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Neuropathic pain accompanies peripheral nerve injury after a
wide variety of insults including metabolic disorders, traumatic
nerve injury, and neurotoxic drugs. Chemotherapy-induced
neuropathic pain, caused by drugs such as vincristine and
taxol, occurs in cancer patients who receive these drugs as
antineoplastic agents. Although a variety of remediations have
been attempted, the absence of knowledge concerning mech-
anisms of chemotherapy-induced neuropathic pain has hin-
dered the development of treatment strategies. Vincristine, a
widely used chemotherapeutic agent, produces painful periph-
eral neuropathy in humans and mechanical hyperalgesia in rats.
To test the hypothesis that alterations in C-fiber nociceptor
function occur during vincristine-induced painful peripheral
neuropathy, we performed in vivo extracellular recordings of
single neurons from the saphenous nerve of vincristine-treated
rats. Forty-one percent of C-fiber nociceptors were significantly
hyper-responsive to suprathreshold mechanical stimulation. As
a population, these mechanically hyper-responsive nociceptors
also had significantly greater responses to suprathreshold heat

stimulation; however, heat hyper-responsiveness was found
only in a subset of these nociceptors and was never detected in
the absence of mechanical hyper-responsiveness. In addition,
mean conduction velocities of A-fibers and C-fibers in
vincristine-treated rats were significantly slowed. Mean heat
and mechanical activation thresholds of C-fiber nociceptors,
their distribution among subclasses, and the percentage of
spontaneously active neurons in vincristine-treated rats were
not statistically different from controls. Vincristine does not,
therefore, cause generalized impairment of C-fiber nociceptor
function but rather specifically interferes with mechanisms un-
derlying responsiveness to suprathreshold stimuli. Further-
more, vincristine-induced nociceptor hyper-responsiveness
may involve alterations specifically in mechanotransduction in
some nociceptors and alterations in general cellular adaptation
mechanisms in others.
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Chemotherapy-induced pain is a form of neuropathic pain caused
by neurotoxic drugs such as vincristine and taxol and is charac-
terized by painful paresthesias and dysesthesias. The vinca alka-
loid vincristine is a widely used antineoplastic agent that is
administered alone or in combination with other drugs in the
treatment of many tumor types (Weiss et al., 1974; Kaplan and
Wiernik, 1982). Vincristine is thought to exert its antineoplastic
effects by binding to tubulin in mitotically active cells, disrupting
microtubule formation in mitotic spindles, and thus preventing
cell division (Olmsted and Borisy, 1973; Himes et al., 1976;
Owellen et al., 1976). The clinical antineoplastic efficacy of vin-
cristine is limited by the development of a dose-dependent sen-
sorimotor neuropathy (Sandler et al., 1969; Holland et al., 1973).
This sensorimotor neuropathy seems to occur in two major stages
(Weiss et al., 1974; Kaplan and Wiernik, 1982; McCarthy and
Skillings, 1992). In the early stage, peripheral axons are damaged
by vincristine, and the principal symptoms are paresthesias and
dysesthesias. In the later stage, which occurs more frequently at

higher doses, axons are lost, and the principal finding is loss of
motor function.

Recently, we established an animal model of vincristine-
induced painful neuropathy in the rat (Aley et al., 1996). Systemic
administration of vincristine (100 mg/kg), administered intrave-
nously over a 2 week period, produced mechanical hyperalgesia
that developed during the second week of vincristine administra-
tion and persisted for more than a week after the final injection of
vincristine. The hyperalgesia was dose-dependent and occurred
at doses of vincristine similar to those administered clinically to
achieve antineoplastic efficacy (McLeod and Penny, 1969; Sandler
et al., 1969; Casey et al., 1973; Holland et al., 1973). Higher doses
of vincristine also cause loss of motor function in the rat (Aley et
al., 1996), similar to the later stage of neuropathy in humans.
Preliminary anatomical evidence suggests that there is damage to
unmyelinated sensory axons before there are any signs of axonal
loss in this rat model (Tanner et al., 1998). Therefore, we propose
that vincristine-induced hyperalgesia in the rat is a model of the
early stage of vincristine-induced chemotherapeutic neuropathy.

Several lines of evidence suggest that alterations in peripheral
nerve function contribute to the sensory alterations in
vincristine-induced painful peripheral neuropathy. For example,
systemically administered vincristine does not cross the blood–
brain barrier to a significant extent (Castle et al., 1976; Greig et
al., 1990; Zhou et al., 1990). It has been hypothesized that
peripheral neurons are highly sensitive to vincristine because
nerve terminal function is dependent on intact axonal transport
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and maintenance of the peripheral terminal via extremely long
axons (Shelanski and Wisniewski, 1969). Interestingly, the pares-
thesias and dysesthesias reported in humans are most pronounced
in the distal extremities (Sandler et al., 1969; Holland et al., 1973),
namely, those areas innervated by the longest sensory neurons.

To test the hypothesis that increased sensitivity and respon-
siveness of C-fiber nociceptors occur during vincristine-induced
hyperalgesia, we used in vivo single-unit electrophysiological tech-
niques to examine peripheral sensory neurons in vincristine-
treated rats.

MATERIALS AND METHODS
Animals
Experiments were performed on 200–400 gm male Sprague Dawley rats
(Bantin-Kingman, Fremont, CA). Rats were housed in a temperature-
and humidity-controlled environment and were maintained on a 12 hr
light /dark cycle. Food and water were available ad libitum. Experiments
were approved by the Committee on Animal Research at the University
of California, San Francisco.

Vincristine treatment
Vincristine sulfate (Sigma, St. Louis, MO) was dissolved in saline to a
stock concentration of 1 mg/ml, with a pH between 4.5 and 5.2. The drug
was then diluted daily in saline to a concentration of 100 mg/ml and was
administered intravenously into the tail vein at a dose of 100 mg/kg
followed by 0.5 ml of saline. Treatments occurred daily (Monday through
Friday) for 2 weeks with the dosage calculated on daily body weight. This
dosage regimen was chosen because it produced maximal hyperalgesia in
the absence of motor impairment in most rats (Aley et al., 1996).
Vincristine-treated rats weighed 305 6 5 gm (n 5 49) at the time of
electrophysiological recording. Untreated control rats were weight-
matched, 317 6 6 gm (n 5 42); previous behavioral experiments dem-
onstrated that repeated intravenous saline injections had no effect on
behavioral nociceptive threshold (Aley et al., 1996). Experimental rats
were used for electrophysiological recordings during the peak phase of
chronic vincristine-induced hyperalgesia that occurred in the absence of
the drug, that is, from 1–5 d after the final injection of vincristine (Fig.
1 A). This recording window was chosen based on behavioral data that
showed that the mechanical withdrawal threshold of .90% of
vincristine-treated rats was decreased .15% during these 5 d (K. O.
Aley and J. D. Levine, unpublished observations). At this dose of
vincristine, 18% of rats developed motor impairment and were not used
for electrophysiological recording.

In vivo single-unit electrophysiology
The single-unit electrophysiological recording techniques used have been
described previously (Ahlgren et al., 1992). Briefly, rats were anesthe-

tized with pentobarbital sodium (65 mg/kg, i.p.), and additional anes-
thetic was administered throughout the experiment to maintain areflexia.
Recordings were made from the saphenous nerve, the cutaneous nerve
that innervates the medial–dorsal hindpaw where mechanical hyperal-
gesia to vincristine was characterized (Aley et al., 1996). The skin
overlying the saphenous nerve was retracted at midthigh level. The nerve
was exposed and dissected free from surrounding tissue and vessels and
maintained in a pool of 37°C mineral oil. Bipolar stimulating electrodes
were placed under the nerve at a distal site to enable electrical stimula-
tion (Stimulator S-88; Grass Medical Instruments, Quincy, MA; Stimulus
Isolator NL-800; Neurolog; Medical Systems Corporation, Greenvale,
NY) of peripheral neurons. At a proximal site, a portion of the nerve was
desheathed to expose axons. The nerve was crushed proximal to the
recording site to prevent the elicitation of flexor reflexes during electrical
stimulation of the nerve. Fine fascicles of axons were then dissected from
the nerve with sharpened jeweler’s forceps and placed on a silver wire
recording electrode. Action potentials (APs) from individual fibers were
amplified and filtered (Neurolog; Medical Systems Corporation) and
then stored on tape (Video Cassette Recorder 420K; A. R. Vetter,
Rebersburg, PA), as well as being discriminated by amplitude (Winston
Electronics, San Francisco, CA) and displayed on a chart recorder
on-line. The animal was killed by pentobarbital overdose at the end of the
recording session.

Characterization of fiber types
Conduction velocity and classification. Conduction velocity was deter-
mined by dividing the distance between the recording and stimulating
electrodes, which measured between 20 and 33 mm, by the latency of the
AP after an electrical stimulus to the whole nerve. Fibers that conducted
at ,2 m/sec were classified as C-fibers, and those that conducted at $2
m/sec were classified as A-fibers. Because this study focused on C-fibers,
we did not analyze A-fiber subclasses further. The percentage of A-fibers
versus C-fibers in the nerve was calculated by dividing the number of
neurons in each fiber class by the total number of fibers that could be
excited by electrical stimulation of the nerve. To determine the number
of electrically excitable fibers in each fascicle, we gradually increased the
amplitude of the electrical stimulus (0.5 msec; 0.25 Hz) so that the
number of C-fibers present could be counted. This process was repeated
for each fascicle using shorter duration (0.05 msec) and higher frequency
(2.5 Hz) electrical stimulation to quantitate the number of myelinated
A-fibers present in the fascicle.

Spontaneous activity. To determine the percentage of spontaneously
active fibers in the saphenous nerve of control and vincristine-treated
rats, we monitored activity in at least 100 fibers for each animal. The
percentage of spontaneously active fibers per nerve was calculated by
dividing the number of different spontaneously active waveforms present
by the total number of electrically excitable fibers observed. No more
than 17 A-fibers and C-fibers were recorded simultaneously in any one
fascicle and, usually, many fewer. Between 10 and 20 fascicles were
monitored in each rat studied. Each fascicle was monitored for 2 min, and

Figure 1. Experimental paradigm. A, Schematic of the experimental timeline. Rats were injected intravenously with vincristine sulfate (V ) at 100 mg/kg
on days 1–5 and 8–12. The arrow shows the period during which electrophysiological recordings were made from sensory fibers in the saphenous nerves
of vincristine-treated rats. Data from the 5 recording days were pooled. B, The requirement that each C-fiber studied show a slowed conduction velocity
in response to electrical stimulation after mechanical stimulation of the receptive field. This “collision test” established that the mechanical receptive
field under study was innervated by the C-fiber whose latency to electrical stimulation was shifted. Top, The activation of a C-fiber with a latency of 46
msec in response to electrical stimulation of the whole nerve. Bottom, Electrical activation of the same C-fiber, at this time with a latency of 56 msec,
after mechanical stimulation of its receptive field. This C-fiber had a conduction velocity of 0.70 m/sec and a mechanical threshold of 1.7 gm. Note that
another fiber conducted at 16 msec both before and after the collision test.
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the number of spontaneously active waveforms was quantitated. At most,
there were two spontaneously active units per fascicle, and their wave-
forms could be easily discriminated. For each spontaneously active
waveform encountered, the rate of ongoing activity was measured for
three consecutive 2 min observation periods. These three values were
averaged, and this number was considered the rate of spontaneous
activity for that fiber. If the rate of spontaneous activity was .1.5 Hz, a
heat lamp was directed toward the receptive field to verify that this was
a cold-sensitive fiber. In all fibers tested with a spontaneous activity rate
of .1.5 Hz, warming the foot decreased the rate of spontaneous activity.
In these spontaneous activity experiments, the skin was never mechani-
cally probed or stimulated with heat, and this prevented any stimulation-
induced afterdischarge or sensitization from being misclassified as spon-
taneous activity. The fiber class of the spontaneously active waveforms
was not identified. In a subset of electrophysiological experiments on
control and vincristine-treated rats, both the room temperature and the
surface temperature of the contralateral hindpaw were measured using a
thermocouple and a digital thermometer (Physitemp, Clifton, NJ).

Characterization of C-fibers
Modality classification. The receptive fields of C-fibers were determined
using a mechanical search stimulus, either a blunt probe or a 60 gm von
Frey hair that activates close to 100% of C-fibers in the saphenous nerve
of the rat (Ahlgren et al., 1992) (see Fig. 3). C-fibers whose receptive
fields were being studied were defined as those that showed a slowed
conduction velocity in response to electrical stimulation after mechanical
stimulation of the receptive field (Fig. 1 B). This test established that the
mechanical receptive field under study was innervated by the C-fiber
whose latency to electrical stimulation was shifted. The receptive fields of
C-fibers were determined to be cutaneous if they were activated by lifting
and squeezing the skin or if the mechanically sensitive spot moved to a
new location when the skin was moved relative to the subcutaneous
tissues. Fibers that did not meet this criterion but were mechanically
sensitive were classified as C-deep neurons. All other C-fiber categories
were cutaneous. Fibers classified as C-mechanoheats (C-MH) responded
to mechanical and heat stimulation. Fibers classified as C-mechanocolds
(C-MC) responded to both mechanical and cold stimulation. Fibers clas-
sified as C-cold (C-C) responded only to cold stimulation. Fibers classified
as C-mechanoheatcolds (C-MHC) responded to mechanical, heat, and
cold stimulation; it was unclear whether the activation by cold was caused
by a mechanical alteration of the skin because these fibers always had
mechanical thresholds of ,0.02 gm. Fibers classified as C-mechanical
(C-M) only responded to mechanical stimulation. For fibers classified as
C-silent, it was not possible to identify a mechanical receptive field; this
category presumably included both sympathetic postganglionic neurons
and mechanically insensitive, silent fibers and was not evaluated further.

Mechanical activation threshold. Mechanical activation thresholds were
determined using a series of von Frey hairs (VFHs) that ranged in
intensity from 0.02 to 263 gm (A. Ainsworth, London, England). The
mechanical threshold was defined as the intensity in grams of the weakest
VFH to which the fiber fired more than two APs in 50% of the trials.

Each trial consisted of a brief (;1 sec) application of a VFH to the
center of the receptive field. VFHs were applied in ascending order, and
5–10 trials were performed for each VFH tested. Threshold was verified
by alternately testing the strongest ineffective VFH and the weakest
effective VFH. Such repeated mechanical testing of C-fibers does not
cause a change in mechanical threshold (Ahlgren et al., 1992; K. D.
Tanner and J. D. Levine, unpublished observations).

Heat activation threshold. Heat activation thresholds were determined
using a Peltier device (Thermal Devices Inc., Minneapolis, MN) that
delivered a ramped heat stimulus from 30 to 58°C at a rate of 1°C/sec.
After the Peltier device was placed on the receptive field of a C-fiber,
activity was monitored for 2 min to verify the absence of mechanically
induced activity. The heat threshold was defined as the temperature at
which the C-fiber fired a second AP. The heat activation threshold was
determined twice with a 10 min interstimulus interval. The average of
these two measurements was the heat activation threshold for that fiber.

Cold activation. Cold responsiveness was determined using the Peltier
device that delivered a ramped cold stimulus from 30 to 0°C at a rate of
;1°C/sec. After the Peltier device was placed on the receptive field of a
C-fiber, activity was monitored for 2 min to verify the absence of any
mechanically induced activity. Cold responsiveness was defined as an
increase in the rate of ongoing activity in a fiber in response to cooling.
Threshold was not determined in these fibers because of the presence of
ongoing activity. Cold responsiveness was defined as an increase in the
rate of ongoing activity in a fiber in response to placing either ice or a
cooled metal probe above or on the receptive field. In addition, cold
responsiveness was verified by the presence of a decrease in the rate of
ongoing activity in a fiber in response to directing a radiant heat lamp
toward the receptive field of the fiber.

Sustained mechanical stimulation. Sustained mechanical stimulation of
receptive fields was accomplished by use of a mechanical stimulation
device consisting of a force transducer (Model ELF-TC500–1; Entran
Devices, Inc., Fairfield, NJ) with a response range of 1–400 gm mounted
in series with a receptacle that can interchangeably hold von Frey hair
filaments (modified from a set of VFHs from Stoelting, Wood Dale, IL)
that deliver various gram weight stimuli. A 10 gm mechanical stimulus
was chosen to examine the response properties of nociceptive afferents
because this stimulus is suprathreshold for .90% of C-fibers in the
saphenous nerve (see Fig. 3). VHFs were used because they are able to
compensate well for changes in tissue elasticity over time, unlike rigid
probes. The VFH was applied to the receptive field, by hand, and
maintained at the just-bent position for 1 min. The voltage output signal
from the force transducer was a quantitative measure of the force applied
to the receptive field and was sent to both a chart recorder and a
videocassette recorder tape for display, storage, and off-line analysis.

For each fiber whose response to prolonged stimulation was studied,
the conduction velocity, receptive field location, baseline spontaneous
activity, and mechanical threshold were determined. Because of physical
constraints, only C-fibers with receptive fields below the ankle were
studied. To avoid inadvertently recording the response properties of
slowed Ad-fibers (see Fig. 2; Results), we studied only C-fibers that

Figure 2. Vincristine causes a slowing of the conduction
velocity of both A-fibers and C-fibers. Conduction velocities
were determined by dividing the distance between the re-
cording and stimulating electrodes by the latency of an indi-
vidual AP from an afferent after an electrical stimulus to the
whole nerve. The filled bars represent data from vincristine-
treated rats, and the open bars represent data from control
rats. A, Left, The distribution of C-fiber conduction velocities
for 693 vincristine-treated and 401 control C-fibers. Bin
width is 0.1 m/sec. Right, The average C-fiber conduction
velocity in control and vincristine-treated rats. These aver-
ages were calculated from the values in the histogram on the
lef t. Error bars in this and subsequent figures represent SEM.
B, Left, The distribution of A-fiber conduction velocities for
561 vincristine-treated and 264 control A-fibers. Bin width is
2 m/sec. Right, The average A-fiber conduction velocity in
control and vincristine-treated rats. These averages were
calculated from the values in the histogram on the lef t.
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conducted at ,1 m/sec. Because some vincristine-treated fibers develop
an afterdischarge after mechanical stimulation (data not shown), we did
not record from C-fibers that fired more than five APs per minute during
the 2 min observation period to avoid recording from those fibers that
may have developed ongoing activity after mechanical search stimulation
of the skin; these fibers comprised ,10% of the population. In general,
the prolonged stimulation protocol consisted of four trials of sustained 1
min mechanical stimulation with a 10 min interstimulus interval between
trials. The average of these four trials was the sustained mechanical
stimulation response for that fiber and usually had a SEM of ,10%. In
a small number of cases included in the analysis, more trials were
conducted to reduce the SEM, or fewer trials were conducted because the
fiber was lost. Activity was monitored for 5 min after the removal of the
mechanical stimulus to quantitate afterdischarge.

Suprathreshold heat stimulation. For 16 of 37 control and 19 of 39
vincristine-treated nociceptors studied, responsiveness to heat stimula-
tion was also assayed. Suprathreshold heat stimulation of receptive fields
consisted of a ramped stimulus that began from a base temperature of
30°C and went to a maximum of 53°C at a rate of 1°C/sec; after reaching
maximum temperature, the stimulus was terminated such that there was
almost no time spent at the maximum temperature. This protocol was
used for all nociceptors irrespective of threshold. This ramped heat
stimulation protocol was chosen because square wave heat stimuli re-
sulted in profound inactivation of C-fiber nociceptor responses during
even a 10 sec trial. Preliminary experiments showed that nociceptor
responses were most reproducible to ramped heat stimuli at this stimu-
lation rate and maximum temperature (Tanner and Levine, unpublished
observations). After determination of heat threshold, three heat ramp
stimuli were delivered to the receptive field of each fiber at an inter-
stimulus interval of 20 min. Unfortunately, even at this long interstimulus
interval, there was partial desensitization of the heat response with
subsequent trials in many neurons. Thus, heat responses were not aver-
aged, and the response to only the first heat stimulus was used in all
analyses. Because of physical constraints related to the size of the Peltier
thermal stimulator, only nociceptors with receptive fields distal to the
ankle were studied.

Data analysis. Data are expressed as mean 6 SEM. Statistical analyses
were done using Student’s t test, ANOVA, chi-square analysis, or the
Mann–Whitney U test, as appropriate.

RESULTS
In this study, data presented were collected in two sets of exper-
iments. Data concerning spontaneous activity and the proportion
of A-fibers and C-fibers were collected from a sample of 871
neurons in 8 control rats and 1474 neurons in 14 vincristine-
treated rats. Conduction velocity was measured in a subset of
these experiments from a sample of 401 C-fibers and 264 A-fibers
in 6 control rats and 693 C-fibers and 561 A-fibers in 12
vincristine-treated rats. All other data, including the distribution
of C-fibers among functional subclasses, mechanical and heat
thresholds, and mechanical and heat responsiveness, were col-
lected from a total of 76 C-fibers in 52 control rats and 72 C-fibers
in 63 vincristine-treated rats. Vincristine-treated rats did not gain
weight normally during the course of the treatment, as has been
described previously (Aley et al., 1996). There was an average
decrease in body weight during vincristine treatment of 7.1 6
1.4%, although this varied substantially from rat to rat.

Vincristine causes a slowing of the conduction velocity
of sensory neurons
As shown in Figure 2A, the mean conduction velocity of C-fibers
in vincristine-treated rats (0.60 6 0.006 m/sec; n 5 693) is
significantly ( p , 0.001) slower than that of C-fibers in control
rats (0.67 6 0.01 m/sec; n 5 401). Similarly, as shown in Figure
2B, the mean conduction velocity of A-fibers in vincristine-
treated rats (18.1 6 0.4 m/sec; n 5 561) is significantly ( p ,
0.001) slower than that of A-fibers in control rats (21.8 6 0.6
m/sec; n 5 264).

Vincristine does not increase spontaneous activity in
sensory neurons
As shown in Table 1, both the percentage of spontaneously active
fibers and the average rate of spontaneous activity for those
neurons with spontaneous activity are lower in vincristine-treated
rats than in control rats. These differences, although not signifi-
cant ( p . 0.05, t test), reflect a significant ( p , 0.02, chi-square
analysis) decrease in the proportion of fibers that have rates of
spontaneous activity .1.5 Hz. In both vincristine-treated and
control rats, the distribution of rates of spontaneous activity was
bimodal with peaks at ,0.02 and .1.5 Hz (data not shown).
However, in vincristine-treated rats, there was less than one-half
as many fibers with firing rates .1.5 Hz than there was in control
rats. The range of spontaneous activity rates observed in control
fibers (0.01–13.2 Hz) was similar to that observed in vincristine-
treated fibers (0.01–18.9 Hz). In all cases tested (18 of 21 control
and 8 of 14 vincristine-treated fibers), fibers with rates of spon-
taneous activity .1.5 Hz were cold-sensitive. To verify that this
difference in the spontaneous activity of cold-sensitive fibers was
not attributable to differences in skin temperature, we measured
the paw temperatures of anesthetized vincristine-treated and
control rats and averaged the temperatures over the course of the
recording session. There was no significant difference ( p . 0.05)
between the paw temperature of control (24.6 6 0.7°C; n 5 9) and
of vincristine-treated (24.2 6 0.7°C; n 5 9) rats.

Vincristine does not cause a selective loss of A-fibers
or C-fibers
The proportion of A-fibers (44.6 6 1.4%; n 5 14 rats) and
C-fibers (55.4 6 1.4%; n 5 14 rats) recorded in the saphenous
nerve of vincristine-treated rats is similar ( p . 0.05) to the
proportion of A-fibers (41.2 6 1.6%; n 5 8 rats) and C-fibers
(58.8 6 1.6%; n 5 8 rats) in control rats.

Vincristine does not alter the distribution of C-fibers
among functional subclasses
C-fiber afferents (n 5 33) from vincristine-treated rats have a
similar distribution among functional subclasses [C-MH (57.6%;
n 5 19), C-M (6.1%; n 5 2), C-MC (3%; n 5 1), C-C (6.1%; n 5
2), C-MHC (0%; n 5 0), C-deep (18.2%; n 5 6), and C-silent
(9.1%; n 5 3)] as do C-fiber afferents (n 5 43) from control rats

Table 1. Spontaneous activity in the saphenous nerve of control and vincristine-treated rats

Spontaneously active
neurons (%)

Rate of spontaneous
activity (APs/min)

Spontaneously active neurons
with .100 AP/min (%)

Skin surface
temperature (°C)

Control 7.0 6 0.8 (8†) 120.5 6 24.4 (61) 34.4 (21) 24.6 6 0.7 (9†)
Vincristine-treated 5.7 6 0.6 (14†) 85.6 6 23.4 (84) 16.7*(14) 24.2 6 0.7 (9†)

There was no significant difference in the percentage or firing rate of spontaneously active neurons in vincristine-treated compared with control rats (t test); * represents p ,
0.01 (chi-square analysis) compared with control. In parentheses are the n values. † These n values refer to the number of rats studied. In all other cases, the n value refers
to the number of neurons studied. See Materials and Methods for further details.
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[C-MH (62.8%; n 5 27), C-M (2.3%; n 5 1), C-MC (4.7%;
n 5 2), C-C (2.3%; n 5 1), C-MHC (7%; n 5 3), C-deep (16.3%;
n 5 7), and C-silent (4.7%; n 5 2)] ( p . 0.05, chi-square
analysis). Of note, there is no decrease in the percentage of
cold-responsive C-fibers in vincristine-treated rats compared with
that in control rats.

Vincristine does not decrease the heat or mechanical
activation thresholds of C-fibers
In addition, as shown in Figure 3A, the average heat threshold of
vincristine-treated C-fibers (46.9 6 0.8°C; n 5 37) is not statis-
tically different ( p . 0.05) from that of control C-fibers (46.3 6
0.6°C; n 5 45). As shown in Figure 3B, the average mechanical
threshold for vincristine-treated C-fibers (3.8 6 1.2 gm; n 5 57)
was higher than, but not significantly different from ( p 5 0.40,
Mann–Whitney U test), the average mechanical threshold for
control C-fibers (2.4 6 0.7 gm; n 5 60).

Vincristine increases responsiveness to sustained
mechanical stimulation in a subset of C-fibers
To assay responsiveness of C-fibers to sustained mechanical stim-
ulation, we delivered a 10 gm stimulus to the receptive field for 1
min. Examples of responses of C-fibers from control and
vincristine-treated rats are shown in Figure 4. Figure 4A shows
the poststimulus time histogram response to a mechanical stim-
ulus of a representative C-fiber from a control rat that had a
mechanical threshold of 1.7 gm and a conduction velocity of 0.78
m/sec. Figure 4B shows the poststimulus time histogram response
to a mechanical stimulus of a C-fiber from a vincristine-treated
rat that also had a mechanical threshold of 1.7 gm, and a conduc-
tion velocity of 0.62 m/sec. This vincristine-treated C-fiber fired
more than twice as many APs as did the control C-fiber and is
representative of a subpopulation of mechanically hyper-
responsive C-fibers found in vincristine-treated rats.

A histogram of the distribution of C-fiber responses to a 10 gm,
1 min sustained mechanical stimulus is plotted for all C-fibers

studied from control and vincristine-treated rats in Figure 5.
Whereas the responses of C-fibers from control rats are clustered
in a unimodal distribution in the 50–59 AP bin, the responses of
C-fibers from vincristine-treated rats form two distinct clusters in
a bimodal distribution with a cluster around 50–59 APs per
stimulus and another at 100–109 APs per stimulus and greater.
The responses of 59% of vincristine-treated C-fibers (n 5 23)
were similar to the responses of control C-fibers. This group of
C-fibers, defined as those that fire ,100 AP in response to
sustained mechanical stimulation, will be referred to as “low-
firing” C-fibers. The other 41% of vincristine-treated C-fibers
were hyper-responsive (n 5 16), firing approximately twice as
many APs as was seen in the response of a typical control C-fiber,
and will be referred to as “high-firing” C-fibers. Of 33 C-fibers
studied from control rats, only one had a response similar to those
of the subpopulation of high-firing, hyper-responsive C-fibers in
vincristine-treated rats (see Fig. 5). Interestingly, the responses of
control C-fibers were quite similar to each other, regardless of the
fibers’ mechanical thresholds that ranged from 0.4 to 4.6 gm (see
Figs. 3, 10C).

Figure 6 shows the time course of the average C-fiber responses
to sustained mechanical stimulation in control and vincristine-
treated rats. As seen in Figure 6A, the time course of the average
response of all vincristine-treated C-fibers (f) to a sustained
mechanical stimulus, including both low-firing and high-firing
C-fibers, was significantly ( p , 0.01) greater than was the average
response of all control C-fibers (M). As seen in Figure 6B, when
vincristine-treated C-fibers are considered as two distinct popu-
lations, the time course of the average response of low-firing
vincristine-treated C-fibers (F) is indistinguishable ( p . 0.05)
from that of all control C-fibers (M); however, the average re-
sponse, over time, of high-firing vincristine-treated C-fibers (Œ)
was significantly increased ( p , 0.0001) compared with that of all
control C-fibers (M). The hyper-responsiveness in vincristine-
treated C-fibers occurs during the burst but is more pronounced

Figure 3. Vincristine does not decrease the
heat or mechanical activation thresholds of
C-fiber nociceptors. A, Lef t, The distribution
of C-fiber heat activation thresholds for 37
vincristine-treated and 45 control C-fibers.
Right, The average heat activation threshold
for control C-fibers (open bars) and for
vincristine-treated C-fibers ( filled bars). Bin
width is 2°C. B, Lef t, The distribution of
C-fiber mechanical thresholds for 57
vincristine-treated and 60 control C-fibers.
Right, The average mechanical activation
threshold for control C-fibers (open bars) and
for vincristine-treated C-fibers ( filled bars).
Each bin on the x-axis is the intensity in
grams of a VFH used to test C-fiber mechan-
ical threshold, with the exception of the
“.60” bin that combines all VFHs of inten-
sities .60 gm.

6484 J. Neurosci., August 15, 1998, 18(16):6480–6491 Tanner et al. • Vincristine Causes Hyper-Responsiveness in C-Fibers



during the plateau phase of the C-fiber response (10–60 sec after
the onset of the stimulus).

As shown in Table 2, the increased responsiveness in high-
firing vincristine-treated C-fibers was significant ( p , 0.01) both
during the burst (first 10 sec) and the plateau (last 50 sec) of the
1 min response. Interestingly, there was also an increased level of
afterdischarge during the 5 min after the stimulus in high-firing
vincristine-treated C-fibers compared with that in low-firing
vincristine-treated or control C-fibers. This increase in afterdis-
charge occurred in only a subset of high-firing vincristine-treated
C-fibers and was not statistically significant for the total popula-
tion of high-firing vincristine-treated nociceptors.

Vincristine causes heat hyper-responsiveness in high-
firing vincristine-treated nociceptors
In a subset of neurons, we tested the hypothesis that high-firing
vincristine-treated nociceptors, which are hyper-responsive to
mechanical stimulation, are also hyper-responsive to heat stimu-
lation. Figure 7 shows examples of responses to mechanical stim-
ulation (1 min; 10 gm) and heat stimulation (ramp from 30 to
53°C at 1°C/sec) for a control nociceptor and a low-firing and a
high-firing vincristine-treated nociceptor that had similar me-
chanical and heat activation thresholds. This high-firing
vincristine-treated nociceptor fired more than twice as many APs
as did the control or low-firing vincristine-treated nociceptors for
both mechanical and heat stimulation. Thus, high-firing
vincristine-treated nociceptors can be hyper-responsive to both
mechanical and heat stimulation.

Heat hyper-responsiveness occurs in high-firing but
not in low-firing vincristine-treated nociceptors
In Figure 8 the average responses to mechanical stimulation are
plotted for all control and all vincristine-treated C-fibers, as well
as for low-firing vincristine-treated and high-firing vincristine-
treated C-fibers separately. As first shown in Figure 6, the aver-
aged response to mechanical stimulation for all vincristine-
treated C-fibers is significantly greater than that for control
C-fibers (Fig. 8A, p , 0.05). In addition, the averaged response of
high-firing vincristine-treated C-fibers to mechanical stimulation
is significantly greater compared with the averaged response for
either low-firing vincristine-treated C-fibers ( p , 0.01) or control
C-fibers ( p , 0.01). Although a similar pattern is seen when the
average responses to heat stimulation are plotted (Fig. 8B), the
response to heat stimulation for all vincristine-treated C-fibers is
not significantly greater than that for control C-fibers ( p . 0.05).
High-firing vincristine-treated C-fibers do, however, have a sig-
nificantly greater response to heat stimulation when compared
with either low-firing vincristine-treated C-fibers ( p , 0.01) or
control C-fibers ( p , 0.01).

Heat hyper-responsiveness occurs in some, but not
all, high-firing vincristine-treated nociceptors
Although heat hyper-responsiveness can accompany mechanical
hyper-responsiveness in high-firing vincristine-treated nocicep-
tors, this is not always the case. In Figure 9A, the magnitude of the
heat response is plotted against the mechanical response for each
nociceptor studied. Whereas the mechanical responses of high-

Figure 4. Vincristine causes increased responsiveness to sus-
tained mechanical stimulation in a subset of C-fibers. A, The
response of a C-fiber from a control rat. This fiber had a
conduction velocity of 0.78 m/sec, had a mechanical threshold
of 1.7 gm, and fired no APs during the 2 min immediately
preceding stimulation (only the last 10 sec is shown). The
fiber fired 63, 51, 52, and 67 APs during the four stimulation
trials for an average of 58.3 6 4.0 APs per stimulation. The
peak firing frequency during the burst for the four trials was
10, 11, 13, and 9 Hz, respectively. B, The response of a
hyper-responsive C-fiber from a vincristine-treated rat. This
fiber had a conduction velocity of 0.62 m/sec, had a mechan-
ical threshold of 1.7 gm, and fired no APs during the 2 min
immediately preceding stimulation. The fiber fired 146, 137,
120, and 149 APs during the four stimulation trials for an
average of 138 6 6.5 APs per stimulation. The peak firing
frequency during the burst for the four trials was 14, 9, 16, and
14 Hz, respectively. Bin width is 1 sec.
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firing vincristine-treated nociceptors are all clearly much higher
than are those of control and low-firing vincristine-treated noci-
ceptors, only a subset of the heat responses of high-firing
vincristine-treated nociceptors exceed those of control and low-
firing vincristine-treated nociceptors. However, because the mag-
nitude of the heat response is correlated with the heat activation
threshold of the neuron (Fig. 9B), those high-firing vincristine-
treated nociceptors that do not appear to have heat responses
higher than those of controls in Figure 9A could simply have
higher heat thresholds. To determine whether this could account
for the apparent lack of heat hyper-responsiveness in some high-
firing vincristine-treated nociceptors, we plotted the response to
heat stimulation against heat threshold for each neuron (Fig. 9B).
Note that some high-firing vincristine-treated nociceptors have
heat responses greater than or at the high end of those for control
and low-firing vincristine-treated nociceptors with similar heat
thresholds; however, the remaining high-firing vincristine-treated
nociceptors are well within the range of heat responses of control
and low-firing vincristine-treated nociceptors. Thus, the range of
heat thresholds in high-firing vincristine-treated nociceptors is
unlikely to account for the lack of heat hyper-responsiveness in
some high-firing vincristine-treated nociceptors.

Mechanical hyper-responsiveness in C-fiber
nociceptors is not correlated with receptive field
location, conduction velocity, mechanical threshold, or
heat threshold
Lastly, as shown in Figure 10, hyper-responsiveness in the sub-
population of high-firing C-fibers in vincristine-treated rats does
not correlate with receptive field location, conduction velocity, or
mechanical or heat threshold. The data presented in Figure 10 are
from those C-fibers whose responses to sustained mechanical
stimulation were studied. As shown in Figure 10A, high-firing
C-fibers in vincristine-treated rats do not appear to be located in
any specific skin regions of the dorsal hindpaw. As shown in
Figure 10B, the average conduction velocity of all vincristine-
treated C-fibers (0.76 6 0.01 m/sec; n 5 39) was slightly slower
than the average conduction velocity of all control C-fibers
(0.78 6 0.01 m/sec; n 5 33), consistent with previous findings (see
Fig. 2A). The average conduction velocity of hyper-responsive,
high-firing C-fibers (0.73 6 0.02 m/sec; n 5 16) was slightly slower
but not significantly different from ( p . 0.05) the average con-
duction velocity of low-firing C-fibers (0.78 6 0.02 m/sec; n 5 23).

As shown in Figure 10C, there was no significant difference
between the average mechanical threshold of all control C-fibers
(1.7 6 0.2 gm; n 5 33) and that of all vincristine-treated C-fibers
(2.2 6 0.3 gm; n 5 39), although there was a trend for vincristine-
treated C-fibers to have higher mechanical thresholds, consistent
with our previous findings (see Fig. 3). In addition, the average
mechanical threshold of low-firing C-fibers (2.2 6 0.3 gm; n 5 23)
in vincristine-treated rats was similar ( p . 0.05) to that of
hyper-responsive, high-firing C-fibers (2.1 6 0.4 gm; n 5 16) in
vincristine-treated rats. As shown in Figure 10D, the average
heat threshold of all vincristine-treated C-fibers (45.6 6 1.0°C;
n 5 19) was not significantly different from that of all control
C-fibers (45.2 6 1.1°C; n 5 12). The average heat threshold of
low-firing C-fibers (46.3 6 1.4°C; n 5 12) in vincristine-treated
rats was not different ( p . 0.05) from the average mechanical
threshold of hyper-responsive, high-firing C-fibers (44.6 6 0.9°C;
n 5 7) in vincristine-treated rats.

DISCUSSION
The neural mechanisms underlying neuropathic pain after a wide
variety of insults to peripheral nerves including metabolic disor-
ders, traumatic injury, and neurotoxic drugs are for the most part
unknown. Specifically, the neural mechanisms of chemotherapy-
induced neuropathic pain that occurs in cancer patients and that
is caused by neurotoxic drugs such as vincristine and taxol have
not been investigated. In this study, we have characterized C-fiber
nociceptor function during the peak phase of vincristine-induced
painful neuropathy in rat. The finding that almost half of
vincristine-treated C-fibers exhibit a marked hyper-
responsiveness to suprathreshold mechanical stimulation while
most other aspects of nociceptor function were unaffected is
striking. There was no increase in C-fiber sensitivity as measured
by mechanical and heat activation thresholds; rather there was a
trend for the mechanical activation thresholds of C-fibers to be
higher than that of controls. Interestingly, there was also no
increase in the level of spontaneous activity, a change that has
been reported in other models of neuropathic pain (Wall and
Gutnick, 1974; Xie and Xiao, 1990; Kajander and Bennett, 1992;
Devor, 1994). A significant slowing of conduction velocity was
evident in sensory fibers from both the A-fiber and C-fiber
classes, consistent with the magnitude of slowing seen in humans
with vincristine-induced neuropathy (McLeod and Penny, 1969;

Figure 5. The responses of C-fibers to sustained mechanical
stimulation in vincristine-treated rats are bimodal. The total
number of APs fired in response to 1 min of 10 gm stimula-
tion of the receptive field is plotted for 37 control C-fibers
(open bars) and 39 vincristine-treated C-fibers ( filled bars).
The percentage of C-fibers that fired .100 APs in response
to the 1 min 10 gm stimulus, referred to as high-firing
C-fibers, is 2.7% of control C-fibers (1 of 37) and 41% of
vincristine-treated C-fibers (16 of 39).
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Casey et al., 1973; although see Sandler et al., 1969). These data
suggest that vincristine interferes with mechanisms underlying
suprathreshold responsiveness rather than causes a generalized
impairment of C-fiber nociceptor function. Finally, vincristine
also causes heat hyper-responsiveness of vincristine-treated no-
ciceptors that are also mechanically hyper-responsive. Thus,
mechanisms of vincristine-induced nociceptor hyper-
responsiveness may affect general cellular adaptation mecha-
nisms that mediate nociceptor responses to multiple stimulus
modalities. Heat hyper-responsiveness, however, was pronounced
in only a subset of mechanically hyper-responsive nociceptors and
was never detected in the absence of mechanical hyper-
responsiveness, suggesting that vincristine may also specifically
alter mechanotransduction in a subset of vincristine-treated
nociceptors.

Mechanisms of vincristine-induced nociceptor
mechanical and heat hyper-responsiveness
The mechanisms by which vincristine causes both heat and me-
chanical hyper-responsiveness in nociceptors are likely to involve
its actions on the microtubular cytoskeleton. In fact, recent ultra-
structural analysis of unmyelinated axons in the peripheral nerve
of vincristine-treated rats revealed disorientation of microtubules
during the period of nociceptor hyper-responsiveness and behav-
ioral hyperalgesia (Tanner et al., 1998). Although described in
sensory axons, this cytoskeletal disorganization may also occur in
nerve terminals because vincristine is thought to act on labile
microtubules that are enriched in the nerve terminal (Binet et al.,
1990; Ahmad and Baas, 1993). Because vincristine-treated noci-
ceptors can be hyper-responsive either to both heat and mechan-
ical stimulation or to mechanical stimulation only, multiple mech-
anisms may underlie vincristine-induced hyper-responsiveness of
nociceptors.

Mechanisms of hyper-responsiveness to multiple
stimulus modalities
Hyper-responsiveness to multiple stimulus modalities might oc-
cur because of alterations in axonal transport, as has been hy-
pothesized previously (Shelanski and Wisniewski, 1969; Bradley
et al., 1970; Casey et al., 1973; Weiss et al., 1974). Although
axonal microtubules are known to support fast and slow axonal
transport of cellular components both anterogradely and retro-
gradely (Sheetz et al., 1989; Allan et al., 1991; Cleveland and
Hoffman, 1991; Sheetz and Martenson, 1991; Hirokawa, 1993),
the extent to which the disorientation observed in axonal micro-
tubules in vincristine-induced neuropathy would affect axonal
transport is unclear. If axonal transport was impaired, cytoskel-
etal disorganization could produce alterations of the complement
of proteins present in the nerve terminal and secondarily cause
changes in the excitability of nociceptors that are independent of
stimulus modality, as has been suggested for the axotomy model
of neuropathy (Devor et al., 1993).

In addition, vincristine-induced disorientation of nerve termi-
nal microtubules could disrupt adaptation mechanisms that occur
during neuronal responses to all modalities of suprathreshold
stimulation. Several lines of evidence suggest that the cytoskele-
ton is involved in the anchoring of ion channels and receptors, as
well as in the desensitization of some of these receptors after
activation (Srinivasan et al., 1988; Bigot and Hunt, 1990; Kirsch
et al., 1991; Rosenmund and Westbrook, 1993). If conductances
involved in the adaptation in polymodal nociceptors were regu-
lated by the microtubular cytoskeleton, then vincristine might
impair general adaptation mechanisms in the nerve fiber terminal
and produce hyper-responsiveness.

Figure 6. Time course of responses to sustained mechanical stimulation
in control and vincristine-treated C-fibers. A, The average time course of
the response of C-fibers to sustained mechanical stimulation to the
receptive field plotted for all control C-fibers (M; n 5 37) and all
vincristine-treated C-fibers (f; n 5 39). B, The average time course of the
response to sustained mechanical stimulation to the receptive field plotted
for high-firing vincristine-treated C-fibers firing more than 100 APs
during stimulation (Œ; n 5 16), for low-firing vincristine-treated C-fibers
firing less than 100 APs during stimulation (F; n 5 23), and for all control
C-fibers (M; n 5 37). Bin width is 10 sec. Some error bars are contained
within the symbols.

Table 2. Responses of C-fiber nociceptors to sustained mechanical stimulation in the saphenous nerve of control and vincristine-treated rats

n
Total response
(APs)

Burst response
(APs)

Plateau response
(APs)

Discharge after stimulus
(APs)

Control: all 33 56.4 6 3.0 28.2 6 1.2 27.8 6 2.6 2.2 6 0.3
Vincristine: all 39 83.3 6 6.5* 31.8 6 1.9 51.3 6 5.4* 3.3 6 1.0
Vincristine: low-firing 23 52.9 6 3.3 26.0 6 1.7 26.3 6 2.8 2.2 6 0.3
Vincristine: high-firing 16 127.1 6 4.5* 40.2 6 3.1* 87.3 6 3.9* 5.0 6 2.4

The average number of APs fired in response to a sustained mechanical stimulus (10 gm; 60 sec) is shown for each group. See Results for definition of groups; * represents
p , 0.01 compared to the mean response of control C-fiber nociceptors.
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Mechanisms of hyper-responsiveness to only
mechanical stimulation
Although vincristine-treated nociceptors can be hyper-responsive
to both mechanical and heat stimulation, most mechanically
hyper-responsive nociceptors studied did not exhibit detectable
hyper-responsiveness to heat stimulation. There were no exam-
ples in our data of vincristine-treated nociceptors that exhibited
heat hyper-responsiveness in the absence of mechanical hyper-
responsiveness. These data suggest that vincristine may affect
mechanisms of mechanotransduction without affecting general
mechanisms of nociceptor responsiveness.

Hyper-responsiveness to only mechanical stimulation could
occur because of alterations in axonal transport, perhaps strand-
ing dysfunctional proteins involved in mechanotransduction. This
would require that proteins involved in mechanotransduction
degrade, are transported, and/or are replenished on a different
timescale than are those involved in heat transduction. For axo-
tomized C-fiber afferents, the neuroma tip of the axon develops
both novel heat and mechanical sensitivity on approximately the

same timescale, within hours of transection (Michaelis et al.,
1995; Blenk et al., 1996).

More likely, modality-specific hyper-responsiveness might result
from direct effects of vincristine on the mechanotransduction ap-
paratus. Cytoskeletal disorganization and microtubule disorienta-
tion occur in unmyelinated axons when nociceptors are hyper-
responsive (Tanner et al., 1998) and might also occur in nociceptive
nerve terminals. Although the mechanisms of mechanical trans-
duction are unknown in vertebrate somatic afferents, a role for
cytoskeletal elements has been postulated (Guharay and Sachs,
1984; Wang et al., 1993). In Caenorhabditis elegans, sensory neurons
required for mechanosensation express a unique class of microtu-
bules that are required for touch sensitivity (Chalfie, 1993). In
addition, these touch cells express sodium channels that share
homology with epithelial sodium channels found in the kidney that
are thought to be involved in osmotic regulation (Chalfie, 1993;
Canessa et al., 1994). Interestingly, the function of these putative
sodium channel osmo- or mechanotransducers can be regulated by
the cytoskeleton (Berdiev et al., 1996).

Figure 7. Vincristine causes heat hyper-responsiveness in high-firing vincristine-treated nociceptors. Example responses to mechanical stimulation (1
min; 10 gm) and heat stimulation (ramp from 30 to 53°C at 1°C/sec) for a C-fiber from a control rat with a mechanical threshold of 1.7 gm and a heat
threshold of 40.4°C ( A), a low-firing C-fiber from a vincristine-treated rat with a mechanical threshold of 0.6 gm and a heat threshold of 44.6°C (B), and
a high-firing C-fiber from a vincristine-treated rat with a mechanical threshold of 1.0 gm and a heat threshold of 42.8°C ( C). The number of APs fired
during each stimulation trial is shown in the upper right of each trial.
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C-fiber dysfunction in vincristine-induced neuropathy
is distinct from that seen in inflammation
The profile of changes seen in vincristine-treated C-fibers is
markedly different from the profile seen after inflammation or the
administration of a single inflammatory mediator. After inflam-
matory insults, C-fibers characteristically have lower activation
thresholds, as well as increased responsiveness to a sustained
stimulus. In contrast, the mechanical activation thresholds of
vincristine-treated C-fibers are not lowered. This suggests that
the cellular mechanisms that underlie C-fiber nociceptor sensiti-
zation after inflammation may be distinct from those underlying
C-fiber dysfunction observed in neuropathy. Furthermore, the
dissociation between changes in activation threshold and changes
in stimulus-response properties suggests that these neuronal
properties can be independently regulated and might have dis-
tinct underlying molecular mechanisms.

Nociceptor hyper-responsiveness in other models of
neuropathic pain
Interestingly, in other neuropathic pain models in which the
transduction properties of nociceptors have been studied,
hyper-responsiveness to heat or mechanical stimulation is
seen. In diabetic neuropathy, mechanical hyper-responsiveness
is observed, but heat responsiveness has not been examined
(Ahlgren et al., 1992; Ahlgren and Levine, 1994). It is not
known whether mechanical hyper-responsiveness is a feature
of other neuropathy models such as the chronic constriction
injury model (Bennett and Xie, 1988) or the partial nerve
transection model (Seltzer et al., 1990), although there is
preliminary evidence of heat hyper-responsiveness of C-fibers
in the former (Koltzenburg et al., 1994). Our data suggest that
both heat and mechanical hyper-responsiveness can occur dur-
ing vincristine-induced neuropathy. In each of these models,
heat or mechanical hyper-responsiveness occurs in the absence
of a reduction in heat or mechanical activation thresholds, and
a subset of C-fibers exhibit pronounced afterdischarges after
removal of the stimulus (Ahlgren et al., 1992; Koltzenburg et
al., 1994). Taken together, these studies are compatible with

Figure 8. Heat hyper-responsiveness occurs in high-firing but not in
low-firing vincristine-treated nociceptors. A, The average response to
mechanical stimulation (10 gm; 1 min) for control C-fibers studied with
both heat and mechanical stimulation (n 5 12) is shown in the open
bar. For vincristine-treated C-fibers studied with both heat and
mechanical stimulation, the average response to mechanical stimu-
lation is shown in the filled bars for all vincristine-treated C-fibers
(n 5 19), for low-firing vincristine-treated C-fibers (n 5 12), and for
high-firing vincristine-treated C-fibers (n 5 7). B, The average re-
sponse to heat stimulation (ramp from 30 to 53°C at 1°C/sec) for
control C-fibers studied (n 5 12) is shown in the open bar. The average
response to heat stimulation for all vincristine-treated C-fibers studied
(n 5 19), for low-firing vincristine-treated C-fibers (n 5 12), and for
high-firing vincristine-treated C-fibers (n 5 7) is shown in the filled
bars. * p , 0.05 or less.

Figure 9. Heat hyper-responsiveness occurs in some, but not all, high-
firing vincristine-treated nociceptors. A, The response to mechanical
stimulation for control C-fibers plotted against the response to heat
stimulation of that nociceptor for control C-fibers (n 5 12; M), for
low-firing vincristine-treated C-fibers (n 5 12; F), and for high-firing
vincristine-treated C-fibers (n 5 7; Œ). B, The response to heat stimula-
tion plotted against the heat threshold of that nociceptor for control
C-fibers (n 5 16; M), for low-firing vincristine-treated C-fibers (n 5 12;
F), and for high-firing vincristine-treated C-fibers (n 5 7; Œ). The
regression line for control data is shown for reference.
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the suggestion that common peripheral mechanisms of noci-
ceptor hyper-responsiveness may exist for multiple classes of
peripheral neuropathy (toxic, traumatic, and metabolic). If this
is so, then the underlying pathophysiology of peripheral nerve
injury could be mechanistically dissected.

Role of C-fiber hyper-responsiveness in vincristine-
induced hyperalgesia and neuropathy
The hyper-responsive subpopulation of C-fibers that we have
described could, in part, be the neural basis of vincristine-induced
hyperalgesia in the rat and early stage vincristine-induced painful
neuropathy in humans. These hyper-responsive C-fibers could
directly contribute to hyperalgesia by increasing nociceptive af-
ferent input to the CNS. Increased afferent input has been shown
to increase the responsiveness of spinal cord dorsal horn neurons
that could also contribute to the behavioral hyperalgesia (for
review, see Woolf and Doubell, 1994). In addition, hyper-
responsive C-fibers could make a greater contribution to the
behavioral reflex indirectly if the gain of their input to the spinal
cord were potentiated by virtue of their hyperexcitability; thus,
even though only 41% of vincristine-treated C-fibers are hyper-
responsive, they might more effectively activate dorsal horn neu-
rons and predominantly drive the behavioral reflex.

In conclusion, we have shown that nociceptor responsiveness
was profoundly enhanced during the peak phase of vincristine-
induced hyperalgesia in the rat. Vincristine treatment can cause
nociceptors to be hyper-responsive to both heat and mechanical
stimulation or to only mechanical stimulation. Thus, vincristine-
induced nociceptor hyper-responsiveness might involve alter-
ations in general cellular mechanisms that underlie nociceptor
responses to multiple stimulus modalities or might also specifi-
cally alter mechanical responsiveness. These multiple mecha-
nisms might contribute to behavioral mechanical hyperalgesia
observed in rats treated with vincristine, as well as paresthesias
and dysesthesias experienced by patients receiving vincristine as
a chemotherapeutic agent.
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