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Abstract
The dose-limiting side effect of the anti-neoplastic agent, paclitaxel, is a chronic distal
symmetrical peripheral neuropathy that produces sensory dysfunction (hypoesthesia and
neuropathic pain) but little or no distal motor dysfunction. Similar peripheral neuropathies are seen
with chemotherapeutics in the vinca alkaloid, platinum-complex, and proteasome inhibitor classes.
Studies in rats suggest that the cause is a mitotoxic effect on axonal mitochondria. If so, then the
absence of motor dysfunction may be due to mitotoxicity that affects sensory axons but spares
motor axons. To investigate this, paclitaxel exposure levels in the dorsal root, ventral root, dorsal
root ganglion, peripheral nerve, and spinal cord were measured, and the ultrastructure and the
respiratory function of mitochondria in dorsal roots and ventral roots were compared. Sensory and
motor axons in the roots and nerve had comparably low exposure to paclitaxel and exposure in the
spinal cord was negligible. However, sensory neurons in the dorsal root ganglion had a very high
and remarkably persistent (up to10 days or more after the last injection) exposure to paclitaxel.
Paclitaxel evoked a significant increase in the incidence of swollen and vacuolated mitochondria
in the myelinated and unmyelinated sensory axons of the dorsal root (as seen previously in the
peripheral nerve) but not in the motor axons of the ventral root. Stimulated mitochondrial
respiration in the dorsal root was significantly depressed in paclitaxel-treated animals examined
2-4 weeks after the last injection, whereas respiration in the ventral root was normal. We conclude
that the absence of motor dysfunction in paclitaxel-evoked peripheral neuropathy may be due to
the absence of a mitotoxic effect in motor neuron axons, while the sensory dysfunction may be
due to a mitotoxic effect resulting from the primary afferent neuron's cell body being exposed to
high and persistent levels of paclitaxel.
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1. Introduction
The chemotherapeutic agent, paclitaxel, produces a distal, symmetrical, peripheral
neuropathy characterized by sensory dysfunction (hypoesthesia and neuropathic pain) in the
feet or in the hands and feet; chronic distal motor dysfunction in the same distribution is
absent or rare (Lipton et al. 1989; Rowinsky et al. 1993; Forsyth et al., 1997; Quasthoff &
Hartung, 2002; Dougherty et al., 2004; Windebank and Grisold, 2008; Park et al., 2011).
The reason why paclitaxel affects sensory neurons but not motor neurons is unknown.

Rats treated with paclitaxel (four injections of 2 mg/kg on alternate days) develop a painful
peripheral neuropathy like that seen clinically. Mechano-allodynia, mechano-hyperalgesia,
and cold-allodynia (but no change in sensitivity to heat) first appear and reach peak severity
with a distinct delay of 10 days or more (Flatters and Bennett, 2004, 2006; Bennett et al.,
2011), similar to the “coasting” effect seen in patients where the neuropathy continues to
worsen, or appears for the first time, during the interval between treatment cycles (van den
Bent et al., 1997; Quastoff and Hartung, 2002). These animals have no degeneration of
sensory neurons in the dorsal root ganglia (DRG) or of peripheral nerve axons, but do have
partial degeneration of their intraepidermal sensory terminal arbors (Flatters and Bennett,
2006; Siau et al., 2006; Jin et al., 2008; Xiao et al., 2009). The degeneration appears after
about the same delay that is seen for the pain symptoms (Bennett et al., 2011; Boyette-Davis
et al., 2011).

Paclitaxel has a toxic effect on the mitochondria in axons in the peripheral nerve. The effect
is manifest by a structural change -- an abnormal incidence of axonal mitochondria that are
swollen and vacuolated, and by functional deficits -- impaired Complex I-mediated and
Complex II-mediated respiration and ATP production (Flatters and Bennett, 2006; Flatters et
al., 2006; Jin et al., 2008; Xiao et al., 2009; Zheng et al., 2011). However, this evidence
comes from studies of mixed nerves and so it is impossible to say whether the affected
mitochondria are in sensory or motor axons.

We have hypothesized that the symptoms of paclitaxel-evoked peripheral neuropathy are all
consequences of an axonal energy deficit due to the mitotoxicity (Flatters and Bennett,
2006; Flatters et al., 2006; Siau and Bennett, 2006; Jin et al., 2008; Xiao and Bennett, 2008;
Xiao et al., 2009; Bennett et al., 2011; Zheng et al., 2011). If the hypothesis is correct, then
the absence of motor deficits implies that paclitaxel has little or no effect on mitochondria in
motor axons. To investigate this prediction, we first measured the paclitaxel exposure of the
sensory neurons in the DRG, the sensory axons in the dorsal root (DR), and the motor
neurons in the spinal cord and their axons in the ventral root (VR). We then compared
mitochondrial structure and function in DR vs. VR axons using electron microscopy and an
assay of mitochondrial respiration.

2. Experimental Procedures
The experimental protocols were approved by the Animal Care and Use Committee of the
Faculty of Medicine, McGill University, in accordance with the regulations of the Canadian
Council on Animal Care and the ethical guidelines of the Canadian Institutes of Health
Research, the National Institutes of Health (USA), and the International Association for the
Study of Pain (Zimmermann, 1983).

2.1. Animals
Adult male Sprague-Dawley rats (200-300g, Harlan Inc., Indianapolis, IN; Frederick, MD
breeding colony) were housed on sawdust bedding in plastic cages. Artificial lighting was
provided on a fixed 12 hour light-dark cycle with food and water available ad libitum.
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2.2. Paclitaxel
Paclitaxel (Taxol®; Bristol-Myers-Squibb, 6mg/ml) was diluted with saline to a
concentration of 2 mg/ml and injected IP. Rats received our standard dosing regimen
(Flatters and Bennett, 2004, 2006; Polomano et al., 2001): 2 mg/kg on four alternate days
(days 0 (D0), D2, D4 and D6); total dose: 8 mg/kg). Control animals were injected with 1
ml/kg of the vehicle on the same schedule.

2.3. Paclitaxel measurement
Control rats (n = 4) and paclitaxel-treated rats (n = 6/group) were sacrificed on D7 (24h after
the last paclitaxel injection) and on D16 (10 days after the last injection) via a sodium
pentobarbital overdose (150 mg/kg, IP). Blood was obtained via cardiac puncture and
plasma was obtained via centrifugation. The liver and brain (transected rostrally at the level
of the olfactory bulbs and caudally at the level of the superior colliculi, and with the
cerebellum removed) were harvested. Laminectomies exposed the L4-L6 DRG and spinal
cord segments. The L4-L6 DR and VR were carefully dissected from the level of the DRG
to their respective spinal cord segments (identified via their dorsal root entry zones),
excised, and pooled bilaterally (i.e., 6 dorsal and 6 ventral roots per animal). The L4-L6
DRGs were isolated, excised (with care taken to exclude that portion of the VR that lies
beneath the ganglion), and pooled. The L4-L5 spinal cord segments were excised en bloc.
The sciatic nerves were excised bilaterally from the sciatic notch to the popliteal fossa and
pooled. All samples were immediately frozen on dry ice and kept at -80° C until assayed.

Paclitaxel content was quantified with liquid chromatography combined with tandem mass
spectrometry (LC-MS/MS). Tissue samples were homogenized in buffer (1/10 w/w, or in a
minimal volume of 500 μl), solubilized with methanol and protein removed with
acetonitrile. Samples were separated on a reversed phase LC-column (Polaris C18 3 μm,
50×4.6 mm; Varian, Palo Alto, CA). Mobile phases consisted of 0.1 % formic acid (solvent
A) and acetonitrile (solvent B). Chromatographic separation was obtained by gradient
elution: 70%/30% (A/B) to start and 5%/95% at completion; 3 min duration; 1.2 ml/min
flow rate. Tandem MS analysis was carried out on an API-4000 MS/MS (Applied
Biosystems, Toronto, ON) which was coupled to the HPLC-system (Agilent Technologies;
Palo Alto, CA). The MS/MS was operated in the positive ion mode using electrospray
ionization (TurboIonSpray interface) and was optimized for the quantification of paclitaxel
(multiple reaction monitoring (MRM) transition: m/z 854.3 > 569). The quantification limit
(QL) was 0.5 ng/ml for plasma and 5.0 ng/g for tissue. The accuracy (intra-batch accuracy
from independent samples containing known concentrations) was between 80% and 120%
of the nominal value over the entire range for plasma and tissue samples.

2.4. Paclitaxel's effects on motor function
Motor function has not been formally assessed with the paclitaxel treatment protocol used
here. To remedy this, we examined paclitaxel's effects in the roto-rod test and assessed the
status of motor nerve conduction.

Vehicle-treated and paclitaxel-treated rats (n = 8/group) were given three training trials on
the roto-rod (7 cm diameter rod; 20 rpm) during the week before the first paclitaxel
injection. Each trial lasted about 5 min and consisted of replacing the animal when it fell off
the rod until the animal had achieved a criterion performance of 60 sec on the rod without
falling. In order to confirm that the motor nerve conduction velocities (MNCV) data were
from animals that had the paclitaxel-evoked sensory abnormalities, baseline responses to 4 g
and 15 g von Frey hair (VFH) stimuli were obtained prior to and after treatment. On days
D28 (30 days after the last roto-rod training session and 22 days after the last injection of
paclitaxel) the behavioral pain assays were repeated and this was followed by a trial of roto-
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rod performance. On the following days, MNCV was assessed in the same animals. For
comparison to the MNCV, we also assessed the status of conduction in the sural nerve,
which in the rat is a nearly pure sensory nerve (Swett et al., 1986, 1991).

Roto-rod performance was assessed with a single trial with a 120 sec cut-off. VFH testing
followed methods described elsewhere (Flatters and Bennett, 2004). An increased response
frequency to the normally innocuous 4 g stimulus is indicative of mechano-allodynia;
increased response frequency to the slightly painful 15 g stimulus indicates mechano-
hyperalgesia.

For MNCV assessment, the rat was anesthetized with sodium pentobarbital (50 mg/kg, IP)
for cannulation of the trachea and then placed on a ventilator. Respiration was adjusted to
maintain expired CO2 in the normal range and anesthesia was maintained with isoflurane
(1.0%). The flexor hallucis brevis muscle was exposed via midline incision in the ventral
hind paw. The MNCV was recorded via an electrode inserted into the muscle following
stimulation of the muscle's innervation, first at the level of the sciatic notch (S1) and then at
the ankle (S2; i.e., the tibial nerve at the level of the medial malleolus). Stimulation was via
percutaneous bipolar needle electrodes with 0.1 msec duration pulses at 1.0 Hz and intensity
set at 25% above the level that evoked the maximal amplitude potential. The conduction
velocity was determined by subtracting the latency to onset of the potential from S2 from
that of S1 and measuring the distance between the cathodes of the two stimulating
electrodes. Sensory nerve conduction was assessed by stimulating suralis at the level of the
ankle (0.1 msec pulses, 1.0 Hz, intensity at 25% above the level that evoked the maximal
amplitude potential) and recording from the distal end of the transected nerve in the
popliteal fossa. We measured the sensory nerve conduction velocity (SNCV) to the onset of
the potential, the velocity to the peak of the potential, the duration of the potential, and the
potential's peak amplitude.

2.5. Electron microscopy
Vehicle-treated and paclitaxel-treated rats (n = 4/group) were sacrificed on D27, the
approximate time of onset of peak neuropathic pain severity, the time of near maximal
degeneration of intraepidermal nerve fibers, and a time at which functional mitochondrial
deficits are demonstrable in peripheral nerve axons (Flatters and Bennett, 2004, 2006; Jin et
al., 2008; Xiao et al., 2009; Bennett et al., 2011; Zheng et al., 2011). Following the induction
of deep anesthesia via a sodium pentobarbital overdose (150 mg/kg; IP), the animals were
perfused transcardially with a vascular rinse (0.1M PBS containing 0.05% sodium
bicarbonate and 0.1% sodium nitrite) followed by freshly prepared mixture of 2%
paraformaldehyde and 2% glutaraldehyde in 0.1M PBS, pH 7.4.

The lumbosacral vertebral column was excised and post-fixed for 3 h in the fixative
described above. L4-L5 DR and VR samples were obtained as described above. A 0.5 cm
long section of the saphenous nerve was excised from the middle of the lower leg and post-
fixed for 3 h. The saphenous nerve was selected for the sake of comparison to prior studies
of paclitaxel-evoked and vincristine-evoked painful peripheral neuropathies (Tanner et al.,
1998; Topp et al., 2000; Flatters and Bennett, 2006; Jin et al., 2008; Xiao et al., 2009).
Tissues were placed in 10% sucrose in 0.1 M PBS and kept at 4° C for 12 h, then 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 embedded in Epon.
Ultrathin sections were acquired with a microtome using a diamond knife, collected on
Formvar-coated grids, and counterstained with lead citrate and uranyl acetate. Grids were
observed in a Philips EM410 electron microscope operated at 80 kV. Photomicrographs
were taken and analyzed using a Megaview II CCD camera and AnalySIS 5.0 software (both
from Soft Imaging System Corp., Lakewood, CO).
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Random samples of mitochondria in axons (A-fibers and C-fibers) and Schwann cells
(myelinating and non-myelinating) were obtained in the following way. Starting at the 7
o'clock position on the section and moving horizontally, every third field was photographed
(10,200 X) until the edge of the section was reached. The section was then moved two fields
vertically and the horizontal scan was resumed as before. For the VR, the scanning
procedure was continued until at least 60 A-fibers and 60 myelinating Schwann cells were
photographed. For the DR and nerve, the scan continued until at least 60 A-fibers, 60
myelinating Schwann cells, and 60 C-fibers were photographed. Remak bundles usually
appear as several adjacent groups of C-fibers embedded in Schwann cell processes that are
separated by extracellular space. Although it is very probable that such groups are formed by
processes from the same Schwann cell, this can not be established without reconstructing
serial sections, and it is thus difficult to enumerate the number of non-myelinating Schwann
cells in a section. Therefore, to sample mitochondria in non-myelinating Schwann cells in
the DR and nerve we continued the horizontal scanning procedure until we had
photographed a sufficient number of Remak bundles to count at least 50 mitochondria.

All of the mitochondria in the axoplasm of each axon and in the cytoplasm of each
myelinating and non-myelinating (i.e., Remak bundle) Schwann cell were counted. As in
previous studies (Flatters and Bennett, 2006; Jin et al., 2008; Xiao et al., 2009), normal
mitochondria were identified as circular or oval profiles with double membranes that had at
least one axis of at least 165 nm in length. The minimal length requirement eliminated
profiles that are due to sections that pass through the end of the mitochondrion, where the
status of the cristae would be difficult to ascertain. Mitochondria were counted as atypical if
they had at least a 2-fold increase in diameter and/or if 50% or more of the interior was
electron-lucent.

2.6. Mitochondrial respiration assay
Vehicle-treated and paclitaxel-treated rats (n = 8/group) were sacrificed 21-30 days after the
last injection. A pair of rats, one control and one paclitaxel-treated, was examined on each
day with the order of testing counterbalanced. The rats were deeply anesthetized (2%
isoflurane) and their L4-L6 DR and VR were harvested and placed in ice-cold mitochondrial
respiration medium (MiR05; see below); the animal was then euthanized with a sodium
pentobarbital overdose. Each root was minced into segments about 1 mm long and each
segment was teased into filaments using #5 watchmaker's forceps. This is the same
preparation that was used to assess mitochondrial function in peripheral nerve samples
(Zheng et al., 2011).

The DR and VR samples were then transferred to separate recording chambers of a high-
resolution respirometer (Oxygraph 2K; Oroboros Instruments; Innsbruck, Austria) and the
chamber sealed. The recording chambers were maintained at 37° C and contained 2 ml of
respiration medium that had been equilibrated for 30 min at in air such that a stable O2
concentration was obtained. Stable O2 consumption rates were present within 5 min of
adding the preparation and sealing the chamber. The MiR05 respiration medium contained:
0.5 mM EGTA, 3.0 mM MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4,
110 mM sucrose, 0.1%; BSA, and 20 mM HEPES (Gnaiger et al., 2000).

The rate of O2 consumption was determined before and after the addition of a mixture of
substrates for Complex I (NADH:ubiquinone oxidoreductase) and Complex II (succinate
dehydrogenase) respiration (5.0 mM glutamate and 2.5 mM maleate, and 5.0 mM succinate,
respectively), and then after stimulating respiration via the addition of ADP (1.0 mM). Pilot
studies showed that this amount of ADP produces maximum stimulation of the oxidative
phosphorylation system. O2 consumption was recorded when the response to each addition
had reached a stable plateau.
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O2 consumption rates were normalized with respect to the activity levels of the
mitochondrion-specific enzyme, citrate synthase. Immediately after the respiration assay, the
sample was removed from the recording chamber and stored at -80° C until enzyme activity
was determined. For citrate synthase determination, the sample was homogenized in 0.8 ml
lysis medium (CelLytic TM; Sigma, St. Louis, MO), centrifuged at 12,000 g for 12 min at
4° C, and the supernatant used to assay enzymatic activity according to the manufacturer's
protocol (Citrate Synthase Assay Kit; Sigma, St. Louis, MO). Results were expressed as
units of citrate synthase (CSU) activity: 10-7 mol/min/mg protein.

3. Results
3.1. Paclitaxel tissue levels

On D7 (24 h after the last injection), paclitaxel was clearly concentrated in the DRG (446 ±
85 ng/g) (Fig. 1). Lower levels were found in the DR (74 ± 18 ng/g), VR (94 ± 28 ng/g), and
sciatic nerve (48 ± 15 ng/g). The amount of paclitaxel in brain was near the limit of
quantification (8.1 ± 2.5 ng/g). The amount in spinal cord was greater but still quite low (28
± 5 ng/g). The amount of paclitaxel in plasma was 9.4 ± 2.8 ng/ml. A very high paclitaxel
level was present in the liver (744 ± 420 ng/g).

Ten days after the last injection (D16), paclitaxel was below the limit of quantification in
DR, VR, sciatic nerve, spinal cord, brain, and plasma. In the DRG, 1 of 6 rats was below the
limit of quantification; the average for the remaining 5 rats was 53 ± 5 ng/g. Levels in liver
were below the limit of quantification in 3 of the 6 rats and averaged 8.0 ± 1.5 ng/g in the
others.

3.2. Paclitaxel's effects on motor function
As shown in Table 1, paclitaxel treatment had no significant effect on roto-rod performance
or MNCV. In these same animals, paclitaxel treatment produced the expected statistically
significant mechano-allodynia and mechano-hyperalgesia, while the vehicle-treated control
group had no significant change in response to the 4 g and 15 g VFH stimuli.

Paclitaxel treatment had no significant effect on any of the parameters of sensory nerve
conduction (Table 1). This is consistent with the absence of paclitaxel-evoked degeneration
of peripheral nerve axons (Flatters and Bennett, 2006; Bennett et al., 2011).

3.3. Effects of paclitaxel on axonal mitochondrial ultrastructure
Paclitaxel caused a statistically significant increase in the incidence of swollen and
vacuolated mitochondria in A-fiber and C-fiber axons in the DR and saphenous nerve, but
not in the VR's A-fiber motor axons. The swollen and vacuolated mitochondria in the roots
appeared identical (Fig. 2) to those previously described in peripheral nerve (Flatters and
Bennett, 2006).

A-fiber sensory axons in the DR of the control group contained (mean ± SEM) 23.7 ± 0.1%
(total number of mitochondria examined: n = 878) swollen and vacuolated mitochondria vs.
50.4 ± 5.3% (n = 1113) in the paclitaxel-treated group (Fig. 3A). This is a statistically
significant mean increase of 112.7%. C-fiber sensory axons in the DR of the control group
contained 21.0 ± 3.7% (n = 249) swollen and vacuolated mitochondria vs. 46.7 ± 6.4% (n =
271) in the paclitaxel-treated group. This is a statistically significant mean increase of
122.4%.
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For the A-fiber motor neuron axons in the VR, the incidence of swollen and vacuolated
mitochondria in the control group was 47.1 ± 4.8% (n = 2066) vs. 58.5 ± 5.3% (n = 2123) in
the paclitaxel-treated group. This is a statistically non-significant difference of 24.2%.

The results for the peripheral nerve were similar to those from the DR. For the peripheral
nerve A-fiber axons: control group: 30.5 ± 4.6% (n = 1320) vs. paclitaxel group: 49.0 ±
2.2% (n = 1734); a statistically significant mean increase of 60.7%. For the peripheral nerve
C-fiber axons: control group: 19.5 ± 3.8% (n = 378) vs. paclitaxel group: 41.3 ± 5.0% (n =
343); a statistically significant mean increase of 111.8%.

3.4. Effects of paclitaxel on the structure of Schwann cell mitochondria
Paclitaxel had no significant effect on the incidence of swollen and vacuolated mitochondria
in myelinating Schwann cells in the DR, VR and peripheral nerve, or in the non-myelinating
Schwann cells in the DR and nerve (Fig. 3B).

The incidence of swollen and vacuolated mitochondria in myelinating Schwann cells in the
control group's DR was 10.1 ± 0.6% (n = 886) vs. 10.7 ± 1.7% (n = 975) in the paclitaxel-
treated group. For the non-myelinating Schwann cells in the DR, the control group incidence
was 3.3 ± 0.2 % (n = 242) vs. 4.2 ± 2.1% (n = 254) in the paclitaxel-treated group. The
incidence of swollen and vacuolated mitochondria in the myelinating Schwann cells that
surround the motor axons in the VR was 8.1 ± 2.8% (n = 1834) in the control group vs. 8.1 ±
2.7% (n = 1826) in the paclitaxel-treated group. For the myelinating Schwann cells in the
saphenous nerve, the control group incidence was 6.0 ± 0.9% (n = 917) vs. 7.5 ± 1.6% (n =
980) in the paclitaxel-treated group. For the non-myelinating Schwann cells in the
saphenous nerve, the control group incidence was 2.0 ± 1.0% (n = 245) vs. 2.4 ± 0.5% (n =
246) in the paclitaxel-treated group. None of the between-group differences are statistically
significant.

3.5. Respiration in dorsal vs. ventral roots
Initial O2 consumption rates for the DR of vehicle-treated and paclitaxel-treated rats were
very low and not significantly different (mean ± SEM; pmol O2/s/CSU): 12.0 ± 0.8 vs. 12.7
± 2.4, respectively. The same was true for the VR: 4.7 ± 1.1 vs. 5.8 ± 1.4, respectively.

The addition of substrates for Complex I and II increased O2 consumption in the DR and VR
from both vehicle-treated and paclitaxel-treated rats; the between-group differences were not
significantly different: DR: 44.2 ± 1.9 vs. 48.5 ± 4.5; VR: 31.9 ± 2.3 vs. 31.1 ± 4.4.

Stimulation of respiratory complex activity by the addition of ADP evoked the expected
increases in O2 consumption rates in both vehicle-treated and paclitaxel-treated groups: DR:
113.1 ± 6.5 vs. 100.5 ± 8.0; VR: 64.2 ± 6.4 vs. 64.0 ± 10.3, respectively. The percent
increase (relative to the non-stimulated rate) (Fig. 4) in the DR of the vehicle-treated
controls (236 ± 0.1%) was significantly greater (52%) than in the paclitaxel-treated group
(184 ± 0.1%). There was no significant difference between the percent increases seen in the
VR (control group: 199 ± 0.01% vs. paclitaxel group: 201 ± 0.1%).

4. Discussion
4.1. Paclitaxel distribution

Paclitaxel was greatly concentrated in the DRG one day after the last injection (D7). At this
time, paclitaxel was also present in the DR, VR, and sciatic nerve, where the levels were
similar to one another but 5-9 times lower than in the DRG. Our DRG and peripheral nerve
results are consistent with a report from Cavaletti et al. (2000) who sampled one day after
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the last injection of a paclitaxel dosing protocol (5 mg/kg/day X 5, IV) that yields
hypoesthesia, rather than the allodynia and hyperalgesia seen with our dosing protocol.

The large amount of paclitaxel found in the DRG on D7 is at least partly due to the presence
of the fenestrated capillaries that are found in the dorsal, cell-rich region of the DRG
(Olsson, 1990; Jimenez-Andrade et al., 2008). Fenestrated capillaries are not present in the
DR, VR and peripheral nerve (Olsson, 1990; Pettersson et al., 1990); nevertheless, paclitaxel
was present in each of these regions on the day after the last injection. It is known that the
blood-nerve-barrier is functionally distinct from the blood-brain-barrier. Paclitaxel probably
passes into the DR, VR, and nerve via pinocytotic trafficking across capillary endothelial
cells (Olsson, 1990; Pettersson et al., 1990). A barely detectable level of paclitaxel was
found in the brain on D7. As there is no evidence suggesting that paclitaxel crosses the
blood-brain-barrier, this trace amount is almost certainly due to passage through the
circumventricular organs. On D7, paclitaxel was found in the lumbar spinal cord; the level
was very low but still distinctly greater than the trace found in brain. The blood-spinal cord-
barrier is believed to be identical to its brain counterpart and so permeation via the spinal
cord vasculature is unlikely. The paclitaxel in the spinal cord may arrive via axonal
transport.

The noteworthy result of this experiment is that our treatment protocol yields a very high
level of paclitaxel in the DRG and that this is remarkably persistent, with measurable
amounts present on D16, 10 days after the last injection. We found no evidence that
paclitaxel persists in DR, VR, or peripheral nerve; but, of course, we can not exclude the
possibility that there is persistence at a level that is below our limit of quantification but
nevertheless significant for the pathology.

The persistence of paclitaxel within the DRG is likely to be related to its binding to β-
tubulin. A fraction of paclitaxel bound to β-tubulin would be expected to become
sequestered into microtubules (Kingston et al., 2005). It may be of particular importance that
at least some paclitaxel will become bound to the β-tubulin moiety that is associated with the
voltage dependent anion channel (VDAC) (Carrè et al., 2002; Kidd et al., 2002). VDAC is a
component of the mitochondrial permeability transition pore and paclitaxel bound to β-
tubulin is known to alter VDAC function (Rostovtseva et al., 2008). It is possible that
binding to other proteins also contributes to the persistence, e.g., bcl-2 (Ferlini et al., 2009;
Rodi et al., 1999).

4.2. No paclitaxel effect on indices of motor function
The treatment protocol used here had no effect on MNCV and no effect on roto-rod
performance in rats with established sensory dysfunction. We conclude that our protocol
produces a purely sensory peripheral neuropathy. In the clinic, paclitaxel produces an acute
pain state characterized by myalgia and arthralgia in the proximal joints and muscles
(Loprinzi et al., 2011). However, clinical experience shows that paclitaxel rarely, if ever,
causes chronic motor dysfunction with the bilaterally symmetrical distribution in the feet, or
the hands and feet, which characterizes the sensory symptoms (Agosto et al., 2008).

4.3. Differential effects on the structure of mitochondria in sensory and motor axons
Paclitaxel caused significant increases in the incidence of swollen and vacuolated
mitochondria in sensory axons in the DR, but not in motor axons in the VR. The differential
effect was apparent even when the comparison was restricted to the DR's myelinated fibers
(Fig. 3A). The increases of swollen and vacuolated mitochondria in DR A-fiber and C-fiber
axons were comparable to those seen in the saphenous nerve (Flatters and Bennett, 2006; Jin
et al., 2008; Xiao et al., 2009).
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It is noteworthy that paclitaxel had no effect on the structure of the mitochondria in
Schwann cells in the DR, VR and nerve, even though the Schwann cells must be exposed to
the same amounts of paclitaxel as the axons that they surround. This indicates that the
degree of exposure to paclitaxel is not the only factor accounting for mitotoxicity; cell-type
specific factors must also make an important contribution.

Swollen and vacuolated mitochondria are found in peripheral nerve axons from normal rats
(Flatters and Bennett, 2006; Jin et al., 2008) and here we found the same in the DR and VR
axons of normal rats. The reason for the presence of such mitochondria in normal axons is
not understood, although there is evidence showing that swelling and vacuolation may be
associated with the degree of mitochondrial activity at the time of exposure to aldehydes
(Brewer and Lynch, 1986). The rarity of swollen and vacuolated mitochondria in Schwann
cells shows that their presence is not a simple artifact of inadequate fixation. The incidence
in the control group's myelinated VR axons was particularly high, being about twice that
found in the control group's myelinated DR axons. This suggests that under normal
conditions there may be a distinct functional difference in the mitochondria in motor and
sensory myelinated axons.

4.4. Differential effects on the function of mitochondria in sensory and motor axons
The physiological significance of the paclitaxel-evoked increase in the incidence of swollen
and vacuolated mitochondria is ambiguous, especially given their presence in normal axons.
It is thus important that we found a significant deficit in mitochondrial function in the DR
but not in the VR of paclitaxel-treated rats.

Paclitaxel-evoked deficits in Complex I-mediated and in Complex II-mediated respiration
(measured separately) have been noted in a sciatic nerve preparation (Zheng et al., 2011). In
the present experiments, Complex I and Complex II activities were assessed together via the
simultaneous addition of their substrates. Initial respiration rates (before substrate addition)
were very low in DR and VR and similar in both groups. This is not surprising because the
medium contains no substrates for respiration; any activity that is present must be due to
endogenous stores. The addition of substrates evoked similar increases in respiration rates in
both the DR and VR of both groups. The absence of a significant between-group difference
after the addition of substrates is also not surprising because this condition represents
baseline energy demand. Functional deficits are expected to be most apparent when a system
is activated and operating in the upper part of its physiological range. Mitochondrial
respiration is activated when energy demand increases, and this is signaled via ADP levels.
Thus, respiration in all samples was greatly increased after the addition of ADP.

The important finding here is that the magnitude of the increase evoked by ADP-stimulation
was significantly less than normal in the DR, but not in the VR, after paclitaxel treatment. It
is noteworthy that the deficit in DR respiration was seen 2-4 weeks after dosing, when
paclitaxel could not be detected in the DR. It is thus clear that paclitaxel causes persistent
mitochondrial dysfunction and that this is likely to result in a persistent energy deficiency.

4.5. Why sensory and not motor?
It is clear that primary afferent sensory neurons and motor neurons receive very different
exposures to paclitaxel and it is difficult to escape the conclusion that this is why the drug
produces a sensory but not a motor neuropathy. However, differential exposure is probably
not the whole story. First, despite the large and persistent exposure in the DRG, there is no
evidence of degeneration of DRG neurons with the treatment protocol used here (Flatters
and Bennett, 2006). Studies that used doses of paclitaxel higher than those used here have
reported various pathological changes in the DRG, but none of these studies has reported
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DRG cell degeneration (Cavaletti et al., 1995, 1997, 2000; Authier et al., 2000; Persohn et
al., 2005; Jimenez-Andrade et al., 2006; Jamieson et al., 2007; Peters et al., 2007a,b). The
only paclitaxel-evoked lesion that has been found with the treatment protocol used here is
very far from the DRG - degeneration at the distal-most tip of the sensory axon, i.e., the
intraepidermal nerve fiber (IENF) that forms the terminal receptor arbor (Siau et al., 2006;
Jin et al., 2008; Xiao et al., 2009; Bennett et al., 2011; Boyette-Davis et al., 2011).

Second, significant IENF degeneration is not apparent until about 10 days after the last
injection of paclitaxel and it takes another several days to peak. Thus, IENF degeneration
occurs at a distinctly later time than the DRG exposure. The IENF degeneration and the pain
appear to be linked. Both have about the same delays to onset and peak, and treatments that
block the development of the pain also protect against the degeneration (Flatters et al., 2006;
Jin et al., 2008; Xiao et al., 2009; Bennett et al., 2011; Boyette-Davis et al., 2011; Zheng et
al., 2011). Exposure to a high level of paclitaxel in the DRG does not account for the delays
to symptom onset and peak.

Lastly, the greater exposure of mitochondria in sensory neurons does not account for the
distribution of symptoms. It seems safe to assume that the mitochondria in sensory neurons
in all DRG receive the same high and persistent exposure to paclitaxel. But the sensory
symptoms occur first and predominately in the dermatomes innervated by ganglia L4-L5
and C6-C8 (feet and hands). It is noteworthy that paclitaxel-evoked sensory dysfunction is
not present in the thoracic region or in the face (the trigeminal ganglion also has fenestrated
capillaries (Olsson, 1990)) and the innervation density of the face (especially the lips) is as
high as or higher than that of the feet and hands).

4.6. Conclusions
We have found that a paclitaxel dosing protocol in the rat that produces a painful peripheral
neuropathy is associated with a mitotoxic effect in primary afferent sensory neuron axons
but not in motor neuron axons. In addition, our data suggest that a high and persistent
paclitaxel exposure to the sensory neuron's cell body in the DRG may contribute to the
selective effect.

Chronic, distal, symmetrical, predominately sensory peripheral neuropathies are produced
by other chemotherapeutics (Quasthoff and Hartung, 2002; Windebank and Grisold, 2008)
and a mitotoxic effect that preferentially affects mitochondria in sensory neuron axons may
be causative in all of these conditions. Determining whether this is true in patients will be
difficult because the clinical situation is so complex: patients do not always receive identical
treatment and they often have multiple potential causes of peripheral neuropathy and pain:
e.g., tumor effects, prior or combination treatment with multiple neurotoxic agents, prior
radiation therapy, co-morbidities like diabetes, etc. Additional work with animal models of
these conditions may be necessary to answer this question.

Lehmann et al. (2011) have recently shown that there is an accumulation of mutations in
mitochondrial DNA in distal peripheral nerve of man and monkey with immunodeficiency
virus infection. They propose that this occurs during the long period of transit of
mitochondria from the DRG to the distal axon (estimated to be two years or more for the
human foot). This phenomenon is unlikely to play a role in the rat because the leg is too
short, but clinically the idea is not incompatible with a drug-evoked mitotoxic effect that is
relatively selective for sensory axons.
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ADP adenosine diphosphate

ATP adenosine triphosphate

DR dorsal root
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MNCV motor nerve conduction velocity

QL quantification limit

SNCV sensory nerve conduction velocity
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Highlights

• Mitotoxicity is believed to cause paclitaxel-evoked peripheral neuropathy

• High and persistent levels of paclitaxel are found in the DRG

• Paclitaxel evoked mitochondrial swelling and vacuolation only in sensory axons

• Paclitaxel impaired mitochondrial respiration only in sensory axons

• Mitotoxicity that is relatively selective for sensory axons may be common
pathology
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Fig. 1.
Paclitaxel levels one day after the treatment (Tx) protocol (D7) and 10 days post-treatment
(D16) in L4-L5 spinal cord segments, L4-L6 dorsal roots (DR), L4-L6 ventral roots (VR),
L4-L6 dorsal root ganglia (DRG), and sciatic nerves; (ng/g; mean ± SEM; n = 6/group). <
QL: below the level of quantification (5.0 ng/g). * mean of 5 of 6 rats (1 <QL).
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Fig. 2.
Axoplasmic mitochondria in a dorsal root A-fiber of a paclitaxel-treated rat. The
mitochondrion on the upper left is swollen and its cristae have collapsed into one pole,
leaving a large vacuole at the other pole. Normal mitochondria (lower right) have smaller
diameters, intact cristae, intact double membranes, and no vacuoles. 53,000X; scale bar: 0.5
μm.

Xiao et al. Page 17

Neuroscience. Author manuscript; available in PMC 2012 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
A. Incidence (mean ± SEM) of atypical (swollen and vacuolated) mitochondria in A-fiber
motor axons in the ventral root (VR), myelinated A-fiber and unmyelinated C-fiber sensory
axons in the dorsal root (DR), and in the saphenous nerve in vehicle-treated and paclitaxel-
treated rats. B. Incidence (mean ± SEM) of swollen and vacuolated mitochondria in the
myelinating Schwann cells in the ventral root (VR), myelinating and non-myelinating
(Remak bundle) Schwann cells in the dorsal root (DR), and myelinating and non-
myelinating Schwann cells in the saphenous nerve in vehicle-treated and paclitaxel-treated
rats. * p < 0.05 control vs. paclitaxel-treated (Bonferroni-corrected t-tests).
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Fig. 4.
Percent increases in respiration rates after stimulation of the oxidative phosphorylation
system with ADP in the DR and VR of vehicle-treated and paclitaxel-treated rats. ** p <
0.01; t-test.
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Table 1

Paclitaxel effects on sensorimotor function.

Control Paclitaxel

Motor:

Roto-rod (sec) 119.4 ± 0.6 117.9 ± 1.9

MNCV (m/s) 46.95 ± 2.23 47.50 ± 5.74

Sensory:

Mechano-allodynia: baseline → post-paclitaxel response freq. 5.0 ± 1.3 → 6.3 ± 1.8 5.0 ± 1.4 → 52.5 ± 3.1*

Mechano-hyperalgesia: baseline → post-paclitaxel response freq. 12.5 ± 2.0 → 16.3 ± 3.2 14.3 ± 2.1 → 73.8 ± 5.0*

SNCV
Onset: 43.12 ± 1.2 m/sec
Peak: 32.39 ± 0.9 m/sec

Duration: 0.61 ± 0.0 msec
Amplitude: 3.46 ± 0.2 mV

Onset: 43.28 ± 2.1 m/sec
Peak: 31.45 ± 1.0 m/sec

Duration: 0.66 ± 0.0 msec
Amplitude: 3.01 ± 0.2 mV

All values are mean ± SEM for the same groups of rats (n = 8/group). MNCV: motor nerve conduction velocity; SNCV: sensory nerve conduction
velocity.

*
p < 0.001 vs. own baseline (t-tests).
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