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A B S T R A C T

Paclitaxel is a cytotoxic drug which frequently causes sensory peripheral neuropathy in patients. Increasing
evidence suggests that altered intracellular calcium (Ca2+) signals play an important role in the pathogenesis of
this condition. In the present study, we examined the interplay between Ca2+ release channels in the en-
doplasmic reticulum (ER) and Ca2+ permeable channels in the plasma membrane in the context of paclitaxel
mediated neurotoxicity. We observed that in small to medium size dorsal root ganglia neurons (DRGN) the
inositol-trisphosphate receptor (InsP3R) type 1 was often concentrated in the periphery of cells, which is in
contrast to homogenous ER distribution. G protein-coupled designer receptors were used to further elucidate
phosphoinositide mediated Ca2+ signaling: This approach showed strong InsP3 mediated Ca2+ signals close to
the plasma membrane, which can be amplified by Ca2+ entry through TRPV4 channels. In addition, our results
support a physical interaction and partial colocalization of InsP3R1 and TRPV4 channels. In the context of
paclitaxel-induced neurotoxicity, blocking Ca2+ influx through TRPV4 channels reduced cell death in cultured
DRGN. Pretreatment of mice with the pharmacological TRPV4 inhibitor HC067047 prior to paclitaxel injections
prevented electrophysiological and behavioral changes associated with paclitaxel-induced neuropathy.

In summary, these results underline the relevance of TRPV4 signaling for the pathogenesis of paclitaxel-
induced neuropathy and suggest novel preventive strategies.

1. Introduction

Paclitaxel (PTX) is a cytotoxic drug commonly used in the treatment
of solid tumors. One frequent non–hematological side effect of PTX is
the development of a painful sensory peripheral neuropathy which not
only increases the burden of disease, but frequently also proves to be
dose limiting and thus detrimental to therapy (reviewed by (Mielke
et al., 2006)). Despite intense research efforts, both in the clinical and
the basic sciences, this phenomenon and its underlying

pathomechanisms are still not fully understood and current treatment
options are inadequate. A number of recent studies suggest, that an
impaired intracellular calcium (Ca2+) homeostasis may play a major
role in the pathophysiology of paclitaxel-induced peripheral neuro-
toxicity and presents a potential therapeutic target: It was shown, that
the Ca2+ permeable nonselective cation channel transient receptor
potential subfamily V member 4 (TRPV4), a receptor which is located in
the plasma membrane, is essential for the development of paclitaxel-
induced neuropathy in rats (Alessandri-Haber et al., 2008; Alessandri-
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Haber et al., 2004). This is interesting, as gain-of-function TRPV4 mu-
tations cause the hereditary axonal neuropathy Charcot Marie Tooth
disease type 2C (Klein et al., 2011). In addition to TRPV4, other studies
implicated the Ca2+ permeable channels TRPA1 and TRPV1 in the
development of neuropathic pain after PTX treatment in vivo (Chen
et al., 2011; Materazzi et al., 2012; Wu et al., 2015). However, it re-
mains unclear if these channels play a role in the pathophysiology of
neuropathy development or whether these channels only contribute to
the development of symptoms of sensory neuropathy at a later stage,
such as mechanical and thermal allodynia. Other reports showed pro-
tective effects of the Ca2+ channel blocker ethosuximide (Flatters and
Bennett, 2004) and various drugs that decrease extra- and intracellular
Ca2+ levels (Siau and Bennett, 2006). Furthermore, inhibition of the
Ca2+-activated protease calpain prevented paclitaxel-induced neuro-
pathy in vivo (Wang et al., 2004).

Alterations of intracellular Ca2+ signaling involving the InsP3R re-
ceptor were previously shown in neuronal cells treated with paclitaxel
by a number of authors (among others: (Boehmerle et al., 2006;
Boehmerle et al., 2007; Pease-Raissi et al., 2017)). Interestingly,
chronic changes in Ca2+ signaling compatible with some of these ob-
servations were also reported in paclitaxel treated animals (Yilmaz and
Gold, 2015). In our experiments, we observed an early impairment of
the intracellular Ca2+ homeostasis in cellular models of paclitaxel-in-
duced neurotoxicity: PTX binds to the protein neuronal calcium sensor-
1 (NCS1), stabilizing this protein in its Ca2+ bound conformation. At
least in part, increased Ca2+ signaling occurs through the binding of the
PTX-NCS1 complex to the inositol-trisphosphate receptor (InsP3R)
(Schlecker et al., 2006), effecting a positive modulation of the InsP3R
and subsequently increased Ca2+ release from the endoplasmic re-
ticulum (ER) (Boehmerle et al., 2006). Interference with this cascade is
a promising target for the development of a preventive treatment of
paclitaxel-induced neurotoxicity (Huehnchen et al., 2017; Mo et al.,
2012). However, these findings do not address the pathophysiological
relevance of Ca2+ entry across the plasma membrane, as suggested by
the studies mentioned above. One potential link between these possibly
complementary pathways has been observed in epithelial cells, where it
was shown that InsP3R type 3 binds to TRPV4 channels through a
calmodulin-binding site and thus mediates an InsP3-dependent sensiti-
zation of TRPV4 (Fernandes et al., 2008; Garcia-Elias et al., 2008). In
neurons there is also growing evidence for the concept of signaling
micro-domains between channels on the cell surface and intracellular
stores (reviewed by (Delmas and Brown, 2002)). More specifically, it
was shown in sensory neurons that coupling of the chloride channel
ANO1 to the InsP3R enables fine-tuned signaling by this channel (Jin
et al., 2013).

In the present study we used cultured primary rat dorsal root
ganglia neurons (DRGN) to examine the distribution of intracellular
Ca2+ stores and Ca2+ release channels in the ER, as well as the inter-
play between Ca2+ release channels in the ER with Ca2+-permeable
channels in the plasma membrane. We then tested whether pharma-
cological interference with TRPV4 signaling can modify PTX-induced
neurotoxicity. In a last step, we assessed the efficacy of preventive
TRPV4 inhibition in a mouse model of paclitaxel-induced neuropathy.

2. Methods

2.1. Reagents

Cremophor EL, clozapine-N-oxide, ethanol, GSK1016790A, and PTX
were obtained from Sigma (St Louis, MO, USA). HC067047, ionomycin
free acid, UNC3230 and xestospongin C were purchased from Tocris
Bioscience (Bristol, UK). Further suppliers are mentioned where ap-
propriate.

2.2. Lentivirus construction and production

Third-generation lentiviral particles were generated as described
previously (Datwyler et al., 2011) with the following modification:
pFUGW lentiviral transfer plasmid (addgene plasmid 14883, provided
by Dr. David Baltimore, Lois et al. (Science. 2002 Feb 1.
295(5556):868–72.)) was modified to report exogenous expression via
mCherry instead of EGFP. In a second step, a PCR fragment of hM3D
DREADD (kindly provided by Dr. Bryan L. Roth (Rogan and Roth,
2011)) was inserted via BamHI-BlpI by unidirectional cloning into the
parental modified lentiviral transfer plasmids expressing monomeric
Cherry as a fusion to the C-terminus of the DREADD. The following
primers were used to generate the PCR product (1796 base pairs of
length) comprising hM3D without a stop codon: BamHI (underlined)
forward primer: 5′- GCATAGGATCCATGACCTTGCACAATAACAG
TAC-3′ and BlpI (underlined) reverse primer: 5′-GGCTATGCTTAGCCC
CAAGGCCTGCTCGGGTGC-3′. All constructs were fully sequenced prior
to lentiviral particle production. Lentiviral transfer plasmids were co-
transfected with packaging plasmids psPAX2 (addgene plasmid 12260)
and pMD2.G (addgene plasmid: 12259, both provided by Dr. Didier
Trono) into 293TN cells (BioCat, Heidelberg, Germany) using Xtreme-
Gene HP (Roche, Grenzach-Wyhlen, Germany) in OptiMEM (Gibco, Life
Technologies, Karlsruhe, Germany). Two harvests of supernatant con-
taining viral particles from the 293TN culture medium were collected
48 and 72 h after transfection. The supernatant was centrifuged at
1790× g for 15min and filtered through a 0.45 μm low protein binding
PVDF membrane (Millipore, Schwalbach, Germany). The viral particles
were concentrated using 3 K molecular weight cut-off concentrators
(Amicon Ultra Centrifugal Filters with 3 K, Millipore, Schwalbach,
Germany) with 2380× g at 4 °C for 30min and by ultracentrifugation
for 2 h at 4 °C (Optima MAX-XP, Tabletop Ultracentrifuge with TLA-55
rotor and 43,000 rpm, that is 113,700×g, Beckman Coulter, Krefeld,
Germany), resuspended and aliquoted in PBS and stored at −80 °C for
later use. Viral transduction efficiency was determined from serial di-
lutions in primary neuronal cultures using mCherry fluorescence as a
reporter 48 h after transduction. Viral particles were applied at a mul-
tiplicity of infection of approximately 20 with transduction units of
109/ml after concentration of lentiviral particles.

2.3. Cell culture

2.3.1. Enriched DRGN culture and transduction
All experimental procedures conformed to institutional guidelines

and were approved by the State Office of Health and Social Affairs in
Berlin (Landesamt für Gesundheit und Soziales (LaGeSo), Berlin,
Germany). DRGN isolated from Wistar rat neonates (P1-3) were di-
gested in 0.28 Wünsch unit collagenase (Liberase DL, Roche,
Mannheim, Germany) and separated by gentle trituration. Triturated
cells were passed through a 70 μm cell strainer to remove cell clumps,
followed by a DRGN enrichment step via Percoll gradient centrifugation
(1.019/1.038 g/ml) at 1000×g for 10min. DRGN were plated on poly-
L-lysine/laminin coated surfaces and maintained as described pre-
viously (Boehmerle et al., 2007). Cells were used in experiments 72 h
after virus transduction.

2.4. Live cell imaging

2.4.1. Fura-2
Imaging experiments with Fura-2/AM were performed as described

previously (Boehmerle and Endres, 2011; Boehmerle et al., 2007). In
brief: Imaging was performed in HEPES buffer (in mM): 130 NaCl, 4.7
KCl, 1 MgSO4, 1.2 KH2PO4, 1.3 CaCl2, 20 Hepes, 5 glucose, pH 7.4. We
calculated intracellular free Ca2+ concentration ([Ca2+]int) from
background subtracted F340/F380 fluorescence ratios (R) following in
situ calibration (Grynkiewicz et al., 1985; Kao, 1994) with the fol-
lowing equation: [Ca2+]int (nM)= Kd*Q*(R–Rmin)/(Rmax–R). Kd is the
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dissociation constant of Fura-2 for Ca2+ at room temperature (225 nM);
Q is the fluorescence ratio of the emission intensity excited by 380 nm
in the absence of Ca2+ to that during the presence of saturating Ca2+;
Rmin and Rmax are the minimal or maximal fluorescence ratios respec-
tively. Rmin was measured in Ca2+ free HEPES buffer (10mM EGTA
instead of CaCl2) containing 10 μM ionomycin. Rmax was obtained in
standard solution containing 10mM CaCl2 and 10 μM ionomycin. Ad-
dition of 10 μM ionomycin at the end of the experiment was used as an
internal control in experiments with bath applied substances. Cells that
did not respond to ionomycin stimulation (≥160 nM increase of Ca2+int )
were excluded from evaluation. DRGN cultured in flow chambers were
used for perfusion experiments. In this experiment cells were classified
as TRPV4 positive if Ca2+int increased by> 160 nM after stimulation
with the agonist GSK1016790A. To identify TRPV4 immunoreactive
neurons, in the presence of the inhibitor HC067047, stage coordinates
of the respective experiments were saved and TRPV4 was detected with
immunocytochemistry as described below. Cells were counted as
TRPV4 immunoreactive if mean fluorescence was more than double
background fluorescence.

2.4.2. Fluo-4
DRGN cultured on Ibidi μ-Slides (Ibidi GmbH, Martinsried,

Germany) with 8 wells were incubated for 30min at 37 °C in HEPES
buffer (as described above) containing 5 μM Fluo-4/AM together with
0.02% Pluronic F-127 (both LifeTechnologies, Darmstadt, Germany).
Cells were visualized on an inverted Leica TCS SP5 confocal microscope
(Leica Wetzlar, Germany) with a hybrid detection system, equipped
with a HCX PL APO x63/1.40 oil immersion objective. Images were
acquired at 6.8 Hz. All drugs were bath applied.

2.4.3. Visualization of cell organelles
DRGN cultured on Ibidi μ-Slides (Ibidi GmbH, Martinsried,

Germany) with 8 wells were incubated for 30min at 37 °C in HEPES
medium containing 500 nM ER-Tracker green to stain endoplasmic re-
ticulum (LifeTechnologies, Darmstadt, Germany). Microscopy was
performed on an inverted Leica TCS SP5 confocal microscope (Leica
Wetzlar, Germany) with a hybrid detection system equipped with a
HCX PL APO x63/1.40 oil immersion objective.

2.5. Cell viability assays

2.5.1. CytoTox-Fluor cytotoxicity assay
This assay measures a distinct protease activity associated with

cytotoxicity (Promega, Mannheim, Germany). It was performed as de-
scribed previously (Boehmerle and Endres, 2011).

2.5.2. MTT assay
Metabolic integrity of cells was assessed using MTT as described

previously (Boehmerle and Endres, 2011). The MTT assay correlates
with the number of live cells whereas the Cytotox-Fluor assay correlates
with the number of dead cells. In order to increase sensitivity both
assays were combined: background-subtracted MTT absorbance values
were divided by background subtracted values of the cytotoxicity assay
to obtain a live/dead ratio before normalization to control.

2.6. Histology

2.6.1. Immunocytochemistry of DRGN
DRGN were cultivated on poly-L-lysine and laminin coated cover-

slips. After fixation with 2% paraformaldehyde in phosphate buffered
saline (PBS), cells were permeabilized with 0.1% Triton X-100.
Unspecific binding sites were blocked with 10% normal goat serum
(NGS) and proteins of interest identified with a primary antibody di-
luted in 10% NGS at 4 °C overnight. In each experiment a negative
control without primary antibody was included. Primary antibodies
were detected with a fluorophore-coupled secondary antibody and

mounted with ProLong Gold antifade reagent with DAPI
(LifeTechnologies, Darmstadt, Germany). Antibodies used were as fol-
lows: Primary antibodies: anti-InsP3R1 (Johenning et al., 2002); anti-
InsP3R3 (BD Biosciences Cat# 610313 RRID:AB_397705, Heidelberg,
Germany); anti-RYR3 (Abcam Cat# ab77704 RRID:AB_1566702, Cam-
bridge, UK); anti-TRPV4 (LifeSpan Cat# LS-C94498-100 RRID:AB_
1941440, Seattle, OR, USA). Validation of primary antibodies was re-
ported previously for anti-InsP3R1 (Johenning et al., 2002), anti-TRPV4
(Ryskamp et al., 2011) and anti-InsP3R3 (Pin et al., 2001) antibodies.
Given the importance for the present manuscript, the batches of anti-
TRPV4 and anti-InsP3R1 antibodies used in this manuscript were ad-
ditionally validated by western blot analysis (performed as described
previously (Schlecker et al., 2006)): separation of DRGN lysate but not
liver lysate showed a strong band above 100 kDa for the TRPV4 anti-
body used and separation of mouse cerebellar lysate but not liver lysate
showed a strong band above 260 kDa for the InsP3R1 antibody used.
Secondary antibodies: goat anti-mouse IgG-Alexa 488; goat anti-rabbit
IgG-QDot 625 and goat anti-rabbit IgG-Alexa 488 (all: Life-
Technologies, Darmstadt, Germany). DAPI and Qnuclear Deep Red
Stain (LifeTechnologies, Darmstadt, Germany) were used to stain DNA.
In addition, anti-TRPV4 was directly labeled with an Alexa-488 anti-
body labeling kit (A20181, LifeTechnologies, Darmstadt, Germany) and
anti-InsP3R1 with Alexa-532 according to the manufacturers protocol.
Directly labeled primary antibodies were used without secondary an-
tibody.

2.6.2. Immunohistochemistry
Specimens from adult mice, represented in Fig. 1D, were obtained

from 9week old adult C57BL/6J mice killed for cell culture purposes.
Procedures conformed to animal welfare guidelines and were pre-
viously approved by the State Office of Health and Social Affairs in
Berlin (LaGeSo, Berlin, Germany). Dorsal root ganglia were dissected
from adult C57BL/6J mice immediately after decapitation, fixed in 4%
paraformaldehyde in phosphate buffer (0.2M NaH2PO4, 0.2M
Na2HPO4 in distilled water, pH 7.4) and stored at 4 °C. Paraffin em-
bedding, sectioning and staining was performed as described previously
(Boehmerle et al., 2014b). In each experiment a negative control
without primary antibody was included. Primary antibodies were de-
tected with a fluorophore-coupled secondary antibody and mounted
with ProLong Gold antifade reagent with DAPI (Life Technologies,
Darmstadt, Germany). Primary and secondary antibodies were the same
as above (Immunocytochemistry).

2.6.3. Proximity ligation assay
Proximity ligation assay reagents were purchased from Sigma-

Aldrich (Taufkirchen, Germany). The assay was performed in the same
permeabilized cultured DRGN as described above after labelling TRPV4
antibodies (LifeSpan Cat# LS-C94498-100 RRID:AB_1941440, Seattle,
OR, USA) with plus strand (Product#: DUO92009) and InsP3R1 (as
described above) with minus strand (Product#: DUO92010). Primary
antibodies were incubated at 4 °C overnight and ligation as well as
amplification and detection was performed with green detection re-
agents (Product#: DUO92014). Samples were visualized with the same
instrument as described above (Immunocytochemistry). For negative
controls, only one labeled antibody was included in the reaction
(Supplemental fig. 1).

2.7. Co-immunoprecipitation analysis

DRGN lysates were made by homogenization of whole dorsal root
ganglia dissected from neonatal wistar rats as described above in lysis
buffer (25mM Tris-HCl pH 7.4, 150mM NaCl, 1% NP40, 1mM EDTA,
5% glycerol, 1x Complete protease inhibitor (Roche, Mannheim,
Germany)), followed by 2 spins at 36,000 g for 5min at 4 °C. For im-
munoprecipitation, the lysate was incubated with antibody in the pre-
sence of 9mM Ca2+; the 2 antibodies used were anti–TRPV4 (#LS-
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C94498, LifeSpan BioSciences, Seattle, OR, USA) and anti-InsP3R1
(Johenning et al., 2002). Immunoblotting for InsP3R1 and TRPV4 was
performed as described previously (Boehmerle and Endres, 2011) with
the same samples loaded on two gels.

2.7.1. Image acquisition and analysis
Specimens were visualized on a Leica TCS SPE or Leica TCS SP5

confocal microscope (Leica Wetzlar, Germany). Obtained image stacks
were deconvolved with Huygens Essential (Scientific Volume Imaging
b.v., Hilversum, The Netherlands) and 3D reconstructions were

performed with Amira 6 (FEI Visualization Sciences Group, Burlington,
MA, USA) while ImageJ software (National Institutes of Health,
Bethesda, MD) (Schindelin et al., 2012) was used to calculate DeltaF/
F0, analyze mean fluorescence intensity values, perform co-localization
analysis and to overlay images for publication.

Fig. 1. Intracellular localization of Ca2+ channels and Ca2+ stores in DRGN.
Cultured DRGN from postnatal rats express high levels of InsP3R type 1. (A) Tangential section through the cell: The InsP3R type 1 shows a reticular pattern of
immunoreactivity. (B) The volume model generated from serial z sections of a rat DRGN stained for InsP3R type 1 (green) and DNA (blue) shows InsP3R type 1
immunoreactivity concentrated in the cells periphery. (C) Analysis of InsP3R subtypes shows that InsP3R type 1 (green) is mainly observed in rat DRGN and to a lesser
extend in glia; the latter mostly expresses InsP3R type 3 (red). (D) Similar InsP3R1 distribution patterns were also observed in tissue from adult mice: a peripheral
pattern of InsP3R1 distribution could also be observed in paraffin sections of lumbar dorsal root ganglia from C57BL/6 mice (left: overview, white box indicates area
magnified in the panels to the right). (E) Staining of TRPV4 in cultured DRGN showed a distribution typical for a channel located in the plasma membrane. (F) In
contrast to the peripheral localization of the InsP3R type 1, the ryanodine receptor type 3 could be detected in a similar pattern compared to (G) the ER (ER Tracker
green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.8. In vivo

2.8.1. Animal numbers, housing and methods of randomization and
blinding

A total of 40 male 9-week old C57BL/6 mice from Charles River
(Sulzfeld, Germany) were used in this experiment. All experimental
procedures conformed to animal welfare guidelines and were pre-
viously approved by the State Office of Health and Social Affairs in
Berlin (LaGeSo, Berlin, Germany). Upon arrival, mice were randomized
with the help of an online randomization tool (GraphPad Software, La
Jolla, CA, USA; https://www.graphpad.com/quickcalcs/randomize1.
cfm) to four different treatment groups: Mice received either four in-
traperitoneal injections of 1mg/kg bodyweight paclitaxel (PTX) every
other day (day 0, 2, 4, 6) or the corresponding vehicle (VEH;
Cremophor EL:ethanol 1:1). In addition, mice were either injected in-
traperitoneally with the TRPV4 inhibitor HC067047 (10mg/kg body-
weight) or the corresponding vehicle (DMSO) prior to every PTX or
VEH injection. Sample sizes of this 2-variable four group experiment
(VEH/VEH, PTX/VEH, VEH/HC, PTX/HC) were determined prior to the
experiment using G*Power open-source software (Faul et al., 2009)
based on previously observed effect sizes in electrophysiological out-
come parameters (Boehmerle et al., 2014a) with a desired power of 0.8
and an alpha-error of 0.05 based on an intended 2-way ANOVA sta-
tistical analysis. All investigators involved with the behavior and elec-
trophysiological experiments were blinded throughout the entire pro-
cess.

2.8.2. Drug application
Paclitaxel was dissolved in Cremophor EL:ethanol 1:1 to a con-

centration of 6mg/ml (stock solution) and diluted in sterile 0.9% saline
solution to a final concentration of 0.1 mg/ml. Cremophor EL:ethanol
1:1 was likewise diluted in 0.9% saline solution to a final concentration
of 1:60. HC067047 was dissolved in DMSO to a concentration of 10mg/
ml and diluted to a final concentration of 1mg/ml in sterile 0.9% saline
solution and injected prior to every PTX or VEH injection. As vehicle
treatment, DMSO was diluted to a final concentration of 1:10 in sterile
0.9% saline solution and injected prior to every PTX or VEH injection in
the VEH/VEH and PTX/VEH groups. All substances were applied in-
traperitoneally at 10 μl/g bodyweight. The general well-being of the
mice was checked daily and their weight recorded.

2.8.3. Behavior analysis and nerve conduction studies
Mice were familiarized to the blinded investigator on five con-

secutive days prior to the experiment. For behavior analysis, cages and
animals were randomly selected and testing was carried out in a
dedicated laboratory with soundproof chambers between 10 am and
4 pm. Mice were trained in the Rotarod test to determine locomotor
function as previously described (Boehmerle et al., 2014b). The latency
to fall off the rod was measured automatically by a floor sensor (TSE
Systems, Bad Homburg, Germany). Assessment of the mechanical
withdrawal threshold was obtained with an electronic von Frey device
(Boehmerle et al., 2014b): after placing the mice individually in a clear
inverted plastic cage with a wire-mesh floor, a hand-held force trans-
ducer (IITC, Woodland Hills, CA, USA) was fitted with a 0.5mm2

semiflexible polypropylene tip and increasing pressure to the center of
the hind paws was applied by a trained investigator over 5 s until it
evoked a clear withdrawal response of the paw. The mechanical with-
drawal threshold in grams (g) was measured automatically by the de-
vice. The maximum applied force was 10 g (Huehnchen et al., 2013).
Sensory nerve action potential (SNAP) were recorded from the tail
nerve in inhalation anesthesia (1.5% isoflurane/50% O2) with a cus-
tomized Neurosoft Evidence 3102evo ENG device (Schreiber & Tholen
Medizintechnik GmbH, Stade, Germany) as described previously
(Boehmerle et al., 2014a). In brief: stimulating needle electrodes were
positioned at the base of the tail with the recording electrodes placed
approx. 5 cm distal. Stimulation intensity was gradually increased

manually to supramaximal level and afterwards 100 consecutive su-
pramaximal stimuli of 0.1ms each were applied and averaged to obtain
SNAP amplitudes and nerve conduction velocity (NCV).

2.9. Data and statistical analysis

The manuscript was prepared according to ARRIVE guidelines
(Kilkenny et al., 2010). Data are expressed as mean ± SEM or as re-
presentative traces. (n/N) describes the number of cells studied (n) in
(N) independent cultures. Statistical outliers that met Peirce's criterion
were excluded (Dardis, 2004; Ross, 2003). Prism v6.0 (GraphPad
Software, La Jolla, CA, USA) was used for data visualization and sta-
tistical analysis. Data was checked for Gaussian distribution prior to
statistical analysis using Shapiro-Wilk normality test. If distribution was
normal, statistical analysis of the differences between treated versus
control groups was performed by using a one- or two-way ANOVA with
the Holm-Sidak post hoc test. Dunn's method was used for samples
which failed the normality test. If 2 groups were compared, normally
distributed data was analyzed using unpaired two-sided t-tests and not
normally distributed data was analyzed with Mann-Whitney-U Test.
p < 0.05 was considered statistically significant.

3. Results

3.1. Localization of intracellular Ca2+ stores and Ca2+ release channels in
DRGN

Given the high relevance of a tightly regulated intracellular Ca2+

homeostasis we were interested in the localization of Ca2+ stores and
Ca2+ release channels in DRGN. As a first step, we studied InsP3R1
localization in cultured small to medium size (< 45 μm) rat DRGN, as
previous studies suggested a functional relevance of this InsP3R subtype
in sensory neurons (Jin et al., 2013) and we previously demonstrated
altered InsP3 mediated Ca2+ signals in paclitaxel treated DRGN
(Boehmerle et al., 2007). We observed InsP3R1 immunostaining in a
reticular pattern typical for a protein located in the ER and with a
strong signal in the periphery of cells (Fig. 1A). Three dimensional re-
construction of serial z sections obtained with confocal microscopy
confirmed a predominant peripheral localization of InsP3R1 (Fig. 1B,
Supplemental Figs. 2–3). The type of distribution depicted in Fig. 1B
with very strong immunoreactivity close to the plasma membrane was
observed in 35 ± 4% of cells (37/6, p < 0.05). An additional
19 ± 3% of cells showed a mixed pattern with strong im-
munoreactivity in the periphery, but also a reticular pattern in the
cytoplasm and 46 ± 4% of cells showed a more uniform distribution of
InsP3R1. It was previously reported, that the InsP3R type 3 con-
stitutes> 50% of InsP3Rs in the Neuro-2a neuroblastoma cell line (De
De Smedt et al., 1997). We therefore analyzed in a next step staining for
type 1 and type 3 InsP3R in cultured rat dorsal root ganglia. We ob-
served virtually no InsP3R type 3 signal in DRGN (round cell in the
center of the image Fig. 1C) but high expression levels in cells showing
morphological features of a contaminating Schwann cell (elongated cell
in Fig. 1C). To exclude the possibility that the observed InsP3R1 dis-
tribution was an artifact of cell culture, species dependent or restricted
to the postnatal period, we repeated this experiment in paraffin sections
of lumbar dorsal root ganglia dissected from adult C57BL/6 mice. We
observed the same staining pattern as in cultured DRGN (Fig. 1D),
which is similar to channels in the plasma membrane such as TRPV4
(Fig. 1E). Another family of Ca2+ release channels located in the ER are
ryanodine receptors (RYR). In the brain and sensory neurons, the most
common isoform is RYR3 (Ouyang et al., 2005). RYR3 immuno-
fluorescence in cultured DRGN was detected throughout the cytoplasm
in a reticular pattern (Fig. 1F). This pattern corresponds to the dis-
tribution of the ER which was visualized with ER tracker green, a
fluorescence labeled form of glibenclamide. Glibenclamide binds to the
sulphonylurea receptors of ATP-sensitive K+ channels which are
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prominent on the ER and the fluorophore-bound derivative of glib-
enclamide allows visualization of the ER in live cells. In the resulting
live-cell staining, the ER was distributed in a reticular pattern
throughout the cytoplasm (Fig. 1G). In summary, we could show that
InsP3R1 but not InsP3R3 is highly expressed in small to medium size
DRGN and that InsP3R1 is frequently concentrated in the periphery of
DRGN. This finding is in contrast to the distribution of RYR3 and the
ER, observed in the same cell type.

3.1.1. Spatial distribution of InsP3 mediated Ca2+ signals in DRGN
We hypothesized that the peripheral distribution of InsP3R1 may

enable the formation of signaling domains with Ca2+ channels in the
plasma membrane, as was observed for Ca2+ dependent chloride
channels (Jin et al., 2013). However, the assessment of InsP3-mediated
Ca2+ signals in the presence of extracellular Ca2+ is challenging, as
many agonists of metabotropic receptors such as the purinergic P2Y
receptor family also activate ionotropic receptors and receptor dis-
tribution in DRGN is often heterogeneous (Kobayashi et al., 2013). To
circumvent this problem and to facilitate identification of responsive
neurons, we transduced cultured DRGN with a lentivirus expressing the
fluorescent protein mCherry as a C-terminal fusion to a designer re-
ceptor exclusively activated by a designer drug (DREADD) derived from
the metabotropic M3 muscarinic acetylcholine receptor (Armbruster
et al., 2007). The hM3D DREADD responds to clozapine-N-oxide (CNO).
CNO stimulation leads to the Gq mediated activation of phospholipase C
and formation of InsP3. The advantage of this approach is that cells
which are responsive to the agonist can be clearly identified by red
mCherry fluorescence. DRGN expressing the hM3D receptor were
loaded with the non-ratiometric fluorescent Ca2+ indicator Fluo-4, and
the spatial response was studied with confocal microscopy. Adding the
agonist CNO led to a rapid increase of cytoplasmic Ca2+ (Fig. 2A) with
a strong increase of fluorescence close to the plasma membrane as
would be expected by the distribution of InsP3Rs (Fig. 2B).

We further characterized the Ca2+ signals induced by CNO stimu-
lation in hM3D-expressing DRGN loaded with the ratiometric Ca2+

indicator Fura-2. Application of 10 μM CNO led to a mean increase of
162 nM ± 2 nM Ca2+int (79/6) in Ca2+ containing and 101 nM ± 2 nM
Ca2+int (58/5) in Ca2+-free buffer. Untransduced cells did not respond to
CNO stimulation with a mean change in Ca2+int of 5.0 nM ± 0.1 nM (85/
6) (p < 0.001 compared to transduced cells; Fig. 2C). Application of
vehicle likewise had no effect on hM3D-expressing cells, with a mean
change in Ca2+int of 1.0 nM ± 0.1 nM (59/5; p < 0.001; Fig. 2D-E). In
order to confirm that the Ca2+ signal observed is initiated via InsP3Rs,
phospholipase C and the InsP3R were blocked in the presence of ex-
tracellular Ca2+. Inhibition of phospholipase C with 10 μMU73122
almost completely abrogated the response, with an average Ca2+int in-
crease of 32 nM ± 1 nM (45/6; p < 0.001 compared to CNO alone;
not significant compared to vehicle; Fig. 2D-E). InsP3R were blocked
with 5 μM xestospongin C, which led to a similar effect: Ca2+int after
stimulation with CNO was only 29 nM ± 1 nM (66/5, p < 0.001
compared to CNO alone; not significant compared to vehicle; Fig. 2D-
E). These results confirm that stimulation of hM3D transduced cells with
CNO leads to a phospholipase C and InsP3R-generated Ca2+ signal,
which corresponds to histological InsP3R1 localization.

3.1.2. Interaction of InsP3R and TRPV4 channels
Previous reports found that TRPV4 functionally interacts with

InsP3R3 in epithelial cells (Fernandes et al., 2008; Garcia-Elias et al.,
2008). We hypothesized that in sensory neurons TRPV4 may interact
with InsP3R1, with potential implications for the pathogenesis of PTX-
induced neurotoxicity (Alessandri-Haber et al., 2004; Boehmerle et al.,
2006). Our observation that DRGNs stimulated with CNO in the pre-
sence of extracellular Ca2+ showed a considerably higher response
compared to experiments performed under Ca2+ free conditions (Fig. 2)
also suggests a potential functional interaction. To test this hypothesis,
we quantified the response to CNO stimulation in TRPV4 positive hM3D

transduced cells by first perfusing cells with CNO, followed by a brief
wash out phase and subsequent stimulation of TRPV4 channels with the
highly selective TRPV4 agonist GSK1016790A. The average InsP3-
mediated increase in Ca2+int in the presence of extracellular Ca2+ of
TRPV4+ cells with this paradigm was 250 nM ± 5 nM (25/5;
Fig. 3A+C). To assess the contribution of TRPV4 mediated Ca2+ entry,
TRPV4 channels were blocked with the selective antagonist HC067047.
To achieve a near maximal blockade a dose of 2 μM HC067047 (approx.
15 times IC50 (Everaerts et al., 2010)) was bath applied immediately
before the experiment. As stimulation of TRPV4+ cells with
GSK1016790A after blockade of TRPV4 with HC067047 proved to be
difficult, TRPV4+ cells were identified by immunocytochemistry sub-
sequent to Ca2+ imaging. In the presence of HC067047 the average
increase of Ca2+ in TRPV4+ cells was 102 nM ± 2 nM (39/6;
p < 0.001 compared to TRPV4+; Fig. 3B-C). These observations lend
support to the concept that Ca2+-signaling between the InsP3R and the
Ca2+ permeable cation channel TRPV4 is able to modulate intracellular
Ca2+ signals in TRPV4 expressing DRGN. To further assess the InsP3R1-
TRPV4 interaction, we performed a costaining of these receptors with
directly labeled antibodies. Visual assessment showed partial co-loca-
lization between TRPV4 and InsP3R1 immunoreactivity (Fig. 3D). Nu-
merical analysis of double-labeled image stacks with the open source
JACoP tool (Bolte and Cordelieres, 2006) calculated an overlap coeffi-
cient r of 0.874 and Costes' randomization based co-localization re-
sulted in a highly significant p-value (100%, this p-value is inversely
correlated to the probability of getting the specified co-localization by
hazard). Analysis with the Van Steensel's approach showed a shift of the
peak in the cross-correlation analysis as observed in partially coloca-
lizing structures (Bolte and Cordelieres, 2006). To test for a possible
physical interaction, InsP3R1 and TRPV4 were immunoprecipitated
from dorsal root ganglia tissue lysate. Both proteins could be detected
in tissue lysate (Fig. 3E) and as shown in previous publications (Arniges
et al., 2006) three bands were detected for TRPV4 in native lysate. After
immunoprecipitation in the presence of Ca2+ with either anti-TRPV4 or
anti-InsP3R1 antibody, both proteins could be detected in an im-
munoblot for InsP3R1 or TRPV4, while the bead control showed no
immunoreactivity (Fig. 3E). Interestingly, after pull-down with InsP3R1
only the 96 kDa band of TRPV4 was detected, suggesting that only the
non-glycosylated form of TRPV4 interacts with the InsP3R1. This
finding may explain why only partial co-localization was observed in
immunocytochemistry. Next, we used a fluorescent proximity ligation
assay (PLA) which is positive if two proteins are closer than approxi-
mately 30 nm (Soderberg et al., 2006). Using this assay for TRPV4 and
InsP3R1 we observed punctate fluorescent signals, which were con-
centrated in the periphery of DRGN (Fig. 3F), further supporting a
physical interaction between TRPV4 and InsP3R1 in small to medium
size sensory neurons. No PLA signal was observed in contaminating
non-neuronal cells. In summary, we could demonstrate partial co-lo-
calization as well as a close proximity and physical as well as functional
interaction between the InsP3R1 and TRPV4 channels.

3.1.3. Ca2+ signaling and PTX-induced toxicity
The cytostatic drug PTX induces cell death in DRGN, at least in part,

through InsP3R-mediated Ca2+ release from the ER and subsequent
activation of the Ca2+-activated protease calpain (Boehmerle et al.,
2007). If Ca2+-signaling micro-domains between the InsP3R and the
cation channel TRPV4 have functional relevance, inhibition of this
channel should be neuroprotective. As a first step we established a dose-
response curve for PTX-induced cytotoxicity in enriched DRGN cultures
which were treated for 24 h with PTX. We chose this longer incubation
period to mimic findings from human pharmacokinetic studies (Huizing
et al., 1993). In contrast to our previous observations in DRGN treated
with PTX for 6 h (Boehmerle et al., 2007), we observed dose dependent
toxicity at this time point. The calculated EC50 was 33 nM (non-linear
regression fit; Fig. 4A); for further experiments we chose 100 nM as a
dose which leads to a near maximal effect. The PTX dose used in our
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study reflects previously published tissue levels in dorsal root ganglia of
PTX treated mice (Xiao et al., 2011). In this study PTX tissue con-
centrations were highest in dorsal root ganglia, which suggests that
primary DRGN are a relevant cell model for the examination of mole-
cular mechanisms underlying paclitaxel-induced polyneuropathy. In a
next step, DRGN were incubated with increasing concentrations of
HC067047, an inhibitor of the TRPV4 channel, in the presence of PTX
or vehicle. We observed that a dose of 100 nM HC06704, which is close
to the IC50 of 133 nM (Everaerts et al., 2010), significantly reduced
PTX-induced cytotoxic effects by 59% ± 6% (n=6; p < 0.001;
Fig. 4B). Higher doses of HC067047 showed a strong trend towards
toxic effects in vehicle-treated cells, which may explain why doses
higher than 200 nM were not neuroprotective. Taken together, these
findings support the pathophysiological relevance of TRPV4 channels in
PTX-induced neurotoxicity.

3.1.4. Neuroprotective effects of TRPV4 inhibition in paclitaxel-induced
neuropathy

To test the neuroprotective capacities of TRPV4 inhibition in a more
complex in vivo setting, we designed a preventive experiment: adult
C57BL/6 mice were treated with the TRPV4 inhibitor HC067047

(10mg/kg bodyweight) or vehicle prior to every paclitaxel or vehicle
injection and animals were repeatedly tested for the development of
sensory neuropathy (Fig. 5A). We had previously shown that four in-
jections of 1mg/kg bodyweight paclitaxel over the course of 6 days
leads to the development of a sensory axonal neuropathy without af-
fecting the general well-being of the mice or their locomotor function
(Boehmerle et al., 2014a). Application of HC067047 in combination
with PTX did not result in general side effects as all mice showed a
similar weight gain (Fig. 5B). One animal in the PTX/HC067047 group
died during intraperitoneal injection. Locomotor function assessed with
the rotarod test was neither affected by PTX or HC067047 application
(Fig. 5C). In line with our previous results, we observed a significant
decrease in the mechanical withdrawal threshold in PTX/VEH treated
mice indicative of mechanical allodynia, whereas PTX treated mice
which also received HC067047 were protected from these changes
(n= 10/group, p=0.0278, Fig. 5D). More importantly, neurographic
measurements of sensory fibers showed that HC067047 treated mice
did not develop the decrease of SNAP amplitude which occurs after PTX
application alone (n=10/group, p=0.0033, Fig. 5E+F). Taken to-
gether, these results indicate that in the context of PTX-induced neu-
ropathy, preemptive inhibition of TRPV4 is neuroprotective.

Fig. 2. Localization and characteristics of InsP3 mediated Ca2+ signals in DRGN.
InsP3 mediated Ca2+ signals were studied in DRGN expressing hM3D DREADDs labeled with the fluorescent protein mCherry. (A) Time series of a DRGN transduced
with hM3D loaded with the non-ratiometric fluorescent Ca2+ indicator Fluo-4. Fluorescence intensity is colour coded: cool colors (blue) represent low and hot colors
(red) high Ca2+ concentrations. (B) Line profiles of fluorescence intensity measured along the white dotted line from the cell shown in panel A: Fluorescence intensity
was normalized to background fluorescence (∆F/F0) and plotted for 3 distinct time points: In the absence of extracellular Ca2+, a strong Ca2+ signal close to the
plasma membrane can be observed, corresponding to the histological receptor distribution. To quantify Ca2+ signals, the ratiometric fluorescent Ca2+ indicator Fura-
2 was used in subsequent experiments: (C) Representative Ca2+ response to stimulation with clozapine-N-oxide (10 μM CNO, arrow) in untransduced DRGN (grey
dotted line) and hM3D receptor expressing DRGN in Ca2+ containing (solid line) and Ca2+-free buffer (dashed line). (D-E). Pharmacological inhibition of phos-
pholipase C with U73122 (black solid line) or the InsP3R with xestospongin C (Xesto C, black dashed line) almost completely abrogates the response to CNO in hM3D
expressing cells. Treatment of hM3D expressing cells with vehicle (DMSO) does not induce alterations of Ca2+int (grey dotted line). ***p < 0.001 (One-way ANOVA
with Holm-Sidak post hoc test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Ca2+ is an important and versatile intracellular messenger which is
involved in the regulation of many cellular functions, among others,
cell survival, neurotransmitter release, synaptic plasticity but also cell
death (reviewed by (Berridge, 1998; Berridge et al., 1998)). Regulation
of completely dissimilar cellular processes through the same second
messenger is enabled by fine-tuned modulation of the spatial and
temporal pattern of Ca2+ signals. The existence of a large “Ca2+-sig-
naling toolkit” has been suggested for that purpose (Berridge et al.,
2003), but its composition in peripheral neurons and alterations in the
pathogenesis of neuropathies are still a matter of research. The aim of
the present study was to further characterize this “Ca2+ toolkit” in
small to medium size primary sensory neurons in the context of

paclitaxel-induced neurotoxicity. We observed that in DRGN the ER
was distributed throughout the cytoplasm. In contrast to the homo-
genous ER distribution, InsP3R type 1 was typically concentrated in the
periphery of DRGN. Further examination of intracellular Ca2+ release
channels revealed that InsP3R type 3 was only observed in cells showing
morphological features of contaminating glia, but not in DRGN and that
RYR did not show the specialized distribution of InsP3Rs. Given the
considerable heterogeneity of G-protein coupled receptors in DRGN, we
used DREADDs to further elucidate InsP3-mediated Ca2+ signals and to
minimize interference with other receptors (Armbruster et al., 2007).
Specifically, a DREADD derived from the muscarinic M3 receptor which
activates Gq/11 and subsequently phospholipase C was used to char-
acterize phosphoinositide-mediated Ca2+ signaling. This approach
showed InsP3-mediated Ca2+ signals close to the plasma membrane as

Fig. 3. Interaction analysis of TRPV4 and InsP3R1.
(A) InsP3 mediated Ca2+ signals in TRPV4 positive neurons in DRGN expressing hM3D DREADDs were measured by sequential stimulation with CNO and the TRPV4
agonist GSK1016790A. (B)-(C) Pharmacological inhibition of TRPV4 channels with HC067047 (HC) leads to significantly smaller InsP3 induced Ca2+ signals in
TRPV4 immunoreactive neurons. (D) Representative costaining of InsP3R1 and TRPV4, detected with primary labeled antibodies. Visual assessment shows partial co-
localization between TRPV4 and InsP3R1 immunoreactivity (stacked rectangles on the right side present a zoomed view of the insets in each panel). (E) Co-
immunoprecipitation of TRPV4 and InsP3R: Lanes with positive control were loaded with DRGN tissue lysate; lanes with bead control were loaded with beads treated
with rabbit pre-immune serum; immunoprecipitation (IP) was performed with anti-TRPV4 respectively anti-InsP3R1 antibody. Upper panel shows an immunoblot
(IB) for InsP3R1 and lower panel an immunoblot for TRPV4. Three bands were detected for TRPV4 in native lysate (lane1), after pull-down with InsP3R1 only the
96 kDa band of TRPV4 was detected, suggesting that only the non-glycosylated form of TRPV4 interacts with the InsP3R1. (F) Interaction of TRPV4 and InsP3R1 in
cultured DRGN was further studied with a fluorescent proximity ligation assay (PLA) which is positive if two proteins are closer than approximately 30 nm. The
image shows a pseudocolored (blue to yellow; yellow represents higher fluorescence intensities) 3 dimensional reconstruction of serial z-sections through a DRGN
with punctate fluorescent signals located in the cells periphery. ***p < 0.001 (C: Mann-Whitney-U Test). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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would be expected by InsP3R distribution. We found that in the pre-
sence of extracellular Ca2+, InsP3-induced Ca2+ transients were am-
plified by Ca2+ entry through the plasma membrane and that the
TRPV4 channel contributes to this Ca2+ signal in TRPV4 expressing
sensory neurons. Co-labeling, co-immunoprecipitation and proximity
ligation assay experiments showed partial co-localization as well as a
physical interaction between the InsP3R1 and the non-glycosylated
form of TRPV4. This is an interesting observation, as the non-glycosy-
lated form of TRPV4 was shown to mediate larger TRPV4 mediated
Ca2+ signals in response to hypotonicity in human embryonic kidney
cells (Xu et al., 2006). These results suggest the presence of Ca2+-sig-
naling micro-domains between the InsP3R and TRPV4 channels in the
plasma membrane, similar to observations made in epithelial cells
(Fernandes et al., 2008; Garcia-Elias et al., 2008) and for the chloride
channel ANO1 with the InsP3R1 in sensory neurons (Jin et al., 2013).
These micro-domains appear to be functionally relevant as inhibition of
Ca2+ entry through TRPV4 reduced PTX-induced-neurotoxicity. To
further demonstrate the molecular interaction, the work in the present

manuscript could be expanded by using additional experimental tech-
niques such as immuno-EM in future studies.

Different subsets of sensory neurons express various members of the
TRP ion channel family which serve as molecular sensors for a number
of chemical- and physical stimuli (reviewed by (Basbaum et al., 2009)).
A number of TRP channels including TRPV4, TRPV1 and TRPA1 were
shown to play a role in mouse and rat models of paclitaxel-induced
neurotoxicity in the peripheral nervous system. These channels appear
to be compulsory for the development of mechanical and thermal al-
lodynia/hyperalgesia, as pharmacological inhibition or genetic
knockout ameliorated or abrogated these paclitaxel-induced poly-
neuropathy symptoms (Alessandri-Haber et al., 2004; Chen et al., 2011;
Costa et al., 2017; Materazzi et al., 2012). One caveat of the afore-
mentioned studies is the focus on behavior endpoints, which do not
address the question of whether TRP channels take an active part in
PTX-induced neurotoxicity or whether they mainly contribute to the
development of symptoms. In the context of our study, we hypothesized
that TRPV4 channels contribute to the development of intracellular
Ca2+ dyshomeostasis, as intracellular Ca2+ levels play an important
role in the regulation of many TRP channels (Clapham, 2003). Pre-
viously, it was shown that an increase in intracellular Ca2+ potentiates
TRPV4 currents at low resting Ca2+ concentrations (Strotmann et al.,
2003), while high levels of intracellular Ca2+ inhibit TRPV4 gating
(Watanabe et al., 2003). These results suggest a dynamic interaction
between store operated Ca2+ release and TRP mediated Ca2+ entry. In
the case of TRPV4 this interplay has been observed in both directions
depending on the cell type: It was shown in astrocytes that TRPV4
mediated influx of Ca2+ ions is amplified by Ca2+-induced Ca2+ re-
lease from the ER involving InsP3R (Dunn et al., 2013), whereas in
epithelial cells InsP3-mediated Ca2+ release was shown to sensitize
TRPV4 channels (Fernandes et al., 2008; Garcia-Elias et al., 2008). The
highly localized distribution of InsP3R in sensory neurons suggests that
in these cells both mechanisms are of potential relevance. In the context
of PTX-induced Ca2+ signals, binding of PTX to NCS-1 would lead to a
positive modulation of the InsP3R and an increased Ca2+ release from
the ER (Boehmerle et al., 2006; Zhang et al., 2010). This signal is
amplified by Ca2+ induced (positive) modulation of TRPV4 (and pos-
sibly other) channels in the plasma membrane. The resulting Ca2+ le-
vels are then high enough to trigger cytotoxic signaling pathways. Al-
though our observations suggest a sequential activation of different
Ca2+ sources, an alternative scenario where TRP channels in the
plasma membrane are directly modulated by PTX bound to NCS-1 with
a resulting independent Ca2+ influx through both Ca2+ channels
cannot be entirely precluded. Another caveat of the present study is that
although the specificity of HC067047 for TRPV4 channels was pre-
viously verified for the concentration range used in the present manu-
script (Everaerts et al., 2010), off-target effects cannot be precluded. In
addition, cross talk of signaling cascades downstream of M3 activation
are possible in experiments involving DREADDs. To strengthen the
proposed hypothesis, the interaction site of TRPV4 and InsP3R1 should
be identified and inducible genetic approaches be used in future ex-
periments.

In a mouse model of PTX induced sensory neuropathy TRPV4 in-
hibition prevented symptoms, including alterations of tail SNAP am-
plitude. Our results thus support the pathophysiological relevance of an
altered intracellular Ca2+ homeostasis in PTX-induced neurotoxicity.
Interestingly, TRPV4 mutations were found in patients with the her-
editary Charcot Marie Tooth disease type 2C. These mutations lead to a
gain of channel function, resulting in elevated baseline and stimulated
Ca2+ levels, which are thought to contribute to neurodegeneration
(Deng et al., 2010; Klein et al., 2011; Landoure et al., 2010). Similar to
paclitaxel-induced polyneuropathy, nerve histology and electro-
physiological evaluation of patients with Charcot Marie Tooth disease
type 2C show a predominantly axonal neuropathy; however even
though sensory neuropathy occurs, motor symptoms dominate the
phenotype. Furthermore, an abnormal intracellular Ca2+ homeostasis

Fig. 4. PTX-induced cytotoxicity in cultured DRGN.
(A) Dose-response curve of PTX-induced cytotoxicity after 24 h PTX exposure in
cultures enriched for rat postnatal DRGN. Data was fitted with a three para-
meter logistic curve. (B) Toxicity induced by incubation of DRGN with 100 nM
PTX for 24 h can be ameliorated by pharmacological inhibition of TRPV4
channels with the compound HC067047 (left side of the graph “PTX”).
Incubation with the solvent of PTX (right side of the graph “Vehicle”) with
increasing concentrations of HC067047 for 24 h showed a trend torwards toxic
effects of higher doses HC067047. **p < 0.01; ***p < 0.001 (B: One-way
ANOVA with Holm-Sidak post hoc test)
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has also been implied as an important early factor in diabetic neuro-
pathy (reviewed by (Verkhratsky and Fernyhough, 2008)). The ob-
servation of Ca2+ dyshomeostasis in toxic, metabolic and hereditary
neuropathies suggests the possibility of potentially comprehensive
treatment strategies worth further exploration.

In summary, we report that in small to medium size DRGN InsP3R
type 1 is typically concentrated in the cell periphery, whereas RYR3 and
the ER are more evenly distributed throughout the cell. This distribu-
tion is functionally relevant, as strong InsP3-mediated Ca2+ signals can
be observed close to the plasma membrane, which can be amplified by
Ca2+ entry through TRPV4 channels. In addition to this functional in-
teraction, our data supports a physical interaction of InsP3R1 with
TRPV4. In the pathogenesis of PTX-mediated neurotoxicity, Ca2+ sig-
naling micro-domains appear to be involved, as inhibition of Ca2+

entry through TRPV4 channels partially prevented cell death and the
development of PTX-induced neuropathy in mice. These findings pro-
vide a novel approach to understanding Ca2+ signals in sensory

neurons and introduce new therapeutic strategies for the prevention of
paclitaxel-induced peripheral neurotoxicity by targeting the patho-
physiologicaly relevant Ca2+ dyshomeostasis.
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