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Abstract

Here it is shown that paclitaxel induced neuropathy is associated with the development of
spontaneous activity (SA) and hyperexcitability in DRG neurons that is paralleled by increased
expression of low-voltage-activated calcium channels (T-type; Ca,3.2). The percentage of DRG
neurons showing SA and the overall mean rate of SA were significantly higher at day 7 of
paclitaxel treatment than in rats receiving vehicle. Ca,3.2 expression was increased in L4-6 DRG
and spinal cord segments in paclitaxel-treated rats, localized to small calcitonin gene-related
peptide expressing and isolectin B4 expressing DRG neurons and to glial fibrillary acidic protein-
positive spinal cord cells. Ca,3.2 expression was also co-localized with toll-like receptor 4 (TLR4)
in both the DRG and dorsal horn. T-type current amplitudes and density were increased at day 7
after paclitaxel treatment. Perfusion of the TLR4 agonist lipopolysaccharide (LPS) directly
activated DRG neurons, whereas this was prevented by pretreatment with the specific T-type
calcium channel inhibitor ML218 hydrochloride. Paclitaxel-induced behavioral hypersensitivity to
mechanical stimuli in rats was prevented but not reversed by spinal administration of ML218
hydrochloride or intravenous (i.v.) injection of the TLR4 antagonist TAK242. Paclitaxel induced
inward current and action potential discharges in cultured human DRGs neurons and this was
blocked by ML218 hydrochloride pretreatment. Furthermore, ML218 hydrochloride decreased
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firing frequency in human DRGs where spontaneous action potentials were present. In summary,
Cay3.2 in concert with TLR4 in DRG neurons appears to contribute to paclitaxel-induced
neuropathy.
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Introduction

Peripheral neuropathy is a principal dose-limiting factor for each of the major frontline
chemotherapeutics used against all of the most common cancers and thus affects thousands
of patients each year. In those receiving paclitaxel in particular, peripheral neuropathy can
force dose reduction or even discontinuation of therapy, thus negatively impacting survival
[9,27]. However, the mechanisms underlying chemotherapy-induced peripheral neuropathy
(CIPN) and potential molecular targets for pharmacotherapy are still poorly understood.
Previous work by our group has suggested that the development of spontaneous activity
(SA) in AB and AS dorsal root ganglion (DRG) neurons contributes to paclitaxel-related
CIPN [53]. However, others showed that SA occurs in the distal endings of both A and C
primary afferent fibers. Given the preparation used previously by us, whole DRG explant
with sharp electrode recording [53] were not optimal for the sampling of C-type DRG
neurons, it would appear that the potential for SA in these cells remains to be more fully
defined. Meanwhile others have shown that T-type calcium channels are key regulators of
DRG neuron excitability [28,33,43]. T-type calcium channels, also called low-voltage-
activated calcium channels (LVACCs), are found in primary sensory neurons and activated
by minor depolarization of the membrane to initiate action potentials [44] and regulate
subthreshold excitability in central nervous system neurons [20,37]. T-type calcium channels
include 3 subtypes, named Ca,3.1, Ca,3.2 and Ca,3.3 [3,17]. Intrathecal injections of

Ca, 3.2 antisense oligonucleotides but not Ca,3.1 or Ca, 3.3 antisense oligonucleotides
resulted in about an 80% decrease in T-type calcium currents in DRG neurons; and only
Cay3.2 antisense treatment attenuated nocifensive responses in both naive and neuropathic
rats [3]. Hence, here we sought to test whether Ca, 3.2 T-type calcium channels in small
presumptive nociceptive DRG neurons contribute to CIPN. As well, previous work from our
group has shown an important role for toll-like receptor 4 (TLR4) in CIPN [31,32]. Given
that activation of TLR4 is known to engage signaling pathways that lead to de novo gene
expression and to activation of mitogen-activated protein (MAP) kinase signaling [26,35,36],
both potential mechanisms that could contribute to increased expression and/or function of
Ca,3.2, we further investigated the possibility that TLR4 activation in DRG neurons by
paclitaxel may be linked with increased expression and/or function of Ca,3.2 in CIPN.
Finally, the basic findings from experimental animals were validated using DRG from
human donors.
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Materials and Methods

Animals

Male Sprague-Dawley rats weighing 250-300 g (Harlan Laboratories) were housed under
temperature- and light-controlled conditions (12-h light/dark cycle) with food and water
available ad /ibitum. All rats were included in behavioral analysis and then distributed to
follow-up pharmacological, immunohistochemical, Western blot and electrophysiological
analyses. The numbers of rats used in these follow-up studies are detailed in the relevant
sections below. All experimental protocols were approved by the Institutional Animal Care
and Use Committee of The University of Texas MD Anderson Cancer Center and performed
in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Every procedure was designed to minimize discomfort and animal use
based on a priori statistical power analysis.

Paclitaxel-induced neuropathy model

Rats were given paclitaxel (Teva Pharmaceuticals) as described previously [52] based on the
protocol described by Polomano et al. [38]. In brief, 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 to the rats at 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 vehicle only,
which consisted of equal amounts of Cremophor EL and ethanol diluted with saline to reach
a concentration identical to that of the paclitaxel solution. No abnormal spontaneous
behavioral changes in the rats were noted during or after either treatment.

TLR4 inhibitor and T-type calcium channel blocker administration

To determine whether treatment with TAK242 (a TLR4 inhibitor) or ML218 hydrochloride
(a T-type calcium channel blocker) could prevent paclitaxel-induced CIPN, rats were given
one or the other agent beginning 2 days before and then daily through day 2 after treatment
with paclitaxel. TAK242 (1 or 3 mg/kg in 500 uL of phosphate-buffered saline [PBS]; EMD
Millipore) or 500 pL of PBS only (InvivoGen) was given via intravenous (i.v.) injection (tail
vein), whereas ML218 hydrochloride (1 or 10 mg/kg; Tocris Bioscience) in 500 ul of PBS or
PBS alone was given via intraperitoneal (i.p.) injection. To determine the role of TLR4 and
T-type calcium channels in maintaining paclitaxel-induced neuropathic pain in rats, TAK242
(3 ma/kg in 500 ul PBS) or PBS alone was given via i.v. injection, or ML218 hydrochloride
(10 mg/kg in 500 pul PBS) or PBS alone was injected i.p., or ML218 hydrochloride (3uM or
10uM) was injected intrathecally (i.t.) on day 14 after confirmation of paclitaxel-induced
mechanical hypersensitivity. The TAK242 and ML218 hydrochloride doses were chosen
based on previously published studies [40,50].

Mechanical withdrawal test

The mechanical withdrawal threshold was tested before, during, and after treatment with
paclitaxel by an individual blinded to the treatment groups during the mid-light hours (10
a.m.-5 p.m.). The 50% paw withdrawal threshold in response to use of a series of eight Von
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Frey hairs (0.41-15.10 g) was examined using the up-down method as described previously
[8] beginning with a filament having a bending force of 2 g. The animals were placed under
clear acrylic 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 of the paw was considered a response.

Immunohistochemical analysis

Rats were deeply anesthetized by i.p. injection of 100 mg/kg sodium pentobarbital
(Nembutal; Lundbeck) 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 and fixed in
4% paraformaldehyde for 6 h, and cryoprotected in a 30% sucrose solution. The L4 and L5
spinal cord segments were also removed and fixed in 4% paraformaldehyde for 12 h, and
cryoprotected in 30% sucrose solution. Transverse spinal cord sections (15 um) and
longitudinal DRG sections (8 pm) were cut in a cryostat and mounted on gelatin-coated
glass slides (Southern Biotech). Sections were blocked in 5% normal donkey serum and
0.2% Triton X-100 in PBS for 1 h at room temperature and then 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: Ca,3.2 (rabbit anti-rat, 1:500; Alomone),
TLR4 (mouse anti-rat, 1:200; Abcam), glial fibrillary acidic protein (GFAP; mouse anti-rat,
1:1000; Cell Signaling Technology), OX42 (mouse anti-rat, 1:1000; AbD Serotec), NeuN
(mouse anti-rat, 1:1000; Millipore), isolectin B4 (1B4; 1:1000 BS-1B4 fluorescein
isothiocyanate conjugate; Sigma), and calcitonin gene-related peptide (CGRP; mouse anti-
rat, 1:1000; Abcam). After washing, the sections were incubated with Cy3-, Cy5-, or
fluorescein isothiocyanate-conjugated secondary antibodies overnight at 4°C. Sections were
dried and cover-slipped using Aqueous Mounting Medium (Vector) then viewed and
photographed under a fluorescent microscope (Eclipse E600; Nikon). For a given
experiment, all images were taken using identical acquisition parameters by individuals
blinded to the treatment groups. To measure cell size, each individual neuron, including the
nuclear region, was graphically highlighted. For each Ca,3.2-positive stain with 1B4 or
CGRP co-localization, the total and co-localization—positive neurons from three sections of
DRG obtained from 4 rats were counted; also, the percentages of positive neurons to total
neurons were calculated.

Western blot analysis

L4 and L5 DRG and spinal cord segments were collected from rats deeply anesthetized with
100 mg/kg sodium pentobarbital then snap-frozen in liquid nitrogen. The tissues were later
disrupted in RIPA lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM Nay
ethylenediaminetetraacetic acid, 1 mM egtazic acid, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM NazVOy, 1 ug/mL
leupeptin) mixed with 1 mM dithiothreitol, a 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 (5x) consisting of 0.25 M Tris-HCI, 52%
glycerol, 6% sodium dodecyl sulfate, 5% B-Mercaptoethanol, and 0.1% bromophenol blue
for 10 min at 70°C. Lysates (total protein, 20j1g) were separated on SDS-polyacrylamide gel
electrophoresis gels and transferred to polyvinylidene fluoride membranes (Bio-Rad). After
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blocking with 5% fat-free milk in Tris-buffered saline with Tween 20 (137 mM NacCl, 20
mM Tris, 0.1% Tween 20) for 1 h at room temperature, the membranes were then incubated
with antisera to Cay3.2 (rabbit anti-rat, 1:1,000; Alomone) and B-actin (mouse anti-rat,
1:10,000; Sigma) in 5% fat-free milk in Tris-buffered saline with Tween 20 overnight at 4°C.
After being washed with Tris-buffered saline with Tween 20, the membranes were incubated
with a goat anti-rabbit antibody labeled with horseradish peroxidase (Calbiochem) diluted
with 5% fat-free milk in Tris-buffered saline with Tween 20 for 1 h at room temperature and
then detected using enhanced chemiluminescence reagents (GE Healthcare). The blots were
scanned using Adobe Photoshop (version 8.0; Adobe) and the band densities were detected
and compared using ImageJ (National Institutes of Health). The data from four rats per
treatment group were averaged for group comparisons.

Acute dissociation of DRG neurons for calcium imaging and whole-cell patch clamp
electrophysiological recording

Intracellular

Rats were deeply anesthetized with isoflurane, and the L4 and L5 DRG on both sides were
excised. The ganglia were placed in a culture dish containing trypsin (0.0625 mg/mL;
Hyclone) and type IA collagenase (1 mg/mL; Sigma-Aldrich) in DMEM. The dish was
shaken for 50 min in a heated (37°C) chamber. After washing and mechanical dispersion
with a polishing Pasteur pipette, the cells were plated on poly-L-Lysine—coated glass sheets
in a culture dish. All patch clamp electrophysiological recordings for the dissociated DRG
neurons were completed within 6 h after plating [30,32].

calcium imaging

Dissociated DRG cells were loaded with the ratiometric Ca2* indicator dye Fura-2-
acetoxymethyl ester (2 uM; Molecular Probes) for at least 30 min at 37°C in artificial
cerebrospinal fluid (ACSF) as described previously [29]. The ACSF solution contained 140
mM NaCl, 5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 10 mM HEPES and 11 mM glucose
adjusted to pH 7.4 with NaOH. The cells were then transferred to a recording chamber
placed on a microscope (Nikon Eclipse Ti) and continuously perfused with oxygenated
(95% O, and 5% CO,) ACSF (2 mL/min) at room temperature. The intracellular calcium
concentration was expressed as the 340/380 ratio, and the signals were captured and
analyzed using the NIS-Elements AR software program (Nikon). All chemicals were
directly applied to the bath.

Whole-cell patch recording of T-type calcium currents in acutely dissociated DRG neurons

Whole-cell patch T-type calcium current recording was performed as described previously
[22,45]. Two hours after being plated, dissociated DRG neurons were perfused with an
extracellular solution containing 10 mM BaCl,, 152 mM TEA-CI, and 10 mM HEPES
adjusted to pH 7.4 with TEA-OH. The recording electrode was filled with a solution
containing 135 mM tetramethyl-ammoniumhydroxide (TMA-OH), 10 mM EGTA, 40 mM
HEPES, and 2 mM MgCls adjusted to pH 7.2 with hydrofluoric acid (HF) and to an
osmolarity of 315-325 mOsm. A fluoride-based internal solution was used to facilitate high
voltage-activated Ca?* current rundown [45]. A P/4 protocol was used for on-line leak
subtractions. Capacitance (Cm) and series resistance (Rs) were recorded from readings of
the amplifier after electronic subtraction of the capacitive transients [22]. The voltage
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dependencies of activation and voltage dependence of steady-state inactivation were
calculated using single Boltzmann distributions of the following formulas

Activation: G(V)=Gmax/(1+exp [—(V = Vso)/k]); (1)

Inactivation: I(V)=Imax/(1+exp [(V = V50)/k]). (2)

In the formulas above, Gy is the maximal conductance, /nax is the maximal amplitude of
current, Vg is the voltage at which half current is activated or inactivated, and & represents
the voltage dependence (slope) of the distribution [22].

Whole-cell patch recording of spontaneous and evoked action potential in acutely
dissociated DRG neurons

For current-clamp recording, the internal solution contained 135 mM K-gluconate, 5 mM
KCI, 5 mM Mg-ATP, 0.5 mM Na2GTP, 5 mM HEPES, 2 mM MgCI2, 5 mM EGTA, and 0.5
mM CaCl, adjusted to pH 7.4 with KOH and the bath ACSF solution was the same as
detailed above. DRG neurons were held at 0 pA, and the action potential current threshold
was evoked using a series of 300-ms depolarizing current injections in 10-pA steps from -50
pA. The current that induced the first action potential that was defined as 1x rheobase. Only
neurons with a resting membrane potential of at least —40 mV, stable baseline recordings,
and evoked spikes that overshot 0 mV were used for further experiments and analysis. The
DRG neurons were then held at 0 pA to record spontaneous action potential for 5 min. The
third trial was 2x rheobase injections for 500 ms to induce action potential spike-burst
responses. Series resistance (Rs) was compensated to above 70% for the recorded DRG
neurons. All recordings were made at room temperature.

Co-immunoprecipitation assay

Bilateral L4 and L5 DRG were isolated from anesthetized animals as detailed above and
collected into 150 ul immunoprecipitation lysis buffer (Pierce) while bilateral spinal cord
dorsal horn was collected into 300 pl of immunoprecipitation lysis buffer and the tissues
homogenized. The protein concentration was determined, and the lysate was immunoreacted
with a mouse monoclonal anti-TLR4 antibody (clone, 76B357.1; Abcam) or mouse
monoclonal anti-Ca, 3.2 antibody (GeneTex; 2 pg of the antibodies in a 500 g reaction) at
4°C overnight. The protein-antibody complexes were then immunoprecipitated by adding 50
ul of Dynabeads Protein G (Life Technologies) for 1 h at room temperature. The beads
containing immunoprecipitates were then resuspended in 20 pl SDS-PAGE sample buffer,
and Western blot analysis was performed. Interactions were detected and analyzed using a
rabbit anti-rat Ca, 3.2 antibody (1:1,000; Alomone) or rabbit anti-rat TLR4 antibody
(1:1000; Proteintech).
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Human DRG neuron preparation

Human DRG sensory neurons were isolated from patients at MD Anderson Cancer Center
who provided legal written consent for the use of their tissue samples for research. Each
donor was undergoing spinal surgery for their disease treatment wherein the dorsal root was
to be sacrificed 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 (BSS) containing 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% paraformaldehyde and then
processed as described above for the rat tissues using antibodies directed at Ca, 3.2 (rabbit
anti-human, 1:500; Alomone) and TLR4 (mouse anti-human, 1:200; Abcam). DRG for
physiological recordings were dissociated using methods and media described previously
[2,29]. Neurons were placed on coverslips that had been precoated with poly-L-Lysine.
Neurons were cultured at 37°C with 5% CO2 in DMEM/F12 supplemented with 10% horse
serum, 2 mM glutamine, 25 ng/ml hNGF. Half of the culture media was replaced with fresh
media every 3 days. 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 above 70%. All recordings were made at room
temperature.

Data analysis

Results

Data were expressed as the mean * standard error of mean (SEM) and analyzed using Prism
6 software program (GraphPad Software). Behavioral data were analyzed using two-way
analysis of variance (treatment x time) followed by a Bonferroni post hoc test. The cell
counts for immunopositive neurons and the percentages of neurons that co-localized with
IB4 or CGRP were analyzed using the Mann-Whitney Utest. Immunohistochemical,
Western blot, calcium imaging data and electrophysiological recording data were analyzed
using the Mann-Whitney Utest. A< 0.05 was considered statistically significant.

Paclitaxel increases the excitability of small DRG neurons

Neurophysiological activity was recorded from 140 small diameter (<30 um) acutely
dissociated DRG cells including 38 cells from vehicle-treated control rats and 102 cells from
paclitaxel-treated rats at either day 7 (52 cells) or day 14 (50 cells) after treatment. The
representative analog recordings in Figure 1A—C and the bar graph summary in Figure 1D
shows that spontaneous activity (SA) was significantly increased in both the paclitaxel-
treated groups compared to the vehicle-treated group. SA was observed in only 1 of 38 (3%)
DRG neurons from vehicle treated rats; whereas 18 of 52 cells showed SA at day 7
following paclitaxel (35%) and 5 of 50 (10%) cells showed SA at day 14 after paclitaxel. As
well, the rate of SA (when present) was markedly higher in DRG neurons from the day 7
and 14 paclitaxel-treated groups versus that from vehicle-treated rats (summarized in Fig.
1E). Representative analog recordings in Figures 1F—H and the bar graph summary in
Figures 11 and J show that evoked action potential frequencies (spikes/500 ms) were also
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higher in the day 7 and day 14 paclitaxel-treated groups than in the vehicle-treated group;
and that rheobase was lower in the paclitaxel-treated rats than in the vehicle-treated rats
(48.46 £ 8.44 pA and 65.8 £ 6.9 pA in the day 7 and 14 paclitaxel groups, respectively,
versus 195.5 + 31.03 pA in the vehicle group). As summarized in Table 1 neurons from day
7 paclitaxel-treated rats showed more depolarized resting membrane potential (—48.5 + 0.84
mV) than vehicle-treated rats (-52.51 + 1.32 mV), but no statistic difference was found in
resting membrane potential for the day 14 paclitaxel-treated rats (-51.11 + 1.03 mV). Given
the more depolarized RMP, the peak amplitude in action potential was decreased in the day
7 (87.79 £ 2.58 mV) and day 14 (89.04 £ 2.91 mV) paclitaxel-treated DRG neurons
compared to DRG neurons from the vehicle-treated rats (99.56 + 3.11 mV). After
hyperpolarization amplitude was markedly increased in paclitaxel-treated rats. Specifically,
the after hyperpolarization was 13.67 + 0.97 mV in the day 7 paclitaxel group and 15.07
+1.02 mV in the day 14 paclitaxel group, whereas it was 7.94 + 1.14 mV in the vehicle
group. Other AP characteristics that were found to differ between the paclitaxel- and the
vehicle-treated rats are also summarized in Table 1. Action potential width at OmV (in
milliseconds) in the day 7 paclitaxel group (4.84 + 0.36 ms) and the day 14 paclitaxel group
(3.68 + 0.19 ms) was markedly shorter than that in the vehicle group (5.68+ 0.42 ms), action
potential rise time (in milliseconds) in the day 7 paclitaxel group (4.0 + 0.35 ms) was
markedly longer than that in the vehicle group (3.01+ 0.32 ms), but in the day 14 paclitaxel
group (2.24 + 0.13 ms) was markedly shorter than that in the vehicle group, whereas the
falling time (in milliseconds) in the day 14 paclitaxel group (7.63 £ 0.61 ms) was markedly
shorter than that in the vehicle group (12.01 + 1.17 ms), there is no significant difference at
day 7 paclitaxel group (11.88 + 1.44 ms). However, the 25%, 50%, and 75% maximal
amplitude recovery intervals in the paclitaxel- and vehicle-treated groups did not differ
significantly (data not shown). Finally, 7 of 10 L4-5 DRG neurons with spontaneous action
potentials isolated at day 7 after paclitaxel treatment showed a significant reduction in this
spontaneous activity (SA) by bath application of ML218 hydrochloride (10 pM). The
summary data for this is shown in Figure 1K and for a representative cell in Figure ZL. The
remaining 3 cells paradoxically showed excitation by ML218 (not shown).

Changes in expression of Ca,3.2 in DRG in paclitaxel-treated rats

Immunohistochemistry (IHC) was used to determine the cellular localization of Ca,3.2 in rat
dorsal root ganglia on day 7 after paclitaxel treatment. Ca, 3.2 was expressed at low levels in
rats given the vehicle control (Figure 2); but was increased in the paclitaxel-treated DRG.
Cay3.2 was co-localized in both CGRP-positive and 1B4-positive small DRG neurons (Fig.
2Cand D, overall merged in E). The bar graph in Fig. 2~ shows the quantified data indicated
the increase was significant. The increase in expression appeared to be fully accounted for
by changes in these subsets of neurons as no increase in the proportion of Ca,3.2 was found
in IB4+/CGRP+ or in IB4-/CGRP- small DRG neurons (Fig. 2G). This increased
expression was confined to small DRG neurons (diameter, <30 um) without change in
medium (30-45 um) or large (>45 um) neurons (Fig 1.4). No co-localization of Ca,3.2 was
found in either NF200+ or GFAP+ DRG neurons or cell profiles, respectively (data not
shown). Finally, the expression of Ca, 3.2 was shown to be increased in the L4-L5 DRG
using western blot by day one after paclitaxel treatment, becoming statistically significant by
day 7 and remaining increased through day 21 compared to vehicle treated rats (Fig. 2/).
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Changes in expression of Ca,3.2 in dorsal horn in paclitaxel-treated rats

The expression of Ca,3.2 in spinal cord segments L4-5 was found to be increased by day 7
after paclitaxel treatment using western blot (Figure 3A) [31]. However, unlike in the DRG,
the expression levels in spinal cord returned to baseline at all later time points. IHC revealed
a low level of expression largely confined to the superficial layers of the spinal cord in
vehicle-treated rats consistent with the distribution zone for small primary afferent terminals
(Fig. 3B) and similar to the distribution of TLR4 in the dorsal horn [32]. At day 7 after
paclitaxel the expression of Ca,3.2 was increased in the superficial dorsal horn but also how
much more widespread in distribution to deeper layers of the spinal cord (Fig. 30). In Fig.
3D, absorption control demonstrates specificity of the antibody that was used throughout the
study. Ca,3.2 was found to co-localize to GFAP-positive cell profiles (Fig. 3£-H), but not to
OX42-positive (Fig. 3/-L) or NeuN-positive cell profiles (Fig. 3M-P). Figure 3F-H, J-L
and AV—Pshow higher power views taken from the boxed areas in £, /and M.

Co-localization and interaction of Ca,3.2 and TLR4 in the DRG and the spinal cord

The increase in expression and pattern of co-localization of Cav3.2 in the DRG and dorsal
horn following paclitaxel treatment was very similar to the increase and distribution of
TLR4 following paclitaxel [32] and so the possibility that both of these sets of changes were
co-occurring in the same neurons was explored. As shown in Figure 4, double
immunofluorescent staining demonstrated that Ca, 3.2 (Fig. 4A) co-localized with TLR4
(Fig. 4B) in rat DRG neurons (Fig. 4C). In spinal cord, Cav3.2 (Fig. 4D) was and TLR4
(Fig. 4E) were found to co-localize in profiles that appear like astrocytes (Fig. 4F). To
further assess this co-localization, the potential for a direct physical interaction between
Cay3.2 and TLR4 was tested using co-immunoprecipitation. As shown in Fig. 4G and H,
Cay3.2 and TLR4 appear to physically interact evidenced by their co-immunoprecipitation
from L4-5 DRG at 7 days after paclitaxel treatment using either as the anchoring epitope;
however no such interaction could be shown from dorsal horn (data not shown).

Paclitaxel enhanced T-type calcium channel currents

T-type currents were evoked by depolarization from a holding potential (Vz) of =90 mV to
test potentials (V) of =60 to 0 mV in 10-mV increments. The characteristics of the evoked
T-type currents were measured in 37 consecutively sampled small (<30 um diameter) DRG
neurons that showed T-currents, including 17 cells from vehicle treated rats and 20 cells
isolated at day 7 after paclitaxel treatment. The total number of neurons queried to achieve
the final samples were not tabulated, but the overall incidence of cells showing T-currents
reflected that for as shown for Ca,3.2 in the IHC studies (15-20%). Representative T-type
calcium currents in two groups of neurons, vehicle-treated and day 7 paclitaxel treated, are
shown in Figures 5A and 55, respectively. In rats given paclitaxel, the T-type calcium
current density was markedly higher (36.02 + 10.89 pA/pF at =50 mV, 68.36 + 6.73 pA/pF
at —40 mV and 76.66 = 5.62 pA/pF at —30 mV) compared to that in neurons from vehicle
treated rats (6.73 £ 4.84 pA/pF at =50 mV, 25.15 + 9.35 pA/pF at -40 mV and 43.33 + 8.19
pA/pF at =30 mV) (Fig. 5C). The increase in T-type calcium current amplitude may underlie
the lowered excitability threshold and, consequently, increased probability of burst firing in
neurons from paclitaxel treated rats [23]. The voltage-dependent activation curve shifted to
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the left of those in neurons from rats at day 7 after paclitaxel; and conductance was also
increased (Fig. 50). Moreover, the inactivation kinetics in the day 7 paclitaxel rats was
markedly different from those in the control rats (Fig. 5£). Whereas the inactivation curves
in DRG neurons from vehicle treated rats showed acceleration at relative positive potentials,
this was not observed in the inactivation curves in the day 7 paclitaxel group.

The TLR4 agonist lipopolysaccharide (LPS) increases intracellular calcium via Ca,3.2

It was previously shown that although paclitaxel itself only induces small increases in
intracellular calcium in DRG neurons, it nevertheless increases intracellular calcium
responses in DRG neurons to an application of the archetypical TLR4 agonist LPS [29].
Given that Ca,3.2 and TLR4 show a physical interaction as demonstrated above, it was
tested whether the increases in intracellular calcium mediated by TLR4 activation in DRG
neurons might be at least in part mediated via Ca,3.2. Perfusion of lipopolysaccharide (LPS;
10 ng/ml) directly activated DRG neurons (Fig. 6A4). As summarized in the bar graph in
Figure 6B, the 340/380 ratio in the paclitaxel-treated rats was markedly higher than that in
the vehicle-treated group with the application of LPS. Pretreatment with the T-type calcium
channel inhibitor ML218 hydrochloride (10uM) blocked the increase of 340/380 ratio
induced by LPS application in both vehicle- and paclitaxel-treated animals (Fig. 6 C). A
representative trace is shown in figure 6 A.

Prevention but not reversal of paclitaxel-induced mechanical hypersensitivity by TAK242
and ML218 hydrochloride

The contribution of TLR4 and T-type Ca2* channels to paclitaxel-induced neuropathic pain
was assessed by testing the effects of systemically administered TAK242 and ML218
hydrochloride. In the first experiment, TAK242 (1 or 3 mg/kg) was administered i.v. in 500
ul of PBS daily beginning 2 days before and continuing through 2 days after chemotherapy.
TAK242 had no effect on the baseline mechanical withdrawal threshold (Fig. 7A). The
paclitaxel-PBS (vehicle)-treated rats (/7= 6) exhibited the expected decrease in the
mechanical withdrawal threshold normally shown by animals with CIPN. In contrast, the
paclitaxel-TAK242-treated rats exhibited significantly less mechanical hypersensitivity than
did the paclitaxel-PBS-treated rats (Fig. 7A).

In the second experiment, TAK242 was tested to reverse pre-established paclitaxel-induced
mechanical hypersensitivity. Two groups of rats were treated with paclitaxel and
hypersensitivity to mechanical stimuli that was not different between the groups confirmed
at day 14 after treatment. Rats then received either a single i.v. injection of 3 mg/kg TAK242
in 500 pl of PBS or of 500 pl of PBS alone (n= 7). The mechanical withdrawal threshold
did not increase in either group (data not shown). In a third and fourth experiment, the
effects of the Ca,3.2 blocker ML 218 hydrochloride was tested like TAK-242 in preventing
and reversing paclitaxel-induced CIPN. Rats given ML218 hydrochloride (1 or 10 mg/kg,
i.p.) beginning two days before and through 2 days after treatment with paclitaxel showed
only partial development of mechanical hypersensitivity that was significantly less than rats
given paclitaxel-PBS when tested at day 7 and day 14 after paclitaxel treatment (Fig. 75).
Also, rats given a lower dose of paclitaxel-ML218 hydrochloride (1 mg/kg) had only partial
development of mechanical hypersensitivity that was lower than that in rats given paclitaxel-
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PBS on day 14 (Fig. 7B). In contrast, a single dose of 10 mg/kg ML218 hydrochloride (i.p.)
had no effect on pre-established paclitaxel induced mechanical hypersensitivity (7= 6) (data
not shown).

Translation of findings from rat to human DRG

Immunohistochemistry was used to confirm whether TLR4 and Ca, 3.2 are co-localized in
human DRG neurons from 6 patient samples. As shown in Figure 8, human DRG do in fact
co-express both ligands. Ca, 3.2 positive neurons are shown in Fig. 8A in red, while in Fig.
8B TLR4 positive human DRG neurons are shown in green. Finally, Fig. 8 C shows the
merged images of neurons positive for both Ca, 3.2 and TLR4 in yellow. Figure 8 D—Fshow
representative recordings from whole cell patch clamp in human DRG neurons conducted on
samples from 3 patients. Human DRG neurons held in culture and then used in a recent
physiological study were found to range from 30 to 90um in diameter [11], which is
consistent with findings from histological sections [1]. The average diameter of the human
DRG neurons studied here was 46.4 + 1.5um, which puts them at the smaller end of the
range. The current clamp trace shows representative depolarizing responses (data not shown)
and induced action potentials (Fig. 8 D) of human DRG neurons following bath application
of paclitaxel (1uM). This effect was observed in 6 of 9 neurons tested and reproducible with
repeated application, though the second response was reduced by an average of 40%. The
effect of paclitaxel was prevented by pre-application of ML218 hydrochloride (10uM).
\oltage clamp experiments showed that paclitaxel treatment (1uM) induced an inward
current in 4 of 4 neurons tested (Fig. 8£). Finally, as shown by a representative human DRG
neuron in Fig. 8Fin 2 of 2 neurons isolated from segments with on-going pain show an
increased frequency of SA and this is reduced by bath application of ML218 hydrochloride
(10uM).

Discussion

Among the main patient complaints in CIPN aside from numbness and tingling is the on-
going sensation of burning in the skin and diffuse cramps and aching sensed from deeper
tissues [5,6]. Chronic spontaneous pain following peripheral tissue or nerve injury or
inflammation is driven to a significant degree by spontaneous activity (SA) in primary
afferent axons and/or in DRG cell bodies [7,12,14,19,39,47]. Initial studies on CIPN had
only described SA generated in peripheral endings of primary afferent fibers [51]; whereas
this and a previous study by our group are the first to reveal that SA is also generated in
DRG cell bodies in rats with CIPN [53]. In a previous study from our lab using whole DRG
explant and impalement of neurons using sharp electrodes SA was shown to occur in both
AP and A6 but not C-type DRG neurons. Here, using whole cell recordings in dissociated
DRG neurons it is now further shown that SA also arises in small diameter DRG neurons
expressing anatomical markers and action potential characteristics of nociceptors. Our
interpretation of the lack of SA in C-type DRG neurons previously was that the damage
produced by the impalement approach precluded observation of this activity. Hence, it is
now concluded that widespread ectopic activity develops in the DRG with paclitaxel
treatment and that this accounts well for the patient reported symptoms in CIPN. This

Pain. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 12

finding also indicates an unexplored new potential therapeutic target for the treatment of
CIPN.

T-type calcium currents were first observed in 1989, and are generated by small membrane
potential depolarization that often lead to the firing of a short series or bursts of action
potentials [49]. T-type calcium channels are involved in shaping action potential waveforms
and controlling patterns of repetitive firing hence influencing the processing of neural
information in the nervous system. In DRG neurons, T-type calcium channels have an
important function in that they enhance neuronal excitability by reducing the membrane
threshold for action potential firing and contribute to calcium ion entry into cells during
action potential generation potentially contributing to longer-term cellular plasticity [34]. T-
type calcium channel currents in DRG neurons have been implicated in the development of
chronic inflammatory and neuropathic pain. By example, knockout of T-type calcium
channels resulted in animals that were hyposensitive to noxious stimuli and intrathecal
administration of antisense oligonucleotides directed at T-type calcium channels or small
molecule blockers of these channels reduce the excitability of primary sensory neurons to
noxious stimuli [3,10,15,46]. More specifically related to this study, treatment with the
anticonvulsant and T-type calcium channel inhibitor ethosuximide reduced paclitaxel-CIPN
behavioral hypersensitivity to mechanical and cooling stimuli [18].

T-type channels have been sequenced and defined as composed of three distinct subunits.
Specifically, Cav3.1 and Ca, 3.2 display fast activation and inactivation, whereas Ca, 3.3
display fast activation followed by slowly inactivating currents [21]. Voltage-gated calcium
channels are characterized biochemically as complex proteins composed of four or five
distinct a and B subunits encoded by multiple genes. The pharmacological and
electrophysiological diversity of voltage-gated calcium channels arises primarily by the
inclusion of one or more types of al subunits [17]. The T-type calcium channel Ca,3.2 is
specifically defined by inclusion of the a1/ gene product subunit [17]. The B subunits are
entirely intracellular and play critical roles in cell surface expression of voltage-gated
calcium channels and modulation of the gating properties of the a1 subunit.

A further new finding in this study is that the expression and function of Ca,3.2 is up-
regulated in DRG neurons in rats with paclitaxel related CIPN thus specifying the subtype of
T-calcium channel involved. At baseline, approximately 20% of DRG neurons expressed
Cay3.2 and this increased to approximately 35% of neurons after paclitaxel, with the
majority at both time points being in cells smaller than 45 pum in diameter. This reflected
dual expression of Ca,3.2 and 1B4 and Ca, 3.2 and CGRP in approximately 10% of DRG
neurons at baseline to approximately 20 and 15% of all DRG neurons respectively, after
paclitaxel. The function of Ca, 3.2 was also increased in small DRG neurons as the
amplitude and density of T-type calcium currents were also found to be increased. The
activation curve of Ca,3.2 channels in DRG neurons was shifted to the left and the
inactivation curves showed an upward flattened shift. The left (hyperpolarizing) shift of
activation and the upward flattened (depolarizing) shift of inactivation indicate that the
Cav3.2 channel became both easier to open and harder to inactivate. A caveat in the
neurophysiological data to be kept in mind is that Ca,3.2/IB4+ neurons may have been over-
sampled given their relative prevalence to other small DRG neurons. These combined effects
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would be expected to result in more pronounced influx of calcium ions into neurons with
each depolarizing event. Although the peak in expression and function was observed at day
7 after paclitaxel treatment significant increases in expression and function persisted as long
as 21 days after paclitaxel treatment indicating that paclitaxel treatment induces long-term
functional changes in Ca,3.2 on DRG neurons. The findings from human DRG also showed
an acute interaction wherein paclitaxel sensitizes primary sensory neurons over 2-5 min of
exposure presumably given the moderate delay via a putative intracellular signaling pathway
versus an interaction of paclitaxel at an extracellular site on the channel [29]. The functions
of Ca, 3.2 channels have been shown as regulated by phosphorylation via protein kinase C
(PKC) and cAMP-dependent protein kinase [16]. This combined with the predicted increase
in calcium flux could result in Cav3.2 functioning to maintain its hyperexcitable state. Yet,
the association shown here between Ca,3.2 and TLR4 could also implicate a role for the
mitogen-activated protein kinases, extracellular signal-regulated kinase (ERK) 1/2,
phosphor-P38 and nuclear factor kappa B (NFxB) previously shown by our group as
contributing to paclitaxel-induced peripheral neuropathy. Presumably increases in PKC,
increased intracellular calcium and MAP kinase signaling contribute to the generation of SA
in the soma as observed here and as well may result in more sustained impacts on primary
afferent function. Depletion of distal ENF density is reported with CIPN that appears with
the onset of behavioral hypersensitivity [4,42]. As well, SA[51] and hyperexcitability
develop in the distal terminals of primary afferent fibers [13]. Although there is no data
directly linking any of these observations to increased intracellular calcium, behavioral data
seems suggests such a role given the inhibition hyperalgesia by a PKC inhibitor [13]. An
interesting parallel is also found between the results here, where 1B4+ showed a particularly
pronounced increase in Cav3.2, the same cells of which were also shown as centrally
involved in oxaliplatin-related CIPN [24]; and studies of analgesic priming each that also
involves key roles for PKC signaling most especially in IB4+ neurons [25]. Future studies
will be needed to further define these signaling pathways and interactions in CIPN.

Finally, a previous study suggested that Ca, 3.2 is expressed at an especially high level
specifically in D-hair medium sized DRG neurons [41] though this group also later found
reduced discharges to heat ramps in C-fiber nociceptors in Ca,3.2 knockout mice [48]. In
this study the focus was in determining the potential role of Ca,3.2 in SA generated in
presumed nociceptive small DRG neurons from dermatomes innervating the glabrous skin of
the hindpaw, these dermatomes being targeted given the behavioral signs that were also
studied. Hence, D-hair A8 cells would have composed a relatively small percentage of
neurons in the dermatomes studied. Moreover, we deliberately chose small size neurons that
would have further selected against sampling D-hair cells. Thus, we cannot comment upon
whether T-currents were increased in D-hair cells by paclitaxel treatment. Furthermore, we
do not view our study as at odds to the previous studies in naive mice, as the expression of
Cay3.2 was clearly increased in small DRG cells after paclitaxel; and the cells sampled here
also developed SA that is not normally observed in small DRG neurons from naive or
vehicle treated rats. The apparent fairly high level of expression of Ca,3.2 in the human
sample should also be interpreted with some caution. All the patients had cancer and fairly
complicated medical histories that could have influenced the frequency at which cells with
apparent Ca, 3.2 expression was observed. Yet, given that others have also shown that T-type
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calcium currents mediated by Ca,3.2 in nociceptors under various conditions [3,10,15,46]
we conclude that our results strongly suggest a potentially important role of Ca,3.2 in
contributing to CIPN related hyperalgesia.
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Figure 1.

DRG neurons in rats with paclitaxel CIPN show hyper-excitability. A—C shows
representative recordings of the spontaneous activity (SA) observed in (A) vehicle-, (B) day
7 paclitaxel-, and (C) day 14 paclitaxel-treated rats. The bar graphs in D and E shows the
incidence and mean rate of SA in the paclitaxel groups was significantly higher than in the
vehicle treated group. F—H shows representative action potential responses evoked at 2x
rheobase in (F) vehicle-, (G) day 7 paclitaxel-, and (H) day 14 paclitaxel-treated rats. The
bar graphs in I and J show that the mean current threshold at rheobase was significantly
reduced in both paclitaxel treated groups and that the mean number of action potentials
evoked at 2x rheobase was significantly higher. Figure K showed DRG neuron with
spontaneous action potential (SA) isolated from segments at day 7 after paclitaxel treatment
show frequency of SA was reduced by bath application of ML218 hydrochloride (10 uM).
Figure L showed a representative recording traces before and after administration of ML218
hydrochloride (10 uM). **p < 0.01, ***p < 0.001.

Pain. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 19

3 Vehicle
" Bl Paclitaxel
< 60 1
|
fo's *%%
‘i]' 40 1
m
>
©
U 20 1
-
c
Y
g 0 —
a
I
G H. Day 1 Day 7 Day 14 Day 21
=2 30- =250 v P V P V P V P
830 850 Cav 3.2 - — . e — - -
o * %% o 40 3
T 201 T XX¥ B—act — i Cp—" —— —
3 K% ™ 30; 3 "
S 10+ [I U 20 5
T € 104 2
() [} =
5 0 Ei Ifi_ 5 0 r-r-i Y %1_
o Cgf & & 4 o <30 3045 >45 S
Q & & & Diameter (um) 2 o
c ¢ Y = 1 7 14 21
& cg" Days After Treatment
m ~
Figure 2.

The expression of Ca,3.2 is increased in DRG in rats with paclitaxel CIPN. Representative
Immunohistochemical (IHC) images are shown in A to E. The expression of Ca, 3.2 (red) in
DRG is normally low in naive (not shown) and vehicle-treated rats (A) becomes pronounced
by day 7 after paclitaxel (B); and is co-localized in subsets of CGRP-positive (blue) neurons
(C, co-localization indicated in purple) and 1B4-positive (green) neurons (D, co-localization
indicated in yellow), as well as in a large percentage of neurons negative for both 1B4 and
CGRP (E, overall merged). The bar graphs in F to H summarize the grouped IHC data and
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show that the overall number of Cay3.2 positive neurons (F) was significantly higher in the
paclitaxel-treated rats (black bars) than in the vehicle-treated rats (white bars); and these
increases were significantly higher in IB4 positive and CGRP positive neurons (G) and in
neurons with diameters less than 30 um (H). In | representative western blot images and bar
graph grouped data confirm that the expression of Ca, 3.2 was significantly increased in the
DRG at day 7 through day 21 after chemotherapy. 77 = 4/group in both the IHC and western
blot experiments. Scale bar = 100um. p-act= beta-actin; V = vehicle; P = paclitaxel. *p <
0.05; **p < 0.01; ***p< 0.001.
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Figure 3.
Increased expression of Ca,3.2 in spinal dorsal horn in rats with paclitaxel CIPN. The

representative Western blot images and bar graph summaries of the grouped data in A
demonstrate that expression of Ca, 3.2 was significantly increased in the spinal dorsal horn

in paclitaxel-treated rats (black bars) compared to vehicle-treated rats (white bars) only at
day 7 after chemotherapy (7= 4/group). Representative Immunohistochemistry (IHC) shows
that Ca,3.2 expression was confined to the superficial layers in vehicle treated rats (B) and
this was increased in both the superficial lamina as well as expanded into deeper lamina at
day 7 after chemotherapy (C). (D), absorption control. E-P, double IHC shows Ca, 3.2 co-
localized to GFAP-positive cells but not OX42 or NeuN positive cells. The first column (E-
H), shows a low power view of Ca,3.2 (red) co-localized (yellow) to GFAP-positive (green)
cells (top panel, E) and a white square showing the area from which a higher power view
was taken for the remaining panels in the column showing Ca,3.2 alone (F), GFAP alone
(G), and the two images merged (H). The second column (I-L) uses the same organization to
show double IHC for Ca, 3.2 and OX42; and the third column (M-P) shows double IHC for
Ca,3.2 and NeuN. B-act, beta-actin; V, vehicle; P, paclitaxel. *p < 0.05. Scale bar, 100um (B,
C, D, E, I, and M), 20um (remaining panels).
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Figure 4.
Cay3.2 is co-localized with TLR4 in rat DRG and spinal cord. A-F, Representative

Immunohistochemistry (IHC) images showing Ca, 3.2 (red) is co-localized (yellow) with
TLR4 (green) in rat DRG neurons (A-C) and rat spinal cord cells (D-F). G and H, The total
protein extracted from rat DRG at the day 7 paclitaxel was used for immunoprecipitation
(IP) with an anti-TLR4 antibody and immunoblotting (I1B) with an anti-Cav3.2 antibody (G)
or immunoprecipitation with an anti-Ca, 3.2 antibody and immunoblotting with an anti-
TLR4 antibody (H). 1gG was used to confirm the specificity of the antibodies. Scale bar, 100
pm.
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Figure5.
Upregulation of the T-type calcium current peak and density (pA/pF) in small DRG neurons

following paclitaxel treatment. Traces representing T-type calcium current in the vehicle (A)
and day 7 paclitaxel groups (B) evoked by command voltage steps from —90 mV (holding
potential) to a test potential from —60 through 0 mV in 10-mV increments as shown in the
insert. Scatter and line plots summarize the grouped data for current density (C) in the
vehicle (open circles) and day 7- (filled black circles). The plots in D and E show the
voltage-dependent activation and steady-state inactivation curves in the two groups. The
curves in the day 7 paclitaxel group shifted to the left of those in the vehicle groups. The
inactivation curve in the vehicle groups demonstrated acceleration at relative positive
potentials, whereas this was not observed in the day 7 paclitaxel group. The stars indicate
significant differences between the day 7 paclitaxel and vehicle groups. **p < 0.05; ***p <
0.001.
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Figure®6.

T-type calcium channels are activated by LPS via TLR4 in DRG neurons. A, Representative
calcium imaging results showing the change in 340/380 ratio in dissociated DRG neurons
following perfusion of LPS alone (green bar), followed by LPS plus ML218 hydrochloride
(blue bar) and then LPS alone again. Each colored line represents a single neuron, and the
time of each application is indicated by the bars above the traces. B and C, the bar graphs
show the grouped results of experiments performed to determine the effects of LPS on DRG
neurons alone in the vehicle and paclitaxel groups (B) and the effects of ML218
hydrochloride on LPS-induced intracellular calcium enhancement (C). Treatment with
ML218 hydrochloride significantly reduced calcium entry stimulated by LPS. *p < 0.05;
**p<0.01.
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Figure7.
Prevention of paclitaxel-induced neuropathic pain in rats by application of the TLR4

antagonist TAK242 and Ca,3.2 blocker ML218 hydrochloride. After a baseline (BL)
behavioral test, rats received paclitaxel (Pac, 2.0mg/kg, i.p., every other day X4). A, Rats
received daily treatment with 1 (filled gray circles) or 3 mg/kg (filled black circles) TAK242
(i.v.) or PBS vehicle (\eh, open circles) beginning 2 days before and continuing to 2 days
after treatment with paclitaxel. The paclitaxel-TAK242 groups showed significant reduction
in mechanical hypersensitivity compared with that in the paclitaxel-PBS group. B, Rats
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received daily treatment with 1 (filled gray circles) or 10 mg/kg ML218 hydrochloride
(filled black circles) or PBS vehicle (Veh, open circles) beginning 2 days before and
continuing to 2 days after treatment with paclitaxel or the paclitaxel vehicle (Cremophor,
Veh). The paclitaxel-ML218 hydrochloride group exhibited marked partial reduction in
mechanical hypersensitivity compared with that in the paclitaxel-PBS group. Vehicle-treated
rats receiving PBS (open squares) or ML218 hydrochloride (filled black squares) showed no
changes from baseline. The asterisks indicate significant differences between the paclitaxel-
TAK242 and paclitaxel-ML218 hydrochloride groups to the paclitaxel-PBS vehicle group.
*p < 0.05; ***p< 0.001.
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Figure 8.
Translation of rodent data to human DRG neurons. A—C, Representative

Immunohistochemistry shows Ca, 3.2 (red) is co-localized (yellow/orange) with TLR4
(green) in human DRG neurons. D—F shows representative recording traces from whole cell
patch clamp in human DRG neurons. The current patch clamp trace in D shows induced
action potential to paclitaxel (1uM) application (red bar over the trace indicates time of
application) and this effect prevented by ML218 hydrochloride (10uM) pretreatment (blue
bar). The voltage patch clamp trace (E) shows inward current respond to paclitaxel (1uM)
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perfusion. Application of ML218 hydrochloride (10M) decreased spontaneous activity in
human DRGs isolated from spinal segments where patients had on-going pain (F). Scale bar,
100 pm.
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