
Studies of peripheral sensory nerves in paclitaxel-induced painful
peripheral neuropathy: Evidence for mitochondrial dysfunction

Sarah J.L. Flattersa,* and Gary J. Bennetta,b,c

a Anaesthesia Research Unit, McGill University, Montreal, Que., Canada

b Faculty of Dentistry, McGill University, Montreal, Que., Canada

c Centre for Research on Pain, McGill University, Montreal, Que., Canada

Abstract
Paclitaxel chemotherapy frequently induces neuropathic pain during and often persisting after
therapy. The mechanisms responsible for this pain are unknown. Using a rat model of paclitaxel-
induced painful peripheral neuropathy, we have performed studies to search for peripheral nerve
pathology. Paclitaxel-induced mechano-allodynia and mechano-hyperalgesia were evident after a
short delay, peaked at day 27 and finally resolved on day 155. Paclitaxel- and vehicle-treated rats
were perfused on days 7, 27 and 160. Portions of saphenous nerves were processed for electron
microscopy. There was no evidence of paclitaxel-induced degeneration or regeneration as myelin
structure was normal and the number/density of myelinated axons and C-fibres was unaltered by
paclitaxel treatment at any time point. In addition, the prevalence of ATF3-positive dorsal root
ganglia cells was normal in paclitaxel-treated animals. With one exception, at day 160 in myelinated
axons, total microtubule densities were also unaffected by paclitaxel both in C-fibres and myelinated
axons. C-fibres were significantly swollen following paclitaxel at days 7 and 27 compared to vehicle.
The most striking finding was significant increases in the prevalence of atypical (swollen and
vacuolated) mitochondria in both C-fibres (1.6- to 2.3-fold) and myelinated axons (2.4- to 2.6-fold)
of paclitaxel-treated nerves at days 7 and 27. Comparable to the pain behaviour, these mitochondrial
changes had resolved by day 160. Our data do not support a causal role for axonal degeneration or
dysfunction of axonal microtubules in paclitaxel-induced pain. Instead, our data suggest that a
paclitaxel-induced abnormality in axonal mitochondria of sensory nerves contributes to paclitaxel-
induced pain.
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1. Introduction
Paclitaxel (Taxol®) is a widely used chemotherapeutic agent derived from Pacific yew tree
bark (Wani et al., 1971). It is indicated for the treatment of ovarian, breast and non-small cell
lung carcinomas and Kaposi’s sarcoma. Paclitaxel binds to β-tubulin of microtubules, which
form the mitotic spindle (Nogales et al., 1995), thereby stabilizing microtubules and enhancing
microtubule polymerization (Kumar, 1981), a mechanism that was thought to underlie
paclitaxel’s anti-tumour effect. However, it appears that the suppression of spindle-
microtubule dynamics plays a greater role in paclitaxel’s chemotherapeutic properties (Yvon
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et al., 1999). Such suppression halts mitosis at the metaphase–anaphase transition, inducing
apoptosis (Jordan et al., 1996; Kelling et al., 2003).

Peripheral neurotoxicity is a serious dose-limiting side effect of paclitaxel therapy. It evokes
an array of symptoms; numbness and tingling, mechanical allodynia, cold allodynia and on-
going burning pain. Patients describe some or all of these symptoms in a stocking-glove
distribution (Rowinsky et al., 1993; Forsyth et al., 1997; Dougherty et al., 2004). Often
symptoms are first experienced bilaterally in the toes and feet, but they have been reported to
appear simultaneously in fingers and toes (Rowinsky et al., 1993; Dougherty et al., 2004). The
incidence and severity of paclitaxel-induced neurotoxicity are dose-related (Postma et al.,
1995), with doses exceeding 200 mg/m2 or repeated courses at 135/175 mg/m2 often inducing
neurotoxicity (Lipton et al., 1989; van Gerven et al., 1994). Unfortunately, paclitaxel-induced
pain and sensory abnormalities can become chronic, persisting for months or years following
the termination of paclitaxel therapy (van den Bent et al., 1997; Dougherty et al., 2004).

The means by which paclitaxel induces a painful peripheral neuropathy are currently unknown,
although impaired axoplasmic transport secondary to paclitaxel binding to the β-tubulin of
axonal microtubules has been assumed. Early morphological studies reported degeneration
when paclitaxel was injected into the sciatic nerve (Roytta et al., 1984; Roytta and Raine,
1985, 1986). The clinical relevance of these studies is questionable as endoneurial
concentrations of paclitaxel were exceedingly high. Recent rat studies are more clinically
relevant as they employed systemic paclitaxel administration, either intravenous (Cavaletti et
al., 1997; Cliffer et al., 1998) or intraperitoneal (Cavaletti et al., 1995; Campana et al., 1998;
Authier et al., 2000; Polomano et al., 2001). The consensus of these studies is that the degree
of degeneration observed is positively correlated to the dose of paclitaxel. Many of these studies
used high doses of paclitaxel, which impaired animal health, and the morphological analyses
were mainly descriptive, not quantitative. Polomano et al. (2001) reported that low doses of
paclitaxel-induced pain without sciatic nerve degeneration, suggesting that peripheral nerve
degeneration does not cause the pain syndrome.

Here, using low doses of paclitaxel in rats as previously described (Flatters and Bennett,
2004a), we describe a full behavioural time course of paclitaxel-induced mechanical
hypersensitivity from onset to resolution. We then present a quantitative examination of
peripheral sensory nerves in relation to pain behaviour following paclitaxel treatment.
Preliminary results of this study have appeared in abstract form (Flatters and Bennett,
2004b).

2. Methods
2.1. Animals

Adult male Sprague–Dawley rats (250–300 g, Harlan Inc., Indianapolis, IN; Frederick,
Maryland breeding colony) were housed in groups of three on sawdust bedding in plastic cages.
Artificial lighting was provided on a fixed 12 h light–dark cycle with food and water available
ad libitum. These studies were approved by the Faculty of Medicine Animal Care Committee
of McGill University and were conducted in accordance with the Guidelines for Animal
Research by the International Association for the Study of Pain (Zimmermann, 1983).

2.2. Drug administration
Paclitaxel, 2 mg/kg/ml: Taxol® (Bristol-Myers-Squibb – 6 mg/ml paclitaxel in Cremophor EL
and dehydrated ethanol), was diluted with saline. Vehicle was prepared from 1 part vehicle
stock solution diluted with 2 parts saline (vehicle stock solution: Cremophor EL and 95%
dehydrated ethanol in 1:1 ratio). Paclitaxel or vehicle was injected intraperitoneally (i.p.) on
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four alternate days (days 0, 2, 4 and 6) as previously described (Flatters and Bennett, 2004a).
Both paclitaxel and vehicle were administered in a 1.0 ml/kg volume. Both vehicle-treated and
paclitaxel-treated rats gained weight normally as previously described (Polomano et al.,
2001).

2.3. Behavioural testing
All animals were habituated to the behavioural testing environment and three baseline
measurements of mechanical sensitivity were taken prior to paclitaxel or vehicle
administration. For each testing session, animals were placed on an elevated wire mesh floor
and confined underneath individual overturned perspex boxes (dimensions – 29 × 18 × 13 cm)
and allowed to acclimatize for 10 min. Mechano-allodynia and mechano-hyperalgesia were
assessed using three von Frey filaments with bending forces of 4, 8 and 15 g. In ascending
order of force, each filament was applied to the mid-plantar area (avoiding the base of the tori)
of each hind paw 5 times, with each application held for 5 s. Withdrawal responses to the von
Frey filaments from both hind paws were counted and then expressed as an overall percentage
response, as previously described in (Flatters and Bennett, 2004a). Behavioural testing was
performed on days 6, 15, 27, 51, 66, 79, 93, 132, 147 and 155 following the initiation of
paclitaxel or vehicle treatment (see Fig. 1). Paclitaxel-induced responses to 4 g are best
described as allodynia. Responses to 15 g are probably best described as hyperalgesia and
responses to 8 g are intermediate (see Flatters and Bennett, 2004a).

2.4. Immunohistochemistry
Rats were overdosed with sodium pentobarbital and transcardially perfused with perfusion
buffer (containing 50 ml of 0.2 M phosphate buffer (PB), 8 g NaCl, 0.25 g KCl, 0.5 g
NaHCO3 and 950 ml distilled water/L) containing 0.1% sodium nitrite for 1 min, followed by
4% paraformaldehyde in 0.1 M PB, pH 7.4, for 30 min. Paclitaxel-treated and vehicle-treated
rats were perfused at days 11 and 27 post-initiation of treatment. Nerve-injured rats were
perfused 3 days following a standard sciatic nerve transection (axotomy) procedure (under
anaesthesia the sciatic nerve was exposed, ligated at mid-thigh level and transected distal to
the ligature). The vertebral column was removed and post-fixed for 12 h, after which the L4
and L5 DRGs were removed and cryoprotected in 30% sucrose solution at 4 °C overnight. The
following day, DRG, were frozen, embedded in Optical Cutting Temperature (OCT)
compound. Sixteen micrometre sections were cut on a cryostat and collected in phosphate-
buffered saline (PBS) containing 0.2% Triton X-100 (PBS + T). Following a 1 h incubation in
PBS + T containing 10% normal goat serum (NGS) at room temperature (RT), sections were
incubated in rabbit anti-ATF3 primary antibody (Santa Cruz Biotechnology) diluted to 1:500
in PBS + T containing 5% NGS for 24 h at 4 °C. After rinsing in PBS + T, sections were
incubated in goat anti-rabbit CY3-labelled secondary antibody (Jackson ImmunoResearch
Laboratories Inc.) diluted to 1:200 in PBS + T containing 2% NGS for 90 min at RT. Following
a rinse in PBS sections were mounted on slides with Vectashield mounting medium (Vector
Labs). There was no difference between the numbers of ATF3-positive cells at day 11 and day
27 post-treatment in either vehicle-treated or paclitaxel-treated animals. Therefore, day 11 and
day 27 groups were pooled for analysis. For quantification, a total of 36 sections from 8
paclitaxel-treated rats, 25 sections from 4 vehicle-treated rats and 12 sections (of ipsilateral
DRG) from 3 nerve-transected rats were examined.

2.5. Electron microscopy
Rats were overdosed with sodium pentobarbital and transcardially perfused with perfusion
buffer containing 0.1% sodium nitrite for 1 min, followed by 1% glutaraldehyde and 1%
paraformaldehyde in 0.1M PB, pH 7.4, for 30 min. Paclitaxel-treated and vehicle-treated rats
were perfused at days 7, 27 and 160 post-initiation of treatment, i.e., 24 h after the last injection
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of paclitaxel/vehicle, at the time of peak abnormal pain behaviour, and at the time of resolution
of pain behaviour (see Fig. 1). Fifty millimetre portions of saphenous nerves were dissected at
the mid-thigh level and post-fixed for 2 h in the fixation described above. Nerve portions were
then transferred to 10% sucrose in 0.1 M PB and kept at 4 °C for a minimum of 12 h. The
following day, sections were incubated in 1% osmium tetroxide in 0.1 M PB, pH 7.4, at 4 °C
for 2 h, dehydrated in ascending concentrations of alcohol and propylene oxide at room
temperature and then embedded in blocks of Epon. 1 μm transverse sections of nerves were
cut and then stained with toluidine blue for preliminary examination with a light microscope
at 40× to assess specimen quality. For analysis, 70 nm ultrathin sections were acquired with
an ultramicrotome using a diamond knife, collected on Formvar-coated single slot grids and
then counterstained with lead citrate and uranyl acetate. Grids were observed in a Philips
EM410 electron microscope operated at 80 kV. Photographs of nerve sections were taken and
analysed using a Megaview II CCD camera and AnalySIS 5.0 software (both from Soft Imaging
System Corp., Lakewood, CO, USA). Electron photomicrographs were taken for analysis at
three magnifications: 725×, 3130× and 44,400×. The analysis and quantification described
below was performed by the same investigator under blind conditions.

2.6. 725× magnification
Electron photomicrographs were taken at 725× and compiled to make a photo-montage of the
entire cross-section of the saphenous nerves (n = 3 for both paclitaxel and vehicle treatment at
each time point). From these 725× montages, the total number of myelinated axons was counted
in each nerve (Fig. 2C). The cross-sectional nerve area was calculated (see Table 1), using the
area of an ellipse formula (π × long axis × short axis). The density of myelinated axons was
calculated by dividing the total number of axons by the cross-sectional nerve area (no./μm2,
see Table 1).

2.7. 3130× magnification
Electron photomicrographs were taken at 3130× and compiled to make a photo-montage of
the entire cross-section of the saphenous nerves (n = 2 for both paclitaxel and vehicle treatment
at each time point). From these 3130× montages, the total number of C-fibres was counted in
each nerve (Fig. 2D). The C-fibre density was calculated by dividing the total number of axons
by the cross-sectional nerve area (no./μm2 see Table 1).

2.8. 44,400× magnification
Remak bundles that had the nuclei of their Schwann cells (nucleated Remak bundles, NRBs)
in the plane of section were identified and numbered using the 725× photo-montages. Using a
random number table, NRBs were randomly selected and 60 C-fibres that were enveloped by
these NRBs were photographed at 44,400× magnification. Myelinated axons that surrounded
the randomly selected NRBs were also photographed at 44,400× until 60 myelinated axons
had been photographed from the section. Only myelinated axons that directly surrounded the
NRBs selected were photographed. This selection method provided unbiased sampling of 60
C-fibres and 60 myelinated axons from each saphenous nerve section. When photographing
myelinated axons, each axon was searched for mitochondria present in the plane of section; if
observed, a photograph was taken to encompass the mitochondria and the surrounding
cytoplasm. If no mitochondria were present, then a random photograph was taken of the
cytoplasm. This process was performed on one section of saphenous nerve per animal (three
paclitaxel-treated rats and two vehicle-treated rats at days 7, 27 and 160 post-initiation of
treatment). Therefore at each time point, 180 C-fibres and 180 myelinated axons from
paclitaxel-treated nerves were compared to 120 C-fibres and 120 myelinated axons from
vehicle-treated nerves. From these photographs, C-fibre cross-sectional areas, microtubules,
and mitochondria were examined and quantified.
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2.9. C-fibre cross-sectional area
This was measured in μm2 electronically using AnalySIS 5.0 software (See Fig. 4).

2.10. Analysis of microtubules
Microtubules were identified in C-fibres and myelinated axons as small dark circles
approximately 25 nm in diameter. The majority of microtubules observed in both paclitaxel-
treated and vehicle-treated nerves were circular, as would be expected in cross-sectional views
because they are oriented parallel to the long axis of the nerve. As previously published (Tanner
et al., 1998; Topp et al., 2000) oblique-sectioned (‘‘oblique’’) microtubules were also observed;
these had an oval structure, approximately 25 nm in width and varying in length (see Fig. 6).
Microtubules were counted in the sampled C-fibres and myelinated axons of each nerve section
and classified as either circular or oblique. The density of all microtubules (total microtubule
density) was calculated at each time point for paclitaxel- and vehicle-treated myelinated axons
and C-fibres (no./μm2, see Fig. 5). In addition, the densities of circular and oblique
microtubules were calculated, separately, for paclitaxel- and vehicle-treated myelinated axons
(no./μm2, see Fig. 7). As C-fibres were photographed in their entirety, the mean total number
of microtubules per C-fibre, mean number of circular microtubules per C-fibre, and mean
number of oblique microtubules per C-fibre were calculated for paclitaxeland vehicle-treated
nerves (see Fig. 8).

2.11. Analysis of mitochondria
Mitochondria were identified within C-fibres and myelinated axons as circular or oval
structures containing cristae and amorphous electron dense material enveloped by double
membranes. As the orientation of mitochondria is variable in relation to the plane of section,
the length of mitochondria was variable within the range 165–265 nm. Atypical mitochondria
were observed within both C-fibres and myelinated axons. Atypical mitochondria also
possessed a complete double membrane; they were defined as atypical on the basis of: (a)
vacuolation of 50% or more of the mitochondrial area and/or (b) pronounced swelling.
Vacuolated mitochondria often contained an accumulation of relatively electron dense material
situated at one pole of the mitochondria. This material was generally amorphous, with
occasional linear structures that are probably the remnants of cristae (examples shown in Figs.
9 and 10). Pronounced swelling was defined as an approximate 2- to 3-fold increase in
mitochondrial size, thus the length of swollen mitochondria varied between 280 and 630 nm.
Of the C-fibres or myelinated axons that were sampled in each nerve section, those that
contained one or more atypical mitochondria were counted. The proportion of C-fibres or
myelinated axons that contained atypical mitochondria was then expressed as a percentage of
the total C-fibres or myelinated axons sampled. Therefore, the mean prevalence of atypical
mitochondria was quantified in paclitaxel- treated nerves (n = 3) and vehicle-treated nerves
(n = 2) at each of the three time points (see Fig. 11). As the C-fibres were photographed in
their entirety, it was possible to quantify the total number of mitochondria that were observed
in the plane of section of the C-fibres sampled. From this, we calculated the proportion of
atypical mitochondria of the total number of mitochondria observed in C-fibres for both
paclitaxel- and vehicle-treated nerves.

2.12. Statistical analysis
One-way, repeated-measures, analysis of variance (ANOVA) followed by Dunnett’s post hoc
analysis was used to compare pre-paclitaxel/vehicle baseline behavioural responses (BL) to
post-paclitaxel/vehicle behavioural responses. Two-tailed unpaired t-tests (Welch correction
applied when appropriate) were used to compare between paclitaxel-treated nerves and vehicle-
treated nerves, at days 7, 27 and 160, for the following measurements: the number of myelinated
axons, the number of C-fibres, cross-sectional nerve areas, density of myelinated axons, density
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of C-fibres, total microtubule densities in myelinated axons and C-fibres, circular microtubule
densities in myelinated axons, oblique microtubule densities in myelinated axons, total number
of microtubules in C-fibres, number of circular microtubules in C-fibres and number of oblique
microtubules in C-fibres. Fisher’s exact test was used to test the association between the
numbers of C-fibres or myelinated axons which contained atypical mitochondria and the
treatment received (paclitaxel or vehicle) at each time point (days 7, 27 and 160). Fisher’s exact
test was also used to test the association between the proportion of atypical mitochondria of
the total number of mitochondria in C-fibres and the treatment received at each of the three
time points. Significance was accepted at p < 0.05.

3. Results
3.1. Behavioural abnormalities induced by paclitaxel

As previously described (Polomano et al., 2001), none of the animals treated with paclitaxel
showed any signs of ill-health such as alopecia, diarrhoea or weight loss and all gained weight
normally. After a short delay period, paclitaxel treatment produced a marked and prolonged
mechano-allodynia and mechano-hyperalgesia (Figs. 1A–C). The pain behaviour finally
resolved 5 months (day 155) after the first injection of paclitaxel. Paclitaxel also induced cold
allodynia, assessed by acetone application, as described (Flatters and Bennett, 2004a).
Paclitaxel-induced cold allodynia was significant at day 13 post-initiation of paclitaxel and
lasted until day 52 (data not shown). As previously reported (Polomano et al., 2001; Flatters
and Bennett, 2004a) we also found that paclitaxel-induced heat hyperalgesia (data not shown),
however this hyperalgesia was mild and transient.

3.2. Low magnification analysis
Examination at 725× magnification demonstrated that paclitaxel has no effect on the gross
morphology of the saphenous nerve. Examples of the electron photomicrographs taken at this
magnification are shown in Figs. 2A and B. Overall, the structure of myelin sheaths and blood
capillaries was normal with no sign of degeneration or occlusion of blood flow. The lack of
degeneration or regeneration in peripheral sensory nerves following paclitaxel was further
confirmed by quantifying the number of myelinated axons and C-fibres following paclitaxel
treatment (Figs. 2C and D). There was no significant difference between vehicle-treated and
paclitaxel-treated nerves in the total number of myelinated axons or in the total number of C-
fibres they contained, at any time point (unpaired t-tests).

The lack of degeneration in paclitaxel-treated animals was further confirmed by examination
ofATF3-immuno-reactivity in DRG sections. The majority of (ipsilateral) DRG cells in sciatic
nerve-transected animals (n = 3) had ATF3-stained nuclei (89.7% ± 0.1%), as shown in Fig.
3 and described previously (Tsujino et al., 2000). In contrast, paclitaxel-treated animals (n =
8) had a very small population of ATF3-positive cells (0.318% ± 0.08%, Fig. 3). Vehicle-
treated animals (n = 4) had a very similar incidence of ATF3-positive cells (0.320% ± 0.11%).
A very low level of ATF3-immuno-reactivity in normal animals has been reported previously
(Tsujino et al., 2000).

The cross-sectional areas of paclitaxel-treated nerves compared to those of vehicle-treated
nerves at days 7, 27 and 160 post-initiation of treatment were not significantly different (Table
1). Thus, paclitaxel did not induce neural oedema at any point during the behavioural time
course when compared to the concurrent vehicle-treated group. The absence of paclitaxel-
induced neural oedema was also reflected in both the density of myelinated axons and the
density of C-fibres, given that these densities were also unaffected by paclitaxel treatment
compared to vehicle treatment at each of the time points examined (Table 1).
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3.3. C-fibre area
Fig. 4 illustrates the effect of paclitaxel treatment on the cross-sectional area of C-fibres. In
paclitaxel-treated nerves, there was a small but significant increase of 18% and 15% in C-fibre
area at days 7 and 27 post-initiation of treatment, respectively, compared to vehicle-treated
nerves (p < 0.01, unpaired t-tests). There was a small but statistically significant 16% decrease
in C-fibre area following paclitaxel compared to vehicle treatment at day 160 post-treatment
initiation (p < 0.01, unpaired t-test).

3.4. Microtubules
There was no significant difference in the total microtubule density in myelinated axons at
days 7 and 27 following paclitaxel compared to vehicle treatment (Fig. 5A, unpaired t-tests).
However, there was a small but statistically significant increase of 17% in the total microtubule
density in myelinated axons of paclitaxel-treated nerves compared to vehicle-treated nerves at
day 160 post-treatment initiation (Fig. 5A, p < 0.01, unpaired t-test). Compared to vehicle
treatment, paclitaxel treatment did not significantly affect the total microtubule density in C-
fibres at any of the time points examined (Fig. 5B, unpaired t-tests).

Microtubules normally run parallel to the axon’s long axis; thus in cross-sectioned axons, they
appear as circular profiles. Microtubules with atypical orientations would be sectioned
obliquely and thus appear as oval profiles. We thus classified microtubules profiles as either
‘‘circular’’ or ‘‘oblique’’. Most microtubules were circular; a vastly smaller population of
microtubules was oblique (for examples, see Fig. 6). Both circular and oblique microtubules
could be found in myelinated axons and C-fibres of both vehicle-treated and paclitaxel-treated
nerves at each of the post-treatment time points.

In myelinated axons, paclitaxel had no effect on the density of circular microtubules at days 7
and 27 post-treatment initiation compared to the vehicle-treated group (Fig. 7A). However,
there was a significant increase of 18% in circular microtubule density in the paclitaxel-treated
animals at day 160 compared to vehicle-treated animals (Fig. 7A, p < 0.01, unpaired t-test),
which is almost certainly a consequence of the increase in the total microtubule density data
in myelinated axons at this time point that we noted above. The incidence of oblique
microtubules in myelinated axons was far lower than the incidence of circular microtubules
with an approximate 20-fold difference (Fig. 7B). Nonetheless, paclitaxel induced significant
increases of 20% in oblique microtubule density both at days 7 and 27 time points compared
to vehicle (Fig. 7B, p < 0.01, unpaired t-test). There was no difference in oblique microtubule
density of myelinated axons at day 160 following the initiation of paclitaxel or vehicle treatment
(Fig. 7B).

Fig. 8 illustrates the effect of paclitaxel on the number and nature of microtubules present in
C-fibres. Paclitaxel had no effect on the total number of microtubules per C-fibre (Fig. 8A) or
on the number of circular microtubules per C-fibre (Fig. 8B) at day 7, 27 or 160 following the
initiation of treatment compared to the concurrent vehicle group. As with myelinated axons,
there were substantially less (approximately 30-fold) oblique microtubules in C-fibres
compared to circular microtubules (Fig. 8C). There was a significant increase and decrease in
oblique microtubules in C-fibres of paclitaxel- treated nerves at day 27 and day 160 time points,
respectively, compared to vehicle-treated nerves (Fig. 8C, p < 0.05, unpaired t-tests). The
population of oblique microtubules in C-fibres is tiny, so although the paclitaxel-induced
changes were statistically significant they reflect an average increase of 0.17 oblique
microtubules per C-fibre at day 27 and a decrease of 0.23 oblique microtubules per C-fibre at
day 160.
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3.5. Mitochondria
Normal and atypical (swollen and vacuolated) mitochondria were observed in both C-fibres
and myelinated axons of paclitaxel-treated nerves, as illustrated in the electron
photomicrographs of Figs. 9 and 10. The occurrence of atypical mitochondria is not specific
to paclitaxel treatment as atypical mitochondria were also observed in C-fibres and myelinated
axons of vehicle-treated nerves (see Fig. 11). However, paclitaxel treatment significantly
increased the prevalence of atypical mitochondria in C-fibres and myelinated axons in relation
to the time course of pain behaviour (Fig. 11). There was a 1.7-fold (64%) and a 2.3-fold (128%)
significant increase in the prevalence of atypical mitochondria in C-fibres of paclitaxel-treated
nerves compared to vehicle-treated nerves at days 7 and 27, respectively, following initiation
of treatment (Fig. 11A, p < 0.01, Fisher’s exact test). In contrast, at day 160 post-treatment
initiation, there was no significant difference in the prevalence of atypical mitochondria in C-
fibres of paclitaxel-treated nerves compared to vehicle-treated nerves. As all the C-fibres
sampled were photographed in their entirety at 44,400×, it was possible to examine the
proportion of the mitochondria population (i.e., the mitochondria that were present in the plane
of section) that were atypical. At day 7 post-treatment initiation, the proportion of mitochondria
that were atypical in C-fibres was 48.2% ± 5.7% in paclitaxel-treated nerves compared to 28%
± 1% in vehicle-treated nerves; a significant 72% increase (p < 0.01, Fisher’s exact test). At
day 27 post-treatment initiation, there was a significant 67% increase in the proportion of
atypical mitochondria in C-fibres (p < 0.01, Fisher’s exact test): 49.5% ± 4.5% of mitochondria
were atypical in paclitaxel-treated nerves compared to 29.7% ± 7.6% in vehicle-treated nerves.
There was no significant increase in the proportion of atypical mitochondria in C-fibres at day
160 post-treatment initiation: 40.3% ± 1.6% of mitochondria were atypical in paclitaxel-treated
nerves compared to 39.6% ± 0.1% in vehicle-treated nerves.

Paclitaxel also affected mitochondria in myelinated axons (Fig. 11B). There was a 2.4-fold
(137%) and a 2.6-fold (159%) significant increase in the prevalence of atypical mitochondria
in myelinated axons of paclitaxel-treated nerves compared to vehicle-treated nerves at days 7
and 27, respectively, following initiation of treatment (Fig. 11B; p < 0.01, Fisher’s exact test).
As seen in C-fibres there was no significant difference in the prevalence of atypical
mitochondria in myelinated axons of paclitaxel-treated nerves compared to vehicle-treated
nerves at day 160 post-treatment initiation.

4. Discussion
We have examined peripheral sensory nerve structure to search for potential pathology
responsible for paclitaxel-induced painful peripheral neuropathy. We examined nerves at three
key points in the behavioural time course: (a) day 7, 24 h after the last injection of paclitaxel
– prior to the emergence of pain, (b) day 27 post-paclitaxel initiation – at the peak of pain
behaviour, and (c) day 160 post-paclitaxel initiation – at the resolution of pain behaviour. Our
results do not support the hypotheses that paclitaxel-induced painful peripheral neuropathy is
related to axonal degeneration or to disruption of the axonal cytoskeleton that might impair
axonal transport. Instead, our observations suggest that paclitaxel-induced pain results from a
marked abnormality of axonal mitochondria.

4.1. Paclitaxel-induced painful neuropathy is not accompanied by peripheral nerve
degeneration or oedema

There was no evidence of degeneration or regeneration following paclitaxel treatment as the
number/density of myelinated axons and C-fibres was unaffected. In addition, the prevalence
of ATF3-positive DRG cells was normal in paclitaxel-treated animals. Other morphological
studies have reported differential effects of systemic paclitaxel on neural integrity. Cumulative
intraperitoneal doses of 2–18 mg/kg paclitaxel did not cause degeneration in sciatic and sural
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nerves (Campana et al., 1998; Polomano et al., 2001). In contrast, cumulative intravenous doses
of 25–125 mg/kg paclitaxel (Cavaletti et al., 1997; Cliffer et al., 1998) and cumulative
intraperitoneal doses of 8–80 mg/kg paclitaxel (Cavaletti et al., 1995; Authier et al., 2000)
produced various degrees of degeneration in the sciatic nerve, peroneal nerve and dorsal roots.
This suggests that the incidence of degeneration increases with the dose of paclitaxel
administered. Recently, a decrease in intraepidermal nerve fibre density was reported following
a cumulative intravenous dose of 25 mg/kg (Lauria et al., 2005). A dose this large would be
expected to produce axonal degeneration in the sciatic nerve and dorsal root (Cavaletti et al.,
1997; Cliffer et al., 1998), and this would be consistent with the abnormal nerve conduction
studies reported by Lauria et al. (2005) and others (e.g., Cliffer et al., 1998).

We did not detect endoneurial oedema, but we found changes in C-fibre cross-sectional area
following paclitaxel treatment. Small significant increases (15–18%) were seen at days 7 and
27 post-paclitaxel initiation. An increase, of similar magnitude (21%), in C-fibre cross-
sectional area was also seen in saphenous nerves of vincristine-treated rats (Tanner et al.,
1998). In contrast, at day 160 post-paclitaxel initiation, there was a small significant decrease
in C-fibre cross-sectional area of paclitaxel-treated nerves. The effect of changes in C-fibre
cross-sectional area on nociceptive transmission from the periphery remains to be elucidated.

4.2. Paclitaxel does not markedly alter microtubules in myelinated axons and C-fibres
With one exception, at day 160 in myelinated axons, total microtubule densities were
unaffected by paclitaxel both in C-fibres and myelinated axons, despite changes in C-fibre
cross-sectional areas. The total number of microtubules per C-fibre were also unaffected by
paclitaxel treatment. Vincristine produced significant decreases of 19% and 23% in total
microtubule densities of C-fibres and myelinated axons, respectively, which was accompanied
by increases in the cross-sectional area of C-fibres and myelinated axons (Tanner et al.,
1998; Topp et al., 2000). As seen with the total microtubule data, paclitaxel only affected the
circular microtubule population at day 160 in myelinated axons, where their density was
increased. In comparison, vincristine decreased the number of circular microtubules when
quantified in number per axon for myelinated axons and C-fibres. The reason for these
differential effects on microtubules induced by paclitaxel and vincristine is unknown.

Vincristine induced increases in the oblique microtubule population of myelinated axons and,
to a lesser extent, that of C-fibres (Tanner et al., 1998; Topp et al., 2000). We also found
increases in the incidence of oblique microtubules in myelinated axons and C-fibres during
paclitaxel-induced pain; although circular microtubules were still far more common (20- to
30-fold). The increased incidence of oblique microtubules is not the expected effect of
paclitaxel, which promotes β-tubulin polymerization, nor of vincristine, which inhibits its
polymerization. The promotion of microtubule polymerization could be expected to increase
the number or density of microtubules or to cause microtubules to cluster together; neither of
which occurred in myelinated axons or C-fibres of paclitaxel-treated nerves. The inhibition of
polymerization with vincristine could be expected to decrease the number of all microtubules.
We postulate that oblique microtubules arise from distortion of the cytoskeletal framework by
swollen mitochondria (discussed below). This is supported by the observation that paclitaxel
induced a significant increase in both atypical mitochondria and oblique microtubules in
myelinated axons at days 7 and 27 post-treatment initiation, but had no effect on either at day
160.

4.3. Paclitaxel increases the prevalence of atypical mitochondria in C-fibres and myelinated
axons

The most striking finding of this study was the increased prevalence of atypical mitochondria
in C-fibres and myelinated axons following paclitaxel treatment. Moreover, these increases
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were evident at days 7 and 27, 24 h after the last injection of paclitaxel and at peak of mechanical
hypersensitivity, but not at day 160 when the pain behaviour had resolved. The increased
prevalence of atypical mitochondria at day 7 post-treatment initiation, prior to the appearance
of mechanical hypersensitivity, suggests that the functional consequence of atypical
mitochondria on pain behaviour evolves over time. Thus, the cumulative impact of
mitochondrial dysfunction might explain the distinct delay that we see between the termination
of paclitaxel administration (day 6) and the peak of pain behaviour (day 27, Fig. 1).

It seems extremely unlikely that atypical mitochondria result from inadequate fixation because
their double membrane and nearby ultrastructure, i.e., microtubules, are well preserved (see
Figs. 9B–D and 10A–D). Alternatively, it is probable that the structure of atypical mitochondria
either accurately reflects their structure in vivo or is the result of an interaction between the
fixative and the physiological state of the mitochondria. The latter possibility is supported by
previous observations that showed an increased prevalence of swollen mitochondria in
electrically stimulated axonal terminals in tissue preserved with 3% glutaraldehyde compared
to tissue preserved by rapid-freezing (Brewer and Lynch, 1986). A low incidence of swollen
axonal mitochondria is a common observation in tissue from normal animals that have been
adequately fixed with aldehydes (e.g., Brewer and Lynch, 1986). The significant finding in the
present work is the clearly increased prevalence of such mitochondria following paclitaxel
treatment.

We suggest that the increased prevalence of atypical mitochondria is due to a direct action of
paclitaxel on the mitochondrial membrane. Paclitaxel is known to alter both mitochondrial
function and structure. Paclitaxel evokes calcium release from mitochondria in Ehrlich ascites
tumour cells (Evtodienko et al., 1996) and pancreatic acinar cells (Kidd et al., 2002). This
calcium release occurs via the opening of the mitochondrial permeability transition pore
(mPTP), as the mPTP blocker–cyclosporin A, blocks paclitaxel-evoked calcium efflux
(Evtodienko et al., 1996; Kidd et al., 2002). β-tubulin is specifically associated with the mPTP
(Carre et al., 2002), thus providing a paclitaxel binding site on mitochondria. The
morphological consequence of mPTP opening is mitochondrial swelling. Paclitaxel-induced,
cyclosporin A-reversible, mitochondrial swelling has been shown in rat liver, kidney, heart
and brain mitochondria (Varbiro et al., 2001) and in human neuroblastoma cells (Andre et al.,
2000). Thus, paclitaxel-induced swelling of mitochondria is not a tissue-specific event,
suggesting that this could also occur in peripheral sensory axons.

We hypothesize that paclitaxel binds to axonal mitochondria causing mPTPs to open and
release intracellular calcium. Perhaps such an increase in intracellular calcium promotes
neuronal hyperexcitability resulting in pain behaviour. In vivo recordings have revealed
spontaneous activity in peripheral nociceptive fibres of paclitaxel-treated rats (Xiao and
Bennett, 2005) and calcium-chelating agents inhibited paclitaxel-induced pain (Siau and
Bennett, 2005). Such observations could be related to paclitaxel-induced mitochondrial
dysfunction. Ours is not the first report linking mitochondrial pathology and pain. Swollen and
vacuolated mitochondria have been observed in the nerves of patients with painful peripheral
neuropathy induced by 2′3′-dideoxycytidine (Dalakas et al., 2001). Thallium salts also produce
a painful neuropathy and vacuolated mitochondria in peripheral nerves (Spencer et al., 1973).

5. Conclusions
Our data indicate that paclitaxel-induced pain is not associated with axonal degeneration.
However, we cannot exclude the possibility that paclitaxel causes degeneration of the distal-
most sensory receptors. If such degeneration occurs, then it is insufficient to activate ATF3 in
the DRG. Our data also indicate that paclitaxel-induced pain is not associated with an
abnormality of axonal microtubules. Instead, our data suggest that paclitaxel induces an
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abnormality in axonal mitochondria. The stocking-glove distribution of paclitaxel-induced
pain (Dougherty et al., 2004) suggests a length-dependent component to this neuropathy. The
nerves innervating the fingers and toes are the longest in the body and almost certainly contain
the largest number of mitochondria; it is thus possible that long nerves are particularly
vulnerable to the paclitaxel–mitochondria interactions described above. Our observation of
mitochondrial abnormality associated with pain in the absence of axonal degeneration suggests
a link between pain and impaired axonal physiology. Thus, the pain syndrome may be an early
sign of neurotoxicity and the axonal degeneration seen with higher doses of paclitaxel may be
a consequence of an increase in the severity of the mitochondrial injury reported here.
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Fig. 1.
Behavioural time-course of mechano-allodynia and mechano-hyperalgesia induced by
paclitaxel treatment. Graph shows the mean ± SEM of the response frequency to mechanical
stimulation by (A) von Frey 4 g, (B) von Frey 8 g and (C) von Frey 15 g. n = 8–14 for vehicle
treatment, n = 10–17 for paclitaxel treatment. *p < 0.05, #p < 0.01, one-way repeated-measures
ANOVA with Dunnett’s post hoc analysis compared to baseline (BL).
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Fig. 2.
Saphenous nerve sections from (A) vehicle-treated and (B) paclitaxel-treated rats at day 27
post-treatment initiation, i.e., at the time of peak of paclitaxel-induced pain behaviour.
Examination at this magnification (725×) shows that the overall morphology of peripheral
sensory nerves is unaltered by paclitaxel treatment. Note: the fine black lines seen in (A) are
small folds in the section. Graphs show the mean ± SEM of the number of (C) myelinated
axons and (D) C-fibres in complete saphenous nerve sections of vehicle-treated and paclitaxel-
treated rats, n = 3 per group (C) and n = 2 per group (D). There is no significant difference in
the number of myelinated axons or C-fibres following paclitaxel treatment, at any time point,
compared to vehicle treatment (two-tailed unpaired t-tests, Welch correction applied as
appropriate).
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Fig. 3.
ATF3-immuno-reactivity in nuclei of L4/5 DRG cells. (A) Three days following complete
sciatic nerve transection, the majority of cells are ATF3-positive. (B) Day 27 post-paclitaxel
initiation, virtually no ATF3-positive cells. Micrographs taken at 10× magnification. Scale bar,
100 μm.
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Fig. 4.
Effect of paclitaxel on cross-sectional area of C-fibres. Graph shows the mean ± SEM of the
C-fibre area in vehicle-treated and paclitaxel-treated nerves at days 7, 27 and 160 post-initiation
of treatment. At each time point, 120 C-fibres were measured from two vehicle-treated rats
and 180 C-fibres from three paclitaxel-treated rats. Vehicle n = 120, paclitaxel n = 180: #p <
0.01, two-tailed unpaired t-tests, Welch correction applied as appropriate.
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Fig. 5.
Effect of paclitaxel on total microtubule densities in myelinated axons and C-fibres. Graphs
show the mean ± SEM of the total microtubule density in (A) myelinated axons and (B) C-
fibres of vehicle-treated and paclitaxel-treated nerves at days 7, 27 and 160 postinitiation of
treatment. At each time point, microtubules were counted in 120 myelinated axons/C-fibres
randomly sampled from two vehicle-treated rats and 180 myelinated axons/C-fibres randomly
sampled from three paclitaxel-treated rats. Vehicle n = 120, paclitaxel n = 180: #p < 0.01, two-
tailed unpaired t-tests.
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Fig. 6.
Circular and oblique microtubule profiles in a myelinated axon. Axoplasm of a myelinated
axon in the saphenous nerve from a paclitaxel-treated rat at day 27 post-treatment initiation
(44,400×). Circular (arrowheads) and oblique (arrows) microtubules. Note that circular
microtubules occur with a much greater frequency than oblique microtubules.
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Fig. 7.
Effect of paclitaxel on circular and oblique microtubule populations in myelinated axons.
Graphs show the mean ± SEM of the density of (A) circular microtubule profiles and (B)
oblique microtubule profiles in myelinated axons of vehicle-treated and paclitaxel-treated
nerves at days 7, 27 and 160 post-initiation of treatment. At each time point, circular and oblique
microtubules were counted in 120 myelinated axons randomly sampled from two vehicle-
treated rats and 180 myelinated axons randomly sampled from three paclitaxel-treated rats.
Vehicle n = 120, paclitaxel n = 180: #p < 0.01, two-tailed unpaired t-tests, Welch correction
applied as appropriate. Note: marked 16-fold change in y-axis range in (B) compared to (A).
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Fig. 8.
Effect of paclitaxel on microtubule populations in C-fibres. Graphs show the mean ± SEM of
the number of (A) total microtubules, (B) circular microtubules and (C) oblique microtubules
per C-fibre in vehicle-treated and paclitaxel-treated nerves at days 7, 27 and 160 post-initiation
of treatment. At each time point, microtubules were counted and classified in 120 C-fibres
randomly sampled from two vehicle-treated rats and 180 C-fibres randomly sampled from three
paclitaxel-treated rats. Vehicle n = 120, paclitaxel n = 180: *p < 0.05, two-tailed unpaired t-
tests, Welch correction applied as appropriate. Note: the marked 20-fold change in y-axis range
in (C) compared to (A) and (B).
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Fig. 9.
Atypical and normal mitochondria in C-fibres of the saphenous nerve of paclitaxel-treated rats.
Normal mitochondria (arrowheads) and atypical (swollen and vacuolated) mitochondria
(arrows). (A) Remak bundle with Schwann cell nucleus from a paclitaxel-treated rat at day 27
post-treatment initiation. (B, C) C-fibres from nucleated Remak bundle shown in (A) of
paclitaxel-treated rat at day 27 post-treatment initiation. (D) C-fibres from a paclitaxel-treated
rat at day 7 post-treatment initiation. Magnifications: (A) 13,800×, (B–D) 44,400×.
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Fig. 10.
Atypical and normal mitochondria in myelinated axons of the saphenous nerve of paclitaxel-
treated rats. Normal mitochondria (arrowheads) and atypical (swollen and vacuolated)
mitochondria (arrows). (A) Small, thinly myelinated Aδ-fibre and (B) large myelinated Aβ-
fibre of a paclitaxel-treated rat at day 7 post-treatment initiation. (C) Small, thinly myelinated
Aδ-fibre and (D) large myelinated Aβ-fibre of a paclitaxel-treated rat at day 27 post-treatment
initiation. Magnification: (A–D) 44,400×.
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Fig. 11.
Effect of paclitaxel on the prevalence of atypical mitochondria in C-fibres and myelinated
axons. Graphs show the mean ± SEM of the percentage of (A) C-fibres and (B) myelinated
axons that contained atypical mitochondria in vehicle-treated and paclitaxel-treated nerves at
days 7, 27 and 160 post-initiation of treatment. Sixty myelinated axons/C-fibres were randomly
sampled per animal and the number of myelinated axons/C-fibres that contained atypical
mitochondria counted and expressed as a percentage of the total C-fibres/myelinated axons
sampled. At each time point, n = 2 for vehicle treatment and n = 3 for paclitaxel
treatment. #p < 0.01, Fisher’s exact test.
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