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A B S T R A C T

Paclitaxel is a commonly used anticancer drug, but it frequently causes peripheral neurop-

athy. Neurotropin, a non-protein extract from inflamed rabbit skin inoculated with vaccinia

virus, has been used to treat various chronic painful conditions. In the present study, we

investigated the effect of neurotropin on the paclitaxel-induced neuropathy in rats.

Repeated administration of paclitaxel induced mechanical allodynia, cold hyperalgesia,

and motor dysfunction. These neuropathies were mostly reversed by the repeated admin-

istration of neurotropin. Furthermore, neurotropin ameliorated the paclitaxel-induced axo-

nal degeneration in cultured PC12 and rat dorsal root ganglion cells, and in rat sciatic nerve.

In addition, neurotropin did not affect the microtubule aggregation or anti-tumour effect

induced by paclitaxel in the tumour cell lines or tumour cells-implanted mice. These

results suggest that neurotropin reverses the paclitaxel-induced neuropathy without

affecting anti-tumour activity of paclitaxel, and therefore may be useful for the paclit-

axel-induced neuropathy in clinical settings.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Paclitaxel (Taxol�), an anticancer agent with a tubulin-stabil-

ising action, is widely used for several malignancies, includ-

ing ovarian and breast cancer, non-small cell lung

carcinoma, and stomach cancer. However, its use is often lim-

ited because of the incidence of severe adverse reactions

including a peripheral neuropathy.

The paclitaxel-induced peripheral neuropathies are char-

acterised by frequently occurring sensory neuropathies, such

as dysesthesia, numbness, pain and thermohyperesthesia in

the feet and hands1–3, and usually mild motor neuropathies

such as muscle weakness and reduction of motor skills
er Ltd. All rights reserved

; fax: +81 92 642 5937.
ushu-u.ac.jp (N. Egashira
including buttoning a shirt.3 The incidence of paclitaxel-in-

duced neuropathy depends on risk factors including dose

per cycle, treatment schedule, duration of infusion and cumu-

lative dose.3 Amifostine, glutamine, acetyl L-carnitine,

BNP7787 and vitamin E have been clinically examined against

the paclitaxel-induced neuropathy.4–8 Although these drugs

partially reduced symptoms of neuropathy, they are not com-

monly used in the clinical setting because of low effective-

ness. Thus, new agents strongly reducing the symptoms of

neuropathy are required.

Many factors have been reported to be attributed to the

development of paclitaxel-induced neuropathy in vivo. Those

include the generation of radicals9, the abnormality of Ca2+
.
).
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homeostasis10, the expression of Ca2+ channel alpha 2 delta

type 111,12 and transient receptor potential vanilloid 4

(TRPV4)13, abnormality in axonal mitochondria of sensory

nerves14, and the activation of microglia in the spinal cord15

and immunocytes in peripheral nerves.15–17 In addition, in

the sensory nerves of patients with taxane-induced neuropa-

thy, the axonal degeneration decreases in the myelinated fi-

bre density and the loss of large fibres has been

exhibited.3,18–20 However, a detailed mechanism for the devel-

opment of paclitaxel-induced neuropathy is still largely

unknown.

Neurotropin is a non-protein extract derived from the in-

flamed skin of rabbits inoculated with vaccinia virus. Neuro-

tropin is clinically used to treat various chronic pain

conditions, including post herpetic neuralgia, lower back

pain, cervicodynia and peripheral neuropathies, and hyperes-

thesia of subacute myelo-optic neuropathy (SMON). Although

neurotropin is available in Japan and some other countries,

the National Institute of Nursing Research (NINR) in the Uni-

ted States is now examining the safety and effectiveness of

neurotropin for preventing or easing pain associated with

fibromyalgia and treating chronic pain after injury to a limb

or a large nerve. However, the effect of neurotropin on the

paclitaxel-induced neuropathy remains unexplored. Accord-

ingly, we examined the effect of neurotropin on the paclit-

axel-induced neuropathy in rat behavioural models. We also

examined the effect of neurotropin on the axonal degenera-

tion, considered to be one of the mechanisms for the paclit-

axel-induced neuropathy, in PC12 (a neuroendocrine rat

pheochromocytoma), dorsal root ganglion (DRG) cells, and

in rat sciatic nerve. Furthermore, we investigated the effect

of neurotropin on the anti-tumour activity of paclitaxel.

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats weighing 200–250 g (Kyudo Co.,

Saga, Japan) were used for the paclitaxel-induced peripheral

neuropathy model. Male C57BL/6 mice weighing 15–20 g (Ja-

pan SLC inc., Fukuoka, Japan) were used for the in vivo tumour

growth model. Animals were housed in groups of four to five

per cage, with lights on from 0800 to 2000 h. Animals had free

access to food and water in their home cages. All experiments

were approved by the Experimental Animal Care and Use

Committee of Kyushu University according to the National

Institutes of Health guidelines.

2.2. Drugs

Paclitaxel (Taxol�; 6 mg/ml in Cremophor EL/ethanol 1:1) was

obtained from Bristol-Myers Squibb (Tokyo, Japan). Neurotro-

pin was a generous gift from Nippon Zoki Pharmaceutical Co.

(Osaka, Japan). In the paclitaxel-induced peripheral neuropa-

thy model, paclitaxel (6 mg/kg) or vehicle (50% Cremophor EL/

ethanol) was injected i.p. once a week for 4 weeks (Days 0, 7,

14, and 21). Neurotropin [200 Neurotropin Unit (NU)/kg] was

injected p.o. three times a week for 4 weeks (Days 0, 1, 2, 7,

8, 9, 14, 15, 16, 21, 22, and 23). The dose of neurotropin was

chosen based on a previous report.21 The volume of vehicle
or drug solution injected was 10 ml/kg for all drugs. Behav-

ioural testing was performed blind with respect to drug

administration.

2.3. Von Frey test for mechanical allodynia

The Von Frey test was performed before the first drug admin-

istration (on Day 0) and on Days 10 and 24. Rats were placed in

a clear plastic box (20 · 17 · 13 cm) with a wire mesh floor and

allowed to habituate for 30 min prior to testing. Von Frey fila-

ments (The Touch Test Sensory Evaluator Set; Linton Instru-

mentation, Norfolk, UK) ranging 2–15 g bending force were

applied to the mid-plantar skin of each hind paw six times,

with each application held for 6 s. To determine 50% paw

withdrawal thresholds, withdrawal responses to the stimula-

tion of Von Frey filaments were counted.

2.4. Acetone test for cold hyperalgesia

The acetone test was performed before the first drug admin-

istration (on Day 0) and on Day 24 according to the method

described by Flatters and Bennett.22 Rats were placed in a

clear plastic box (20 · 17 · 13 cm) with a wire mesh floor

and allowed to habituate for 30 min prior to testing. fifty

microlitre of acetone (Wako Pure Chemical Ltd., Osaka, Japan)

was sprayed onto the plantar skin of each hind paw three

times with a Micro Sprayer� (Penn Century Inc., Philadelphia,

PA, USA), and rats were observed for 40 s from the start of the

acetone spraying. To determine latencies, the time was re-

corded from starting spray up to the occurrence of the first

avoidance response.

2.5. Grip strength test for motor strength

The grip strength test was performed before the first drug

administration (on Day 0) and on Day 25. The grip strength

test was performed with the tension gauge (Oba Keiki Co.

Ltd., Tokyo, Japan) and by consulting the method described

by Authier and colleagues.23 Rats were placed with both fore-

paws inside the front grip grid. When a rat gripped the grid, it

was steadily pulled backwards by the tail until its grip was

broken. The reading on the strain gauge was recorded four

times and the mean value was used.

2.6. Balance beam test for motor coordination

The balance beam test was performed before the first drug

administration (on Day 0) and on Day 25. The balance beam

test was performed by consulting the method described by

Jeljeli and colleagues.24 Rats were trained to travel from the

end of a wooden beam (80 · 40 · 4 cm) into a darkened goal

box (29 · 25 · 10 cm). On the testing day, rats were placed

on the end of the beam and the distances travelled by the rats

were measured three times and the mean value was used.

2.7. Cell lines and cultures

PC12 and rat breast carcinoma Walker 256 cells were obtained

from the American Type Culture Collection (Walkersville, MD,

USA). Human lung carcinoma A549 cells were obtained from
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Fig. 1 – Mechanical allodynia in the Von Frey test in rats.

Rats were treated with paclitaxel (PTX, 6 mg/kg, i.p.) once a

week for 4 weeks. Neurotropin (NTP, 200 NU/kg) was

administered orally three times a week for 4 weeks. Results

are expressed as mean ± SEM of 7–8 animals on Days 0, 10,

and 24. ��P<0.01 compared with vehicle, **P<0.01 compared

with PTX alone.
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the Japanese Collection of Research Bioresources Cell Bank

(Osaka, Japan). Lewis lung carcinoma (LLC) cells were ob-

tained from RIKEN (Saitama, Japan). L 4-5 DRG cells were re-

moved from male Sprague–Dawley rats (6 weeks old), which

anaesthetise with sodium pentobarbital, and primary cul-

tured. Ganglia was incubated with 0.125% (w/v) collagenase

type 1 (Worthington Biochemical Corp, NJ, USA) at 37 �C for

90 min followed by incubation with 0.25% (w/v) trypsin-EDTA

(Gibco BRL, USA) for 30 min. PC12 cells were grown in RPMI

1640 medium (MP Biomedicals Inc., Irvine, CA, USA) supple-

mented with 2 mM L-glutamine, 10% horse serum, and 5%

FBS. DRG and LLC cells were grown in Dulbecco’s modified Ea-

gle’s medium (MP Biomedicals Inc.) with 2 mM L-glutamine

and 10% FBS. Walker 256 cells were grown in 199 medium

(MP Biomedicals Inc.) with 2 mM L-glutamine and 5% horse

serum. A549 cells were grown in RPMI 1640 medium with

2 mM L-glutamine and 10% FBS. All cell lines were cultured

on 80 cm2 tissue culture flasks (Nunc Apogent Co., Roskilde,

Denmark) at 37 �C in air supplemented with 5% CO2 under

humidified conditions.

2.8. Assay of PC12 and DRG neurite outgrowths

PC12 cells were seeded at a density of 1 · 104 cells/cm2 onto 24

well plates (Falcon, Becton Dickinson Co. Ltd., Franklin Lakes,

NJ, USA) and were used for experiments on the following day.

Neurite outgrowth in PC12 cells was induced by 10 lM for-

skolin (Carbiochem, EMD Chemicals Inc., Darmstadt, Ger-

many) at 3 h before paclitaxel and neurotropin exposures.

DRG cells were seeded onto 24 well plates and were cultured

for a week so that neurites were extended. Both cell types

were exposed to paclitaxel (10 ng/ml) and neurotropin (0,

0.001, 0.003, 0.01, or 0.03 NU/ml) for 24 or 168 h. After incuba-

tion with paclitaxel and neurotropin, dead cells were stained

with trypan blue (Gibco BRL, Grand Island, NY, USA). Cells

were monitored by a phase contrast microscope and neurite

lengths in living cells were measured by analysis software

(Image J 1.36; Wayne Rasband, National Institutes of Health,

MD, USA). We also measured the LDH leakage from the

PC12 cell to investigate whether the exposure to drugs for

168 h induced cell injury or not. The LDH leakage was ex-

pressed as the percentage of LDH released into medium to to-

tal. LDH activity was determined using LDH assay kit (Takara

Biochemicals, Osaka, Japan).

2.9. Toluidine blue staining for sciatic nerve

On Day 25, sciatic nerves were harvested from rats anaesthe-

tised with sodium pentobarbital. Nerves were fixed in 2% (w/

v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4, 4 �C) for

4 h followed by washing with 0.1 M phosphate buffer. After

8% (w/v) sucrose-substitution, samples were embedded in

Epon. Each section was stained with toluidine blue. Sample

sections were evaluated using light microscopy.

2.10. Immunostaining of beta tubulin for imaging of
microtubule aggregates

Immunofluorescent staining for beta tubulin was carried out

using a rabbit monoclonal antibody (Cell Signaling Technol-
ogy, Inc., Beverly, MA, USA). Briefly, cells were cultured on cov-

er slips at the density of 1 · 104 cells/cm2 and incubated for

24 h. The cover slips were then rinsed with ice-cold phos-

phate-buffered saline and fixed with 3% (w/v) ice-cold para-

formaldehyde for 30 min at )20 �C. The beta tubulin

antibody was diluted (1:100) with phosphate-buffered saline

containing 5% (w/v) bovine serum albumin and 0.1% Triton

X-100. Cells were incubated with diluted antibody solution

overnight in a humidified chamber at 4 �C. After washing with

phosphate-buffered saline, cover slips were incubated at

room temperature for 2 h with goat anti-rabbit IgG (1:100 dilu-

tion in phosphate-buffered saline) that was labelled fluores-

cein isothiocyanate (FITC). Beta tubulin was visualised by

the fluorescence microscope.

2.11. Tumour cytotoxicity assay

A549 and Walker 256 cells were seeded at a density of 2 · 104

cells/cm2 onto 24 well plates and were used for experiments

on the following day. Cells were exposed to paclitaxel

(10 ng/ml) and neurotropin (0, 0.001, 0.003, 0.01, or 0.03 NU/

ml) for 6, 12, 24, 48, or 72 h. The cell viability was assessed

by the mitochondrial activity in reducing WST-8 (2-(2-meth-
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Fig. 2 – Cold hyperalgesia in the acetone test in rats. Rats

were treated with paclitaxel (PTX, 6 mg/kg, i.p.) once a week

for 4 weeks. Neurotropin (NTP, 200 NU/kg) was administered
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as mean ± SEM of 7–9 animals. ��P<0.01 compared with

vehicle, **P<0.01 compared with PTX alone.
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oxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2

H-tetrazolium, monosodium salt) to formazan. At 6, 12, 24, 48,

or 72 h after incubation with paclitaxel and neurotropin, the

cells were washed with phosphate-buffered saline, then

210 ll of serum-free medium and 10 ll of WST-8 assay solu-

tion (Cell Counting Kit-8; Dojindo Laboratory, Kumamoto,

Japan) were added and incubated for 1 h at 37 �C in humidi-

fied air supplemented with 5% CO2. The incubation medium

was carefully taken and transferred to 96 well flat-bottom

plastic plates (Corning Costar, Corning, NY, USA). The amount

of formed formazan dye was measured from the absorbance

at 450 nm with a reference wavelength of 620 nm using a

microplate reader (Immuno-mini NJ-2300; Inter Medical,

Tokyo, Japan).

2.12. Tumour growth analysis using mouse model

LLC cells (1.5 · 106 cells per mouse in 50 ll serum free med-

ium) were implanted subcutaneously in the chests of C57BL/

6 mice. Three days after implantation of tumour cells,

administration of drugs was started. Paclitaxel (6 mg/kg,

i.p.) and neurotropin (600 NU/kg, p.o.] were injected once a

day for 12 days. The tumour volumes were calculated as fol-

lows:Volume (mm3) = Length (mm) · Width (mm)2.
2.13. Statistical analyses

Values were expressed as the mean ± SEM. The values were

analysed with a one-way analysis of variance (ANOVA) fol-

lowed by the Tukey–Kramer test (StatView; Abacus Concepts,

Berkely, CA, USA) to determine differences among the groups.

The values of tumour cytotoxicity were expressed as percent-
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ages of level of vehicle-treated group. The values of tumour

cytotoxity and tumour volumes were analysed by two-way

(repeated-measures) ANOVA. A probability level of P<0.05

was accepted as statistically significant.
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Fig. 6 – Effect of neurotropin (NTP) on histological change

induced by paclitaxel (PTX) in rat sciatic nerve. Rats were

treated with paclitaxel (PTX, 6 mg/kg, i.p.) once a week for 4

weeks. Neurotropin (NTP, 200 NU/kg) was administered

orally three times a week for 4 weeks. On Day 25, the sciatic

nerve was harvested, and samples were stained with

toluidine blue. Photographs were originally magnified 800 ·.

Scale bar 50 lm.
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allodynia in the Von Frey test. Rats treated with higher doses

(10 and 15 mg/kg) died at the rate from 43 to 63%. On the other

hand, paclitaxel at the dose of 3 mg/kg had no effect on the

mechanical allodynia. Therefore, we selected 6 mg/kg as the

appropriate dosage of paclitaxel.

In the present study, rats were treated with vehicle, paclit-

axel (6 mg/kg, i.p.) alone or paclitaxel (6 mg/kg, i.p.) and neu-

rotropin (200 NU/kg, p.o.) for 4 weeks. The mortality rate of

each group was 9 (1/11), 10 (1/10) and 10 (1/10)%. No deteriora-

tion in general status was observed. In addition, there was no

difference in change of body weight among three groups (data

not shown).

3.1. Effect of neurotropin on mechanical allodynia in the
Von Frey test in paclitaxel-treated rats

Before the first drug administration, each group had an equiv-

alent 50% withdrawal threshold in the Von Frey test. Paclit-

axel (6 mg/kg, i.p.) significantly reduced the 50% paw

withdrawal threshold compared with vehicle on Day 24

[F(2,20) = 9.824, P<0.01 by one-way ANOVA; P<0.01 by Tukey–

Kramer test, Fig. 1]. Neurotropin (200 NU/kg, p.o.) reversed

the reduction of 50% paw withdrawal threshold by paclitaxel

almost completely (P<0.01 by Tukey–Kramer test).

3.2. Effect of neurotropin on cold hyperalgesia in the
acetone test in paclitaxel-treated rats

Before the first drug administration, each group had equiva-

lent withdrawal latencies in the acetone test (data not

shown). Paclitaxel (6 mg/kg, i.p.) significantly shortened the

withdrawal latency compared with vehicle in the acetone test

[F(2,22) = 32.869, P<0.0001 by one-way ANOVA; P<0.01 by Tu-

key–Kramer test, Fig. 2]. Neurotropin (200 NU/kg, p.o.) re-

versed the paclitaxel-induced shortening of the withdrawal

latency by 85% (P<0.01 by Tukey–Kramer test).

3.3. Effect of neurotropin on motor function in the grip
strength and balance beam tests in paclitaxel-treated rats

Before the first drug administration, each group had equiva-

lent values in the grip strength test and travelled distance

in the balance beam test (data not shown). In the grip

strength test, there was no significant difference among three

groups [F(2,22) = 2.354, P>0.1 by one-way ANOVA, Fig. 3]. In the

balance beam test, paclitaxel (6 mg/kg, i.p.) significantly de-

creased the travelled distance compared with vehicle

[F(2,22) = 12.046, P<0.001 by one-way ANOVA; P<0.01 by Tu-

key–Kramer test, Fig. 3B]. Neurotropin (200 NU/kg, p.o.) re-

versed the paclitaxel-induced decrease of the travelled

distance by 75% (P<0.01 by Tukey–Kramer test).

3.4. Effect of neurotropin on paclitaxel-induced neurite
degeneration in PC12 cells

The exposure to paclitaxel (10 ng/ml) for 24 h significantly

shortened the length of neurites in cultured PC12 cells

[F(5,18) = 6.413, P<0.01 by one-way ANOVA; P<0.01 by Tukey–

Kramer test, Fig. 4A]. The co-exposure to neurotropin (0.001–

0.03 NU/ml) for 168 h significantly extended the length of
neurites compared with the paclitaxel-treated group in the

concentration-dependent manner [F(5,18) = 7.448, P<0.001 by
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one-way ANOVA; 0.01 NU/ml; P<0.05, 0.03 NU/ml; P<0.01 by

Tukey–Kramer test, Fig. 4B], although the 24-h co-exposure

to neurotropin did not significantly affect it. In addition, the

exposure to paclitaxel or co-exposure to neurotropin for

168 h did not significantly increase the LDH leakage compared

with control group (data not shown).

3.5. Effect of neurotropin on paclitaxel-induced neurite
degeneration in rat DRG neurons

The exposure to paclitaxel (10 ng/ml) for 24 h significantly

shortened the length of neurites in rat DRG neurons, but

the co-exposure to neurotropin (0.001–0.03 NU/ml) did not af-

fect this change [F(5,18) = 3.432, P<0.05 by one-way ANOVA;

P<0.05 by Tukey–Kramer test, Fig. 5A]. When co-exposed for

168 h, neurotropin (0.03 NU/ml) significantly extended the

length of neurites compared with the paclitaxel-treated group

[F(5,18) = 6.024, P<0.01 by one-way ANOVA; P<0.05 by Tukey–

Kramer test, Fig. 5B].

3.6. Effect of neurotropin on paclitaxel-induced histolog
ical change in rat sciatic nerve

No histological abnormalities in sciatic nerve were observed in

vehicle-treated rats. Paclitaxel (6 mg/kg, i.p.) induced the de-

crease in the density of myelinated fibres and the degeneration

of myelinated fibres in rat sciatic nerve. These histological

changes were not observed in the tissue of rat treated with

co-administration of paclitaxel and neurotropin (see Fig. 6).

3.7. Effect of neurotropin on paclitaxel-induced microtu
bule aggregates

The exposure of cultured Walker 256 or A549 cells to paclit-

axel (10 ng/ml) for 24 h caused beta tubulin aggregates
Fig. 7 – Effect of neurotropin (NTP) on microtubule aggregates in

were incubated with PTX (10 ng/ml) for 24 h in the presence or a

beta tubulin for imaging of microtubule aggregates. The arrows

400 ·. Scale bar, 100 lm.
(Fig. 7, arrows). These beta tubulin aggregates were not af-

fected by neurotropin (0.03 NU/ml) in two kinds of cell.
3.8. Effect of neurotropin on the tumour cytotoxicity of
paclitaxel

The exposure of cultured Walker 256 or A549 cells to paclit-

axel (10 ng/ml) for 6, 12, 24, 48, or 72 h caused time-dependent

decreases in tumour cell viability as assessed by mitochon-

drial enzyme activity using the WST-8 assay (Fig. 8). In Walker

256 cells, repeated-measures ANOVA revealed a significant

time effect [F(4,60) = 654.757, P<0.0001], but a non-significant

drug effect [F(4,15) = 0.855] or drug · time interaction

[F(16,60) = 1.508]. In A549 cells, repeated-measures ANOVA

also revealed a significant time effect [F(4,60) = 115.535,

P<0.0001], but a non-significant drug effect [F(4,15) = 1.222]

or drug · time interaction [F(16,60) = 1.007]. Therefore, neuro-

tropin (0.001-0.03 NU/ml) had no effect on the paclitaxel-in-

duced decrease of tumour cell viability in either cell line.
3.9. Effect of neurotropin on the anti-tumour activity of
paclitaxel in tumour cells-implanted mice

Paclitaxel (6 mg/kg, i.p.) inhibited the increase of tumour vol-

umes in tumour cells-implanted mice (Fig. 9). Repeated-

measures ANOVA revealed a significant drug effect

[F(2,25) = 7.685, P<0.01], a significant time effect [F(5,125)

= 114.267, P<0.0001] and drug · time interaction

[F(10,125) = 7.004, P<0.0001]. Paclitaxel (6 mg/kg, i.p.) signifi-

cantly inhibited the increase of tumour volumes compared

with vehicle on Day 18 [F(2,23) = 7.063, P<0.01 by one-way

ANOVA; P<0.05 by Tukey–Kramer test]. Neurotropin (600

NU/kg, p.o.) had no effect on the paclitaxel-induced inhibi-

tion of tumour growth.
duced by paclitaxel (PTX). Walker 256 (A) and A549 cells (B)

bsence of NTP (0.03 NU/ml). Cells were immunostained with

indicate beta tubulin. Photographs were originally magnified
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Fig. 8 – Effect of neurotropin (NTP) on the tumour cytotox-

icity of paclitaxel (PTX). Walker 256 (A) and A549 cells (B)

were incubated with PTX (10 ng/ml) for 6, 12, 24, 48, or 72 h

in the presence or absence of various concentrations of NTP.

Cell viability was measured by WST-8 assay. Results are

expressed as percentages of the viability of the vehicle-

treated group (n = 4).
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Fig. 9 – Effect of neurotropin (NTP) on the anti-tumour effect

of paclitaxel (PTX). The LLC cells-implanted mice were

treated with paclitaxel (PTX, 6 mg/kg, i.p.) and neurotropin

(NTP, 600 NU/kg, p.o.) once a day for 12 days. Results are

expressed as mean ± SEM of 8–10 animals on Days 3, 6, 9,

12, 15 and 18. �P<0.05, ��P<0.01 compared with vehicle.
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4. Discussion

In the present study, neurotropin reversed paclitaxel-induced

reduction of threshold in the Von Frey test almost completely

and there was a shortening of withdrawal latency in the ace-

tone test by 85%. Recently, acetyl-L-carnitine or gabapentin

has been reported to reduce the paclitaxel-induced allodynia

and hyperalgesia in rats by 34–70%.12,25 Acetyl-L-carnitine is

present throughout the central and peripheral nervous sys-

tems and plays an essential role in the oxidation of free fatty

acids.26 Acetyl-L-carnitine ameliorates the paclitaxel-induced

neuropathy in clinical trials.6 Gabapentin is an anticonvul-

sant drug which binds to the neuronal voltage-gated Ca2+

channel alpha 2 delta type 1.27 Gabapentin has also been re-

ported to ameliorate several neuropathic pains, such as dia-

betic neuropathy28,29, cancer pain30 and post herpetic
neuralgia.31 Our data suggest that neurotropin may be useful

for the treatment of paclitaxel-induced neuropathy.

Clinical studies have shown that the axonal degeneration

of nerves is caused by paclitaxel, as well as a reduction of

myelinated fibre density and the loss of large fibres.3,18–20 In

the present study, we examined the effects of paclitaxel and

neurotropin on the neurite outgrowths in PC12 and DRG neu-

rons, and found that neurotropin repaired the paclitaxel-in-

duced axonal degeneration in these neurons. Moreover, we

found that neurotropin prevented the paclitaxel-induced axo-

nal degeneration in sciatic nerve. These reparations of axonal

degeneration by neurotropin may at least partially contribute

to the reversal of the paclitaxel-induced neuropathy.

In the model used in the present study, we observed the

mechanical allodynia (Von Frey test) and cold hyperalgesia

(acetone test) after paclitaxel administration, consistent with

previous reports.22,23,32,33 We also observed the impairment of

motor coordination (balance beam test) after paclitaxel

administration consistent with previous results34,35, with

the exception of one result.33 These discrepancies may be

due to the difference in the administration amount, route

and interval of paclitaxel. In the grip strength test, paclitaxel

has not been shown to reduce the muscle strength, consistent

with previous results.23,34 We also did not observe the deteri-

oration in general status. In addition, there was no difference

in change of body weight among the three groups. Hence, it is

unlikely that the impairment of motor coordination is due to

the muscle weakness, change of body weight and deteriora-

tion in general status. Thus, the present model is character-

ised by both sensory neuropathy (mechanical allodynia and

cold hyperalgesia) and motor neuropathy (impairment of mo-

tor coordination).

Though we did not measure the mechanical hyperalgesia

in this study, single treatment with paclitaxel (32 mg/kg, i.p.)

has been reported to induce mechanical hyperalgesia in

paw pressure tests in rats.23 We found that neurotropin re-
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versed the paclitaxel-induced axonal degeneration. The axo-

nal degeneration is known to underlie neuropathy symptoms

including hyperalgesia.36,37 Therefore, neurotropin might

ameliorate paclitaxel-induced mechanical hyperalgesia as

well as mechanical allodynia and cold hyperalgesia.

Neurotropin is used clinically based on the following three

actions; analgesia, amelioration of paresthesia (cold sensa-

tion) and antiallergy property. There have been reports of the

involvement of enhancement of noradrenergic and serotoner-

gic systems in the analgesic action of neurotropin21, and the

involvement of modification of abnormal discharge of hypo-

thalamic neurons38, improvement of peripheral blood flow39

and modulation of autonomic nerves40–42 in the amelioration

of paresthesia by neurotropin. Therefore, these effects might

be partially related to the amelioration of the paclitaxel-in-

duced neuropathy by neurotropin. More recently, neurotropin

has been reported to induce expression of thioredoxin, a re-

dox-regulating molecule, in A549 cells.43 Thioredoxin plays a

critical regulatory role in nerve growth factor-mediated signal

transduction and neurite outgrowth in PC12 cells.44 Further-

more, thioredoxin-interacting protein, an endogenous inhibi-

tor of antioxidants, is increased in DRG neurons from diabetic

rats.45 Hyperglycaemia promotes oxidative stress through

inhibition of thioredoxin function by thioredoxin-interacting

protein.46 Thioredoxin might be partially related to the repara-

tion of axonal degeneration by neurotropin.

The present results also show that neurotropin does not

affect the paclitaxel-induced microtubule aggregates in Walk-

er 256 or A549 cells. Therefore, it is unlikely that neurotropin

repairs the paclitaxel-induced axonal degeneration by inhibi-

tory effect on the paclitaxel-induced microtubule aggregates.

Additionally, neurotropin had no effect on the paclitaxel-in-

duced tumour cytotoxicity in these tumour cells. Further-

more, neurotropin had no effect on the anti-tumour effect

of paclitaxel in tumour cells-implanted mice.

In conclusion, the present study clarifies that neurotropin

ameliorates the paclitaxel-induced neuropathy in the rat

model and repairs the paclitaxel-induced axonal degenera-

tion, without affecting the anti-tumour activity of paclitaxel.

Therefore, neurotropin is expected to be useful as a therapeu-

tic drug for clinical paclitaxel-induced neuropathy.
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