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Abstract

Purpose This study was conducted to investigate the

potential neuroprotective effect of IL-6 on chemotherapy

induced neuropathy (CIN). IL-6 was compared to four-

methylcatechol (4-MC)-a known inducer of NGF secretion

previously shown to exhibit neuroprotective effects in CIN

models.

Methods Three CIN models were used; two in rats (cis-

platin and vincristine) and one in mice (paclitaxel). IL-6 was

delivered in four different doses in rats (0.3, 1, 3, 10 lg/kg,

sc) every day from the first day of chemotherapeutic agent

intoxication until the end of the study (day 37 for cisplatin

protocol and day 30 for vincristine procedure). In mice, IL-6

was delivered at 10 lg/kg, sc either daily or three times a

week from the first day of intoxication until the end of the

study (day 19). Behavioral testings (hot plate and rotarod),

nerve conduction studies (CMAP, SNCV, H-wave) and

histo-morphometric analysis were done for all models. In

addition, we tested whether IL-6 interfered with the tumor-

reducing effects of the chemotherapeutic agents.

Results IL-6 treatment prevented the behavioral and

electrophysiological abnormalities produced by vincristine,

cisplatin and Taxol intoxication, and similarly prevented the

pathological changes in peripheral nerves. The neuropro-

tective action of chronic IL-6 treatment was at least equal to

that of 4-MC. In addition, IL-6 neither inhibited the antitu-

mour activity of cisplatin, nor stimulated tumour growth.

Conclusion IL-6 at low doses (10 lg/kg) provided pro-

tection against the development of CIN without

demonstrating interference with the anti tumoural activity

of these anti-mitotic drugs.

Keywords IL-6 � Chemotherapy-induced neuropathy �
Neuroprotection

Introduction

The neurotoxic side-effects of common chemotherapeutic

agents, including platinum compounds, vinca alkaloids and

taxanes, are the major reasons for stopping the anti-tumour

therapy or changing the dose regimen. The chemotherapy-

induced neuropathy (CIN) is partly reversible only and

damages are definitively irreversible in the worst-case

scenario. Thus, CIN represents an important and persistent

limitation of quality of life even if drugs have successfully

treated the cancer.
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Vinca alkaloids act by binding on intracellular tubulin.

Vincristine-driven neuropathy is mainly characterized by

motor and sensory deficits. In the peripheral nervous sys-

tem, the drug induces alterations in cellular microtubules

leading to alterations of axonal transport and axonal

degeneration. Many vincristine treated patients develop a

dose-dependent (cumulative max. doses 30–50 mg), pri-

marily sensory neuropathy [37, 45]. Early symptoms and

signs of neuropathy are paraesthesia and pain of hands and

feet, and distally accentuated hyperaesthesia. Attempts to

prevent vincristine neuropathy using putative neuroprotec-

tive agents such as vitamin B1, vitamin B12, glutamate [9,

10], isoaxonine [36], insulin-like growth factor or nerve

growth factor [3, 13, 22] have shown a very limited success.

Cisplatin (cis-diamine-dichloro-platinum) is an effective

anti-tumour agent that is currently commonly used for the

treatment of various malignancies and particularly ovarian,

bladder, lung and testis cancer [43]. Other commonly used

platinum derivatives are carboplatin and the more recently

introduced oxaliplatin. The compounds act as anti-tumour

agents by inducing intra- and interstrand crosslinks in DNA

that result in apoptotic cell death by quickly dividing cell

lines and cancer cells [28]. The platinum derivatives also

have a high affinity for the peripheral nervous system [42].

These compounds can be detected in dorsal root ganglion

cells (DRG) and in the sensory nerves themselves. The

mechanism of toxicity is not due probably to direct damage

of the DNA, but is based on a disturbance of cellular

metabolism and axo-plasmatic transport.

Paclitaxel (Taxol) is an anticancer drug with a broad

spectrum of activity against a wide variety of neoplasms,

including breast, ovary, lung, and gastrointestinal tumors

[48]. Peripheral neurotoxicity is the most restricting side-

effect of Taxol [34]. More than half of the patients treated

with Taxol [250 mg/m2 describe parasthesias and dys-

aesthesia, which appear 24–72 h after administration.

Some patients develop neuropathy even after a single

administration of Taxol, especially in combination with

cisplatin. In contrast to cisplatin, which predominantly

affects the small and thinly myelinated axons (responsible

for pain and temperature perception), Taxol preferentially

affects large myelinated nerve fibres and consequently

causes mixed sensory and motor dysfunction [24, 25].

Interleukin 6 (IL-6) has been proposed to act as a neu-

rotrophic and neuroprotective factor and contribute to the

maintenance of neuronal homeostatis [31, 54]. Experi-

mental evidence has indicated that an increased IL-6

mRNA expression could be detected in acute degenerative

processes (Wallerian degeneration) but not in chronic

slower progressing neuropathies and not in intact nerve

fibers [46]. In line with this, different neurotrophic factors

including IL-6 were overexpressed in nerves after experi-

mental axotomy. Also, they promoted axonal growth until

axon/Schwann cell contact [14]. Moreover, it was shown

that a chronic intraperitoneal as well as subcutaneous

administration of IL-6 were protective against the devel-

opment of diabetic-related neuropathy in streptozotoxin

rats [2]. These findings implicate IL-6 in the neural

degeneration and regeneration process.

The current study was undertaken in order to investigate

the potential neuroprotective effect of IL-6 on vincristine

and cisplatin-induced neuropathy in the rat and on Taxol-

induced neuropathy in the mouse. Results shows that IL-6

treatment prevented the development of morphological

changes induced by vincristine, cisplatin and Taxol intoxi-

cation and improved both behavioural, electrophysiological

performance of animals. The neuroprotective action of

chronic IL-6 treatment appeared more efficient than that of

4-methylcatechol (4-MC), a NGF inducer agent with neu-

roprotective property [16, 17], in different animal models of

neurodegeneration [11, 49].

In addition, IL-6 neither inhibited the antitumour

activity of these drugs, nor stimulated tumour growth.

Therefore, IL-6 therapy may be an attractive approach to

prevent the development of chemotherapy-induced

neuropathies.

Materials and methods

Induction of cisplatin and vincristine neuropathy

in rat and pharmacological treatment

Neuropathy was induced in 10-week-old female Dark

Agouti rats by intraperitoneal (IP) injection of cisplatin

(Sigma, France) twice a week at a dose of 2 mg/kg during

4 weeks (based on Boyle and co-workers [10]); or by a

daily injection of vincristine (Tocris, France) from day 0 to

5, from day 8 to 12 and day 15 to 16 at a dose of 0.15 mg/

kg (based on Boyle and co-workers [9]). The two drugs

were diluted in 0.9% sterile aqueous solution of sodium

chloride. IL-6 was diluted in saline containing 0.02% BSA

and was administered at doses of 0.3, 1, 3, 10 lg/kg via

subcutaneous (sc) route every day from the first day of

chemotherapeutic agent intoxication (D1) until the end of

the study (D37 for cisplatin and D30 for vincristine

experiment). 4-MC, a known inducer of NGF secretion

previously shown to exhibit neuroprotective effects, was

diluted in saline and injected daily via IP route at the dose

of 10 lg/kg, from the first day of chemotherapeutic agent

intoxication until the end of the study. Six groups of ten

rats were intoxicated with cisplatin or vincristine drugs and

were treated with IL-6, 4MC or vehicle and an additional

group of animals did not receive any intoxication and was

treated with the vehicle (control group). The studies were

initiated 1 week before the onset of cisplatin and
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vincristine intoxication to acclimatize the animals to the

handlings and tests and to allow measurement of baseline

values. Body weight and survival rates were recorded on a

daily basis and behavioural and electrophysiological

monitorings were conducted weekly.

Induction of Taxol neuropathy in mouse

and pharmacological treatment

Eight-week-old female C57Bl/6 mice were IP anesthetized

with ketamine/xylazine mixure (4/1 v/v). Taxol (7.5 mg/ml

in cremophor/ethanol, Sigma, USA) was injected into the

jugular vein at a dose of 60 mg/kg every other day for

1 week (a total of three injections) (see [56] for further

details). Control groups (0.02% BSA in saline) were

injected with vehicle only. IL-6 was diluted in saline

containing 0.02% BSA and was administered at doses of

10 lg/kg via sc route daily (79) or three times a week (39)

from the first day of chemotherapeutic agent intoxication

(D0) until the end of the study (D19). Five groups of ten

animals were used. The studies were initiated one week

before the onset of Taxol intoxication to acclimatize the

animals to the handlings and tests and to allow measure-

ment of baseline values. Body weight and survival rates

were recorded on daily basis and behavioural and electro-

physiological monitorings were conducted weekly. At the

end of the study, all the animals were sacrificed.

For all experiences, behavioral tests were conducted on

a weekly basis to train the animals and to detect the first

impairments induced by chemotherapeutic agents. With

this training and habituation procedure, all animals showed

improvement of their performances throughout the study.

This improvement was partially or fully hidden by the

impairments induced by the chemotherapeutic treatments.

For all experiments, animals were housed two (rats) or

five (mice) per cage and maintained in a room with con-

trolled temperature (21–22�C) and a reversed light-dark

cycle (12 h/12 h) with food and water available ad libitum.

All experiments were carried out in accordance with

institutional guidelines.

Behavioural measurements

Sensitivity test: hot plate test in rat

The rat was placed inside a glass cylinder of 17 cm height

and 21 cm diameter on a heating-plate heated to 52�C

(Medite OTS 40, Microm, France). The animal behavior

was observed, particularly the licking of a foot and the

adjusted leap. The latency before licking a foot or before

jumping to escape the heat (adjusted leap) was recorded.

The time needed to feel the thermal pain is related to the

thermal sensitivity and tends to increase when thermal

sensitivity is altered.

Motor-coordination test: Rotarod test in mouse

Motor-coordination was assessed using a Rotarod appara-

tus (Columbus Instruments, OH). Animals were acclimated

to the protocol during the 3 days before each of the testing

dates. Initial speed is 1.6 rpm, with acceleration rate of

4 rpm per minute. Animals were tested three times during

each session with at least 2 min of rest between each test.

The best performance for each testing date (before and

after treatment) was recorded.

Nerve conduction studies in rats

Electrophysiological recordings (EMG) were performed

using a Neuromatic 2000M electromyograph (Dantec, Les

Ulis, France), the procedure was based on the work of

Kennel and co-workers [18]. Rats were anaesthetized by IP

injection of 60 mg/kg ketamine chlorhydrate (Imalgene

500�, Rhône Mérieux, France). The normal body temper-

ature was maintained at 30�C with a heating lamp and

verified using a contact thermometer (Quick, Bioblock

Scientific, France) placed on the tail surface. H wave

recording consisted in stimulating the sciatic nerve through

a needle electrode (Dantec) at the sciatic notch level with a

single 0.2 ms pulse at supramaximal intensity (12.8 mA)

and measuring electromyographic responses from the

plantar muscle. A monopolar recording electrode was

inserted between the fourth and fifth digits, parallel to the

long axis of the foot. The reference electrode was inserted

into the fifth digit of the same foot, and a ground electrode

was inserted into the tail. The first response, referred to as

the M wave, results from direct stimulation of motor axons,

whereas the second, or H wave, results from indirect stim-

ulation of motoneurons mediated by sensory fibers. The

amplitude and the latency of H wave signal were measured.

Compound muscle action potential (CMAP) signal was

recorded in the gastrocnemius muscle after stimulation of

the sciatic nerve nerve through a needle electrode (Dantec)

at the sciatic notch level. A reference electrode and an

active needle were placed in the hindpaw. A ground needle

was inserted on the lower back of the rat. Sciatic nerve was

stimulated with a single 0.2 ms pulse at supramaximal

intensity. The velocity of the motor wave was recorded and

expressed in ms. Sensitive nerve conduction velocity

(SNCV) was also recorded. The tail skin electrodes were

placed as follows: a reference needle inserted at the base of

the tail and an anode needle placed 30 mm away from the
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reference needle towards the extremity of the tail. A ground

needle electrode was inserted between the anode and ref-

erence needles. The caudal nerve was stimulated with a

series of 20 pulses (for 0.2 ms) at an intensity of 12.8 mA.

The signal velocity was expressed in m/s.

Nerve conduction studies in mice

Nerve conduction studies (Nicolet Viking Quest, Nicolet

Biomedical, Madison, WI) were performed under

methoxyflurane anesthesia. For hind limb recordings,

electrodes were inserted into the interosseous muscles of

the left foot; stimuli were administered transcutaneously at

the ankle and at the hip (sciatic notch). Sensory nerve

action potentials (SNAPs) were recorded in the tail. Sub-

cutaneous recording electrodes were placed at the base of

the tail, keeping the anode and the cathode *5 mm apart;

stimuli were administered 4–5 cm distal. Waveforms were

recorded from an average of 50 to 80 stimuli.

Morphometric analysis in rats

Twenty-three days post-cisplatin intoxication and 2 weeks

after the end of vincristine intoxication three rats of each

group were killed. Sciatic nerves, were excised, fixed

overnight with 4% glutaraldehyde (Sigma, France) in PBS

buffer (pH = 7.4) and maintained in 30% sucrose and

stored at 4�C. At the time of use, the nerve sample was

post-fixed in 1% osmium tetroxide (Sigma, France) in PBS

for 2 h, dehydrated in serial alcohol solution, and embed-

ded in Epon. Embedded tissues were then placed at 70�C

during 3 days to allow polymerization of the epon resin.

Cross sections of 1.5 lm thick were performed and they

were stained with 1% toluidine blue solution (Sigma) for

2 min, dehydrated and mounted on Eukitt for light

microscopy and image analysis using a computerized video

image system. The morphometric analysis was based on

Andriambeloson and co-workers procedure [2]. Briefly, six

sections were examined using an optical microscope (Ni-

kon, Tokyo, Japan) and analyzed using a semi-automated

digital image analysis software (Biocom, France and Image

Pro Inc., Houston, TX). Two randomly selected fields per

slice were studied. The myelinated fibers with abnormal

and normal appearances were analyzed. Myelinated fibers

without axons, redundant myelin and fibers showing

sheaths with thicknesses too large in respect to their axonal

diameter were considered as abnormal fibers. Abnormal

fibers were not taken into account from the myelin thick-

ness and the fiber diameter measurements.

About 2,606 ± 78 fibers (including abnormal fibers) per

animal were analysed.

Morphometric analysis (Mouse)

Two weeks after the last IL-6 injection, animals were

perfused with 4% paraformaldehyde in 0.1 M PBS buffer

(pH = 7.4). L4 dorsal and ventral roots were post-fixed

overnight at 40�C in 5% glutaradehyde/0.1 M PBS, and

embedded in plastic using standard techniques (see rat

section). Cross sections were cut at 780 nM and stained

with toluidine blue (1%) for light microscopy and image

analysis using a computerized video image system.

Digital images were captured and analyzed utilizing

ImagePro software. The areas and mean diameters of all

myelinated axons were measured by tracing the inner

boarder of myelin sheath. Axonal density was calculated

by dividing the number of axons by the area of nerve

cross-section.

Mouse model of drug interaction

On D1, tumor growth was induced in Balb/c nude mice

(Charles River Italia, S.p.a), by sc inoculation of 107 ± 5%

WiDr colon adenocarcinoma cells (derived from a 78-year-

old woman, accession number: ICLC HTL00003, National

Cancer Institute, Genova, Italy). WiDr cells were selected

for their responsiveness to IL-6 [53]. The animals were

randomly allocated to experimental groups (n = 8) as fol-

lowing: (a) group sc administered with 0.02% mouse

albumin (Sigma, Italy) in 40 mM phosphate buffer at

pH = 7.0; (b) group ip administered with 3.5 mg/kg cis-

platin (in 0.9% NaCl sterile solution for injection); (c) three

groups treated with IL-6 (in 0.02% mouse albumin in

40 mM phosphate buffer at pH = 7.0), s.c. at 3, 10 or

30 lg/kg daily from D4 to D18 and (d) three groups of

mice treated with IL-6 either at 3, 10 or 30 lg/kg IL-6, s.c.

in combination with cisplatin from D4 to D18. Cisplatin

(Sigma, Italy) was administered ip at 3.5 mg/kg on days 4,

8, 12, and 18. Tumor size was measured using a calliper

twice a week for 4 weeks starting 4 days after cell

inoculation.

Tumor volume (in mm3) was estimated according to the

following formula:

Tumor volume in mm3
� �

¼ longer diameterð Þ
� shorter diameterð Þ2=2:

Data analysis

All data related to the neuropthic assays were analyzed by

repeated analysis of variance (ANOVA). Dunnett’s test as

post-hoc analysis was used for multiple comparisons when

appropriated. The level of significance was set at P B 0.05.

The following symbol is used in the figures: # and
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*P \ 0.05. Results are expressed as mean ± standard error

of the mean (SEM), n = 8–10 per group. One-way

ANOVA followed by Tukey test were carried out for the

mouse model of drug interaction.

Results

No statistical difference between all groups was observed

in the baseline body weight, as well as EMG and behav-

ioural recordings.

Cisplatin experiment

Animal body weight

Animals treated with cisplatin regardless of treatments

undertaken demonstrated a significantly lower body weight

compared to the control group (P B 0.001) (Fig. 1a). Once

the cisplatin intoxication was withdrawn, the animals

gained weight rapidly. No sign of general or local (at the

site of injection) intolerance to IL-6 or 4-MC was noted.

Sensitivity test: hot plate

This test was used to measure the decrease of the mean

time hot plate threshold induced by cisplatin after a long

and massive intoxication as previously seen by other

authors [4, 10].

On day 36, cisplatin-intoxicated groups treated with IL-6

showed an overall reduction of first reaction time when

compared to the vehicle-treated group (Fig. 1b, P B 0.05

except 3 lg/kg). At the dose of 10 lg/kg, the effect of IL-6

treatment was obviously comparable to the one of the con-

trol. Similarly, 4-MC treatment produced a significant

decrease of the first reaction time in cisplatin-intoxicated rats.
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Fig. 1 Beneficial effects of IL-

6 treatment in rats intoxicated

with cisplatin. Body weight (a),

sensitivity test (hot plate, b)

electrophysiological recordings

(SNCV, c and H-wave, d), in

cisplatin intoxicated rats after

daily SC administration of

vehicle (V, black bars), or

different doses of IL-6 (0.3, 1, 3

and 10 lg/kg, hatched bars) or

4-MC (M, grey bars) compared

to non intoxicated rats receiving

daily SC administration of the

vehicle (C, open bars). Cnt
nonintoxicated vehicle treated

group; V cisplatin intoxicated

vehicle treated group; 0.3, 1, 3

and 10 cisplatin intoxicated

groups treated with the

indicated concentration (lg/kg)

of IL-6; M cisplatin intoxicated

animals treated with 4-MC.

Data are expressed as

mean ± standard error of the

mean (SEM), n = 8–10 per

group. *P \ 0.05 versus

cisplatin/vehicle (V) group;

#P \ 0.05 versus control/

vehicle (Cont) group
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Electrophysiological measurements

Amplitude of H wave

The amplitude of H wave was recorded (Fig. 1c), the

animals showing no wave after the stimulation were

credited with 0 mV amplitude. The percentage of zero per

group was recorded and given as informative data in

Table 1.

The change in the H wave amplitude in the vehicle-

treated (Fig. 1c) was dramatically reduced by about 80%

when compared to the control group. Whilst IL-6 used at the

dose of 0.3 lg/kg appeared to have no effect, highest doses

(1–10 lg/kg) were found to significantly prevent the loss of

H wave. For example, at 1–10 lg/kg doses, the wave

amplitude was comparable to the control one (P [ 0.05 vs.

control/vehicle group). 4-MC treatment reduced (not sig-

nificantly) the loss of H wave induced by cisplatin. The

proportion of animals demonstrating H wave was markedly

reduced in vehicle-treated cisplatin intoxicated rats during

the last 3 weeks of the study (day 22, 29, 37, Table 1).

When treated with either IL-6 or 4-MC, the percentage of

animals lacking H wave on day 37 was markedly reduced

(about 10%), except in the group receiving the lowest dose

of IL-6 where about 40% of animals did not demonstrate

H wave.

Sensory nerve conduction velocity SNCV

The first alterations of SNCV parameter induced by cis-

platin intoxication were observed at day 23 (data not

shown). On D37, the signal velocity was significantly

lower in vehicle treated animals (Fig. 1d) than in control

animals. The treatment with IL-6 (0.3, 1, 3, 10 lg/kg)

improved the nerve conduction velocity in cisplatin-

intoxicated animals, but only the dose of 10 lg/kg reached

the significance. 4-MC treatment appeared to slightly

prevent (but not significantly) the decrease in SNCV of

cisplatin-intoxicated rats.

Morphometric analysis

The sciatic nerves harvested at day 23 pi from intoxicated

rats (Table 2) showed a significant decrease in the fiber

diameter and myelin thickness and an increase in the per-

centage of abnormal nerve fibers when compared to

controls. IL-6 treatment at the dose range of 1–10 lg/kg

prevented cisplatin-induced nerve degeneration, while the

lower dose (0.3 lg/kg) showed no effect. As expected,

4-MC treatment protected against cisplatin-induced fiber

degeneration. IL-6 (1–10 lg/kg) and 4-MC treatments

were also found to significantly prevent the cisplatin-

induced decrease fiber diameter and myelin sheath

thickness.

Table 1 Percentage of animals demonstrating H wave

Group Day 7 Day 22 Day 29 Day 36

Control/vehicle 100 100 100 100

Cisplatin/vehicle 100 70 22.22 75

Cisplatin/IL-6 (0.3 lg/kg) 100 66.67 66.67 55.56

Cisplatin/IL-6 (1 lg/kg) 100 100 80 90

Cisplatin/IL-6 (3 lg/kg) 100 100 90 100

Cisplatin/IL-6 (10 lg/kg) 100 100 90 90

Cisplatin/4-MC (10 lg/kg) 100 100 90 80

Percentage of rats intoxicated with vehicle or cisplatin demonstrating

H-wave from D 7 (baseline) to D 36 (end of the study) after IL-6 or

4-MC treatment. n = 8–10 per group

Table 2 Morphometric analysis in cisplatin intoxicated rats (fiber diameter, myelin thickness and abnormal fibers)

Parameters Control/vehicle Cisplatin/

vehicle

Cisplatin/IL-6

(0.3 lg/kg)

Cisplatin/IL-6

(1 lg/kg)

Cisplatin/IL-6

(3 lg/kg)

Cisplatin/IL-6

(10 lg/kg)

Cisplatin/4-MC

(10 lg/kg)

Fiber diameter

(lm)

11.207 ± 0.303* 8.970 ± 0.165 9.448 ± 0.272 10.251 ± 0.181* 10.048 ± 0.176* 10.391 ± 0.194* 10.207 ± 0.189*

Myelin

thickness

(lm)

2.659 ± 0.073* 2.111 ± 0.038 2.245 ± 0.066 2.415 ± 0.044* 2.358 ± 0.040* 2.467 ± 0.047* 2.424 ± 0.046*

Abnormal

fibers (%)

17.55 ± 1.07* 31.19 ± 3.06 31.10 ± 1.99 25.42 ± 1.31* 23.32 ± 1.66* 22.74 ± 1.10* 20.02 ± 1.19*

Morphometric analysis in cisplatin intoxicated rats after daily SC administration of vehicle, or different doses of IL-6 (0.3, 1, 3 and 10 lg/kg) or

4-MC (10 lg/kg) compared to nonintoxicated rats receiving daily SC administration of the vehicle (control/vehicle). Data are expressed as

mean ± standard error of the mean (SEM), n = 8–10 per group

* P \ 0.05 versus Cisplatin/vehicle group
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Vincristine experiment

Animal body weight

Vincristine intoxication induced a marked inhibition of

animal growth (10% of the body weight). IL-6 and 4-MC

were found to be ineffective on the vincristine-induced

body weight loss. Once the vincristine was withdrawn,

regardless of treatments undertaken, animals gained weight

rapidly (Fig. 2a).

Sensory function: hot plate test

This test was used to measure the decrease of the mean time

hot plate threshold induced by vincristine after a massive

intoxication as previously seen by other authors [9, 13].

Hot plate test results (Fig. 2b) showed that vincristine

intoxication significantly delayed the first reaction to heat

in vincristine/vehicle-treated group when compared to

control group. IL-6 treatment (0.3–3 lg/kg, on week 5)

significantly decreased the time to the first reaction; Il-6 at

the highest dose (10 lg/kg) delayed the first reaction

without reaching the significance. 4-MC treatment did not

appear to reverse the reaction to the heat impairments

induced by vincristine.

Nerve conduction studies

Amplitude of compound muscular action potential A

significant reduction in the CMAP amplitude was observed

from 3 weeks in vehicle-treated group (data not shown),

where animals lost about 20% of amplitude when com-

pared to the control. Similar extent of loss was also

observed until the study termination (week 5), although

vincristine intoxication was no longer present (Fig. 2c).

When used at the dose of 0.3 lg/kg, IL-6 appeared to

having no effect, higher doses (1, 3 and 10 lg/kg) in

contrast induced full protection of CMAP amplitude.

Similarly, 4-MC significantly prevented vincristine-

induced CMAP amplitude loss.
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Fig. 2 Beneficial effects of IL-

6 treatment in rats intoxicated

with vincristine. Body weight

(a), sensitivity test (hot plate, b)

electrophysiological recordings

(SNCV, c and H-wave, d), in

vincristine intoxicated rats after

daily SC administration of

vehicle (V, black bars), or

different doses of IL-6 (0.3, 1, 3

and 10 lg/kg, hatched bars) or

4-MC (M, grey bars) compared

to nonintoxicated rats receiving

daily SC administration of the

vehicle (C, open bars). Cnt
nonintoxicated vehicle treated

group; V vincristine intoxicated

vehicle treated group; 0.3, 1, 3

and 10 vincristine intoxicated

groups treated with the

indicated concentration (lg/kg)

of IL-6; M vincristine

intoxicated animals treated with

4-MC. Data are expressed as

mean ± standard error of the

mean (SEM), n = 8–10 per

group. *P \ 0.05 versus

cisplatin/vehicle (V) group;

#P \ 0.05 versus control/

vehicle (Cont) group
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Sensory nerve conduction velocity The first change in

SNCV occurred at the end of intoxication period (week 2)

in vehicle-treated rats (data not shown). During the post-

intoxication period, the alteration became substantial with

a loss of about 7 m/s on week 5 when compared to the

value obtained from control animals (Fig. 2d). The effect

of IL-6 treatment was mainly detected toward the end of

the study as a full restoration of SNCV could be observed

at the highest doses (except at 0.3 lg/kg) on week 5.

Similar significant result was obtained with 4-MC as the

treatment promoted a full recovery.

Morphometric analysis

The morphological analysis showed that the percentage of

abnormal fibers in samples collected from vincristine

intoxicated rats (Table 3) were two times higher than in

samples from control rats. When treated with either IL-6

(all doses) or 4-MC, the percentage of abnormal fibres was

significantly reduced. Moreover, the myelin thickness and

the fiber diameter were significantly reduced after vin-

cristine intoxication, IL-6 (1–10 lg/kg) and 4-MC

treatments were also found to significantly prevent these

impairments.

Paclitaxel experiment

No difference in the body weight between Taxol and

vehicle treated mice was observed (data not shown).

Motor-coordination function: rotarod test

Rotarod testing performed on D19, showed a significant

difference between control group and the mice intoxicated

with Taxol (Fig. 3a). IL-6 treated mice (for the two

schedules of injection) showed a slight but not significant

increase in the rotarod performances. By contrast, 4-MC

showed a significant reduction of the rotarod impairment

induced by Taxol treatment.

Sensory nerve action potential amplitudes

A significant decrease of the SNAP was recorded on D19

(15 days pi), IL-6 showed significant protection of SNAP,

but only the 39 schedule reached a significant protection.

Similar pattern of result with IL-6 (39) was obtained with

4-MC (Fig. 3b).

Morphometric analysis

The morphological analysis performed 16 days pi showed

that the axonal density fibers was two times higher in

samples from control mice than in Taxol intoxicated sam-

ples (Fig. 3c). When treated with either IL-6 (10 lg/kg 39)

or 4-MC, the percentage of abnormal fibers was signifi-

cantly reduced.

Drug interaction in vivo

This experiment was carried out to investigate the potential

drug interaction between IL-6 and the chemotherapeutic

agent in vivo. Cisplatin administered at 3.5 mg/kg at days

4, 8, 12, 18 (Fig. 4a) was able to reduce tumor growth and

the antiproliferative effect was maintained also after

interruption of treatments. Significant inhibitions versus

vehicle control group were achieved at days 18 (P \ 0.05),

22 (P \ 0.01) and 25 (P \ 0.001). IL-6 alone did not

significantly affect tumor growth (Fig. 4a).

When IL6 was combined with cisplatin (Fig. 4b), a

marked reduction of tumor growth was observed. Only the

Table 3 Morphometric analysis in vincristine intoxicated rats (fiber diameter, myelin thickness and abnormal fibers)

Parameters Control/vehicle Vincristine/

vehicle

Vincristine/IL-6

(0.3 lg/kg)

Vincristine/IL-6

(1 lg/kg)

Vincristine/IL-6

(3 lg/kg)

Vincristine/IL-6

(10 lg/kg)

Vincristine/4-MC

(10 lg/kg)

Fiber diameter

(lm)

9.051 ± 0.154* 8.027 ± 0.141 7.640 ± 0.134 8.773 ± 0.142* 8.550 ± 0.142 8.892 ± 0.178* 8.683 ± 0.183*

Myelin

thickness

(lM)

2.159 ± 0.037* 1.894 ± 0.033 1.817 ± 0.032 2.077 ± 0.035* 2.024 ± 0.035* 2.116 ± 0.042* 2.062 ± 0.045*

Abnormal

fibers (%)

19.85 ± 1.06* 41.37 ± 2.16 36.04 ± 1.70* 23.60 ± 1.11* 22.49 ± 1.20* 22.32 ± 1.09* 23.92 ± 1.54*

Morphometric analysis in vincristine intoxicated rats after daily SC administration of vehicle, or different doses of IL-6 (0.3, 1, 3 and 10 lg/kg)

or 4-MC (10 lg/kg) compared to nonintoxicated rats receiving daily SC administration of the vehicle (control/vehicle). Data are expressed as

mean ± standard error of the mean (SEM), n = 8–10 per group

* P \ 0.05 versus Vincristine/vehicle group
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combination of the two higher doses of IL-6 with cisplatin

resulted in a significant inhibition of tumor growth

(P \ 0.01 day 22 both 10 and 30 mcg/kg; P \ 0.05 and

0.01 day 25 for 10 and 30 mcg/kg, respectively). However,

no significant difference between all the combination

treated groups and cisplatin-treated group was found.

Discussion

Current therapy for CIN is restricted to symptomatic

treatments of paraesthesia and pain. There are no drugs on

the market to prevent CIN, even though this disorder can

be predicted based on the patient population receiving

chemotherapeutic drugs. Neurotrophic factors seem to

provide with an attractive approach to prevent and to cure

CIN [3]. In CIN animal models, NGF and IGF were able to

reduce or even prevent neuropathy [4, 13, 22, 38]. Fur-

thermore, some authors have reported potent analgesic

effects of glia derived neurotrophic factors (GDNF) in

neuropathic pain suggesting this compound as future

treatment of CIN [8]. Unfortunately these promising sub-

stances have not reached clinical application so far. One of

the reasons is based on difficulties with drug administra-

tion, adverse effects and pharmacokinetics. Furthermore,

until now it is still unclear how nerve growth factors might

effect tumour proliferation. Other neuroprotective drugs

that are used in diabetic neuropathy might be also helpful

in CIN, e.g. alpha-lipoic acid [59]. Attempts to prevent

CIN by the calcium channel blocker nimodipine have

failed [12]. Glutamate ameliorates the behavioural mani-

festations experimental vincristine, cisplatin and Taxol

neuropathies [9, 10]. Calpain inihibition has also shown

promise for prevention of CIN in an animal model of Taxol

neuropathy [55].

Interleukin-6 (IL-6) belongs to a cytokine family which

includes ciliary neurotrophic factor (CNTF), leukemia

inhibitory factor (LIF), oncostatin M (OSM), interleukin-

11 (IL-11), cardiotrophin-1 (CT-1) and cardiotrophin-like

cytokine (CLC) (also known as novel neurotrophin-1/B cell

stimulating factor-3) [15, 51]. Since these cytokines regu-

late proliferation and differentiation both in the

haematopoietic and neuronal systems, they also have been

termed haematopoietic/neuropoietic cytokines [5]. A vari-

ety of in vitro and in vivo studies demonstrated the

neuroprotective actions of IL-6, such as the effect on basal

cortical and mesencephalic or enteric neuron survival [21,

35, 50], and on sensory neurons [19]. In addition, pre-

treatment with IL-6 of cultured hippocampal neurons pro-

tects against glutamate or NMDA toxicity [27, 52, 56].

Similar neuroprotective effects are observed on cultured

granule neurons after glutamate intoxication [44]. More-

over, in vitro IL-6 protects dopaminergic neurons against

MPP+ induced toxicity [1]. In vivo, IL-6 shows neuro-

protection on different models of neurodegeneration

involving different population of neurons such as axotomy
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Fig. 3 Beneficial effects of IL-6 treatment in mice intoxicated with

Taxol. Motor-coordination test (rotarod, a), electrophysiological

recording (SNAP, b) and morphometric analysis (c) in Taxol

intoxicated mice after daily sc administration of vehicle (V, black
bars), different timing of IL-6 (10 lg/kg, 3X: 3 times a week, 7X:

daily, hatched bars) or 4-MC (M, grey bars) in Taxol intoxicated

mice compared to non intoxicated mice receiving daily sc

administration of the vehicle (C, open bars). C non intoxicated

vehicle treated group; V Taxol intoxicated vehicle treated group; 3X

and 7X Taxol intoxicated groups treated with 10 lg/kg of IL-6

3 times a week or daily respectively; M Taxol intoxicated animals

treated with 4-MC. Data are expressed as mean ± standard error of

the mean (SEM), n = 8 per group. *P \ 0.05 versus cisplatin/vehicle

(V) group; #P \ 0.05 versus control/vehicle (Cont) group
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[29], ischemia [41], nerve injury [26]. In the wobbler mice,

a motor neuron degeneration model IL-6 delays the pro-

gression of the disease [30]. The quinolinic acid rat model

of Huntington’s syndrome shows a neuroprotective effect

[6] as well as in a rat model of diabetic induced neuropathy

[2].

The current study was undertaken in order to investigate

the potential neuroprotective effect of IL-6 on cisplatin,

vincristine and Taxol-induced neuropathies.

In a previous study, Boyle and co-workers [10] have

developed a rat model of cisplatin-induced neuropathy,

where sensory peripheral impairment (significant elevations

of mean tail-flick threshold) has been reported. Using the

similar animal model and behavioural tests, we assessed the

therapeutic effect of IL-6. Moreover, electrophysiological

and morphological correlates were also undertaken in order

to unequivocally establish the effectiveness of IL-6 therapy.

Results showed that IL-6 treatment prevented the devel-

opment of morphological changes (abnormal fibers)

induced by cisplatin intoxication as well as the fiber atrophy

(fiber diameter, myelin thickness) occurring in this model

[24]. As a result, the electrophysiological parameters (H

wave amplitude and SNCV) of cisplatin intoxicated rats

have been improved and became comparable with those

treated with 4-MC, a standard compound with an estab-

lished neuroprotective action [2, 11]. Importantly, the above

results were correlated with improved sensory behavioural

parameters (reaction to heat). It could be pointed out that the

most efficient IL-6 dose was of 10 lg/kg. The lowest dose

showed efficacy but not constantly reach the significance.

Again, Boyle and co-workers [9] have developed a rat

model of vincristine-induced neuropathy, where sensory

and motor peripheral defects as measured by behavioural

tests (hot plate and walking test, respectively) have been

reported to closely resemble the condition in human than

any previously described. Using the same animal model

and similar conventional behavioural tests as above-

implemented by Boyle, we wished to assess the therapeutic

activity of IL-6 with regard to the treatment of vincristine-

induced neuropathy. Here, we found that IL-6 therapy

improved both sensory and motor defects of vincristine

intoxicated animals. A large preservation of fiber function

was observed after IL-6 treatment as indicated by normal-

appearing CMAP and SNCV, especially when used at the

highest dose (1–10 lg/kg). Also, histomorphometric anal-

yses performed at the completion of the study provided a

clear result of the protective effect of IL-6 therapy on the

fiber atrophy, as well as on the degeneration process

(abnormal fiber parameter).

In this model by contrast with cisplatin model, all tested

IL-6 doses even low doses were efficient in all parameters.

Moreover in mice intoxicated with Taxol, we proved

that IL-6 (10 lg/kg given three times a week) was able to

protect the electrophysiological and morphological dam-

ages (fiber density) induced by Taxol. Again in this model,

the neuroprotective effect of IL-6 was similar to the 4MC

reference molecule.

Altogether, these findings strongly suggest that IL-6

could be an additive therapy to prevent the development of

neuropathy caused by vincristine, cisplatin and Taxol.

Furthermore, on a model of colon cancer treated with

cisplatin, we clearly proved that the neuroprotective effect

of IL-6 did not interfere with the antitumoral activity of

cisplatin. No inhibition or decrease of the cisplatin anti-

proliferation efficacy was observed. We did other tumoral

cell vitro models treated by anti-mitotic agents (vincristine,

cisplatin as well as Taxol) to highlight any interaction with

IL-6. No inhibition or decrease of the chemotherapeutic

agents efficacy was observed (data not shown).
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In various rodent models of neurodegeneration (CIN in

the current study as well as rat model of diabetic neurop-

athy [2]) the beneficial effect of IL-6 was observed at very

low doses (10 lg/kg). This range of efficacy was lower

than those used in other disease models in which IL-6 was

active. e.g. thrombopoiesis, in these models the IL-6 effi-

cient dose was found around 500 lg/kg [23]. These

differences in concentration range could be explained by a

different mode of action of IL-6 neuroprotective action.

The underlying mechanism(s) of IL-6 in this model

remains to be established. Although this issue was not

specifically addressed in the present study, it has been

proposed that IL-6 promotes nerve regeneration processes.

The neuroprotective effect of IL-6 demonstrated in the

present study is in accordance with previously documented

effects of IL-6 on sensory and motor neurons. Marz and

coworkers [40] have shown that IL-6 in conjunction with

the IL-6R can confer IL-6 sensitivity to sympathetic neu-

rons, resulting in enhanced neuronal survival in the absence

of NGF and induction of neuropeptides and choline ace-

tyltransferase. Moreover, IL-6 is rapidly elevated following

axotomy of peripheral nerves [7, 33]. Hirota and coworkers

[26] have identified on injured neurons and on glial cells,

cellular sites of IL-6 production; they showed IL-6 local

accumulation following a nerve injury accelerating func-

tional nerve regeneration. In vivo, IL-6 injections appeared

to reduce demyelination in the murine encephalomyelitis

model produced by Theiler’s virus infection [47]. The IL-6

cytokine family, including CNTF and LIF, has major bio-

logical roles by signalling through a common receptor

subunit, glycoprotein (gp) 130. The role of the activation of

the gp130 signalling pathway is essential in the process of

nerve regeneration and/or survival, as suggested by the

potentiation of the neuroprotective effects of IL-6 follow-

ing co-administration of its soluble receptor [32]. This

concept is further supported by the fact that mutant mice

lacking a functional LIF-R to trigger the activation of

gp130 shows a loss of more than 35% of facial motor

neurons, 40% of spinal motor neurons and 50% of neurons

in the nucleus ambiguous [39]. In addition, gp130 is

required for the integrity of the myelin sheath as condi-

tional gp130-mutant mice show a progressive alteration of

the myelin sheath structure [58]. Activation of gp130 sig-

nalling by IL6R/IL6, an interleukin-6 receptor-interleukin-

6 fused molecule appears comparable to cyclic AMP ele-

vating agents such as forskolin, known to induce the

myelin gene products (myelin basic protein and myelin

protein zero genes) in DRG and Schwann cell cultures [20].

IL-6 could act in our CIN models enhancing regeneration

via gp130 signalling by IL6R/IL6. However, because the

present study did not specifically address the mechanism(s)

by which IL-6 protects against the development of CIN

neuropathy or repairs the damage induced by anti-mitotic

agents, additional investigations should be carried out in

order to confirm and further characterize modulation of

gp130 signalling pathway by IL-6 in the present models.

In conclusion, IL-6 at low doses (10 lg/kg) protects

against CIN. IL-6 is promising as a potential treatment for

prevention of induced neuropathy in patients treated with

neurotoxic chemotherapies.
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