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Abstract
Peripheral neuropathy is a major side effect following treatment with the cancer chemotherapeutic
drug paclitaxel. Whether paclitaxel-induced peripheral neuropathy is secondary to altered function
of small diameter sensory neurons remains controversial. To ascertain whether the function of the
small diameter sensory neurons was altered following systemic administration of paclitaxel, we
injected male Sprague Dawley rats with 1 mg/kg paclitaxel every other day for a total of four
doses and examined vasodilatation in the hindpaw at day 14 as an indirect measure of calcitonin
gene related peptide (CGRP) release. In paclitaxel-treated rats, the vasodilatation induced by either
intradermal injection of capsaicin into the hindpaw or electrical stimulation of the sciatic nerve
was significantly attenuated in comparison to vehicle-injected animals. Paclitaxel treatment,
however, did not affect direct vasodilatation induced by intradermal injection of methacholine or
CGRP, demonstrating that the blood vessels’ ability to dilate was intact. Paclitaxel treatment did
not alter the compound action potentials or conduction velocity of C-fibers. The stimulated release
of CGRP from the central terminals in the spinal cord was not altered in paclitaxel-injected
animals. These results suggest that paclitaxel affects the peripheral endings of sensory neurons to
alter transmitter release, and this may contribute to the symptoms seen in neuropathy.
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1. Introduction
Peripheral neuropathy is a common side effect resulting from treatment with the cancer
chemotherapeutic drug paclitaxel. This neuropathy is characterized by intense pain in the
extremities, tingling, numbness (paraesthesia), a paradoxical burning pain in response to
cold temperatures, and loss of proprioception (Briasoulis et al., 2002, Dina et al., 2001,
Dougherty et al., 2004, Forsyth et al., 1997, Lipton et al., 1989, Wiernik et al., 1987).
Neurophysiologic examination of patients with paclitaxel-induced peripheral neuropathy
reveals a decrease in sensory nerve conduction velocity and compound action potential
amplitude (Augusto et al., 2008, Dougherty et al., 2004, Sahenk et al., 1994). With
successive courses of treatment, the symptoms can become more severe, requiring either a
reduction in dose or cessation of therapy. Although there are treatments available for the
non-neurological side effects produced by paclitaxel (Sarosy et al., 1992), there are currently
no viable treatments to prevent or alleviate the neuropathy.

To study the mechanisms associated with paclitaxel-induced peripheral neuropathy,
investigators have injected paclitaxel systemically in animals and examined various
endpoints to model symptoms of neuropathy observed in humans. Depending on the
magnitude of the dose, the injection schedule, and the end-points measured, the data reveal
either a decrease or an increase in sensory neuronal function. For example, in studies using
relatively higher doses of paclitaxel, an antinociceptive effect was observed (Apfel et al.,
1991, Authier et al., 2000, Cavaletti et al., 1997, Cavaletti et al., 1995), while in studies
using relatively lower doses, hypernociception was seen (Dina et al., 2001, Polomano et al.,
2001, Weng et al., 2005). Moreover, the higher doses that produced antinociception often
produced a decrease in sensory nerve action potential amplitude which is accompanied by
morphological changes in the sensory nerves (Authier et al., 2000, Campana et al., 1998,
Cavaletti et al., 1995). In contrast, lower doses that produced hypernociception did not cause
morphological changes in the axons of the sensory nerves (Flatters and Bennett, 2006).

The various symptoms experienced by patients could result from impaired function of both
myelinated and unmyelinated fibers. For example, based on symptoms reported by patients
receiving paclitaxel, Dougherty et al postulated that myelinated fiber function is impaired,
while function of the unmyelinated fibers is preserved (Dougherty et al., 2004).
Additionally, studies in animals revealed a pathology of myelinated fibers in electron
micrographs (Cliffer et al., 1998), while changes in the mechanical threshold or conduction
velocity of C fibers were absent following systemic administration of paclitaxel (Dina et al.,
2001). In contrast, a sural nerve biopsy from a patient receiving paclitaxel showed
degeneration of both myelinated and unmyelinated fibers (Sahenk et al., 1994), and at least
one animal study revealed degeneration of myelinated and unmyelinated fibers alike
(Authier et al., 2000). Because the hypernociception observed following systemic
administration with paclitaxel suggests involvement of the small diameter peptidergic fibers
[lightly myelinated A δ and unmyelinated C-fibers), we asked if the function of these fibers
is altered after systemic administration of paclitaxel. We addressed this question by
examining the release of the neuropeptide calcitonin gene related peptide (CGRP) from
sensory nerve endings. Because release of CGRP from the peripheral endings of primary
afferent sensory neurons mediates vasodilatation (Brain et al., 1986, Brain et al., 1985, Chin
et al., 1994), we therefore examined alterations in blood flow in the skin of rats that were
administered multiple injections of 1 mg/kg paclitaxel (Polomano et al., 2001). We also
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examined the release of CGRP from sensory nerve terminals in the dorsal spinal cord since
this release likely contributes to an increase in the perception of noxious stimuli. Portions of
this work have been published in abstract form (Gracias et al., 2008).

2. Materials and Methods
2.1 Materials

For all animal studies, male Sprague Dawley rats were used. The rats were housed in group
cages in a light controlled room (light from 6:00 to 19:00) at a constant temperature of 22°
C. Food and water were available ad libitum. The Animal Care and Use Committee at
Indiana University School of Medicine, Indianapolis, IN approved all procedures used in
these studies. A stock concentration of 10 mg/ml paclitaxel in dimethyl sulfoxide (DMSO)
(Sigma Chemical Company, St. Louis, MO) was prepared and stored at −20° C and was
further diluted to 1 mg/ml in phosphate buffered saline (PBS) such that the final
concentration of DMSO was 10%. Rats initially weighing 175-200 grams were administered
1 mg/kg paclitaxel intraperitoneally (i.p) every other day for a total of four doses (Polomano
et al., 2001). We chose this dosage regimen since this dosing schedule and route of
administration produced nociceptive behavior in rats without producing overt morphological
changes in sensory neurons (Polomano et al., 2001). Previous work also demonstrates that
the i.p. route of administration results in a significantly higher concentration of paclitaxel in
the serum and in tissues 6-24 hours after administration of a single dose of 5 mg/kg
compared to the same dose delivered intravenously (Soma et al., 2009). Additionally, based
on clinical trials, i.p paclitaxel administered to women with ovarian cancer has greater
therapeutic benefits than intravenous administration (Francis et al., 1995). Thus, i.p
administration of paclitaxel is an easy but valid way to administer the drug.

Control groups received an intra-peritoneal injection of 10% DMSO in PBS. Even though
cremophor EL+ ethanol is the vehicle used in the clinic, we preferred to use 10% DMSO
because of a concern that the ethanol in the vehicle formulation injection could alter the
sensitivity of sensory neurons. Furthermore, previous studies have shown that i.p
administration of 10% DMSO as a vehicle does not produce any change in sensory behavior
(Polomano et al., 2001).

2.2 Measurement of blood flow
Initial experiments to examine changes in blood flow were performed as previously
described (Shrestha et al., 2009). Briefly, rats were anesthetized with 100 mg/kg sodium
thiopental and the hair on the dorsal hindpaw shaved. The rats were placed on a heated
(37°C) platform to maintain body temperature. Blood flow was measured using a BLF21D
laser Doppler flowmeter from Transonic systems Inc. (Ithaca, NY) and a type N 11 G
needle-style probe gently placed in contact with the hindpaw using a micromanipulator. This
system measures activity of red blood cell flux in ~ 2 mm3 area beneath the probe (Rendell
et al., 1998). Voltage output corresponding to tissue perfusion units (TPUs) were recorded
on-line using Biopac data acquisition system (Goleta, CA). Vasodilatation was induced by
intradermal injection of capsaicin, methacholine (Sigma Chemical Company, St. Louis,
MO) or α-CGRP (Bachem). The other hindpaw of the rat received the vehicle, 0.01% MPL
(Aldrich Chemical Co., Milwaukee, WI). Injections were made 1 mm away for the probe
site by inserting a 27G needle into the skin at an angle of ~15 degrees and the injection
volume was 1 μl.

To examine vasodilatation in response to sciatic nerve stimulation, an initial baseline was
recorded, after which the sciatic nerve was exposed at the mid-thigh level. To prevent
injury-induced action potentials, 1% lidocaine was applied to the proximal end of the sciatic
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nerve for 2 minutes. The nerve was cut 2 mm distal to the lidocaine application site and was
placed into a nerve cuff fitted with a silver-stimulating electrode. A layer of petroleum jelly
was applied over the stimulating electrode, the skin was sutured, and the animal was
returned to the heated platform. Baseline blood flow following axotomy was recorded for 30
minutes to allow sufficient time for the lidocaine block to be extinguished, then a stimulus
amplitude of 5mA at 10 Hz for 30 seconds was used to induce vasodilatation (Koltzenburg
et al., 1990).

To examine if the stimulation-induced vasodilatation in the hindpaw was mediated by
CGRP, 20 μM of the CGRP receptor antagonist, CGRP8-37, was injected 5 minutes before
application of stimulus.

2.3 Neuropeptide release from spinal cord slices
For experiments measuring release of CGRP from spinal cord slices, male Sprague Dawley
rats were injected with paclitaxel or vehicle, were sacrificed, spinal cord slices were
prepared, and release of CGRP was quantified by radioimmunoassay as previously
described (Chen et al., 1996). The amount of peptide released was expressed as % total
content of iCGRP/min.

2.4 Compound Action Potential Recording of Rat Sciatic Nerve Preparations
After treatment with vehicle or paclitaxel, rats were sacrificed and the sciatic nerves were
dissected and cut to 21 mm in length. Compound action potentials (CAPs) were recorded as
previously described (Bulaj et al., 2006). Briefly, the nerves were placed in a recording
chamber made from Sylgard (Dow Chemical, Midland, MI) with a linear array of 4 circular
wells. Each well (4 mm diameter by 4 mm deep; 50 μL volume) was separated from its
neighboring well by a 1-2 mm partition. Vaseline was used on the partitions between the
wells to provide electrical isolation. Wells were filled with a HEPES-buffered saline
solution consisting of 140 mM NaCl, 3 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM
HEPES (pH 7.3). Silver wire stimulating electrodes were placed in the first two wells. The
second well also contained a ground electrode. Silver wire recording electrodes were placed
in the third and fourth wells. Stimuli (0.01 to 10 mA × 1 ms) were applied to evoke CAPs.
The CAPs were recorded with a DP-311 differential amplifier (Warner Instruments,
Hamden, CT), were band-pass filtered (1 Hz to 3 kHz), and were digitized (10 kHz sampling
frequency) using a LabTrax-4/16 data acquisition system (World Precision Instruments,
Sarasota, FL). Conduction velocity was estimated by measuring the latency from a 5 mA
stimulus to the peak of the negative C-wave and dividing by the distance between the
stimulus and recording electrodes (15 mm). Recordings were conducted at room temperature
(~ 22° C).

2.5 Data Analysis
The data for all blood flow experiments were represented as the mean response ± SEM
recorded per 3-minutes as tissue perfusion units (TPU) for each animal. To determine if
there were statistically significant differences in stimulus-induced increases in blood flow
between treatment groups, we compared the mean ± SEM of the evoked response/15
minutes between treatment groups using one-way analysis of variance (ANOVA) and
Bonferroni’s post hoc test. Evoked response was calculated by subtracting the baseline
response/15 minutes from the stimulated response/15 minutes.

Release data from spinal cord slices are expressed as the mean ± SEM of the fractional
release of iCGRP (% of total content). For analysis of CGRP release from spinal cord slices,
the sum of the iCGRP released in the 3 fractions before exposure to the stimulus (basal
release/9 minutes) was subtracted from the sum of the iCGRP released in the 3 fractions
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during exposure to the stimulus (stimulated release/9 minutes) to give the evoked release of
iCGRP in 9 minutes (evoked release/9 minutes). The evoked release between control and
paclitaxel-treated rats was compared using an unpaired t test. In all cases, statistical
significance was set at p < 0.05.

3. Results
3.1 Characterization of vasodilatation after activation of sensory neurons

We performed an initial series of experiments to establish a model for capsaicin-induced
vasodilatation in the dorsal hindpaw of the rat a manner analogous to previous studies (Brain
et al., 1985, Jansen et al., 1989, and see review by Richardson and Vasko, 2002). Figures 1A
(left panel) and 1B show that intradermal injection of 10 μM capsaicin increased blood flow
from 53 ± 7 TPU/15 min to 121 ± 15 TPU/15 minutes. Although not shown in the figure,
intradermal injection of the vehicle for capsaicin (0.1% MPL in PBS) did not increase blood
flow over the basal value (68 ± 6 TPU/15 minutes for basal and 70 ± 10 TPU/15 minutes
after vehicle).

To demonstrate that the capsaicin-induced vasodilatation is mediated by CGRP, we
determined whether the CGRP1 receptor antagonist CGRP8-37 (Chiba et al., 1989, Chu et
al., 2001) could attenuate the effects of capsaicin. When 20 μM of CGRP8-37 was injected
intradermally five minutes before capsaicin, the increase in blood flow was blocked (figures
1A, right panel, and 1B). The capsaicin-evoked blood flow was 68 ± 11 TPU/15 minutes in
the absence of CGRP8-37; whereas in the presence of CGRP8-37 the evoked response was −4
± 5 TPU/15 minutes (figure 1C). We next performed a concentration response curve for the
capsaicin-induced increase in blood flow utilizing concentrations ranging from 300 nM to 1
mM. Figure 1D illustrates that intradermal capsaicin increased blood flow in a dose-
dependent manner, and the EC50 from this curve was 12 μM. We used 10 μM capsaicin in
subsequent studies because this concentration is on the linear region of the curve.

We also characterized the ability of electrical stimulation of the sciatic nerve to induce
vasodilatation using a stimulus of 5 mA at 10 Hz for 30 seconds. We chose this stimulation
paradigm since it activates the unmyelinated, slow conducting C fibers and the thinly
myelinated Aδ fibers (Koltzenburg et al., 1990). The basal blood flows before and after
axotomy was not significantly different (figure 2A). Following electrical stimulation of the
sciatic nerve, there was a robust increase in blood flow (figures 2A, left panel and 2B). The
response over 15 min increased from a basal value of 103 ± 15 TPU/15 minutes to 329 ± 8
TPU/15 minutes (figure 2B). The average evoked response obtained by subtracting the basal
response from the stimulated response was 226 ± 19 TPU/15 minutes (figure 2C).

In the presence of 20 μM CGRP8-37, electrical stimulation did not result in a significant
increase in blood flow over time (figure 2A, right panel). The average evoked response in
the presence of the antagonist was 14 ± 10 TPU/15 minutes, which was significantly
different from that recorded in response to electrical stimulation in the absence of CGRP8-37
(figure 2C). Injection of CGRP8-37 alone did not alter blood flow. The average evoked
response to the intradermal injection of CGRP8-37 was −4 ± 13 TPU/15 minutes.

3.2 Chronic administration of paclitaxel reduces vasodilatation caused by stimulation of
sensory neurons

We next determined the effects of chronic administration of paclitaxel on vasodilatation
induced by either capsaicin or electrical stimulation. As observed in control experiments, the
intradermal injection of 10 μM capsaicin in the hindpaw of rats injected with vehicle
increased the blood flow over 3-fold from a basal value of 88 ± 4 to 277 ± 19 TPU/15
minutes (Figures 3A, left panel and 3B). In paclitaxel-treated animals, the blood flow
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increased from 82 ± 6 to 158 ± 16 TPU/15 minutes (figures 3A, right panel, and 3B). The
capsaicin-evoked response was 190 ± 19 TPU/15 minutes in vehicle-treated animals, while
in paclitaxel-treated animals the capsaicin-evoked response was 76 ± 17 TPU/15 minutes
(figure 3C). These data indicate that paclitaxel significantly decreased vasodilatation in the
hindpaw in response to capsaicin.

Paclitaxel treatment also significantly reduced the ability of electrical stimulation of the
sciatic nerve to increase blood flow. After stimulation of the sciatic nerve in vehicle-treated
animals, the blood flow increased over 3-fold from 128 ± 21 to 426 ± 24 TPU/15 minutes
(figures 4A, left panel and 4B). In paclitaxel-treated rats however, sciatic nerve stimulation
induced only a 2-fold increase in blood flow from 145 ± 19 TPU/15 min to 296 ± 28 TPU/
15 minutes (Figures 4A, right panel, and 4B). The evoked response in paclitaxel-treated
animals was approximately half of the evoked release in vehicle-treated rats (298 ± 30 TPU/
15 min for vehicle versus 151 ± 13 TPU/15 minutes for paclitaxel treated (figure 4C).

3.3 Chronic administration of paclitaxel does not affect CGRP-induced or methacholine-
induced vasodilatation

It is possible that chronic treatment with paclitaxel alters the expression of CGRP receptors
on vascular smooth muscle or has a direct action to prevent muscle relaxation. To examine
these possibilities, we determined whether chronic administration of paclitaxel altered
vasodilatation induced by direct injection into the dorsal hindpaw of CGRP or the non-
selective muscarinic receptor agonist methacholine (Kimura et al., 2007).

When 30 μM of CGRP was injected intradermally, the blood flow increased from a basal
value of 97 ± 11 TPU/15 min to 316 ± 14 TPU/15 min (figures 5A, left panel and 5B). In
paclitaxel injected animals, the CGRP-induced vasodilatation was not significantly different
from control animals; blood flow increased from 96 ± 15 to 302 ± 8 TPU/15 min (figures
5A, right panel, and 5B). The evoked response was 219 ± 8 TPU/15 min for control animals
and 206 ± 15 TPU/15 min for paclitaxel treated animals (data not shown). Intradermal
injection of 100 μM methacholine increased blood flow from 97 ± 8 to 275 ± 11 TPU/15
minutes (figures 5C, left panel, and 5D) in vehicle-treated animals. In paclitaxel-treated
animals, methacholine increased blood flow from 88 ± 8 to 290 ± 23 TPU/15 minutes
(figures 5C, right panel, and 5D). The methacholine-evoked response was not significantly
different between the two groups of animals (178 ± 15 TPU/15 minutes and 201 ± 23 TPU/
15 minutes in vehicle-treated or paclitaxel-treated animals respectively (data not shown).

3.4 Chronic administration of paclitaxel does not alter C-fiber conduction in rat sciatic
nerves

To measure CAPs and conduction velocity in small diameter C-fibers, sciatic nerves from
vehicle-treated (n=6) and paclitaxel-treated (n=6) rats were stimulated with 1 ms duration
current pulses ranging from 0.01 to 10 mA. No significant difference was observed in the
CAPs (figures 6A and 5B) or the minimum current needed to elicit detectable C-fiber CAPs
between sciatic nerves from vehicle treated rats (n=12) and nerves from paclitaxel-treated
rats (n=11; 2.1 ± 0.4 and 2.0 ± 0.1 mA, respectively). Similarly, no significant difference
was detected for the latency from the 5 mA stimulus to the peak of the positive C-wave (data
not shown). The amplitude of the C-wave was also examined by measuring the voltage
difference between the peak of the negative C-wave and the peak of the positive C-wave.
Although the amplitude of the C-wave was 59±13 μV for control nerves and 84±13 μV for
nerves from paclitaxel-treated rats, this difference was not significant. The conduction
velocities also were not significantly different between nerves of vehicle-treated animals
(0.68±0.09 m/s; n=12) and those from paclitaxel-treated rats (0.67±0.04 m/s; n=11; figure
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5C). Overall, these data indicate that the paclitaxel treatment used in these experiments does
not significantly alter C-fiber conduction in rat sciatic nerves.

3.5 Chronic administration of paclitaxel does not alter the release of iCGRP from dorsal
spinal cord

We also examined the effects of chronic exposure of paclitaxel on iCGRP release from the
terminals of sensory neurons in the dorsal spinal cord. The basal release of iCGRP/9 minutes
in the vehicle-injected group was 0.77 ± 0.1 % of total content/9 minutes, whereas 500 nM
capsaicin significantly increased the release to 4.5 ± 0.5 % of total content/9 minutes
(figures 7A, left panel, and 7B). Chronic administration of paclitaxel did not significantly
alter either the basal or the capsaicin-stimulated release. Basal release in paclitaxel-treated
animals was 0.67 ± 0.07 % content/9 minutes, while stimulated release was 3.6 ± 0.5 %
content/9 minutes (figures 7A, right panel, and 7B). The evoked release was 3.8 ± 0.5 %
content/9 minutes and 2.9 ± 0.5 % content/9 minutes in the vehicle-injected group and the
paclitaxel-injected group, respectively (figure 7C). The total content of CGRP in the tissue
from vehicle-injected animals was 505.9 ± 33.8 and that from paclitaxel-treated animals was
496.8 ± 30.6 fmol/mg of tissue, suggesting that paclitaxel treatment did not alter CGRP
content in the spinal cord tissues.

The lack of significant differences in the release of iCGRP evoked by capsaicin may be
attributed to the dose of paclitaxel used. Therefore, we also examined the release of iCGRP
from spinal cord slices from animals that were treated with 2 mg/kg paclitaxel every other
day for 4 doses. Using this dosing schedule, we did not observe any significant alteration in
the basal or stimulated release of iCGRP, although there was a trend for the capsaicin-
stimulated release to be lower. The evoked release in rats treated with vehicle was 3.9 ± 0.6
% of content/9 min (n=10), while evoked release in animals receiving 2 mg/kg paclitaxel
was 2.3 ± 0.6 % of content/9 min (n=8).

4. Discussion
The data presented above demonstrate that systemic administration of paclitaxel reduces the
ability of small diameter sensory neurons to increase peripheral blood flow in the dorsal
hindpaw of the rat through an action of the drug on the peripheral endings of the sensory
neurons. This is based on the observation that paclitaxel reduced vasodilatation induced by
intradermal injection of capsaicin or by antidromic stimulation of the sciatic nerve.
Capsaicin activates TRPV1 receptors on small diameter sensory neurons allowing calcium
to enter, and this increases the release of neuropeptides from a subset of these neurons.
Electrical stimulation at 5 mA at 10 Hz for 30 seconds depolarizes all sensory neurons,
including the low threshold myelinated fibers and the high threshold peptidergic Aδ and C-
fibers (Koltzenburg et al., 1990). The generated action potentials travel antidromically to the
peripheral endings where the depolarization activates voltage-gated calcium channels and
causes transmitter release. Because administration of the CGRP antagonist CGRP8-37
completely attenuates the effects of capsaicin and electrical stimulation, vasodilatation is
mediated by CGRP and involvement of the sympathetic nervous system seems unlikely.

It also is highly unlikely that the paclitaxel-induced vasodilatation is secondary to a direct
effect on blood vessels in the hindpaw since the increase in blood flow produced by
methacholine acting at muscarinic receptors on the smooth muscle of blood vessels (Kimura
et al., 2007) is not affected by paclitaxel administration. In addition, systemic administration
of paclitaxel does not alter vasodilatation by intradermal injection of CGRP, strongly
suggesting that CGRP receptors on blood vessels are unaffected. Together these data
strongly support the notion that paclitaxel is diminishing the function of sensory nerve
endings by acting on the nerve terminal and not via post-synaptic sites.
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The fact that paclitaxel has a similar action using two different stimuli (i.e. capsaicin and
electrical stimulation) provide complementary data showing that the anticancer drug is
affecting the sensory nerve ending in the periphery. With electrical stimulation, it is possible
that paclitaxel could diminish conduction velocity of sensory neurons. However, we did not
observe any significant alteration in the conduction velocity of C-fibers or changes in the
CAPs. Although some previous studies have shown that large doses of paclitaxel can reduce
conduction velocity of sensory neurons (see below), studies with lower doses show no effect
on conduction velocity (Cavaletti et al., 1995, Dina et al., 2001). Based on our data and
these studies, it is unlikely that the paclitaxel-induced decease in the ability of sensory nerve
stimulation to increase blood flow is secondary to altered nerve conduction.

In contrast to the effects of paclitaxel on peripheral endings of small diameter sensory
neurons, chronic administration of 1 mg/kg or 2 mg/kg of the drug does not affect release of
iCGRP from central terminals of primary afferent sensory neurons. Furthermore, we did not
observe any difference in the total CGRP content in the spinal cord slices from either
paclitaxel-treated animals or from vehicle-injected animals, a finding that is consistent with
previous examination of CGRP content in paclitaxel-treated rats (Schmidt et al., 1995). The
lack of effect at central terminals could be secondary to the inability of paclitaxel to enter
the central nervous system in sufficient quantities to affect the nerve endings in the spinal
cord. This possibility is supported by the observations of Cavaletti and co-workers that one
day after the last of 5 doses of 5 mg/kg of paclitaxel on different days, the levels of the drug
measured in the spinal cord were low, while levels in the sciatic nerve and dorsal root
ganglia were ‘5-fold and ‘30-fold higher, respectively (Cavaletti et al., 2000). Because
sensory neurons are pseudouniploar with cell bodies in the dorsal root ganglia and a single
axon extending from the periphery to the dorsal spinal cord, accumulation of the drug at the
cell bodies could be expected to affect the entire neuron (i.e. alter release at both central and
peripheral endings of the neurons). The fact that we did not observe a change in release at
the central terminals of sensory neurons suggests that the actions of paclitaxel occur at
peripheral endings and does not act on the cell bodies to reduce the expression of CGRP.

Paclitaxel-induced peripheral neuropathy is largely sensory, can be long lasting (Lipton et
al., 1989, Mielke et al., 2005), and no treatments are available to prevent or reverse the
neurotoxicity. As a result, a number of investigators have examined the effects of various
dosing regimens of paclitaxel on a number of endpoints in animal models including sensory
nerve conduction (Authier et al., 2000, Cavaletti et al., 1997, Cavaletti et al., 1995, Cliffer et
al., 1998, Persohn et al., 2005), nociceptive behavior (Authier et al., 2000, Persohn et al.,
2005, Peters et al., 2007, Polomano et al., 2001), and morphological changes in sensory
neurons (Authier et al., 2000, Cavaletti et al., 1997, Cavaletti et al., 1995, Cliffer et al.,
1998, Persohn et al., 2005). In most of these studies, the severity of change in neuronal
function is dependent on the total amount of paclitaxel administered. For example, in a
number of studies using relatively high cumulative doses of paclitaxel, i.e. greater than 16
mg/kg, rats show a decreased sensory nerve conduction velocity and a reduced response to
noxious thermal or mechanical stimulation accompanied by a change in morphology of
sensory nerves. In studies using lower doses of paclitaxel administered over time, the drug
produces hyperalgesia and mechanical allodynia that models neuropathic pain syndromes in
the absence of visible signs of nerve damage (Dina et al., 2001, Polomano et al., 2001,
Weng et al., 2005). In the current work, we examined vasodilatation in the dorsal hindpaw
induced by stimulation of sensory neurons as a way to assess the effects of paclitaxel on a
functional endpoint in a subset of peptidergic sensory neurons. Using vasodilatation as an
endpoint, it is clear that a dosing regimen that produces hypersensitivity to noxious
stimulation (Dina et al., 2001, Polomano et al., 2001, Weng et al., 2005) also decreases
peripheral blood flow. Thus, an apparent inconsistency exists between our results showing
diminished function of peptidergic sensory neurons and studies measuring nociceptive
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behaviors. It is possible that the changes in nociception measured by others reflect
alterations in the central pain pathway rather than in sensory neurons. This possibility is
supported by the observation that the dosing regimen we used also decreases glutamate
transporters in the dorsal spinal cord (Weng et al., 2005), which could produce a central
sensitization. Paclitaxel treatment also increases the activity and noxious stimulus-induced
afterdischarge in spinal cord neurons (Cata et al., 2006). Alternatively, the diminished blood
flow in the periphery could mimic an ischemic condition which results in decreased local pH
and a consequent activation of sensory neurons to produce hyperalgesia (Steen and Reeh,
1993, Steen et al., 1992). Finally, paclitaxel could have a differential effect on non-
peptidergic sensory neurons that could contribute to pain sensation and further experiments
are warranted to determine effects of paclitaxel on glutamate release from sensory neurons.
It is intriguing to speculate that paclitaxel-induced neuropathy in humans might involve
components of both a decrease and an increase in sensory neuronal function.

The question remains, however, how paclitaxel causes diminished function of sensory
neurons. Paclitaxel’s primary mechanism of action is the induction of microtubule
polymerization by binding to β-tubulin with a subsequent stabilization that eventually leads
to inhibition of microtubule function (Schiff et al., 1979, Schiff and Horwitz, 1980). This
mechanism appears to account for the ability of paclitaxel to inhibit cell division in dividing
cells, but in post-mitotic cells this action could inhibit axonal transport of organelles and the
growth of neurites in neuronal cells (Ligon and Steward, 2000, Morris and Hollenbeck,
1995, Sato-Harada et al., 1996, Tsui et al., 1984). Thus, three major mechanisms could
account for the ability of paclitaxel to diminish the function of peripheral endings of sensory
neurons. First, paclitaxel could affect axonal transport and thus diminish the amount of
CGRP that can be transported to nerve terminals. This seems unlikely since the content of
CGRP in central terminals of sensory neurons is not affected by paclitaxel treatment.
Paclitaxel could also be affecting the actual release mechanism in sensory nerve terminals.
There is some precedent for this in the literature since paclitaxel interferes with stimulated
release of noradrenalin from chromaffin cells in culture (Thuret-Carnahan et al., 1985) and
with glucose-stimulated insulin release from isolated islets of Langerhans (Howell et al.,
1982). The other potential mechanism is a retraction of the peripheral endings of the sensory
nerves which possibly contributes to the post synaptic effects observed in our study.
Retraction of nerve endings could remove CGRP from the nerve muscle synapse, thus
reducing the effectiveness of CGRP in causing vasodilatation. In support of this notion,
electromyography studies of patients that received a single high-dose of paclitaxel showed
denervation (Iniguez et al., 1998). Siau et al also reported that animals receiving multiple
injections of paclitaxel showed decreased epidermal innervation as assessed by
immunostaining for the neuronal marker PGP9.5 (Siau et al., 2006). It also is possible that
the effects of paclitaxel are secondary to mitochondrial damage which could adversely affect
sensory nerve function. Indeed, Flatters and Bennett observed abnormalities in
mitochondrial morphology in sciatic nerves from animals injected with multiple doses of 2
mg/kg paclitaxel (Flatters and Bennett, 2006). In addition, paclitaxel exposure results in
abnormalities in mitochondrial morphology in human neuroblastoma cells resulting in
increased production of reactive oxygen species (Andre et al., 2002). Further studies are
clearly warranted to assess functional damage to mitochondria in sensory nerves following
treatment with paclitaxel.

There are many consequences to decreased presynaptic function of sensory neurons. For
example, vasodilatation after activation of small diameter sensory neurons is important for
the delivery of leukocytes and other immune cells to the site of injury, and is involved in
tissue repair and wound healing. More importantly, neurogenic control of skin blood flow is
important for temperature regulation of the skin, and the lack of it might contribute to the
coldness in the extremities experienced by patients. In summary, the current study
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demonstrates that systemic administration of paclitaxel causes a decrease in the release of
CGRP from peripheral terminals of sensory nerves. The use of changes in blood-flow to
measure functional changes in small diameter sensory neurons has much value for basic
research in the mechanisms of drug-induced neuropathy.
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Figure 1.
Capsaicin-induced vasodilatation in the hindpaw of the rat is blocked by the CGRP receptor
antagonist CGRP8-37. In all cases, each column represents the mean ± SEM. A: The open
columns and the hatched columns represent basal blood flow before and after the injection
needle is inserted intradermally. The shaded columns represent blood flow after injection of
vehicle then 10 μM capsaicin (left panel) or 20 μM CGRP8-37 then capsaicin (right panel).
B: Blood flow in tissue perfusion units over the 15 min prior to injection of vehicle or
CGRP8-37 (hatched columns) and the 15 min after injection of capsaicin (shaded columns)
from figure A. C: Capsaicin-evoked changes in blood flow over 15 minutes (capsaicin-
stimulated blood flow minus basal blood flow from figure B) in vehicle- or CGRP8-37–
treated rats. In B and C, an asterisk indicates statistical significance between the CGRP8-37–
injected group and the vehicle-injected group. D: Each point is the mean ± SEM evoked
blood flow in TPU/15 min for vehicle or various concentrations of capsaicin injected into
the hindpaws of 3-4 rats.
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Figure 2.
Electrical stimulation of the rat sciatic nerve induces an increase in blood flow that is
prevented by the CGRP receptor antagonist CGRP8-37. In all cases, each column represents
the mean ± SEM. A: The open columns and the hatched columns represent basal blood flow
before and after the injection needle is inserted intradermally, whereas the shaded columns
represent blood flow after electrical stimulation of the sciatic nerve after injection of vehicle
(left panel) or after injection of 20 μM CGRP8-37 (right panel). B: Blood flow in tissue
perfusion units over the 15 min prior to injection of vehicle or CGRP8-37 (hatched columns)
and the 15 min after electrical stimulation (shaded columns) from figure A. C: Stimulation-
evoked release (stimulated release minus basal release in figure B) in vehicle or CGRP8-37
treated rats. An asterisk in figures B and C indicates statistical significance between the
CGRP8-37–injected group and the vehicle-injected group.
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Figure 3.
Chronic administration of paclitaxel decreases capsaicin-induced vasodilatation in the rat
hindpaw. In all cases, each column represents the mean ± SEM. A: The open columns and
the hatched columns represent basal blood flow before and after the injection needle is
inserted intradermally. The shaded columns represent blood flow after injection of 10 μM
capsaicin in rats chronically administered vehicle (left panel) or animals chronically
administered paclitaxel (right panel). B: Blood flow in tissue perfusion units over the 15 min
prior to injection of capsaicin (hatched columns) and the 15 min after injection of capsaicin
(shaded columns) in vehicle-treated or paclitaxel-treated animals from figure A. C:
Capsaicin-evoked changes in blood flow over 15 minutes (capsaicin-stimulated blood flow
minus basal blood flow from figure B) in vehicle- or paclitaxel-injected animals. In B and C,
an asterisk indicates statistical significance between the paclitaxel treated group and the
vehicle-injected group.
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Figure 4.
Chronic administration of paclitaxel decreases electrical stimulation-induced vasodilatation
in the rat hindpaw. In all cases, each column represents the mean ± SEM. A: The open
columns represent the basal blood flow before or after axotomy as indicated. The hatched
columns show the blood flow after the injection needle is inserted intradermally, whereas
the shaded columns represent blood flow after electrical stimulation of the sciatic nerve in
rats that were administered vehicle (left panel) or paclitaxel (right panel). B: Blood flow in
tissue perfusion units over the 15 min prior to electrical stimulation (hatched columns) and
the 15 min after electrical stimulation (shaded columns) in vehicle-treated or paclitaxel-
treated animals from figure A. C: Stimulation-evoked release (stimulated release minus
basal release in figure B) in vehicle- or paclitaxel-injected animals. In B and C, an asterisk
indicates statistical significance between the paclitaxel treated group and the vehicle-
injected group.
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Figure 5.
Chronic administration of paclitaxel does not alter CGRP-induced or methacholine-induced
vasodilatation in the rat hindpaw. In all cases, each column represents the mean ± SEM. A
and C: The open columns and the hatched columns represent basal blood flow before and
after the injection needle is inserted intradermally. The shaded columns represent blood flow
after injection of 30 μM CGRP (A) or 100 μM methacholine (C) in rats administered vehicle
(left panel) or animals administered paclitaxel (right panel). B: Blood flow in tissue
perfusion units over the 15 min prior to injection of CGRP (hatched columns) and the 15
min after injection of CGRP (shaded columns) in vehicle-treated or paclitaxel-treated
animals from figure A. D: Blood flow in tissue perfusion units over the 15 min prior to
injection of methacholine (hatched columns) and the 15 min after injection of methacholine
(shaded columns) in vehicle-treated or paclitaxel-treated animals from figure C.
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Figure 6.
Paclitaxel treatment does not alter C-fiber action potentials or conduction velocity. The top
panels show representative C-fiber compound action potentials (CAPs) recorded from
sciatic nerves isolated from vehicle-treated (A) and paclitaxel-treated (B) rats. Compound
action potentials were stimulated with 5 mA current pulses of 1 ms duration. The A-fiber
response, which is hidden in part by the stimulus artifact, is cropped in order to focus on the
C-wave. The bottom panel shows the mean ± SEM of the C-fiber conduction velocities in
m/sec for vehicle treated (open column) and paclitaxel treated (shaded column) rats.
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Figure 7.
Chronic administration of paclitaxel does not decrease capsaicin-evoked iCGRP release
from rat spinal cord slices. In all cases, each column represents the mean ± SEM. A: iCGRP
release in each 3-minute perfusion sample expressed as percent of total peptide content per
minute. The horizontal bar indicates the time when the tissues were exposed to 500 nM
capsaicin. The left panel represents release in slices taken from vehicle-treated rats, whereas
the right panel is from rats chronically administered paclitaxel. B: Release of iCGRP over 9
minutes in vehicle-treated or paclitaxel-treated rats as indicated. Basal release is the sum of
the 3 collections prior to capsaicin, whereas capsaicin-stimulated release is the sum of the
three collections in the presence of capsaicin from figure A. C: Evoked release of iCGRP
(capsaicin-stimulated release minus basal release presented in figure B) in vehicle- or
paclitaxel-treated rats, as indicated.
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