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Abstract
Many patients suffer from serious adverse effects including respiratory distress and
pulmonary edema during and after chemotherapy with paclitaxel or vinorelbine. These
effects appear to be due to the activation of neurokinin-1 receptors. The present study
investigated the influences of paclitaxel and vinorelbine on the substance P (sP) release
from cultured dorsal root ganglion (DRG) cells using a radioimmunoassay. Both
paclitaxel and vinorelbine evoked sP release in a dose- and time-dependent manner
within 60 min at a concentration range of 0.1–10 µM. The sP release levels induced by
the two drugs were attenuated by pretreatment with the protein kinase Cs (PKCs)
inhibitors (bisindolylmaleimide I and Gö6976). Moreover, the paclitaxel- or
vinorelbine-induced sP release was diminished in the absence of extracellular Ca2+ or
the presence of LaCl3 (an extracellular Ca2+ influx blocker). A Ca2+ imaging assay
further indicated that both paclitaxel and vinorelbine gradually increased the
intracellular Ca2+ concentration, and these increases lasted for at least 15 min and were
suppressed by Gö6976. Paclitaxel caused the membrane translocation of only PKCβ
within 10 min after stimulation, whereas vinorelbine induced the translocation of both
PKCα and β. The paclitaxel- and vinorelbine-induced sP release levels were separately
inhibited by ruthenium red (a transient receptor potential (TRP) channel blocker) and
gabapentin (an inhibitor of voltage-gated Ca2+ channels (VGCCs)). These findings
suggest that paclitaxel and vinorelbine evoke the sP release from cultured DRG cells by
the extracellular Ca2+ influx through TRP channels activated by PKCβ and VGCCs
activated by both PKCα and β, respectively.
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Abbreviations: BIM, bisindolylmaleimide; cPKC, conventional protein kinase C;
COX-2, cyclooxygenases-2; DMEM, Dulbecco’s modified Eagle’s medium; DRG,
dorsal root ganglion; NK-1 receptor, neurokinin-1 receptor;

nPKC,

novel protein

kinase C; PKC, protein kinase C; SDS, sodium dodecyl sulfate; sP, substance P; TRP
channel, transient receptor potential channel; TRPV, transient receptor potential channel
vanilloid; VGCCs, voltage-gated Ca2+ channels;
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1. Introduction
Both paclitaxel and vinorelbine are the most effective and commonly used
anti-cancer drugs for breast cancer and non-small cell lung carcinoma. Following
binding to β-tubulin, both paclitaxel and vinorelbine separately interfere with dynamic
assembly or disassembly of the mitotic spindle, and thereby arrest the cell division
process (Jordan and Wilson, 2004). During chemotherapy, however, the two drugs
frequently cause severe hypersensitive reactions, such as bronchospasm, pulmonary
edema and respiratory distress (Weiss et al., 1990). Initially, the induction of these
undesirable adverse effects was considered to be associated with the histamine release
from mast cells (Decorti et al., 1996). However, premedication using a combination of
histamine H1 and H2 antagonists with glucocorticoids is not always able to prevent these
hypersensitive responses triggered by paclitaxel (Bookman et al, 1997). Therefore, it is
suggested that other mediator(s) must induce these hypersensitive responses.
Substance P (sP) is a member of the tachykinin neuropeptide family, which is
released from the central and peripheral nerve terminals of primary sensory neurons in
response to noxious stimuli (Severini et al., 2002; Tang et al., 2006). It is well known
that sP binds with high affinity to a receptor called neurokinin-1 (NK-1) receptor. At the
spinal terminals of primary neurons, sP plays a role in the transmission of nociceptive
information to the central nervous system, while the sP released at the peripheral region
functions as a neuromodulator and induces vasodilation, the constriction of smooth
muscle, submucosal gland secretion and inflammation (Severini et al., 2002). Therefore,
sP seems to be a major initiator of neurogenic inflammation and contributes to various
diseases (O’Connor et al., 2004). For example, Sendo et al. (2004) reported an elevated
plasma level of sP in patients at 10 min after paclitaxel infusion. In addition, the
injection of paclitaxel increases the sP level in plasma and bronchoalveolar lavage fluid,
and caused not only a marked extravasation of plasma protein in the lungs but also a
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decrease in arterial partial oxygen pressure with a concomitant increase in arterial
partial carbonic anhydride (Itoh et al., 2004a and b; Sendo et al., 2004). Moreover, both
the plasma extravasation in the lungs and the respiratory dysfunction induced by
paclitaxel are reversed by an antagonist of NK-1 receptor (Itoh et al., 2004a and b).
These observations imply that sP might play an important role in the clinical
hypersensitive responses including pulmonary edema and respiratory distress during the
infusion of paclitaxel or vinorelbine. However, there is still no direct evidence that both
paclitaxel and vinorelbine influence the sP release from the primary afferent neurons.
The present study was therefore designed to investigate whether, and if so, how both
paclitaxel and vinorelbine induce the sP release from cultured dorsal root ganglion
(DRG) cells.

2. Materials and Methods
2.1. Materials
The following drugs were used: bisindolylmaleimide I, Gö6976, PKCε translocation
inhibitor peptide and paclitaxel (Calbiochem, La Jolla, CA, USA); lanthanum chloride
(LaCl3·7H2O) (Nakarai Tesque, Kyoto, Japan); Dulbecco’s modified Eagle’s medium
(Nissui, Tokyo, Japan); horse serum and glutamine (Gibco-BRL, Gaithersburg, MD,
USA); 2.5% trypsin (Invitrogen, Burlington, ON, Canada); amiloride, bacitracin, bovine
serum albumin, capsazepine, captopril, collagenase, gabapentin, Hanks’ balanced salt
solution, nicardipine, penicillin/streptomycin, phosphoramidon, polyethyleneimine and
ruthenium red (Sigma Chemical, St Louis, MO, USA); nerve growth factor (2.5 S)
(Promega, Madison, WI, USA); fura-2 acetoxymethyl ester (Dojindo Laboratories,
Kumamoto, Japan); [125I-Try8]-sP (81.4 TBq/mmol) (New England Nuclear, Boston,
MA, USA); cell compartment kit (Qiagen, Hilden, Germany); mouse antibodies IgG
against PKCα and PKCβ, and mouse laminin (BD biosciences, Bedford, MA, USA);
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anti-mouse IgG horseradish peroxidase-linked antibody (Cell signaling, Beverly, MA,
USA); ω-conotoxin GVIA (Peptide Institute, Osaka, Japan). Anti-cancer drugs including
dacarbazine (a non-classical alkylating agent), fluorouracil (a pyrimidine analog),
mitomycin C (an antibiotic) and vinorelbine were kindly provided by Kyowa Hakko
(Tokyo, Japan). All other reagents were of the highest purity available from commercial
sources.

2.2. Cell culture
According to a previously described method (Tang et al., 2006), DRGs were
obtained from male Wistar rats weighing from 200–300 g and dissociated into single
cells by enzyme treatments of 0.125% collagenase and 0.25% trypsin, and mechanical
trituration. The cells were suspended in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% horse serum, 4 mM glutamine, 1% penicillin/streptomycin, and
30 ng/ml nerve growth factor, and plated on polyethyleneimine and laminin-coated
dishes at density of 5–6 DRGs/35 mm dish. The cultures were maintained at 37oC in a
water-saturated atmosphere with 5% CO2 for 3–7 days before the initiation of
experiments. All animal procedures were performed in accordance with the Guide for
Animal Experimentation, Hiroshima University and the Committee of Research
Facilities for Laboratory Animal Sciences, Graduate School of Biomedical Sciences,
Hiroshima University, Japan.

2.3. Measurement of sP release
All experiments were performed in Krebs–HEPES buffer [NaCl 110, CaCl2 2,
MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, D-glucose 11.7, HEPES 5 (mM)] contained
0.1% bovine serum albumin and peptidase inhibitors (1 μM phosphoramidon, 1 μM
captopril and 4 μg/ml bacitracin). Ca2+-free Krebs–HEPES buffer was prepared by
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omitting CaCl2. After washing, the cultured DRG cells were pretreated with various
inhibitors (amiloride, bisindolylmaleimide I, LaCl3 and capsazepine, ω-conotoxin GVIA,
gabapentin and Gö6976, nicardipine, PKCε translocation inhibitor peptide and
ruthenium red) for 15 min at 37oC. Thereafter, these cells were continuously treated
with anti-cancer drugs (paclitaxel, vinorelbine, dacarbazine, fluorouracil and mitomycin
C) for the designated period of time (10, 30 and 60 min) at 37oC. The content of sP
collected from Krebs–HEPES buffer was measured by a sensitive radioimmunoassay
(Tang et al., 2006).

2.4. Cell fractionation and Western blot analysis
After the treatment of cultured DRG cells with 10 μM of either paclitaxel or
vinorelbine for the designated period of time (0, 2, 5 and 10 min) in Krebs–HEPES
buffer, the isolation of the membrane and cytosolic protein fractions from those cells
was performed according to the manufacturer’s instructions of the cell compartment kit
(Qiagen, Hilden, Germany). Thereafter, the protein samples were diluted in sodium
dodecyl sulfate (SDS) sample buffer, and sonicated. After heating at 95oC for 5 min,
equal amounts of proteins were separated by SDS-polyacrylamide gel electrophoresis
and blotted onto polyvinylidene difluoride membranes. The membranes were blocked
with blocking buffer containing 5% skim milk overnight at 4oC and incubated for 2 hr at
room temperature with primary mouse IgG antibodies against PKCα (1:1000) and
PKCβ (1:250), respectively. After washing, the membranes were further incubated with
horseradish peroxidase-linked anti-mouse IgG antibody (1:1000) for 1 hr at room
temperature. The immunoreactivity was detected using the ECL plus Western blotting
detection system (GE Healthcare, Little Chalfont, Bucks, UK). Finally, the band
densities of PKC isoforms in membrane and cytosol fractions were measured using a
computerized image analysis program (Scion Image Beta 4.0.3; Scion Corporation,
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Frederick, MD, USA). The extent of membrane translocation of the PKC isoforms was
calculated using the ratio of the PKC isoform-specific band density (membrane/cytosol),
according to a previously described method (Pan et al., 2008).

2.5. Measurement of intracellular Ca2+ concentration
All experiments were performed in Hanks’ balanced salt solution (Sigma Chemical,
St Louis, MO, USA). The cultured DRG cells plated on glass coverslips with a silicon
rubber wall (FlexiPERM; Heraeus Biotechnology, Hanau, Germany) were loaded with
10 μM of fura-2 acetoxymethyl ester for 60 min at room temperature. The fluorescence
intensity was measured with the excitation wavelengths of 340 and 380 nm and an
emission wavelength of 510 nm. The video image output was digitized by an Argus 50
color image processor (Hamamatsu Photonics, Shizuoka, Japan) as described elsewhere
(Hide et al., 1997).

2.6. Statistical analysis
The data are presented as the mean ± SEM of at least three independent experiments.
The statistical analysis of the data was performed by a one-way analysis of variance
(ANOVA) followed by Dunnett’s test. A probability value (p) of less than 0.05 was
considered to be statistically significant.

3. Results
3.1. Both paclitaxel and vinorelbine induced the sP release from cultured rat DRG cells
As shown in Fig.1A, treatment with 10 µM of either paclitaxel or vinorelbine
induced a time-dependent release of sP within 60 min after stimulation. Treatment with
either paclitaxel or vinorelbine at a concentration range of 0.1–10 µM for 30 min
induced the sP release in a dose-dependent manner (Fig.1B). In contrast, other kinds of
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anti-cancer drugs including dacarbazine, fluorouracil and mitomycin C did not affect the
release of sP (Fig. 1B). Therefore, the cultured DRG cells treated with 10 µM of either
paclitaxel or vinorelbine for 30 min were used to further investigate the mechanism of
sP release from cultured DRG cells.

3.2.

Involvement

of

protein

kinase

C

activation

on

the

paclitaxel-

and

vinorelbine-induced sP release
Previous studies have demonstrated the importance of various intracellular cell
signaling factors including protein kinase C (PKC) in the regulation of sP release (Tang
et al., 2007 and 2008). Therefore, the effects of PKC inhibitors on the sP release
induced by either paclitaxel or vinorelbine were examined. As shown in Fig. 2, both
the paclitaxel- and vinorelbine-induced sP release were significantly attenuated by the
pretreatment with bisindolylmaleimide I, an inhibitor of conventional PKC (cPKC)
and novel PKC (nPKC) (Martiny-Baron et al., 1993), or Gö6976, an inhibitor of cPKC
(Martiny-Baron et al., 1993), but not by PKCε translocation inhibitor peptide (Huang
and Walker, 2004). The preincubation with these inhibitors alone had no significant
effect on the sP release.
The cPKCs are divided into three isoforms: PKCα, β and γ (Liu and Heckman, 1998).
In a separate study, the expression of PKCα and β, but not PKCγ has been confirmed in
cultured DRG cells (Unpublished data). Therefore, the effect of both paclitaxel and
vinorelbine on the translocation of PKCα and β from cytosol to membrane, which is one
of the hallmarks of cPKC activation (Liu and Heckman, 1998), were investigated.
Vinorelbine, but not paclitaxel increased the level of PKCα expression in the membrane
fraction which peaked at the 2-min time point (Figs. 3A and B). This translocation from
the cytosol to membrane returned toward the basal level at the 10-min time point. On
the other hand, the level of PKCβ in the membrane fraction was increased by the
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treatment with paclitaxel or vinorelbine (Figs. 3C and D). The translocation of PKCβ
continued for at least 10 min after the stimulation with either paclitaxel or vinorelbine
(Figs. 3C and D).

3.3. Influx of extracellular Ca2+ through ion channels is essential for the sP release
induced by either paclitaxel or vinorelbine
The sP release may be modulated by the influx of extracellular Ca2+ through several
ion channels, such as transient receptor potential (TRP) channels and voltage-gated Ca2+
channels (VGCCs) (Kageyama et al., 1997; Oshita et al., 2005; Tang et al, 2006; Tang
and Nakata, 2008; Trevisani et al., 2007). Therefore, the involvement of extracellular
Ca2+ was investigated in both the paclitaxel- and vinorelbine-induced sP release. As
shown in Fig. 4, neither paclitaxel nor vinorelbine affected the sP release in the absence
of extracellular Ca2+. In addition, preincubation with LaCl3 (300 μM), which blocks
Ca2+ influx (Robertson et al., 1995), completely suppressed the sP release induced by
either paclitaxel or vinorelbine. Next, the effects of several inhibitors of TRP channels
and VGCCs on the paclitaxel- and vinorelbine-induced sP release were examined,
because the sensitization of these channels may be modulated by PKC including cPKC
(Dolphin, 1995; Fehrenbacher et al., 2003; Venkatachalam and Montell, 2007; Tang et
al., 2008). As shown in Figs. 5A and B, preincubation with 50 μM ruthenium red, a
non-selective inhibitor of TRP channels (Patapoutian et al., 2003; Qin et al., 2008),
significantly suppressed the sP release induced by paclitaxel, but not vinorelbine.
However, pretreatment with 1 μM capsazepine, an inhibitor of TRP channel vanilloid
subtype 1 (TRPV1) (Bevan et al., 1992), had no significant effect on both paclitaxeland vinorelbine-induced sP release. On the other hand, the pretreatment with 50 μM
gabapentin, a non-selective inhibitor of VGCCs (Gee et al., 1996; Martin et al., 2002),
significantly attenuated the sP release induced by vinorelbine, but not paclitaxel (Figs.
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5C and D). However, the pretreatment with the respective inhibitors of L-, N- and
T-type VGCCs, such as nicardipine, ω-conotoxin GVIA and amiloride (Waterson, 1996;
Hui et al., 2009; Shishido et al., 2009), was not able to significantly prevent either the
paclitaxel- or vinorelbine-induced sP release (Figs. 5C and D).

3.4. Increases in the concentration of intracellular Ca2+ induced by paclitaxel or
vinorelbine
The effects of paclitaxel and vinorelbine on the intracellular Ca2+ concentration were
examined in cultured DRG cells. As shown in Figs. 6A and B, both paclitaxel and
vinorelbine increased the intracellular Ca2+ concentration. The increase in the
intracellular Ca2+ concentration induced by paclitaxel took about 5 min after the
stimulation, whereas the vinorelbine-induced increase started at 2 min after the
stimulation. Therefore, the effects of various inhibitors which affected sP release in this
study on the increase in the intracellular Ca2+ concentration induced by either paclitaxel
or vinorelbine were investigated. The increase in the intracellular Ca2+ concentration
induced by paclitaxel or vinorelbine was completely abolished by the elimination of
extracellular Ca2+ (Figs. 6C and D). Pretreatment with LaCl3 (Figs. 6E and F) or
Gö6976 (Figs. 6G and H) also inhibited the increase in the intracellular Ca2+
concentration induced by either paclitaxel or vinorelbine. In addition, the
paclitaxel-induced increase in the intracellular Ca2+ concentration was suppressed by the
pretreatment with ruthenium red, but not gabapentin (Figs. 6I and K). On the other hand,
the

pretreatment

with

gabapentin,

but

not

ruthenium

red,

attenuated

the

vinorelbine-induced increase in the intracellular Ca2+ concentration (Figs. 6J and L).

4. Discussion
This study demonstrated for the first time that both paclitaxel and vinorelbine
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induced the sP release from cultured rat DRG cells in a time- and dose-dependent
manner by the influx of extracellular Ca2+ through the distinct ion channels activated by
different isoforms of cPKCs. In addition, other kinds of anti-cancer drugs (dacarbazine,
fluorouracil, and mitomycin C), which do not particularly cause hypersensitive
reactions during cancer chemotherapy, did not significantly influence the sP release
(Fig. 1B). Therefore, these data suggest that the sP release seems to be considered as a
specific indicator of the hypersensitive reactions triggered by anti-mitotic drugs,
paclitaxel and vinorelbine.
Frayer et al. (1999) have indicated that a PKC activator, phorbol 12, 13-dibtyrate,
evoked the sP release in spinal cord slices, thus suggesting that the activation of PKC is
very important in sP release. The present study demonstrated that the effect of paclitaxel
as well as vinorelbine on the sP release was dependent on the activation of PKC (Fig. 2).
The current study used 1 µM Gö6976 for the inhibition of the activity of cPKC, because
1 µM Gö6976 has no effect on the activity of nPKC and atypical PKC (Martiny-Baron
et al., 1993). Therefore, the concentration of Gö6976 used in this study is appropriate to
selectively inhibit the activity of cPKCs. PKCε, a member of the nPKCs, plays a major
role in the sP release from cultured DRG cells (Tang and Nakata, 2008; Tang et al.,
2008), however, the pharmacological blockade of PKCε did not inhibit either the
paclitaxel- or vinorelbine-induced sP release (Fig. 2). Taken together, these data suggest
that the mechanisms of both the paclitaxel- and vinorelbine-induced sP release might be
regulated by the activation of cPKCs rather than nPKCs.
Subbaramaiah et al. (2000) showed the paclitaxel-induced expression of
cyclooxygenase-2 (COX-2) protein and mRNA in human mammary epithelial cells to
be blocked by calphostin C, an inhibitor of PKC, thus suggesting that the activation of
PKC might be activated by paclitaxel. The present study indicated that paclitaxel
activated only PKCβ, whereas vinorelbine activated both PKCα and β (Fig. 3), thus the
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cPKC isoforms activated by paclitaxel and vinorelbine were distinct in cultured DRG
cells. The activation of PKCα induced by vinorelbine rapidly peaked and thereafter
returned to the basal level. The time course and the extent of PKCβ activation induced
by paclitaxel seem similar to vinorelbine (Figs. 3C and D). These data suggest: 1) the
site of action of paclitaxel on cultured DRG cells might be different from vinorelbine in
terms of the sP release; 2) vinorelbine is likely to have an additional action site which is
not affected by paclitaxel. Moreover, vinorelbine seems to have augmentative action on
the sP release through the activation of PKCα in comparison to paclitaxel, since the
amount of the vinorelbine-induced sP release was larger than that of paclitaxel (Fig. 1A).
Taken together, these data suggest that the paclitaxel-induced sP release might be
regulated by the activation of PKCβ, whereas vinorelbine could induced the sP release
through the activation of both PKCα and β.
Intracellular Ca2+ is an important second messenger in regulating various cell
responses including the sP release (Oshita et al. 2005; Tang et al., 2006; Tang and
Nakata, 2008). In the present study, both paclitaxel and vinorelbine gradually induced
the increase in intracellular Ca2+ concentration. These increases took several minutes to
peak after stimulation with paclitaxel or vinorelbine (Figs. 6A and B). Moreover,
pretreatment with Gö6976 suppressed the increase in the intracellular Ca2+
concentration induced by paclitaxel or vinorelbine (Figs. 6G and H), and the time
courses of the activation of cPKCs stimulated by the two drugs were rapid, within 10
min after stimulation (Fig. 3). These data suggest that paclitaxel and vinorelbine could
activate cPKCs first, and then induce the influx of extracellular Ca2+, and therefore the
influx of extracellular Ca2+ appears to be essential for both the paclitaxel- and
vinorelbine-induced sP release.
This study found that the involvement of the TRP channel family in the
paclitaxel-release, but not the vinorelbine-induced sP release, because ruthenium red,
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which is commonly used as a non-selective inhibitor of TRP channels (Patapoutian et
al., 2003), has substantial inhibitory effects on the paclitaxel-induced actions (Figs. 5
and 6). Previous studies have demonstrated that the activation of TRPV1 closely
contributes to the sP release from cultured DRG cells (Tang et al., 2006 and 2008; Tang
and Nakata, 2008). Therefore, TRPV1 could be one of the candidate TRP channels
associated with the paclitaxel-induced actions. However, this hypothesis may be
excluded, because capsazepine had no significant inhibitory effect on the
paclitaxel-induced release (Fig. 5A). Other studies have indicated that DRG neurons
express the other TRP channels including TRPA1, TRPV3, 4 and TRPM8, thus
suggesting that the activation of these TRP channels may be involved in the sP release
from DRG neurons (Facer et al., 2007; Grant et al., 2007; Trevisani et al., 2007). Taken
together, these data suggest that the paclitaxel-induced sP release might be evoked by
the influx of extracellular Ca2+ through TRP channels other than TRPV1.
VGCCs are composed by heteromultimeric proteins containing a pore forming α1
subunit and auxiliary β, α2/δ and γ subunits, and divided into six groups (L-, N- P-, Q-,
R-, and T-types) based on the properties of the α1 subunit (Dolphin, 1995). A previous
study showed that sP and several types of VGCCs are co-expressed in the DRG cells
(Scroggs and Fox, 1992). In practice, we also found that the pretreatment with
gabapentin, a selective and potent inhibitor of VGCCs (Gee et al., 1996; Martin et al.,
2002), caused a significant inhibition of the sP release and the intracellular Ca2+
concentration induced by vinorelbine, but not paclitaxel (Figs. 5 and 6). However, we
considered that the L-, N- and T-type VGCCs may not be involved in the
vinorelbine-induced sP release because none of the three VGCC inhibitors (nicardipine,
ω-conotoxin and amiloride) significantly attenuated the vinorelbine-induced sP release
(Fig. 5D). Therefore, it is suggested that several VGCCs other than the L-, N- and
T-types regulate the vinorelbine-induced Ca2+ influx, thus triggering the sP release from
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cultured DRG cells.
The present study does not account for the relationship between PKC and ion
channels (TRP channels and VGCCs). However, VGCCs possess the phosphorylation
sites for PKC, and the activition of VGCCs may be modulated by PKCs (Dolphin,
1995). Recent reports have also suggested that the sensitization of TRP channels other
than TRPV1 was also regulated by the activation of PKC (Grant et al., 2007;
Venkatachalam and Montell, 2007). Moreover, Kashihara et al. (2008) indicated that the
PKC isoforms play a distinct role in the extracellular Ca2+ influx through TRP channels
or VGCCs. Our present study therefore suggested that paclitaxel might open the TRP
channels through the activation of PKCβ, while vinorelbine could activate VGCCs
through both PKCα and β, thus indicating that this distinct mechanism may be due to
the difference in the cPKCs activation induced by the two drugs and the transient PKCα
activation induced by vinorelbine is likely to be important key for elucidating the
distinct mechanism of these two drugs. However, further investigations are still needed
to determine the isoforms of TRP channels and VGCCs and the distinct molecules in
these channels which contribute to the modulation of the paclitaxel- and
vinorelbine-induced effects.
In conclusion, both paclitaxel and vinorelbine may cause an extracellular Ca2+ influx
through the TRP channels or VGCCs dependent on the activation of respective cPKC
isoforms (PKCβ and/or α), thus leading to an increase in the intracellular Ca2+
concentration, and thereby evoke the sP release from cultured DRG cells. These
observations provide an important key to substantially reduce or even prevent the
paclitaxel- and vinorelbine-triggered side effects during and after chemotherapy.

Acknowledgements
We thank Prof. S. Yamawaki of Hiroshima University for the use of an Argus 50 color
15

image processor. We also thank Dr. Brian Quinn (Kyushu University, Japan) for his
critical reading of the manuscript. This study was in part supported by a Grant-in-Aid
for Clinical Research from Hiroshima University Hospital.

References
Bevan, S., Hothi, S., Hughes, G., James, I. F., Rang, H. P., Shah, K., Walpole, C. S. J.,
Yeats, J. C., 1992. Capsazepine: a competitive antagonist of the sensory neurone
excitant capsaicin. Br. J. Pharmacol. 107, 544–552.
Bookman, M. A., Kloth, D. D., Kover, P. E., Smolinski, S., Ozols, R. F., 1997.
Short-course intravenous prophylaxis for paclitaxel-related hypersensitivity reactions.
Ann Oncol. 8, 611–614.
Decorti, G., Bartoli, K. F., Candussio, L., Baldini, L., 1996. Effect of paclitaxel and
Cremophor EL on mast cell histamine secretion and their interaction with adriamycin.
Anticancer Res. 16, 317–20.
Dolphin, A. C., 1995. The G. L. Brown Prize Lecture. Voltage-dependent calcium
channels and their modulation by neurotransmitters and G proteins. Exp. Physiol. 80,
1–36.
Facer, P., Casula, M. A., Smith, G. D., Benham, C. D., Chessell, I. P., Bountra, C.,
Sinisi, M., Birch, R., Anand, P., 2007. Differential expression of the capsaicin receptor
TRPV1 and related novel receptors TRPV3, TRPV4 and TRPM8 in normal human
tissues and changes in traumatic and diabetic neuropathy. BMC Neurol. 7, 11.
Frayer, S. M., Barber, L. A., Vasko, M. R., 1999. Activation of protein kinase C
enhances peptide release from rat spinal cord slices. Neurosci. Let. 265, 17–20.
Gee, N. S., Brown, J. P., Dissanayake, V. U., Offord, J., Thurlow, R., Woodruff, G. N.,
1996. The novel anticonvulsant drug, gabapentin (neurontin), binds to the α2δ subunit
of a calcium channel. J. Biol. Chem. 271, 5768–5776.
16

Grant, A. D., Cottrell, G. S., Amadesi, S., Trevisani, M., Nicoletti, P., Materazzi, S.,
Altier, C., Cenac, N., Zamponi, G. W., Bautista-Cruz, F., Lopez, C. B., Joseph, E. K.,
Levine, J. D., Liedtke, W., Vanner, S., Vergnolle, N., Geppetti, P., Bunnett, N. W.,
2007. Protease-activated receptor 2 sensitizes the transient receptor potential vanilloid 4
ion channel to cause mechanical hyperalgesia in mice. J. Physiol. 578, 715–733.
Hide, I., Toriu, N., Nuibe, T., Inoue, A., Hide, M., Yamamoto, S., Nakata, Y., 1997.
Suppression of TNF-α secretion by azelastine in a rat mast (RBL-2H3) cell line. J.
Immunol. 159, 2932–2940.
Huang, X., Walker, J. W., 2004. Myofilament anchoring of protein kinase C-epsilon in
cardiac myocytes. J. Cell Sci. 117, 1971–1978.
Hui, K., Kwok, T. C. Y., Kostelecki, W., Leen, J., Roy, P. J., Feng, Z-P., 2009.
Differential sensitivities of CaV1.2 IIS5–S6 mutants to 1,4-dihydropyridine analogs. Eur.
J. Pharmacol. 602, 255–261.
Itoh, Y., Sendo, T., Hirakawa, T., Goromaru, T., Takasaki, S., Yahata, H., Nakano, H.,
Oishi, R., 2004a. Role of sensory nerve peptides rather than mast cell histamine in
paclitaxel hypersensitivity. Am. J. Respir. Crit. Care Med. 169, 113–119.
Itoh, Y., Sendo, T., Hirakawa, T., Takahashi, S., Goromaru, T., Nakano, H., Oishi, R.,
2004b. Pemirolast potently attenuates paclitaxel hypersensitivity reactions through
inhibition of the release of sensory neuropeptides in rats. Neurophamacology. 46,
888–894.
Jordan, M. A., Wilson, L., 2004. Microtubules as a target for anticancer drugs. Nav.
Rev. Cancer 4, 253–265.
Kageyama, M., Fujita, H., Nakata, K., Shirasawa, E., 1997. Involvement of both L- and
N-type voltage-dependent Ca2+ channels in KCl- and veratridine-evoked transmitter
release from non-adrenergic, non-cholinergic nerves in the rabbit iris sphincter muscle.
Naunyn Schmiedeberg’s Arch. Pharmacol. 355, 638–644.
17

Liu, W. S., Heckman, C. A., 1998. The sevenfold way of PKC regulation. Cell. Signal.
10, 529–542.
Kashihara, T., Nakayama, K., Ishikawa, T., 2008. Distinct roles of protein kinase C
isoforms in myogenic constriction of rat posterior cerebral arteries. J. Pharmacol. Sci.
108, 446–454.
Martin, D. J., McClelland, D., Herd, M. D., Sutton, K. G., Hall, M. D., Lee, K., Pinnock,
R. D., Scott, R. H., 2002. Gabapentin-mediated inhibition of voltage-activated Ca2+
channel currents in cultured sensory neurones is dependent on culture conditions and
channel subunit expression. Neuropharmacology. 42, 353–366.
Martiny-Baron, G., Kazanietz, M. G., Mischak, H., Blumberg, P. M., Kochs, G., Hug,
H., Marmé, D., Schächtele, C., 1993. Selective inhibition of protein kinase C isozymes
by the indolocarbazole Gö6976. J. Biol. Chem. 268, 9194–9197.
O’Connor, T. M., O’Connell, J., O’Brien, D. I., Goode, T., Bredin, C. P., Shanahan, F.,
2004. The role of substance P in inflammatory disease. J. Cell. Physiol. 201, 167–180.
Oshita, K., Inoue, A., Tang, H. B., Nakata, Y., Kawamoto, M., Yuge, O., 2005. CB1
cannabinoid receptor stimulation modulates transient receptor potential vanilloid
receptor 1 activities in calcium influx and substance P release in cultured rat dorsal root
ganglion cells. J. Pharmacol. Sci. 97, 377–385.
Pan, T. T., Neo, K. Y., Hu, L. F., Yong, Q. C., Bian, J.S., 2007. Intracellular calcium
handling in rat cardiomyocytes H2S preconditioning-induced PKC activation regulates.
Am. J. Physiol. Cell Physiol. 294, 169–177.
Patapoutian, A., Peier, A. M., Story, G. M., Viswanath, V., 2003. ThermoTRP channels
and beyond: Mechanisms of temperature sensation. Nat. Rev. Nurosci. 4, 529–539.
Qin, N., Neeper, M. P., Liu, Y., Hutchinson, T. L., Lubin, M. L., Flores, C. M., 2008.
TRPV2 is activated by cannabidiol and mediates CGRP release in cultured rat dorsal
root ganglion neurons. J. Neurosci., 28, 6231– 6238.
18

Robertson, T. P., Hague, D., Aaronson, P. I., Ward, J. P. T., 2000. Voltage-independent
calcium entry in hypoxic pulmonary vasoconstriction of intrapulmonary arteries of the
rat. J. Physiol. 525, 669–680.
Scroggs, R. S., Fox, A. P., 1992. Multiple Ca2+ currenys elicited by action potential
waveforms in acutely isolated adult rat dorsal root ganglion neurons. J. Nuerosci. 12,
1789–1801.
Sendo, T., Itoh, Y., Goromaru, T., Hirakawa, T., Ishida, M., Nakano, H., Oishi, R., 2004.
Role of substance P in hypersensitivity reactions induced by paclitaxel, an anticancer
agent. Peptides 25, 1205–1208.
Severini, C., Improta, G., Falconieri-Erspamer, G., Salvadori, S., Erspamer, V., 2002.
The tachykinin peptide family. Pharmacol. Rev. 54, 285–322.
Shishido, T., Sakai, S., Tosaka, T., 2009. T- and L-type calcium channels mediate
a1-adrenoceptor-evoked contraction in the guinea-pig vas deferens. Neurourol. Urodyn.,
in press.
Subbaramaiah,

K.,

Hart,

J.

C.,

Norton,

L.,

Dannenberg,

A.

J.,

2000.

Microtubule-interfering agents stimulate the transcription of cyclooxygenase-2. J. Biol.
Chem. 275, 14838–14845.
Tang, H. B., Inoue, A., Iwasa, M., Hide, I., Nakata, Y., 2006. Substance P release
evoked by capsaicin or potassium from rat cultured dorsal root ganglion neurons is
conversely modulated with bradykinin. J. Neurochem. 97, 1412–1418.
Tang, H. B., Li, Y. S., Arihiro, K., Nakata, Y., 2007. Activation of the neurokinin-1
receptor by substance P triggers the release of substance P from cultured adult rat dorsal
root ganglion neurons. Mol. Pain 3, 42.
Tang, H. B., Nakata, Y., 2008. The activation of transient receptor potential vanilloid
receptor subtype 1 by capsaicin without extracellular Ca2+ is involved in the mechanism
of distinct substance P release in cultured rat dorsal root ganglion neurons. Naunyn
19

Schmiedeberg’s Arch. Pharmacol. 377, 325–332.
Tang, H. B., Li, Y. S., Miyano, K., Nakata, Y., 2008. Phosphorylation of TRPV1 by
neurokinin-1 receptor agonist exaggerates the capsaicin-mediated substance P release
from cultured rat dorsal root ganglion neurons. Neuropharmacology 55, 1405–1411.
Trevisani, M., Siemens, J., Materazzi, S., Bautista, D. M., Nassini, R., Campi, B.,
Imamachi, N., Andre, E., Patacchini, R., Cottrell, G. S., Gatti, R., Basbaum, A. I.,
Bunnett, N. W., Julius, D., Geppetti, P., 2007. 4-Hydroxynonenal, an endogenous
aldehyde, causes pain and neurogenic inflammation through activation of the irritant
receptor TRPA1. Proc. Natl. Acad. Sci. USA. 104, 13519–13524.
Venkatachalam, K., Montell, C., 2007. TRP channels. Annu. Rev. Biochem. 76,
387–417.
Waterman, S. A., 1996. Multiple subtypes of voltage-gated calcium channel mediate
transmitter release from parasympathetic neurons in the mouse bladder. J. Neurosci. 16,
4155–4161.
Weiss, R. B., Donehower, R. C., Wiernik, P. H., Ohnuma, T., Gralla, R. J., Trump, D.
L., Baker, J. R. Jr., Van Echo, D. A., Von Hoff, D. D., Leyland-Jones, B., 1990.
Hypersensitivity reactions from taxol. J. Clin. Oncol. 8, 1263–1268.

20

Legends
Fig. 1 The effects of various anti-cancer drugs on the sP release from cultured rat DRG
cells.
(A) The time courses of the paclitaxel- and vinorelbine-induced sP release. The cells
were treated with 10 μM of either paclitaxel or vinorelbine for the indicated periods of
time. (B) The concentration dependency of the sP release induced by various anti-cancer
drugs. The cells were treated with the indicated concentration of paclitaxel, vinorelbine,
dacarbazine, fluorouracil and mitomycin C for 30 min. The data are expressed as the
means ± S.E.M. (bars) of 4–14 (A) or 3–21 (B) separate experiments.*p < 0.05, **p <
0.01 in comparison to respective control groups.

Fig. 2 Effects of PKC inhibitors on the paclitaxel- or vinorelbine-induced sP release
from cultured rat DRG cells.
The cells were pretreated with 10 μM of bisindolylmaleimide I (BIM), 1 μM of Gö6976
or 200 μM of PKCε translocation inhibitor peptide (PKCε I) for 15 min. After the
pretreatment, the cells were treated with 10 μM of either paclitaxel or vinorelbine for 30
min, respectively. The data are expressed as the means ± S.E.M. (bars) of 3–10 (A) or
3–12 (B) separate experiments. *, ** denote p < 0.05 and 0.01 in comparison to the
value for the cells treated with paclitaxel or vinorelbine alone.

Fig. 3 The translocation of cPKC isoforms from the cytosol to the membrane in cultured
DRG cells treated with paclitaxel or vinorelbine.
The cells were treated with 10 μM of either paclitaxel (A, B) or vinorelbine (C, D) for
the indicated period of time (0, 2, 5 and 10 min). The cPKC isoforms in the membrane
and cytosol fractions were detected by a Western blot analysis (upsides of A, B, C and
D), and the extent of the translocation of PKCα (downsides of C and D) or β
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(downsides of C and D) was normalized to the control group treated with paclitaxel or
vinorelbine for 0 min to 100%. The data are expressed as the means ± S.E.M. (bars) of
5–8 (A), 5–8 (B), 4 (C) or 6 (D) separate experiments. *p < 0.05, *p < 0.01 in
comparison to the value for the cells treated with paclitaxel or vinorelbine at 0 min.

Fig. 4 Effects of extracellular Ca2+ on the paclitaxel- or vinorelbine-induced sP release.
The cultured DRG cells were treated with 10 μM of either paclitaxel or vinorelbine in
the presence or absence of Ca2+ (2 mM) in Krebs–HEPES buffer. The experiments of
LaCl3 were preformed in Ca2+ (2 mM)-containing buffer. The data are expressed as the
means ± S.E.M. (bars) of 3–6 separate experiments. **p < 0.01 in comparison to the
value of paclitaxel or vinorelbine alone in the Ca2+-containing buffer.

Fig. 5 Effects of inhibitors of ion channels on the paclitaxel- or vinorelbine-induced sP
release from cultured rat DRG cells.
The cells were pretreated with 50 μM of ruthenium red (RR), 1 μM of capsazepine
(CPZ) or ω-conotoxin GVIA (GVIA), 50 μM of gabapentin (GBP), 5 μM of nicardipine
(Nic) or 100 μM of amiloride (AMD) for 15 min. After the preincubation, the cells were
treated with 10 μM of either paclitaxel or vinorelbine for 30 min, respectively. The data
are expressed as the means ± S.E.M. (bars) of 4–11 (A), 4–10 (B), 3–21 (C) or 3–23 (D)
separate experiments. *, ** denote p < 0.05 and 0.01 in comparison to the value of the
cells treated with paclitaxel or vinorelbine alone.

Fig. 6 The changes of the intracellular Ca2+ concentration in cultured DRG cells treated
with paclitaxel or vinorelbine.
The fura-2-loaded cells were treated with 10 μM of either paclitaxel or vinorelbine in
the presence (A, B, E-L) or absence (C, D) of Ca2+ in Hanks’ balanced salt solution,
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respectively. The cells were pretreated with 300 μM of LaCl3 (E, F), 1 μM of Gö6976
(G, H), 50 μM of ruthenium red (I, J) or 50 μM of gabapentin (K, L) for 15 min, before
the treatment with 10 μM of either paclitaxel or vinorelbine for 15 min. The trace in
each graph shows the representative mean of the intracellular Ca2+ concentration of
randomly selected cells. Similar results were obtained in at least three independent
experiments.
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