative
recordings in Figure 5, C and D, comparing the left column with
the recording in the right column as well as in the grouped results
in the bar graphs at bottom right. AMG9810 had no effects on
sEPSC frequency in either the vehicle or the day 14 paclitaxel-
treated rats.

Direct effects of paclitaxel on mEPSCs in rat spinal neurons
Very low levels (50 nM) of paclitaxel are detectable in the spinal
cord at day 7, but are not detectable by day 16 using the treatment
protocol as described in this study (Xiao et al., 2011). As shown in
Figure 6A, acute paclitaxel application (50 nM) onto superficial
dorsal horn neurons in rat spinal cord slices increased mEPSC
frequency compared with vehicle control (Fig. 6A). This effect
was blocked when paclitaxel was coapplied with the TRPV1 an-
tagonist SB366791 (10 �M; Fig. 6B), whereas the antagonist alone
did not change mEPSC frequency (Fig. 6B, center). These effects
were highly significant across the groups of neurons tested (Fig.
6C). Paclitaxel application did not change the frequency (Fig. 6D)

Figure 5. Representative examples of whole-cell recordings for substantia gelatinosa (SG) neurons before (left) and after (right) administration of the TRPV1 antagonist AMG9810 (5 �M) in the
vehicle-treated group (A, B), day 7 paclitaxel-treated group (C, D), and day 14 paclitaxel-treated group (E, F ) show increased sEPSCs only in the day 7 paclitaxel-treated group that is suppressed by
the AMG9810. The washout segment is not shown. Bar graphs in G and H summarize the mean (	SEM) change in amplitude (G) and frequency (H ) of sEPSCs before and after 5 min of AMG9810
application. **p � 0.01, day 7 paclitaxel-treated group versus vehicle and day 14 paclitaxel-treated groups; two-way ANOVA followed by Newman–Keuls post hoc test.
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or the amplitude of sEPSCs (Fig. 6D) or the amplitude of EPSCs
evoked by dorsal root stimulation (Fig. 6E).

Acute paclitaxel application enhances spinal TRPV1
responses via TLR4
The possibility that paclitaxel increases mEPSC frequency by an
effect mediated by TLR4 was tested in mouse spinal dorsal horn.
As shown in the top line of the representative recordings (Fig.
7A), an initial application of capsaicin (200 nM) evoked an in-
crease in mEPSCs (9.9 	 1.7 Hz) and the second response to
capsaicin was notably reduced compared with the first (Fig.
7A,D). Figure 7B (middle trace) shows that paclitaxel (50 nM),
when applied alone after an initial application of capsaicin,
evokes an increase in mEPSCs, but also prevents the decrease in
response to a second capsaicin application. Coapplication of
LPS-RS with paclitaxel (Fig. 7C) prevented both the acute in-
crease in mEPSC frequency induced by paclitaxel and the salvage
of the second capsaicin response. In Fig. 7D, the mean normal-
ized responses are shown for each group, where the responses to

the second capsaicin application are expressed as percentage of
the first application. The second response to capsaicin averaged
32.6 	 6.0% of the first in the control group (CTRL, n 
 8). In
contrast, the second response to capsaicin applied after paclitaxel
was 90.8 	 12.3% of the first response (paclitaxel, n 
 10). Fi-
nally, the second response to capsaicin averaged 44.2 	 7.3% of
the first in the LPS-RS � Paclitaxel group (right bar, n 
 12). The
increase in mEPSC frequency 5 min after the first capsaicin ap-
plication was pronounced in the presence of paclitaxel (Fig. 7E).
The mEPSC frequency at the 5– 6 min interval in the paclitaxel
group (34.0 	 6.1% of the capsaicin response, n 
 10) was sig-
nificantly higher compared with the frequency in the control
(13.1 	 4.6%; n 
 8) and the LPS-RS (17.7 	 4.4%; n 
 12)
groups.

Translation of findings from rodent to human DRG
As a first step in translating the findings and to further confirm
the hypothesis that paclitaxel activates TLR4 and sensitizes
TRPV1 contributing to CIPN, we first assessed whether TLR4

Figure 6. Paclitaxel application increased mEPSC frequency in superficial dorsal horn neurons in rat spinal cord slice. A, Native recording of mEPSC activity before and after paclitaxel
(50 nM) application. B, The TRPV1 antagonist SB366791 (10 �M) did not change the mEPSC frequency but prevented its increase during coapplication with paclitaxel. C, Averaged
responses demonstrate that paclitaxel treatment induced a significant increase in mEPSC frequency compared with the baseline (control, 100%) value (140.7 	 11.1%; n 
 14). This
increase was prevented by the TRPV1 antagonist (SB366791�paclitaxel) treatment, whereas the antagonist alone had no effect (SB366791; n 
 10). D, Paclitaxel (50 nM) application
did not change the frequency or amplitude of the sEPSCs or the amplitude of the dorsal root sEPSCs (E). ***p � 0.001 versus control values; ###p � 0.001 versus paclitaxel; one-way
ANOVA followed by Student–Newman–Keuls test.
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and TRPV1 are colocalized in human DRG neurons. As shown in
Figure 8, IHC confirms that human DRG do in fact coexpress
both receptors. TRPV1� neurons are shown in Figure 8A in red.
Figure 8B shows TLR4� human DRG neurons in green. Finally,
Figure 8C shows the merged images of neurons positive for both
TRPV1 and TLR4 in yellow with several specific double-positive
neurons indicated by yellow arrows. Cells positive for TRPV1
alone and TLR4 alone are indicated by red and green arrows,
respectively.

Figure 8, D–F, shows results from whole-cell patch clamp re-
cordings in human DRG neurons that validate the functional
nature of these receptors. Approximately one-third of the neu-
rons (six of 15) failed to respond to either capsaicin or paclitaxel
(data not shown). The trace in Figure 8D shows a neuron that
responded to capsaicin, but failed to show any response to pacli-
taxel. This cell exhibited desensitization to a second capsaicin
application when tested 30 min after the initial application (Fig.
8, right center trace, 6/15 neurons). The trace in Figure 8E shows
a third representative neuron (3/15 neurons) that responded to
an initial administration of capsaicin. The center panel shows
that this same neuron responded with a small burst of action
potentials when paclitaxel was applied. Finally, the cell showed
an augmented response to a second capsaicin application when
tested 30 min after the first capsaicin application (Fig. 8E, right).
The bar graphs at the bottom show the summarized response for

the type 2 and 3 neurons. The baseline response to capsaicin was
not different between groups. The second response to capsaicin
was significantly reduced compared with the first in the type 2
neurons. The type 3 neurons showed significantly greater re-
sponses to paclitaxel than did type 2 neurons; and type 3 neurons
showed a significantly increased response to the second applica-
tion of capsaicin compared with the first.

Discussion
This study demonstrates that paclitaxel and LPS can activate
peripheral sensory and spinal neurons directly and sensitize
these cells to TRPV1-mediated capsaicin responses via TLR4.
Although this study was not the first to demonstrate that LPS
has direct effects on neuronal activation and sensitization of
sensory neurons to TRPV1 (Diogenes et al., 2011), it is the first
in which a direct functional interaction between TLR4 and
TRPV1 has been shown in rats and human DRG neurons,
TLR4/TRPV1-coexpressing HEK293 cells, and in both rat and
mouse spinal cord slices. Moreover and more specifically, this
is the first study in which this interaction has been shown
to play an important role in the generation of behavioral
hypersensitivity in paclitaxel-related CIPN. The key transla-
tional implications are that TLR4 and TRPV1 antagonists
may be useful in the prevention and treatment of CIPN in
humans.

Figure 7. Representative traces showing that capsaicin (200 nM) increases mEPSCs in spinal neurons and that the second response was notably reduced compared with the first one in
vehicle-treated mice (A). Acute application of paclitaxel (50 nM) for 10 min before the second capsaicin application prevented the decrease of the second response (B). Coapplication of paclitaxel with
the TLR4 antagonist LPS-RS (2 �g/ml) prevented the effect of paclitaxel and on the second capsaicin response, with the result being desensitization, as seen in the control group (C). In D, the mean
normalized responses are shown for each group (n 
 8) where the responses to the second capsaicin application are expressed as a percentage of the first application. The mean increase in mEPSC
frequency 5 min after the first capsaicin application was pronounced in the presence of paclitaxel (E). ***p � 0.001; *p � 0.05 versus paclitaxel-treated group; one-way ANOVA followed by
Student–Newman–Keuls test.
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It is striking that the pattern of increased excitability in spinal
and sensory neurons by paclitaxel is very similar to that induced
by LPS. Because a TLR4 antagonist prevented both LPS and pac-
litaxel effects on sensory neurons, this clearly suggests a role of
TLR4 in mediating the effects of both on sensory neurons and
thus in generating paclitaxel CIPN. Although our data confirm
the findings of others in rats (Hara et al., 2013), a third study only
found a weak effect of TRPV1 inhibition on mechanical hyper-
sensitivity in mice treated with paclitaxel (Sałat and Filipek,
2015); this was most likely due to the fact that AMG9810 is a more
potent TRPV1 antagonist (Gavva et al., 2005) than used in the
study on mice.

The key questions now center on the specific mechanisms that
are engaged. The findings here that a TRPV1 antagonist also
reduces signs of the paclitaxel CIPN behavioral hypersensitivity
suggests that paclitaxel activates TLR4 and signals downstream to
this to sensitize TRPV1. Increased TRPV1 signaling in cutaneous
afferents may then correspond to the sensation of burning in the
skin (Simone et al., 1989), whereas increased signaling of TRPV1

in deep somatic tissue afferents may underlie the deep aching and
cramping (Marchettini et al., 1996; Witting et al., 2000) reported
by CIPN patients (Boyette-Davis et al., 2011b; Boyette-Davis et
al., 2013). The changes in action potential parameters induced by
paclitaxel indicate an increased excitability of rat DRG neurons.
Paclitaxel caused a depolarization of DRG neurons with a de-
crease in resting membrane potential, suggesting an associated
opening of “leak” potassium currents and HCN channels.
Hyperpolarization-activated cation currents (HCN channels)
contribute to a wide range of physiological functions, including
cardiac and neuronal pacemaker activity (automaticity), the set-
ting of resting membrane potential, and control action potential
firing (Robinson and Siegelbaum, 2003). The decrease in action
potential rising time and increase in time of action potential fall-
ing time suggest the modulation of voltage-gated sodium, potas-
sium, and calcium channels.

The downstream signaling pathways engaged by TLR4 to
sensitize TRPV1 remain to be determined. The data presented
here would suggest that at least two such pathways are en-

Figure 8. Immunofluorescent double staining shows that TRPV1 (red, A) is colocalized with TLR4 (green, B) in human DRG neurons (yellow in merged image at right, C). The red arrows in the
merged image indicate cells only showing TRPV1, the green arrows indicate cells only expressing TLR4, and the yellows arrow points to cells positive for both TRPV1 and TLR4. Scale bar, 200 �m.
Three types of responses were observed when human DRG neurons were tested by application of capsaicin (Cap) and paclitaxel (Pac). Type 1 neurons did not respond to either capsaicin or paclitaxel
(data not shown). Type 2 neurons (D) responded positively to capsaicin (left column), showed no responses to paclitaxel (center column), and then showed desensitization to a second application
of capsaicin (right column). Type 3 neurons (E) showed responses to capsaicin (left column) and to paclitaxel (center column) and then showed a facilitation of response to the repeated application
of capsaicin (right column). The bar graphs at the bottom show the summarized response for the type 2 and 3 neurons. The baseline response to capsaicin was not different between groups. The
second response to capsaicin was significantly reduced compared with the first in the type 2 neurons. The type 3 neurons showed significantly greater responses to paclitaxel than did type 2 neurons;
and type 3 neurons showed a significantly increased response to the second application of capsaicin compared with the first. *p � 0.05; Mann–Whitney U test.
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gaged: a short-term, fast acting pathway and a slower, long-
acting pathway (Ji et al., 2009). Paclitaxel activated DRG
neurons directly and increased the number of evoked action
potentials and this was in the context of also altering the shape
of the evoked action potentials. In the spinal cord, paclita-
xel had a direct acute effect in increasing the frequency of
mEPSCs, but no acute effect on sEPSCs. This suggests that
paclitaxel interacts with presynaptic terminals in the dorsal
horn, but not directly onto other spinal neurons. Conversely,
DRG and spinal neurons also showed persistent changes in
TRPV1-mediated activity such as increased spinal neuron
sEPSCs that were present long after paclitaxel would have been
eliminated. TLR4 signaling similarly includes two distinct el-
ements, the canonical Myeloid-differentiation response gene
88 (MyD88) and TRIF and noncanonical MAPK pathways.
TLR4 signaling in the DRG and the spinal cord was shown
previously to contribute to the induction and maintenance of
paclitaxel-related CIPN (Li et al., 2014b). Paclitaxel treatment
resulted in increased expression of TLR4, as well as MyD88
and TRIF, in DRG neurons that paralleled the development of
chemotherapy-related mechanical hyperresponsiveness (Li et
al., 2014b). Moreover, cotreatment of rats with the TLR4 an-
tagonist LPS-RS during chemotherapy prevented the upregu-
lation of TLR4, MyD88, and TRIF, as well as the development
of the behavioral CIPN phenotype (Li et al., 2014b). However,
in addition to MyD88 and TRIF, MAPKs are also activated
downstream of TLR4 and the activation of MAPKs in sensory
neurons also contributed to behavioral hypersensitivity after
nerve injury (Li et al., 2014b). Recently, inhibitors of the TLR4
noncanonical MAPK signal pathways have been shown to par-
tially prevent paclitaxel CIPN (Li et al., 2015).

Activation of canonical TLR signaling leads to its widely
recognized proinflammatory responses. Similarly, paclitaxel
activates TLR4 in monocytes, resulting in the activation of the
canonical path leading to activation of NF-�B that leads to the
induction and release of proinflammatory cytokine expression
identical to that produced by LPS (Han et al., 1994; Karin and
Ben-Neriah, 2000; Byrd-Leifer et al., 2001; Li et al., 2013). Specif-
ically, the cytokines IFN�/�, TNF�, IL-1, and IL-6 are increased
in vitro by paclitaxel (O’Brien et al., 1995; Zaks-Zilberman et al.,
2001) and cisplatin (Pai and Sodhi, 1991; Basu and Sodhi, 1992;
Gan et al., 1992). The sustained activity of these proinflammatory
cytokines could well underlie the more chronic responses of DRG
and spinal neurons observed here. For example, IL-1� was shown
to activate voltage-gated calcium channels and to inhibit voltage-
gated sodium channels (Zhang et al., 2008; Zhou et al., 2011).
Conversely, TNF-� upregulates the voltage-gated sodium chan-
nels Nav1.3 and Nav1.8 (He et al., 2010). IL-1� can activate the
NMDA receptor directly and enhance excitatory synaptic trans-
mission (Vezzani et al., 1999). TNF-� enhances the frequency of
sEPSCs directly in spinal neurons (Kawasaki et al., 2008; Zhang et
al., 2010) and leads to increased sensitivity of TRPV1 receptors
(Spicarova and Palecek, 2010). LPS induces a rapid glutamate
release in rat cortex slices and results in increased excitability of
cortical neurons (Rodgers et al., 2009). LPS inhibits glutamate
reuptake by astrocytes and enhances astrocytes’ glutamate release
(Ye and Sontheimer, 1996).

Although possibly contributing to more sustained changes in
DRG and spinal neurons, the TLR4 –MyD88 –NF�B process
takes several hours, whereas other data shown here clearly dem-
onstrated an acute interaction between paclitaxel (or LPS) and
TLR4, resulting in increased excitability of human and rat pe-
ripheral sensory neurons, HEK293 cells, and mouse spinal neu-

rons within several minutes. These data are better explained by
hypothesizing engagement of the noncanonical TLR4 MAPK sig-
nal pathways. As noted above, previous experiments showed that
paclitaxel treatment engages the signaling of ERK1/2 and p38
through TLR4. MAPK activation has also been shown to modu-
late the activities of ion channels such as sodium channel Nav1.7
and TRPV1 (Ji et al., 2002; Han et al., 2013), which have also been
implicated as contributing to paclitaxel-related CIPN (Hara et al.,
2013; Zhang and Dougherty, 2014). Another important consid-
eration is that p38 and ERK1/2 integrate the activities of protein
kinase signaling in DRG and spinal neurons (Hu and Gereau,
2003; Jin and Gereau, 2006; Han et al., 2012) and protein kinase C
is a well defined pathway for regulation of TRPV1 signaling, in-
cluding reversal of TRPV1 desensitization (Bhave et al., 2003;
Han et al., 2012). PKC� is also a component of TLR4 signaling
that plays a key role in macrophage and dendritic cell activation
in response to LPS (Aksoy et al., 2004). PKC� is expressed in
nociceptors and also has important roles in pain signaling
(Numazaki et al., 2002; Vellani et al., 2004).

An important caveat to be considered is that, although an
agonist effect of paclitaxel on TLR4 in rodents is widely accepted
(Ding et al., 1990; Fitzpatrick and Wheeler, 2003; Javeed et al.,
2009), such an effect for paclitaxel on human TLR4 is controver-
sial. Some studies have reported pronounced cytokine produc-
tion from human macrophages and other tissues by paclitaxel
(Hashiguchi et al., 1982; White et al., 1998; Cassidy et al., 2002;
Wang et al., 2002), whereas others have not observed this (Man-
they et al., 1993; Zimmer et al., 2008). TLR4 requires the acces-
sory protein MD-2 for binding and activation by LPS and
paclitaxel in murine macrophages (Fitzpatrick and Wheeler,
2003; Javeed et al., 2009). MD-2 is also required for activation of
macrophages in humans by LPS, but it has been reported that
paclitaxel binds MD-2 in a fashion that precludes activation of
TLR4 (Kawasaki et al., 2001; Resman et al., 2008; Zimmer et al.,
2008). It is difficult to reconcile this discrepancy, which has im-
portance in the context here concerning the mechanisms of CIPN
but, in a broader scope, concerning the utility of paclitaxel as a
chemotherapeutic. A number of recent studies show a clear link
between chemoresistance and even the promotion of aggressive-
ness in many human cancer types by paclitaxel when TLR4 is
expressed in these tissues (Szajnik et al., 2009; Geller et al., 2010;
Volk-Draper et al., 2014). A possible explanation may be that an
interaction between paclitaxel’s binding to microtubules en-
hances its signaling via TLR4 (Fitzpatrick and Wheeler, 2003).
This mechanism would clearly have a strong basis in DRG neu-
rons and perhaps also those tumors expressing TLR4.

In summary, paclitaxel CIPN is shown here to involve a
TLR4 –TRPV1 mechanism that itself appears to be mediated by
both an acute and a longer term sensitization of TRPV1 by TLR4.
This interaction is shown to be present in rat, mouse and human
sensory neurons and the acute interaction can be replicated in
HEK293 cells expressing human TLR4 and TRPV1. The specific
second messenger pathways that are engaged in this interaction
and how this mechanism relates to the clinical stocking-and-
glove distribution of CIPN remain to be fully defined. It would
appear that these answers should reveal a rich substrate for the
development of new potential therapeutics for the prevention or
treatment of CIPN and could lead to important new insights to
the basic mechanisms of neuropathic pain.
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