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Nociceptor Structure and Function in

Vincristine-Induced Neuropathy in Rat

Kimberly D. Tanner
University of California, San Francisco
Doctoral Program in Neuroscience
July 11, 1997

Chemotherapy-induced pain is a form of neuropathic pain caused by drugs such as
vincristine and taxol that is characterized by painful paresthesias and dysesthesias.
Vincristine-induced painful neuropathy has been hypothesized to result from the effects of
vincristine on neuronal microtubules, causing peripheral nerve injury and secondary
alteration of nociceptor function. However, no studies have examined nociceptor structure
or function during vincristine-induced neuropathy and hyperalgesia. To test the hypothesis
that vincristine increases the sensitivity of nociceptors, I performed electrophysiological
studies on nociceptive neurons in vincristine-treated rats. 45% of vincristine-treated
nociceptors were markedly hyperresponsiveness to sustained mechanical stimulation. A
subset of these hyperresponsive vincristine-treated nociceptors were also hyperresponsive
to heat stimulation. Mean conduction velocities of A- and C-fibers in vincristine-treated rats
were significantly slowed. All other aspects of nociceptor function assayed were
unaffected, suggesting that vincristine does not cause a generalized enhancement of
nociceptor function, but rather specifically interferes with neural mechanisms underlying
evoked responses. In addition, hyperresponsive vincristine-treated nociceptors fired in two
distinct temporal modes, a variable frequency mode correlated with ISIs <100 msec or a
constant frequency mode correlated with ISIs between 100-300 msec. These data suggest
that multiple cellular mechanisms may contribute to nociceptor hyperresponsiveness and
that the time scale of these mechanisms may be different. Although vincristine-induced
neuropathy has been hypothesized to occur due to disruption of the axonal cytoskeleton, no

studies have examined the cytoskeleton during vincristine-induced neuropathy and
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hyperalgesia. I performed morphometric analysis on unmyelinated sensory axons in
vincristine-treated rats. Although there was no loss of axonal microtubules, vincristine-
treated axons had significantly more disoriented microtubules as compared to controls,
suggesting disruption of the cytoskeleton. Unmyelinated axons in vincristine-treated rats
had significantly larger cross-sectional areas, suggesting swelling of axons. These studies
of vincristine-induced neuropathy provide the first evidence that changes in cytoskeleton
may be linked with nociceptor responsiveness in the production of neuropathic pain and
may provide insight into mechanisms of neuropathic pain of different etiologies. The
abnormalities in nociceptor structure and function could underlie hyperalgesia observed in
vincristine-treated rats, as well as the paresthesias and dysesthesias experienced by patients

receiving vincristine as a chemotherapeutic agent.
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Chapter I:

Introduction



Nociception and pain perception alert organisms to potentially tissue-damaging and
life-threatening stimuli. Noxious stimuli are detected by a specialized class of sensory
neurons called nociceptors. In addition to acutely signaling the presence of an intense
stimulus, the nociceptive sensory system is also remarkably plastic, increasing its
sensitivity following both tissue and nerve injury. Although plasticity in nociceptive circuits
in the central nervous system undoubtedly occurs, there is ample evidence that nociceptors
alter their response properties following tissue injury and inflammation. Little is known,
however, about the response properties of nociceptors during neuropathic pain following
nerve injury. In this thesis, I have investigated nociceptor response properties during
vincristine-induced painful neuropathy. I present the first evidence that 1) vincristine-
induced neuropathy and hyperalgesia are associated with nociceptor hyperresponsiveness,
2) nociceptor hyperresponsiveness may involve alterations in both mechanotransduction
and cellular mechanisms of adaptation, 3) impairment of multiple adaptation mechanisms
on different time scales may contribute to hyperresponsiveness in different nociceptors, and
4) vincristine causes disorganization of microtubule structure during nociceptor
hyperresponsiveness. These studies of vincristine-induced neuropathy provide the first
evidence that changes in cytoskeleton may be linked with nociceptor responsiveness in the

production of neuropathic pain.

Pr N .

Nociception and pain, in most instances, are initiated at the peripheral terminals of
primary afferent nociceptors. The term “primary afferent nociceptor” was first suggested in
1906 by Sherrington to describe hypothetical afferents in the peripheral nerve that would
respond only to noxious stimuli that were potentially tissue damaging (Sherrington, 1906).
In the late 1960's Perl and colleagues physiologically described afferents in the peripheral
nerve of the cat that were candidate biological correlates of Sherrington's hypothetical

nociceptors (Burgess and Perl, 1967; Bessou and Perl, 1969). These nociceptors respond



preferentially to noxious stimulation, allowing them to encode unambiguously noxious
information without contamination by non-noxious signals. Afferents that respond
preferentially to noxious stimulation are small-diameter fibers with correspondingly slow
conduction velocities, including the smallest myelinated Aod-fibers and unmyelinated C-
fibers. Nociceptors in both classes transduce noxious stimuli of multiple modalities,
including mechanical, thermal, and chemical energies and generate action potentials that are
propagated to the central nervous system (Bessou and Perl, 1969). Thorough knowledge
of both the normal and abnormal function of primary afferent nociceptors is key in gaining

insight into mechanisms of inflammatory and neuropathic pain and hyperalgesia.

Following tissue injury associated with inflammation, animals exhibit increased
sensitivity to sensory stimulation termed hyperalgesia. Hyperalgesia is characterized by a
decrease in withdrawal threshold from a noxious stimulus and results in protective
behaviors such as guarding of the injured area. Alterations in transduction in nociceptive
sensory neurons have been extensively studied following tissue injury and inflammation.
Early studies by Perl and colleagues in 1969 suggested that nociceptive afferents exhibited
sensitization, consisting of a decrease in activation threshold, an increase in response to a
suprathreshold stimulus, and/or the development of spontaneous activity. The magnitude of
decrease in Ad nociceptor thresholds to heat in the area of tissue damage following a
cutaneous burn injury correlates well with the magnitude of decrease in the human
nociceptive withdrawal threshold (Meyer and Campbell, 1981). In addition, sensitization of
C-fiber nociceptors occurs in the area of tissue damage following cutaneous burn injury
(LaMotte et al., 1982; LaMotte et al., 1983; LaMotte et al., 1984; Torebjork et al., 1984).
Thus, nociceptor sensitization is thought to underlie the development of primary
hyperalgesia following tissue injury. Nociceptor sensitization occurs to all modalities of

external stimulation and can be induced by tissue injury or by administration of single



inflammatory mediators such as histamine, serotonin, bradykinin, or PGE, (Treede et al.,
1992; Levine and Taiwo, 1994). Behavioral, pharmacological, and electrophysiological
studies have shown that the cyclic AMP second messenger system mediates nociceptor
sensitization that is produced by the majority of inflammatory mediators (Taiwo and

Levine, 1989; Taiwo and Levine, 1991; Levine et al., 1993; Levine and Taiwo, 1994).

Noci ysfuncti iated witl - | I

Peripheral neuropathy occurs following toxic, traumatic, or metabolic injury to
peripheral nerve and is usually accompanied by neuropathic pain and hyperalgesia. Injury
to peripheral nerve produces a variety of phenotypic, structural, and electrophysiological
changes in nociceptive sensory neurons. Studies of changes in the electrophysiological
properties of nociceptors following nerve injury have been primarily performed in traumatic
injury models of neuropathy such as the chronic constriction injury model (Xie and Xiao,
1990; Kajander and Bennett, 1992; Kajander et al., 1992) and axotomy (Devor et al.,
1981; Devor, 1983; Devor, 1986; Devor et al., 1990a; Devor et al., 1990b; Devor and
Wall, 1991) and have intensively focused on novel electrogenesis, the development of
abnormal spontaneous activity, ectopic discharge, and electrical cross-excitation in sensory
axons and dorsal root ganglion cell bodies (Xie and Xiao, 1990; Kajander and Bennett,
1992; Kajander et al., 1992; Devor et al., 1994).

In contrast, alterations in the response properties of the peripheral terminals of
injured nociceptors have not been as extensively studied during neuropathy, as they have
been during inflammation. Only in diabetic neuropathy (Ahlgren et al., 1992; Ahilgren and
Levine, 1994), a metabolic form of nerve injury, have the response properties of
nociceptors been examined. In diabetic neuropathy C-fiber nociceptors are
hyperresponsiveness to sustained mechanical stimulation without a concomitant decrease in
mechanical activation threshold and additionally exhibit abnormal discharges after removal

of the stimulus (Ahlgren et al., 1992). Pharmacological studies have shown that inhibitors



of protein kinase C (PKC) attenuate both mechanical hyperalgesia and nociceptor
hyperresponsiveness mechanical stimulation (Ahlgren and Levine, 1994). The origins of
PKC involvement in nociceptor hyperresponsiveness during diabetic neuropathy is
unknown. Preliminary studies of nociceptor response properties during neuropathic pain
following chronic constriction injury have shown heat hyperresponsiveness and
afterdischarges reminiscent of mechanical hyperresponsiveness and afterdischarges seen in
diabetic neuropathy (Koltzenburg et al., 1994).

Importantly, where the response properties of nociceptive neurons during
neuropathy have been assayed, the characteristics of increased nociceptor responsiveness
differ from those seen following tissue injury and inflammation (Treede et al., 1992;
Levine et al.,, 1993; Levine and Taiwo, 1994). Sensitization of nociceptors during
inflammation is characterized by a decrease in activation thresholds, as well as increased
responsiveness to a suprathreshold stimulus. Both of these alterations in sensory
transduction increase the sensitivity of nociceptors. In contrast, following nerve injury, the
activation thresholds of nociceptors are not lowered, but are markedly hyperresponsive to
suprathreshold stimulation (Ahlgren et al., 1992). Although studies of diabetic neuropathy
demonstrated that the response properties of nociceptors can be altered during neuropathy,
it is unknown if this is the case for neuropathic pain following other types of nerve injury.

The study of nociceptor dysfunction in both diabetic and trauma-induced
neuropathy models have significant drawbacks. Firstly, in trauma-induced neuropathies in
which peripheral nerves are crushed or cut, the axons of many nociceptors are disconnected
from the peripheral terminal, the site of stimulus transduction, making the study of
respoflsé }roperties extremely difficult. Secondly, the mechanisms underlying nociceptor
dysfunction in both diabetic and trauma-induced neuropathy are difficult to determine
because the nature of insults to peripheral nerve are complex and poorly defined. Diabetic
neuropathy is thought to result from a myriad of changes in peripheral nerve secondary to

systemic metabolic imbalance. Trauma-induced neuropathy, following crushing or cutting



peripheral nerve, causes a host of changes including but not limited to local inflammation at
the site of nerve injury, chemical toxicity due to suture material, compromise of the axonal
membrane, formation of a neuroma, and interruption of the axonal cytoskeleton with
potential subsequent impairment of axonal transport. Thus, a model that both has
physically intact nociceptors and is caused by an insult to peripheral nerve that is limited in
time and effect would be ideal for detailed studies of the transduction properties of

nociceptors during neuropathic pain.

Vincristine-i I

Neuropathic pain following systemic administration of the neurotoxic
chemotherapeutic drug, vincristine, provides the opportunity to investigate the response
properties of nociceptors during neuropathic pain caused by a neurotoxin known to
depolymerize microtubules and alter cytoskeletal function. Chemotherapy-induced pain is
caused by neurotoxic drugs such as vincristine and taxol and is characterized by painful
paresthesias and dysesthesias. The vinca alkaloid 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). The clinical antineoplastic
efficacy of vincristine is limited by the development of a dose-dependent sensorimotor
neuropathy (Sandler et al., 1969; Holland et al., 1973). This sensorimotor neuropathy
appears 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. 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 neuropathy observed in patients treated with vincristine has been



hypothesized to result from effects of vincristine on neuronal microtubules resulting in
impaired axonal transport in peripheral nerves.

An animal model of vincristine-induced painful neuropathy in the rat has recently
been established (Aley et al., 1996). Chronic mechanical hyperalgesia, measured 24 hours
after vincristine administration, develops when 10 daily vincristine injections (100 pg/kg)
are administered intravenously over a 2-week period. This chronic hyperalgesia develops
during the second week of vincristine administration and persists for more than a week
following the final injection of vincristine. The hyperalgesia is dose-dependent and occurs
at doses of vincristine similar to those administered clinically to achieve anti-neoplastic
efficacy (McLeod and Penny, 1969; Sandler et al., 1969; Casey et al., 1973; Holland et al.,
1973), although vincristine is administered more frequently in the rat model. Higher doses
of vincristine cause loss of motor function in rat (Aley et al., 1996), similar to the later
stage of neuropathy in humans. In an anatomical study, I have obtained evidence in this rat
model that there is damage to unmyelinated sensory axons before there are any signs of
axonal loss (Tanner et al., 1997a). I suggest that vincristine-induced hyperalgesia in the rat
is a model of the early stage of vincristine-induced chemotherapeutic neuropathy.

Vincristine-induced neuropathy in the rat offers several advantages for the study of
the mechanisms underlying neuropathic pain. Since vincristine is a drug-induced
neuropathy, the neuropathic insult can be easily controlled in a dose-dependent manner and
the extent of hyperalgesia from animal to animal is quite reproducible. Secondly, unlike
traumatic nerve injury, vincristine is not thought to disconnect axons from their peripheral
terminals, and thus, allows the opportunity to study transduction at the peripheral terminal
which is difficult in other models of neuropathic pain. Thirdly, several lines of evidence
suggest that alterations in peripheral nerve function underlie the sensory alterations in
vincristine-induced painful peripheral neuropathy. Systemically administered vincristine
does not cross the blood brain barrier to a significant extent and is thought to exert its

actions in the periphery (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 and maintenance of the peripheral
terminal via extremely long axons (Shelanski and Wisniewski, 1969). Of note, the
paresthesias 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. Lastly, since the primary mechanism of action of vincristine is
known to be the depolymerization of microtubules, vincristine offers the opportunity to
examine changes in neuronal function that accompany a somewhat circumscribed insult to
the nerve. Since vincristine may primarily affect microtubule-dependent processes such as
cytoskeletal structure and axonal transport, it might produce only a subset of the changes
caused by a more traditional neuropathic insult such as mechanical injury of the nerve
which causes a myriad of changes in peripheral nerve.

Vincristine-induced neuropathy provides the opportunity 1) to examine functional
transduction properties of nociceptors in a neuropathy model with a circumscribed insult to
peripheral nerve, namely microtubule-dependent processes such as cytoskeletal structure
and axonal transport, and 2) to determine whether nociceptor hyperresponsiveness seen in
diabetic neuropathy is seen following other forms of nerve injury. Investigations of
vincristine-induced peripheral neuropathy may provide insight into the mechanisms
underlying not only this neuropathy, but the cause of neuropathic pains produced by a

variety of injuries.

Nogi | . luring vincristine-induced l

The dysesthesias in humans and hyperalgesia in rats that accompany vincristine-
induced neuropathy have been hypothesized to occur due to peripheral nerve injury and
alteration of nociceptive sensory neuron function. However, no studies in the literature
have examined nociceptive C-fiber function in the setting of vincristine-induced

neuropathy. This thesis consists of a series of experiments designed to examine



physiological and anatomical alterations of nociceptor function during vincristine-induced
neuropathy. To test the hypothesis that changes in the sensitivity and responsiveness of C-
fiber nociceptors occur during the chronic phase of vincristine-induced hyperalgesia, I
performed in vivo extracellular recordings of single neurons from the saphenous nerve of
vincristine-treated rats. Chapter 2 documents that 45% of C-fiber nociceptors in vincristine-
treated rats showed marked hyperresponsiveness to suprathreshold mechanical stimulation
compared to control C-fibers. These hyperresponsive (“high-firing”) vincristine-treated C-
fibers were significantly different from both control C-fibers, as well as from non-
hyperresponsive (“low-firing”) vincristine-treated C-fibers. Mean conduction velocities of
A-fibers and C-fibers in vincristine-treated rats were significantly slowed. The mean heat
and mechanical activation thresholds of C-fibers were not decreased. The distribution of C-
fibers among subclasses, and the percentage of spontaneously active neurons in vincristine-
treated rats were not statistically different from controls. Vincristine, therefore, does not
cause a generalized alteration of neuronal function, but rather specifically interferes with
neural mechanisms underlying the evoked response to external stimulation.

Chapter 3 addresses potential mechanisms of nociceptor hyperresponsiveness
during vincristine-induced neuropathy. C-fiber hyperresponsiveness may stem from an
impairment of general adaptation mechanisms following neuronal activation. Alternatively,
nociceptor hyperresponsiveness in vincristine-treated rats may be specific to mechanical
stimulation. Although the mechanisms of mechanical transduction are unknown, models
have postulated a role for cytoskeletal elements and vincristine is known to cause disruption
of the microtubular cytoskeleton. To distinguish between these possibilities and gain
insight into mechanisms of nociceptor hyperresponsiveness, I used in vivo extracellular
recordings to examine the responses of vincristine-treated nociceptors to heat stimulation.
Based on their responsiveness to mechanical stimulation, nociceptors from vincristine-
treated rats could be classified as either hyperresponsive or non-hyperresponsive

nociceptors, as described previously (Tanner et al., 1997b). Vincristine can cause heat



hyperresponsiveness in vincristine-treated nociceptors that are also hyperresponsive to
mechanical stimulation. As a population, high-firing vincristine-treated C-fibers had
significantly greater responses to heat stimulation than low-firing vincristine-treated or
control C-fibers. Thus, mechanisms of vincristine-induced nociceptor hyperresponsiveness
involve general cellular adaptation mechanisms that contribute to nociceptor responses to
multiple stimulus modalities. However, heat hyperresponsiveness was pronounced in only
a subset of mechanically hyperresponsive nociceptors and was never detected in the
absence of mechanical hyperresponsiveness. These data suggest that vincristine may also
specifically alter mechanotransduction.

Chapter 4 provides additional insight into the mechanisms of nociceptor
hyperresponsiveness during vincristine-induced neuropathy. In addition to firing more than
twice as many action potentials as control nociceptors, hyperresponsive vincristine-treated
nociceptors also appeared to fire in distinct temporal patterns that were not seen in the
responses of control or low-firing vincristine-treated nociceptors. An investigation of the
characteristics of these temporal firing patterns may yield insight into mechanisms of
nociceptor hyperresponsiveness. To analyze this change in firing pattern, the distribution of
interspike intervals and plots of instantaneous frequency were constructed for the responses
to mechanical stimulation of vincristine-treated and control nociceptors. Instantaneous
frequency plots reveal that hyperresponsive vincristine-treated nociceptors fired in one of
two characteristic firing patterns. One mode was a variable frequency firing pattern with
alternating periods of high and low firing frequency, whereas the second mode was a
constant frequency firing pattern. The variable frequency mode is correlated with a high
percehtétg"e of ISIs less than 100 msec, whereas the constant frequency mode is correlated
with a high percentage of ISIs in the range of 100-300 msec. In addition, hyperresponsive
nociceptors that fire in constant frequency mode have significantly higher mechanical
thresholds compared to both those that fire in variable frequency mode and control

nociceptors; there was no difference in the conduction velocities of these populations.
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These data suggest that multiple cellular mechanisms may contribute to vincristine-induced
hyperresponsiveness in nociceptors, that the time scale of these mechanisms may be
different, and that the temporal characteristics of hyperresponsiveness are correlated with
the mechanical threshold of the nociceptor.

Chapter 5 describes structural changes in unmyelinated axons that might contribute
to the functional hyperresponsiveness of nociceptors during vincristine-induced
neuropathy. Vincristine-induced neuropathy has been hypothesized to occur due to
disruption of the axonal cytoskeleton and secondary impairment of axonal transport.
Although there are clear alterations in axonal microtubule structure following application of
vincristine to peripheral nerve in vitro (Green et al., 1977) or after injection of vincristine
into the endoneurial space in vivo (Schlaepfer, 1971), there have been no quantitative
ultrastructural studies of microtubule structure in peripheral nerve during vincristine-
induced neuropathic hyperalgesia. To test the hypothesis that changes in the structure of
microtubules in nociceptive sensory neurons accompany vincristine-induced hyperalgesia, I
performed morphometrical analysis on unmyelinated axons in the saphenous nerve of
vincristine-treated rats. There was a significant decrease in microtubule density in
unmyelinated axons from vincristine-treated rats when compared to control axons. This
decrease in microtubule density was not due to a difference in the mean number of
microtubules per axon in vincristine-treated nerves. Rather, there was a significant increase
in the cross-sectional area of unmyelinated axons in vincristine-treated rats, suggesting a
swelling of axons. Although there was no loss of axonal microtubules, vincristine-treated
axons had significantly fewer microtubules per axon cut in cross-section and significantly
more tangentially-oriented microtubules as compared to controls, suggesting
disorganization of cytoskeletal structure. Neither light nor electron microscopic level
analysis revealed any gross morphological differences between control and vincristine-

treated nerves, and there was no evidence of unmyelinated fiber loss. These data constitute
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the first quantitative ultrastructural analysis of unmyelinated axons in the peripheral nerve
during a neuropathic hyperalgesia.

In conclusion, I present the first evidence that vincristine-induced neuropathy and
hyperalgesia are associated with nociceptor hyperresponsiveness. Further analysis revealed
that nociceptor hyperresponsiveness may involve alterations in both mechanotransduction
and cellular mechanisms of adaptation and that impairment of multiple adaptation
mechanisms on different time scales may contribute to hyperresponsiveness in different
nociceptors. In addition, I have shown that vincristine causes disorganization of
microtubule structure during nociceptor hyperresponsiveness. Thus, vincristine-induced
neuropathy appears to be a model of neuropathic pain in which changes in the cytoskeleton
may be linked with nociceptor responsiveness. Since the profile of nociceptor dysfunction
in vincristine-induced neuropathy is quite similar to that seen in diabetic neuropathy, data
from this thesis provides further evidence that alterations in nociceptor function in
neuropathic pain is distinct from that seen in inflammatory pain and prompts the hypothesis
that there may be common mechanisms of neuropathic pain that occurs following nerve

injury of diverse etiologies.
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Abstract

Neuropathic pain accompanies peripheral nerve injury following a wide variety of
insults including metabolic disorders, traumatic injury, and neurotoxic drugs.
Chemotherapy-induced neuropathic pain, caused by neurotoxic 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 the mechanisms of chemotherapeutic-induced neuropathic pain has hindered the
development of treatment strategies. Vincristine, a widely used chemotherapeutic agent,
produces a painful peripheral neuropathy in humans (Sandler et al., 1969; Holland et al.,
1973) and mechanical hyperalgesia in rats (Aley et al., 1996). 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. C-fiber nociceptor responsiveness to
sustained mechanical stimulation was profoundly enhanced in vincristine-treated rats; 45%
of C-fiber nociceptors in vincristine-treated rats showed marked hyperresponsiveness
(12415 action potentials (APs)) as compared to control C-fibers (5914 APs). Mean
conduction velocities of A-fibers and C-fibers in vincristine-treated rats were significantly
slowed. The mean heat and mechanical activation thresholds of C-fibers, the distribution of
C-fibers among subclasses, and the percentage of spontaneously active neurons in
vincristine-treated rats were not statistically different from controls. Vincristine, therefore,
does not cause a generalized alteration of neuronal function, but rather appears to interfere
with neural mechanisms underlying the evoked response to external stimulation.
hvesiiéa;ion of the mechanisms underlying  vincristine-induced = C-fiber
hyperresponsiveness may lend insight into mechanisms of chemotherapy-induced

neuropathic pain, as well as neuropathic pain caused by other insults.
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Introduction

Chemotherapy-induced pain is a form of neuropathic pain caused by neurotoxic
drugs such as vincristine and taxol and is characterized by painful paresthesias and
dysesthesias. The vinca alkaloid 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 vincristine
is limited by the development of a dose-dependent sensorimotor neuropathy (Sandler et al.,
1969; Holland et al., 1973). This sensorimotor neuropathy appears to occur in 2 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 pg/kg),
administered intravenously over a 2-week period, produces mechanical hyperalgesia that
develops during the second week of vincristine administration and persists for more than a
week following the final injection of vincristine. The hyperalgesia is dose-dependent and
occurs at doses of vincristine similar to those administered clinically to achieve anti-
neoplastic 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 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., 1997). Therefore, we
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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.
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 and maintenance of the peripheral terminal via
extremely long axons (Shelanski and Wisniewski, 1969). Interestingly, the paresthesias
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 changes in the sensitivity and responsiveness of C-fiber
nociceptors occur during vincristine-induced hyperalgesia, we used in vivo single-unit
electrophysiological techniques to examine peripheral sensory neurons in vincristine-treated

rats.
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Methods

Animals

Experiments were performed on 200-400 g male Sprague-Dawley rats (Bantin and
Kingman, Fremont, CA). Rats were housed in a temperature- and humidity-controlled
environment and were maintained on a 12 hour light/dark cycle. Food and water were
available ad libitum. Experiments were approved by the Committee on Animal Research at
UCSF.
Vincristine Treatment

Vincristine sulfate (Sigma, St. Louis, MO) was dissolved in saline to a stock
concentration of 1 mg/ml, with pH between 4.5 and 5.2. The drug was then diluted daily in
saline to a concentration of 100 pg/ml that was administered intravenously into the tail vein
at a dose of 100 pg/kg followed by 0.5 ml 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 309 + 7 g
(n=35) at the time of electrophysiological recording. Control rats were weight-matched,
321 + 8 g (n=30), and untreated; previous behavioral experiments demonstrated 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 days following the final injection of vincristine (see Figure 1A).
This recording window was chosen based on behavioral data which showed that the
mechanical withdrawal threshold of > 90% of vincristine-treated rats was decreased >15%
during these S days (K.O. Aley and J.D. Levine, unpublished observations). At this dose
of vincristine, 18% of rats were euthanized prior to electrophysiological recording because

of the development of motor impairment.
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In vivo single unit electrophysiology

The single-unit electrophysiological recording techniques employed have been
described previously (Ahlgren et al., 1992). Briefly, rats were anesthetized with
pentobarbital sodium (65 mg/kg i.p.) and additional anesthetic 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 hyperalgesia to vincristine was characterized (Aley et al., 1996). The skin
overlying the saphenous nerve was retracted at mid-thigh 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 stimulation (Stimulator S-88, Grass Medical Instruments, Quincy, MA and
Stimulus Isolator NL-800, Neurolog, Medical Systems Corp., 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 Corp., Greenvale, NY) and then stored on tape
(Video Cassette Recorder 420K, A. R. Vetter Co., Rebersburg, PA), as well as being
discriminated by amplitude (Winston Electronics Co., San Francisco, CA) and displayed
on a chart recorder on-line. The animal was sacrificed by pentobarbital overdose at the end

of the recording session.
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haracterization of fiber types

Conduction velocity and classification

Conduction velocity was determined by dividing the distance between the recording
and stimulating electrodes, which measured between 20 and 33 mm, by the latency of the
AP following an electrical stimulus to the whole nerve. Fibers that conducted at <2 m/s
were classified as C-fibers and 22 m/s were classified as A-fibers. Since this study focused
on C-fibers we did not further analyze A-fiber subclasses. 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, the
amplitude of the electrical stimulus (0.5 ms, 0.25 Hz) was gradually increased so that the
number of C-fibers present could be counted. This process was repeated for each fascicle
using shorter duration (0.05 ms) 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, activity was monitored 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. Each fascicle was monitored for 2 min, and the
number’ of spontaneousi); active waveforms quantitated. For each spontaneously active
waveform encountered, the rate of ongoing activity was measured for 3 consecutive, 2-min
observation periods. These 3 values were averaged, and this number was considered the
rate of spontaneous activity for that fiber. If the rate of spontaneous activity was greater

than 100 AP/min, a heat lamp was directed towards the receptive field to verify that this
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was a cold-sensitive fiber. In all fibers tested with a spontaneous activity rate greater than
100 AP/min, warming the foot decreased the rate of spontaneous activity. In these
spontaneous activity experiments, the skin was never mechanically probed nor stimulated
with a Peltier heating device to prevent any stimulation-induced afterdischarge from being
misclassified as spontaneous activity. No attempt was made to identify the fiber class of the
spontaneously active waveforms. In a subset of electrophysiological experiments on
control and vincristine-treated rats, both the room temperature and the surface temperature
of the contralateral hindpaw was measured using a thermocouple and a digital thermometer

(Physitemp, Clifton, N.J.).

Modality Classification

The receptive fields of C-fibers were determined using a mechanical search
stimulus, either a blunt probe or a ~60 g von Frey hair (VFH) which activates > 90 % of C-
fibers in the saphenous nerve of the rat (Ahlgren et al. 1992, see Figure 4). C-fibers were
required to show a slowed conduction velocity in response to electrical stimulation
following mechanical stimulation of the receptive field (see Figure 1B). 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 stimulation and heat
stimulation. Fibers classified as C-mechanocolds (C-MC) responded to both mechanical
stimulation and cold stimulation. Fibers classified as C-cold (C-C) responded only to cold

stimulation. Fibers classified as C-mechanoheatcolds (C-MHC) responded to mechanical,

26



heat and cold stimulation; it was unclear whether the activation by cold was due to a
mechanical alteration of the skin since these fibers always had mechanical thresholds less
than 0.02 g. 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 further evaluated.

Mechanical Activation Threshold

Mechanical activation thresholds were determined using a series of von Frey hairs
that ranged in intensity from 0.02 - 263 grams (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 2 AP’s in 50% of the trials. Each trial consisted of a brief (~1 sec)
application of a VFH to the center of the receptive field. VFH were applied in ascending
order, and approximately 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 (K.D. Tanner and J.D. Levine, unpublished observations, (Ahlgren et al.,
1992)).

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
I°C / s. 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
thres laold was defined as the temperature at which the C-fiber fired a second AP. Heat
activaa tion threshold was determined twice with a 10-min interstimulus interval. The average

of the sse 2 measurements was the heat activation threshold for that fiber.
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Cold Activation

Cold responsiveness was determined using the Peltier device which delivered a
ramped cold stimulus from 30 to 0°C at a rate of approximately 1°C / s. 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
determined by the presence of an increase in the rate of ongoing activity in a fiber in
response to cooling. Threshold was not determined in these fibers due to the presence of
ongoing activity. Cold-responsiveness was verified by the presence of 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 towards the fiber’s receptive field.

Sustained Mechanical Stimulation
Sustained mechanical stimulation of receptive fields was accomplished by use of a
mechanical stimulation device consisting of a force transducer (Entran Devices, Inc., Model
ELF-TCS500-1, Fairfield , NJ) with a response range of 1-400 g mounted in series with a
receptacle that can interchangeably hold von Frey hair filaments (modified from a set of
Stoelting VFHs, Wood Dale, IL) that deliver various gram weight stimuli. A 10 g
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
Figure 4). VHF’s were used since 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 se=nt to both a chart recorder and a VCR tape for display, storage, and off-line analysis.
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For each fiber whose response to prolonged stimulation was studied, the
conduction velocity, receptive field location, baseline spontaneous activity, and mechanical
threshold were determined. Due to physical constraints, only C-fibers with receptive fields
below the ankle were studied. To avoid inadvertently recording the response properties of
slowed Aod-fibers (see Results, Figure 2), only C-fibers that conducted at less than 1 m/s
were studied. Since some vincristine-treated fibers develop an afterdischarge following
mechanical stimulation (see Table 3), we did not record from C-fibers that fired >5 AP/min
during the 2-min observation period to avoid recording from those fibers that may have
developed ongoing activity following mechanical search stimulation of the skin; these fibers
comprised <10 % of the population. In general, the prolonged stimulation protocol
consisted of 4 trials of sustained 1-min mechanical stimulation with a 10-min interstimulus
interval between trials. The average of these 4 trials was the sustained mechanical
stimulation response for that fiber and usually had a standard error of the mean of less than
10%. In a small number of cases included in the analysis, more trials were conducted to
reduce the standard error 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.

Data Analysis
Data are expressed as mean + standard error of the mean (SEM). Statistical analyses
were done using Student's t-test, analysis of variance (ANOVA), Chi square analysis, or

Mann-Whitney U test, as appropriate.

29



Results

In this study, data were collected from 35 vincristine-treated rats and 30 control
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 5.6 + 1.8%, 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 £ 0.006 m/s, n = 693) is significantly (p < 0.001) slower than that of C-
fibers in control rats (0.67 £ 0.01 m/s, n = 401). Similarly, as shown in Figure 2B, the
mean conduction velocity of A-fibers in vincristine-treated rats (18.1 + 0.4 m/s, n=561) is
significantly (p < 0.001) slower than that of A-fibers in control rats (21.8 £ 0.6 m/s, n =
264).

Vincristine does not increase spontaneous activity in sensory neurons
As shown in Table 1, both the average rate of spontaneous activity and the
percentage of spontaneously active fibers in vincristine-treated rats is lower than that in
control rats. These differences, while not significant (p > 0.05, t-test), reflect a significant
(p < 0.02, Chi square) decrease in the proportion of fibers that have rates of spontaneous
activity >100 AP/min. In both vincristine-treated and control rats, the distribution of rates
of spontaneous activity was bimodal with peaks at <10 AP/min and >100 AP/min (data not
showsn). However, in vincristine-treated rats there were less than half as many fibers with
firingr rates >100 AP/min than in control rats. In all cases tested, fibers with rates of
spon t.aneous activity > 100 AP / min were cold-sensitive. To verify that this difference in
the sgoontaneous activity of cold-sensitive fibers was not due to differences in skin

tempe rature, the paw temperatures of anesthetized vincristine-treated rats and control rats

30



were measured and averaged over the course of the recording session. There was no
significant difference (p > 0.05) between the paw temperature of control (24.6 + 0.7 °C,

n = 9) and vincristine-treated rats (24.2 £ 0.7 °C, n = 9).

Vincristine does not cause a selective loss of A-fibers or C-fibers

The proportion of A-fibers (44.6 + 1.4%, n = 14 rats) and C-fibers (55.4 + 1.4%,
n = 14 rats) present in the saphenous nerve of vincristine-treated rats is similar (p > 0.05)
to the proportion of A-fibers (41.2+ 1.6%, n = 8 rats) and C-fibers (58.8 + 1.6%, n =8

rats) in control rats.

Vincristine does not alter the distribution of C-fibers among functional subclasses

As shown in Table 2, vincristine-treated rats have a similar distribution of C-fiber
afferents among functional subclasses (i.e. C-MH, C-M, C-MC, C-C, C-MHC, C-DEEP,
and C-SILENT) to control rats (p > 0.05, Chi square). Of note, there is no clear decrease
in the percentage of cold-responsive C-fibers in vincristine-treated rats as compared to

control rats.

Vincristine does not decrease the heat activation threshold of C-fibers

In addition, as shown in Figure 3, the average heat thresholds of vincristine-treated
C-fibers (48.3 £ 1.1°C, n = 18) are not statistically different (p > 0.05) from those of
control C-fibers (46.8 £ 0.7°C, n = 29).

Vinc a-istine does not decrease the mechanical activation threshold of C-fibers
As shown in Figure 4, the average mechanical threshold for control C-fibers (2.6 +
0.9 g, n =44) was higher than but not significantly different (p = 0.51, Mann-Whitney U

test) fa-om the average mechanical threshold for vincristine-treated C-fibers (4.5 + 1.8 g,
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n = 38).

Vincristine increases responsiveness to sustained mechanical stimulation in a subset of C-

fibers

To assay responsiveness of C-fibers to sustained mechanical stimulation, a 10 g
stimulus was delivered to the receptive field for 1 min. Figure 5 demonstrates the
reproducibility of this sustained mechanical stimulus, as well as the reproducibility of the
response of a C-fiber to this stimulus over the course of 4 trials, each of which was
followed by a 10-min interstimulus interval.

Examples of responses of C-fibers from control and vincristine-treated rats are
shown in Figure 6. Figure 6A shows the post-stimulus time histogram response of a
representative C-fiber from a control rat that had a mechanical threshold of 1.7 g and a
conduction velocity of 0.78 m/s. Figure 6B shows the post-stimulus time histogram
response of an individual C-fiber from a vincristine-treated rat that also had a mechanical
threshold of 1.7 g and a conduction velocity of 0.62 m/s. This vincristine-treated C-fiber
fired more than twice as many APs as the control C-fiber and is representative of a
subpopulation of hyperresponsive C-fibers found in vincristine-treated rats.

A histogram of the distribution of C-fiber responses to a 10 g, 1 min sustained
mechanical stimulus is plotted for all C-fibers studied from control and vincristine-treated
rats in Figure 7. 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 2 distinct clusters in a bimodal distribution with a cluster around the 50-59
AP / stimulus and another at the 100-109 AP / stimulus and greater. The responses of 55%
of vi cristine-treated C-fibers were similar to the responses of control C-fibers. This group
of C— fibers, defined as those that fire less than 100 AP in response to sustained mechanical
stimu Aation, will be referred to as "low-firing" C-fibers. The other 45% of vincristine-

treated C-fibers were hyperresponsive (n = 9), firing approximately twice as many APs as
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the response of a typical control C-fiber and will be referred to as "high-firing" C-fibers. Of
21 C-fibers studied from control rats, only 1 had a response similar to the subpopulation of
high-firing, hyperresponsive C-fibers in vincristine-treated rats (see Figure 7).
Interestingly, the responses of control C-fibers were quite similar to each other, regardless
of their mechanical thresholds which ranged from 0.4 g to 4.6 g (see Figure 9C).

Figure 8 shows the time course of the average C-fiber responses to sustained
mechanical stimulation in control and vincristine-treated rats. As seen in Figure 8A, the
time course of the average response of all vincristine-treated C-fibers (H) to a sustained
mechanical stimulus, including both low-firing and high-firing C-fibers, was significantly
(p < 0.01) greater than the average response of all control C-fibers (O). As seen in Figure
8B, when vincristine-treated C-fibers are considered as 2 distinct populations, the time
course of the average response of low-firing vincristine-treated C-fibers (@) is
indistinguishable (p > 0.05) from that of all control C-fibers (O); however, the time course
of the average response of high-firing vincristine-treated C-fibers (A) was sigmificantly
increased (p < 0.0001) compared to that of all control C-fibers (O). The
hyperresponsiveness in vincristine-treated C-fibers occurs during the burst, but is more
pronounced during the plateau phase of the C-fiber response (10 - 60 s after the onset of
the stimulus).

As shown in Table 3, 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 a significant afterdischarge in
high-firing vincristine-treated C-fibers (p < 0.05) that was not present in low-firing
vincristine-treated or control C-fibers. It is important to note that this afterdischarge
occarred in only a few of the high-firing vincristine-treated C-fibers. The single
hype xresponsive, high-firing C-fiber seen in control rats had a response to sustained
mech zanical stimulation similar to that of the hyperresponsive vincristine-treated C-fibers

(data =0t shown separately).
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Lastly, as shown in Figure 9, hyperresponsiveness in the subpopulation of high-
firing C-fibers in vincristine-treated rats does not correlate with receptive field location,
conduction velocity, or mechanical threshold. The data presented in Figure 9 are from those
C-fibers whose responses to sustained mechanical stimulation was studied. As shown in
Figure 9A, 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 9B, the average
conduction velocity of all vincristine-treated C-fibers (0.75 £ 0.02 m/s, n = 20) tended to
be slower (p = 0.08) than the average conduction velocity of all control C-fibers (0.80 *
0.02 m/s, n = 21), which was consistent with previous findings (see Figure 2A). The
average conduction velocity of low-firing C-fibers (0.74 £ 0.03 m/s, n = 11) in vincristine-
treated rats was not different (p > 0.05) from the average conduction velocity of
hyperresponsive, high-firing C-fibers (0.76 £ 0.03 m/s, n = 9) in vincristine-treated rats.
As shown in Figure 9C, there was no significant difference between the average
mechanical threshold of all control C-fibers (1.5 g £ 0.3 m/s, n = 21) and that of all
vincristine-treated C-fibers (2.1 g + 0.4 m/s, n = 20), though there was a trend (p = 0.18)
for vincristine-treated C-fibers to have higher mechanical thresholds, which was consistent
with previous findings (see Figure 4). In addition, the average mechanical threshold of
low-firing C-fibers (2.0 g £ 0.6 m/s, n = 11) in vincristine-treated rats was similar (p >
0.05) to that of hyperresponsive, high-firing C-fibers (2.3 g £ 0.6 m/s, n = 9) in

vincristine-treated rats.
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Discussion
The neural mechanisms underlying neuropathic pain following a wide variety of
insults to peripheral nerves including metabolic disorders, traumatic injury, and neurotoxic
drugs are largely unknown. Specifically, the neural mechanisms of chemotherapy-induced
neuropathic pain that is caused by neurotoxic drugs such as vincristine and taxol and that
occurs in cancer patients have not been investigated. In this study, we have characterized
C-fiber function during the peak phase of vincristine-induced neuropathy in the rat. The
finding that approximately half of vincristine-treated C-fibers exhibit a marked
hyperresponsiveness to sustained 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; Casey et al., 1973) although see (Sandler et al.,
1969)). Interestingly, a slowing of conduction velocity, often used clinically as a hallmark
of peripheral neuropathy, did not correlate with C-fiber hyperresponsiveness to sustained
mechanical stimulation (see Figure 9B). Finally, there was no change in the proportion of
C-fibers in each class in vincristine-treated rats as compared to control rats. These data
sug gest that vincristine interferes with neural mechanisms underlying the evoked response
to exx ternal stimulation, rather than causing a generalized alteration of C-fiber nociceptor

func eion.
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stimulati

The profile of electrophysiological changes suggests that vincristine affects
mechanical transduction and/or mechanisms underlying adaptation during a response to
sustained stimulation. The mechanisms of vincristine-induced hyperresponsiveness to
mechanical stimulation are likely to involve its known actions on the microtubular
cytoskeleton. Vincristine has been shown in vitro to cause the depolymerization of
microtubules and in vivo to compromise axonal integrity and cause dissolution of the
cytoskeletal structure in the peripheral nerve of a variety of species, including humans
(Gottschalk et al., 1968; Shelanski and Wisniewski, 1969; Green et al., 1977; Sahenk et
al., 1987). In fact, recent ultrastructural analysis of unmyelinated axons in the peripheral
nerve of vincristine-treated rats during the peak phase of hyperalgesia revealed
disorientation of microtubules and swelling of unmyelinated axons without any signs of
axonal degeneration were evident (Tanner et al., 1997).

C-fiber hyperresponsiveness in vincristine-treated rats may be the result of an action
of vincristine on mechanisms underlying transduction of mechanical stimuli. Although the
mechanisms of mechanical transduction are unknown, a role for cytoskeletal elements has
been postulated (Guharay and Sachs, 1984; Wang et al., 1993). In C. elegans, sensory
neurons required for mechanosensation express a unique class of microtubules that are
required for touch sensitivity (Chalfie, 1993). If the microtubular cytoskeleton is required

for mechanotransduction in vertebrate somatic afferents, then vincristine-induced C-fiber

hy perresponsiveness may be restricted to mechanical stimulation. Further characterization

Oof the behavioral and electrophysiological responses of vincristine-treated rats to heat and

<2< mnical stimulation could reveal whether C-fiber hyperresponsiveness occurs in response

r<» < ther stimulus modalities.

The C-fiber hyperresponsiveness we observed might also stem from an impairment

,/' < I « ctrophysiological adaptation mechanisms. Several lines of evidence suggest that
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cytoskeletal elements can regulate the subcellular localization and kinetics of ion channel
activation (Srinivasan et al., 1988; Bigot and Hunt, 1990; Kirsch et al., 1991; Rosenmund
and Westbrook, 1993). Hyperresponsiveness is most pronounced during the adaptation
phase of the response, namely from 10-60 s after the stimulus is applied. If conductances
involved in adaptation of mechanical responses were similarly regulated by the
microtubular cytoskeleton, then vincristine might impair adaptation mechanisms in the
nerve fiber terminal.

Several investigators have proposed that impairment of axonal transport might
underlie vincristine-induced neuropathy (Shelanski and Wisniewski, 1969; Bradley et al.,
1970; Casey et al., 1973; Weiss et al., 1974). Subsequent alteration of the complement of
proteins present in the nerve terminal may contribute to changes in the excitability of C-
fibers, as has been suggested for the axotomy model of neuropathy (Devor et al., 1993).

Lastly, although vincristine is thought to most profoundly affect peripheral
neurons, it might also affect non-neuronal cells including muscle and epithelial tissues.
Higher doses of vincristine have been shown to produce myopathy characterized by
degeneration of muscle fibers when administered systemically in the rat (Slotwiner et al.,

1966). Thus, vincristine might also alter sensory neuron function indirectly.

The profile of changes seen in vincristine-treated C-fibers is markedly different

from the profile seen following inflammation or the administration of a single inflammatory
med iator. Following inflammatory insults, C-fibers characteristically have lower activation
thhresholds, as well as increased responsiveness to a sustained stimulus. In contrast, the
aae<Hhanical activation thresholds of vincristine-treated C-fibers are not lowered. This
g = == ests that the cellular mechanisms that underlie C-fiber nociceptor sensitization

/ﬂ// «<— %=/jng inflammation may be distinct from those underlying C-fiber dysfunction
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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 may have distinct underlying molecular

mechanisms.

Interestingly, the C-fiber hyperresponsiveness to mechanical stimulation seen in

vincristine-treated rats is similar to C-fiber dysfunction observed in a rat model of diabetic
painful peripheral neuropathy (Ahlgren et al., 1992; Ahlgren and Levine, 1994). In diabetic
neuropathy, protein kinase C (PKC) is involved in the hyperresponsiveness of C-fibers
during mechanical stimulation (Ahlgren and Levine, 1994). If a similar mechanism
underlies hyperresponsiveness in the vincristine-treated C-fibers, then PKC inhibitors
should similarly reverse vincristine-induced hyperresponsiveness and hyperalgesia. The
relationship between an action of vincristine on microtubules and a potential role for PKC
in vincristine-induced neuropathy remains to be elucidated. One possibility is that Ca®
entry via mechanotransducers (Lumpkin and Hudspeth, 1995) could couple changes in
cytoskeletal function and cellular recruitment of PKC.

Electrophysiological properties of diabetic and vincristine-treated nerves are
relatively normal with the exception of hyperresponsiveness and decreased adaptation to
prolonged mechanical stimulation. These common alterations in C-fiber function in 2
models of painful peripheral neuropathy with very different etiologies suggests that there
may be common underlying mechanisms of dysfunction following a wide variety of insults
to nerves. It is not known if hyperresponsiveness to mechanical stimulation 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 hyperresponsiveness of C-fibers in the former (Koltzenburg et
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al., 1994). In these other neuropathy models, however, there are increases in the level of
spontaneous or ectopic activity, originating in both A- and C-fibers (Wall and Gutnick,
1974; Xie and Xiao, 1990; Kajander and Bennett, 1992; Devor, 1994) which are not
observed in either vincristine-induced or diabetic neuropathy (Ahlgren et al., 1992). The
increase in spontaneous activity seen in these other models of neuropathic pain may reflect
additional changes in peripheral nerve function that occur with more extensive damage of
the nerve.

If common peripheral mechanisms exist for multiple classes of peripheral
neuropathies (toxic, traumatic, and metabolic), then the underlying pathophysiology of
peripheral nerve injury could be mechanistically dissected and treatment strategies could be
more rationally designed. In addition, an understanding of common changes in peripheral

nerve function in a variety of neuropathic states would facilitate the further dissection of

central nervous system mechanisms which may also contribute to neuropathic pain.

The hyperresponsive subpopulation of C-fibers that we have described could, in
part, be the neural basis of vincristine-induced hyperalgesia in rat and early stage
vincristine-induced painful neuropathy in humans. These hyperresponsive C-fibers could
directly cause hyperalgesia by increasing nociceptive afferent input to the central nervous
system. Increased afferent input has been shown to increase the responsiveness of spinal
cord dorsal horn neurons which could also contribute to the behavioral hyperalgesia (for
review see Woolf & Doubell 1994). In addition, hyperresponsive C-fibers could make a
greatér EBntn'bution to the behavioral reflex indirectly if the gain of their input to the spinal
cord were potentiated by virtue of their hyperexcitablity; thus, even though only 45% of
vincristine-treated C-fibers are hyperresponsive, they may more effectively activate dorsal

horn neurons and predominantly drive the behavioral reflex.
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In conclusion, we have shown that C-fiber nociceptor responsiveness to sustained
mechanical stimulation was profoundly enhanced during the peak phase of vincristine-
induced mechanical hyperalgesia in the rat. This abnormality in C-fiber function could
underlie, at least in part, the behavioral mechanical hyperalgesia observed in chronically
vincristine-treated rats, as well as the paresthesias and dysesthesias experienced by patients

receiving vincristine as a chemotherapeutic agent.
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Figure 1: Experimental paradigm and electrophysiological recording period.

A: Schematic of the experimental timeline. Rats were injected i.v. with 100 pg/kg
vincristine sulfate (V) on days 1-5 and days 8-12. The magnitude of mechanical
hyperalgesia in vincristine-treated rats is shown schematically above the timeline (Aley et
al., 1996). The arrow in the figure shows the period during which electrophysiological
recordings were made from sensory fibers in the saphenous nerves of vincristine-treated
rats, namely on days 13-17, during the peak of behavioral mechanical hyperalgesia. All
recordings on day 13 occurred more than 24 hours after the final dose of the drug. Data
from the S recording days were pooled. B: Each C-fiber studied was required to show a
slowed conduction velocity in response to electrical stimulation following 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. The top trace shows the activation of a C-fiber with a latency of 46
ms in response to electrical stimulation of the whole nerve. The bottom trace shows
electrical activation of the same C-fiber, now with a latency of 56 ms, following mechanical
stimulation of its receptive field. This C-fiber had a conduction velocity of 0.70 m/s and a
mechanical threshold of 1.7 g. Note that another fiber conducted at 16 ms both before and

after the collision test.
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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
recording and stimulating electrodes by the latency of an individual AP from an afferent
following 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: The
distribution of C-fiber conduction velocities is shown in the histogram on the left for 693
vincristine-treated C-fibers and 401 control C-fibers. Binwidth is 0.1 m/s. The average C-
fiber conduction velocity in control and vincristine-treated rats is depicted in the bar graph
on the right; these averages were calculated from the values in the histogram on the left.
Error bars in this and subsequent figures represent standard error of the mean (SEM). B:
The distribution of A-fiber conduction velocities is shown in the histogram on the left for
561 vincristine-treated A-fibers and 264 control A-fibers. Binwidth is 2 m/s. The average
A-fiber conduction velocity in control and vincristine-treated rats is depicted in the bar
graph on the right; these averages were calculated from the values in the histogram on the

left.
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Figure 3: Vincristine does not decrease the heat activation threshold of C-fibers. Heat
activation thresholds were determined using a Peltier device that delivered a ramped heat
stimulus from 30 to 58°C at a rate of 1°C/ s. Heat threshold was defined as the temperature
at which the C-fiber fired a second AP. Each heat activation threshold was the average of 3
trials with a 10 min interstimulus interval between trials. A: The distribution of C-fiber heat
activation thresholds is shown in the histogram for 18 vincristine-treated C-fibers and 29
control C-fibers. Binwidth is 2°C. B: The average heat activation threshold for control C-
fibers is shown by the open bar and for vincristine-treated C-fibers is shown by the filled

bar.
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Figure 4: Vincristine does not decrease the mechanical activation threshold of C-
fibers. Mechanical activation thresholds were determined using a series of von Frey hairs.
The mechanical threshold was defined as the gram weight value of the lowest intensity
VFH to which the neuron fired more than 2 APs in 50% of the trials. A: The distribution of
C-fiber mechanical thresholds is shown in the histogram for 38 vincristine-treated C-fibers
and 44 control C-fibers. Each bin on the x-axis is the intensity in grams of a VFH used to
test C-fiber mechanical threshold, with the exception of the “> 60” bin which combines all
VFHs of intensities greater than 60 grams. B: The average mechanical activation threshold

for control C-fibers is shown by the open bar and for vincristine-treated C-fibers is shown

by the filled bar.
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Figure 5: C-fiber responses to sustained mechanical stimulation are reproducible.
The responses of a C-fiber with a mechanical threshold of 0.6 g and a conduction velocity
of 0.71 m/s to 4 trials of 1 min, 10 g stimulation are shown in the order in which they were
performed. The interstimulus interval was 10 min. This C-fiber fired 59 APs in trial 1, 60
APs in trial 2, 75 APs in trial 3, and 50 APs in trial 4. The average response for the 4 trials

of sustained mechanical stimulation was 61 +5.2 APs.
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Figure 6: Vincristine causes increased responsiveness to sustained mechanical
stimulation in a subset of C-fibers. Activity was recorded from each fiber for 2 min prior
to stimulation. Then, a 10 g VFH was applied to the center of the fiber’s receptive field for
1 min, from O - 60 s. Binwidth is 1 s. A: The response of a C-fiber from a control rat. This
fiber had a conduction velocity of 0.78 m/s, a mechanical threshold of 1.7 g, and fired no
APs during the 2 min immediately preceding stimulation (only the last 10 s is shown here).
The fiber fired 63, 51, 52, and 67 APs during the 4 stimulation trials for an average of 58.3
+4.0 AP/ stimulation. The peak firing frequency during the burst for the 4 trials was 10,
11, 13, and 9 Hz, respectively. B: The response of a hyperresponsive C-fiber from a
vincristine-treated rat. This fiber had a conduction velocity of 0.62 m/s, a mechanical
threshold of 1.7 g, and fired no APs during the 2 min immediately preceding stimulation.
The fiber fired 146, 137, 120, and 149 APs during the 4 stimulation trials for an average of
138 £ 6.5 AP/ stimulation. The peak firing frequency during the burst for the 4 trials was
14, 9, 16, and 14 Hz, respectively.
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Figure 7: The responses to sustained mechanical stimulation in vincristine-treated

rats are bimodal. The total number of APs fired in response to 1 min of 10 g stimulation
of the receptive field is plotted for 21 control C-fibers (open bars) and 20 vincristine-treated
C-fibers (filled bars). The percentage of C-fibers that fired greater than 100 APs in
response to the 1 min 10 g stimulus, referred to as high-firing C-fibers, is 4.8% of control

C-fibers (1/21) and 45% of vincristine-treated C-fibers (9/20).
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Figure 8: 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 1 min of 10 g stimulation to the receptive field is plotted for all control (O, n = 21) and
all vincristine-treated (M, n = 20) C-fibers. B: The average time course of the response to 1
min of 10 g stimulation to the receptive field is plotted for high-firing vincristine-treated C-
fibers firing more than 100 APs during stimulation (A, n = 9), low-firing vincristine-
treated C-fibers firing less than 100 APs during stimulation (@, n = 11), and all control C-

fibers (O, n = 21). Binwidth is 10 s. Some error bars are contained within the symbols.
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Figure 9: Hyperresponsiveness in C-fibers is not correlated with receptive field

location, conduction velocity, or mechanical threshold. A: The receptive field locations
for all C-fibers studied for responsiveness to sustained mechanical stimulation is shown on
the left for control C-fibers and on the right for vincristine-treated C-fibers. C-fibers that
fired less than 100 APs during stimulation are represented by the symbol 0. C-fibers that
fired more than 100 APs during stimulation are represented by the symbol ©. In this
drawing of the left hindpaw, top is medial and bottom is lateral. B: The average conduction
velocity for all control C-fibers studied (n = 21) is shown in the open bars. The average
conduction velocity for all vincristine-treated C-fibers studied (n = 20), vincristine-treated
C-fibers firing less than 100 APs during stimulation (n = 11), and vincristine-treated C-
fibers firing more than 100 APs during stimulation (n = 9) is shown in the filled bars. C:
The average mechanical threshold for all control C-fibers studied (n = 21) is shown in the
open bars. The average mechanical threshold for all vincristine-treated C-fibers studied (n =
20), vincristine-treated C-fibers firing less than 100 APs during stimulation (n = 11), and
vincristine-treated C-ﬁbers firing more than 100 APs during stimulation (n = 9) is shown in

the filled bars. There are no significant differences between the groups.
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Chapter III:

Nociceptors in vincristine-induced painful neuropathy in rat

are hyperresponsive to multiple stimulus modalities
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Abstract

Neuropathic pain accompanies peripheral nerve injury following a wide variety of
insults including metabolic disorders, trauma, and neurotoxic drugs. Vincristine, a widely
used chemotherapeutic agent that inhibits microtubule dynamics, produces a painful
peripheral neuropathy in humans (Sandler et al., 1969; Holland et al., 1973) and
mechanical hyperalgesia in rats (Aley et al.,, 1996). Approximately half of C-fiber
nociceptors in vincristine-treated rats are markedly hyperresponsive to mechanical
stimulation. The mechanisms underlying this nociceptor hyperresponsiveness are
unknown. Vincristine could specifically interfere with cellular mechanisms that are
involved specifically in mechanotransduction. Alternatively, vincristine might impair
general cellular adaptation mechanisms and produce hyperresponsiveness to multiple
modalities of stimulation. To distinguish between these possibilities and gain insight into
mechanisms of nociceptor hyperresponsiveness, we used in vivo extracellular recordings to
examine the responses of vincristine-treated nociceptors to heat stimulation. Based ‘on their
response to mechanical stimulation, nociceptors from vincristine-treated rats could be
classified as either hyperresponsive or non-hyperresponsive, as described previously
(Tanner et al., 1997b). Vincristine does indeed cause heat hyperresponsiveness in
vincristine-treated nociceptors that are also hyperresponsive to mechanical stimulation. As a
population, high-firing vincristine-treated C-fibers had significantly greater responses to
heat stimulation than low-firing vincristine-treated or control C-fibers. Thus, mechanisms
of vincristine-induced nociceptor hyperresponsiveness involve general cellular adaptation
mechanisms that contribute to nociceptor responses to multiple stimulus modalities. Heat
hyperresponsiveness was pronounced in only a subset of mechanically hyperresponsive
nociceptors and was never detected in the absence of mechanical hyperresponsiveness.

These data suggest that vincristine may also specifically alter mechanotransduction.
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Introduction

Chemotherapy-induced pain is a form of neuropathic pain caused by neurotoxic
drugs such as vincristine and taxol and is characterized by painful paresthesias and
dysesthesias. The clinical antineoplastic efficacy of vincristine is limited by the
development of a dose-dependent sensorimotor neuropathy (Sandler et al., 1969; Holland
et al.,, 1973). Vincristine is thought to exert its antineoplastic effects by inhibiting
microtubule dynamics in mitotic spindles, and thus preventing cell division (Olmsted and
Borisy, 1973; Himes et al., 1976; Owellen et al., 1976; Jordan et al., 1992; Lobert et al.,
1996). The neuropathy observed in patients treated with vincristine has been hypothesized
to result from effects of vincristine on neuronal microtubules resulting in impaired axonal
transport or other microtubule-dependent functions in peripheral neurons (Shelanski and
Wisniewski, 1969; Bradley et al., 1970; Casey et al., 1973; Weiss et al., 1974).

The recent development of an animal model of vincristine-induced painful
neuropathy (Aley et al., 1996) provides the opportunity to investigate the mechanisms
underlying this form of nerve injury. Rats treated systemically with vincristine (100 pg/kg)
develop mechanical hyperalgesia during the second week of vincristine administration that
persists for more than a week following the final injection of the drug. Electrophysiological
recordings during the peak of mechanical hyperalgesia revealed that approximately half of
the C-fiber nociceptors in the saphenous nerves of vincristine-treated rats are markedly
hyperresponsive to suprathreshold mechanical stimulation (Tanner et al., 1997b). In
addition, the mean conduction velocities of A-fibers and C-fibers were significantly
slowed.

. ;\iﬁlough the mechanisms that underlie vincristine-induced nociceptor
hyperresponsiveness to mechanical stimulation are unknown, they likely involve actions of
vincristine on the microtubular cytoskeleton. We have recently shown that vincristine
causes disorganization of the axonal microtubule cytoskeleton in vincristine-treated rats

during the peak phase of mechanical hyperalgesia (Tanner et al., 1997b). This axonal
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cytoskeletal disorganization may also occur in the nerve terminal since vincristine is thought
to act on labile microtubules which are enriched in the nerve terminal (Binet et al., 1990;
Ahmad et al., 1993). Since cytoskeletal elements in the nerve terminal may be involved in
mechanotransduction, vincristine could specifically interfere with nociceptor responses to
mechanical stimulation. Alternatively, since the cytoskeleton is involved in the anchoring of
ion channels and receptors and can contribute to adaptation and desensitization of these
proteins following activation (Srinivasan et al., 1988; Bigot and Hunt, 1990; Kirsch et al.,
1991; Rosenmund and Westbrook, 1993), then vincristine might produce
hyperresponsiveness to multiple modalities of stimulation. Since the majority of primary
afferent nociceptors are polymodal, responding to mechanical, heat, and chemical stimuli
(Bessou and Perl, 1969; Martin et al., 1987; Tanner et al., 1997b), an investigation of their
responses to other modalities of stimulation might lend insight into the mechanisms of
vincristine-induced hyperresponsiveness.

To determine whether nociceptor hyperresponsiveness is restricted to mechanical
stimuli or generalizes to multiple modalities of stimulation, we employed in vivo single-unit
electrophysiology to measure the responses of C-fiber nociceptors to heat stimulation in

rats treated with vincristine.
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Methods
Animals

Experiments were performed on 250-350 g male Sprague-Dawley rats (Bantin and
Kingman, Fremont, CA). Rats were housed in a temperature- and humidity-controlled
environment and were maintained on a 12 hour light/dark cycle. Food and water were
available ad libitum. Experiments were approved by the Committee on Animal Research at

UCSF.

Vincristine Treatment

Vincristine sulfate (Sigma, St. Louis, MO) was dissolved in saline to a stock
concentration of 1 mg/ml, and was between pH 4.5 and 5.2. Vincristine was then diluted
daily in saline to a concentration of 100 pg/ml that was administered intravenously into the
tail vein at a dose of 100 pug/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). Paresthesias occur in humans
receiving 12.5-75 pg/kg vincristine administered weekly (McLeod and Penny, 1969;
Sandler et al., 1969; Holland et al., 1973). Vincristine-treated rats weighed 294 + 5 g
(n=14) at the time of electrophysiological recording. Control rats were weight-matched,
307 £ 7 g (n=12), and untreated; previous behavioral experiments demonstrated 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 days following the final injection of vincristine (Figure 1). This
recording window was chosen based on behavioral data which showed that the mechanical
withdrawal threshold of > 90% of vincristine-treated rats was decreased >15% during these

5 days (K.O. Aley and J.D. Levine, unpublished observations). Vincristine-treated rats did
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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 10.8 £ 1.6 %. At this dose of vincristine, 18% of rats were
euthanized prior to electrophysiological recording because of the development of motor

impairment.

In vivo single unit electrophysiology

The single-unit electrophysiological recording techniques employed have been
described previously (White and Levine, 1991; Ahlgren et al., 1992). Briefly, rats were
anesthetized with pentobarbital sodium (65 mg/kg, i.p.) and additional anesthetic 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 hyperalgesia was characterized in awake rats (Aley et al., 1996). The skin
overlying the saphenous nerve was retracted at mid-thigh level. The nerve was exposed and
dissected free from surrounding tissue and vessels and maintained in a pool of 37°C
mineral oil. Bipolar electrodes were placed under the nerve at a distal site to enable electrical
stimulation (Stimulator S-88, Grass Medical Instruments, Quincy, MA and Stimulus
Isolator NL-800, Neurolog, Medical Systems Corp., 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 Corp., Greenvale, NY) and then stored on tape (Video Cassette Recorder
420K, A. R. Vetter Co., Rebersburg, PA), as well as being discriminated by amplitude
(Winston Electronics Co., San Francisco, CA) and displayed on a chart recorder on-line.

The animal was sacrificed by pentobarbital overdose at the end of the recording session.
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Conduction velocity

Conduction velocity was determined by dividing the distance between the recording
and stimulating electrodes, which measured between 20 and 33 mm, by the latency of the
AP following an electrical stimulus to the whole nerve. Neurons that conducted at < 2 m/s
were classified as C-fibers and > 2 m/s were classified as A-fibers (Lynn and Carpenter,
1982; Leem et al., 1993). Since previous experiments have shown that vincristine-treated
sensory neurons of all classes have slowed conduction velocities, only C-fibers that
conducted at less than 1 m/s were studied to avoid inadvertently recording the response

properties of slowed Ad-fibers (Tanner et al., 1997b).

Receptive field

The receptive fields of C-fibers were determined using a mechanical search
stimulus, either a blunt probe or a ~60 g von Frey hair (VFH) which activates > 90 % of C-
fibers in the saphenous nerve of the rat (Lynn and Carpenter, 1982; Ahlgren et al., 1992).
C-fibers were required to show a slowed conduction velocity in response to electrical
stimulation following mechanical stimulation of the receptive field. This latency shift 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. Neurons that did not meet this criterion were not further

evaluated.
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Mechanical Activation Threshold

Mechanical activation thresholds were determined using a series of von Frey hairs
that ranged in intensity from 0.02 - 263 g (A. Ainsworth, London, England). The
mechanical threshold was defined as the intensity in grams of the weakest VFH to which
the neuron fired more than 2 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. VFH were applied in
ascending order, and approximately 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 (K.D. Tanner and J.D. Levine, unpublished observations, (Reeh et
al.,, 1987; Ahlgren et al., 1992)).

Sustained Mechanical Stimulation

Sustained mechanical stimulation of receptive fields was accomplished by use of a
mechanical stimulation device consisting of a force transducer (Entran Devices, Inc., Model
ELF-TC500-1, Fairfield , NJ) with a response range of 1-400 g mounted in series with a
receptacle that can interchangeably hold von Frey hair filaments (modified from a set of
Stoelting VFHs, Wood Dale, IL) that deliver various gram weight stimuli. VHF’s were
used since they are able to compensate well for changes in tissue elasticity over time, unlike
rigid probes. The VFH is 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 is a quantitative
measure ?f the force applied to the receptive field and is sent to both a chart recorder and a
VCR tape for display, stérége, and off-line analysis.

A 10 g 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. For each neuron whose response to prolonged stimulation was studied,

the conduction velocity, receptive field location, baseline spontaneous activity, and
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mechanical threshold were determined. In general, the prolonged stimulation protocol
consisted of 4 trials of sustained 1-min mechanical stimulation with a 10-min interstimulus
interval between trials. The average of these 4 trials was the sustained mechanical
stimulation response for that neuron and usually had a standard error of the mean of less
than 10%. In a small number of cases included in the analysis, more trials were conducted
to reduce the standard error. Activity was monitored for 5 min after the removal of the

mechanical stimulus to quantitate afterdischarge.

Classification of Vincristine-Treated Nociceptors

Vincristine increases responsiveness to sustained mechanical stimulation in a subset
of C-fiber nociceptors (Tanner et al., 1997b). Whereas the responses of C-fibers from
control rats are clustered in a unimodal distribution in the range of 50-59 AP / stimulus, the
responses of C-fibers from vincristine-treated rats form 2 distinct clusters in a bimodal
distribution with a cluster around 50-59 AP/stimulus and another around 100-109
AP/stimulus and greater (Tanner et al., 1997b). Vincristine-treated C-fibers that fired less
than 100 AP in response to sustained mechanical stimulation were categorized as "low-
firing" C-fibers. Vincristine-treated C-fibers that fired more than 100 AP in response to
sustained mechanical stimulation were categorized as "high-firing" C-fibers. The
hyperresponsiveness in high-firing vincristine-treated C-fibers occurs both during the burst
(first 10 s) and the plateau (last SO s) phases of the response to mechanical stimulation (see
Table 1). Hyperresponsiveness in the subpopulation of high-firing C-fibers in vincristine-
treated rats does not correlate with receptive field location, conduction velocity, or

mechanical threshold (Tanner et al., 1997b).

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
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1°C/s. Activity was monitored for 2 min following mechanical stimulation and prior to any
heat stimulation to determine the presence of spontaneous activity. After the Peltier device
was placed on the receptive field of a C-fiber, activity was monitored again for 2 min to
verify the absence of activity induced mechanically by the Peltier device. The heat threshold
was defined as the temperature at which the C-fiber fired a second AP. 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.

Suprathreshold Heat Stimulation

Suprathreshold heat stimulation of receptive fields consisted of a ramp from 30°C to
a maximum of ~53°C at a rate of 1°C/ s. This ramped heat stimulation protocol was chosen
because square wave heat stimuli resulted in profound inactivation of C-fiber responses
during even a 10-s trial. Preliminary experiments showed that C-fiber responses were most
reproducible to ramped heat stimuli at this stimulation rate and maximum temperature (K.D.
Tanner and J.D. Levine, unpublished observations). After the determination of heat
threshold, three heat ramp stimuli were delivered to the receptive field of each fiber at an
interstimulus 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 averaged, and the response to only the first heat
stimulus was used in all analyses.

For each neuron whose response to prolonged mechanical and heat stimuli was
studied, the conduction velocity, receptive field location, baseline spontaneous activity, and
mechanical threshold were determined. Due to physical constraints related to the size of the
Peltier thermal stimulator, only C-fibers with receptive fields distal to the ankle were
studied. Since some vincristine-treated neurons develop an afterdischarge following
mechanical stimulation (see Table 3), we did not record from C-fibers that fired > S AP/min

during the 2-min observation period to avoid recording from those neurons that may have
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developed ongoing activity following mechanical search stimulation of the skin. These

fibers were <10 % of the population.

Data Analysis
Data are expressed as mean * standard error of the mean (SEM). As noted in the
text, statistical analyses were done using Student's t-test, analysis of variance (ANOVA),

Chi square analysis, or Mann-Whitney U test.
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Results
Vincristine does not decrease heat activation threshold in nociceptors

As we have shown in previous experiments, vincristine does not decrease heat
thresholds in C-fiber nociceptors (Tanner et al., 1997b). To verify that this is the case for
nociceptors in this study, we determined the average heat activation thresholds for control
and vincristine-treated nociceptors. As shown in Figure 2, the average heat thresholds of
vincristine-treated C-fibers (45.6 £ 1.0°C, n = 19) are not statistically different (p > 0.05)
from those of control C-fibers (45.5+ 1.0°C, n = 16).

Vincristine causes heat hyperresponsiveness in high-firing vincristine-treated nociceptors
We tested the hypothesis that high-firing vincristine-treated nociceptors, which are
hyperresponsive to mechanical stimulation, are also hyperresponsive to heat stimulation.
Figure 3 shows examples of responses to mechanical stimulation (1 min, 10 g) and heat
stimulation (ramp from 30°C to 53°C at 1°C/s) for a control nociceptor and a low-firing
and a high-firing vincristine-treated nociceptor that had similar mechanical and heat
activation thresholds. This high-firing vincristine-treated nociceptor fired more than twice
as many APs than control or low-firing vincristine-treated nociceptors for both mechanical
and heat stimulation. Thus, high-firing vincristine-treated nociceptors can be

hyperresponsive to both mechanical and heat stimulation

Heat hyperresponsiveness occurs in high-firing but not low-firing vincristine-treated

nociceptors.

The average responses to mechanical stimulation are plotted for all control C-fibers
and all vincristine-treated C-fibers, as well as for low-firing vincristine-treated C-fibers and
high-firing vincristine-treated C-fibers separately. As previously reported (Tanner et al.,

1997b), the averaged response to mechanical stimulation for all vincristine-treated C-fibers
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is significantly greater than for control C-fibers (Figure 4A, p < 0.05). In addition, the
averaged response of high-firing vincristine-treated C-fibers to mechanical stimulation is
significantly greater compared to 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 in Figure 4B, the response to
heat stimulation for all vincristine-treated C-fibers is not significantly greater than for
control C-fibers (p > 0.05). High-firing vincristine-treated C-fibers do, however, have a
significantly greater response to heat stimulation when compared to either low-firing

vincristine-treated C-fibers (p < 0.01) or control C-fibers (p < 0.01).

Heat hyperresponsiveness occurs in some, but not all, high-firing vincristine-treated
nociceptors.

Although  heat  hyperresponsiveness can accompany mechanical
hyperresponsiveness in high-firing vincristine-treated nociceptors, this is not always the
case. The magnitude of the heat response is plotted against the mechanical response for
each nociceptor studied in Figure SA. Whereas the mechanical responses of high-firing
vincristine-treated nociceptors are all clearly much higher than control or low-firing
vincristine-treated nociceptors, only a subset of the heat responses of high-firing
vincristine-treated nociceptors exceed those of control and low-firing vincristine-treated
nociceptors. However, since the magnitude of the heat response is correlated with the
neuron’s heat activation threshold (Figure 5B), those high-firing vincristine-treated
nociceptors that do not appear to have heat responses higher than controls in Figure 4A
could simply have higher heat thresholds. To determine whether this could account for the
apparent lack of heat hyperresponsiveness in some high-firing vincristine-treated
nociceptors, we plotted the response to heat stimulation against heat threshold for each
neuron (Figure 5B). Note that some high-firing vincristine-treated nociceptors have heat

responses greater than or at the high end of control and low-firing vincristine-treated
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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 are unlikely to account for the lack of heat hyperresponsiveness in some

high-firing vincristine-treated nociceptors.

Hyperresponsiveness in nociceptors is not correlated with receptive field location,
conduction velocity, mechanical threshold, or heat threshold.

Lastly, as shown in Figure 6, hyperresponsiveness in vincristine-treated C-fibers,
defined by their responsiveness to mechanical stimulation, does not correlate with receptive
field location, conduction velocity, mechanical threshold, or heat activation threshold. As
shown in Figure 6A, 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 6B, the
average conduction velocity of all vincristine-treated C-fibers (0.77 £ 0.02 m/s, n = 19)
was not significantly different than that of all control C-fibers (0.74 £ 0.02 m/s, n = 16).
The average conduction velocity of low-firing C-fibers (0.79 * 0.02 m/s, n = 12) in
vincristine-treated rats was not different (p > 0.05) from the average conduction velocity of
hyperresponsive, high-firing C-fibers (0.75 £+ 0.03 m/s, n = 7) in vincristine-treated rats.
As shown in Figure 6C, the average mechanical threshold of all vincristine-treated C-fibers
(2.2 g+ 0.4 g, n = 19) was not significantly different than that of all control C-fibers (2.0
g1 0.3 g, n = 16). The average mechanical threshold of low-firing C-fibers (1.9 g £ 0.4 g,
n = 12) in vincristine-treated rats was not different (p > 0.05) from the average mechanical
threshold of hyperresponsive, high-firing C-fibers (2.7 g £ 0.7 g, n = 7) in vincristine-
treated rats. As shown in Figure 6D, the average heat threshold of all vincristine-treated C-
fibers (45.6 £ 1.0°C, n = 19) was not significantly different than that of all control C-fibers
(45.5 £ 1.0°C, n = 16). The average heat threshold of low-firing C-fibers (46.3 + 1.4°C, n

= 12) in vincristine-treated rats was not different (p > 0.05) from the average mechanical
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Discussion

The neural mechanisms underlying neuropathic pain following a wide variety of
insults including metabolic disorders, trauma, and neurotoxins are largely unknown.
Specifically, the neural mechanisms of chemotherapy-induced neuropathic pain that is
caused by neurotoxic drugs such as vincristine and taxol have not been investigated. In a
previous electrophysiological study, we found that approximately half of C-fibers in
vincristine-treated rats exhibited marked hyperresponsiveness to sustained mechanical
stimulation. Other than a slowing of conduction velocity in all classes of sensory neurons,
all other aspects of nociceptor function assayed were unaffected. These data suggested that
vincristine does not alter all the functions of nociceptors, but rather enhances nociceptor
responses to sustained mechanical stimulation.

The mechanisms of vincristine-induced mechanical hyperresponsiveness are
unknown. Vincristine could interfere with cellular mechanisms that are involved
specifically in mechanotransduction. Alternatively, vincristine might impair general cellular
adaptation mechanisms and produce hyperresponsiveness to multiple modalities of
stimulation. To distinguish between these possibilities, we examined the responses of
vincristine-treated nociceptors to heat stimulation. Vincristine does indeed cause heat
hyperresponsiveness in vincristine-treated nociceptors that are also hyperresponsive to
mechanical stimulation. As a population, high-firing vincristine-treated C-fibers had
significantly greater responses to heat stimulation than low-firing vincristine-treated or
control C-fibers. Thus, mechanisms of vincristine-induced nociceptor hyperresponsiveness
involve general cellular adaptation mechanisms that contribute to nociceptor responses to
multiple stimulus modalities. Heat hyperresponsiveness was pronounced in only a subset
of mechanically hyperresponsive nociceptors and was never detected in the absence of
mechanical hyperresponsiveness. These data suggest that vincristine may also specifically

alter mechanotransduction.
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elati ip between mechanical and heat rresponsiveness in_vincristine-treate

nociceptors

As a population, high-firing vincristine-treated nociceptors have significantly
greater responses to heat stimulation than control or low-firing vincristine-treated
nociceptors. However, not every mechanically hyperresponsive vincristine-treated
nociceptor was also heat hyperresponsive. Of seven mechanically hyperresponsive high-
firing vincristine-treated C-fibers examined, only two were profoundly heat
hyperresponsive. The mechanical responses of these heat hyperresponsive nociceptors
were not exceptional compared to other mechanically hyperresponsive vincristine-treated
nociceptors. The remaining five nociceptors had heat responses in the range of control and
low-firing vincristine-treated nociceptors with comparable heat thresholds. Compared to
control nociceptors, there was no decrease in heat activation threshold for either the whole
population of vincristine-treated nociceptors or those that exhibited mechanical
hyperresponsiveness. However, all those vincristine-treated nociceptors that exhibited heat
hyperresponsiveness had thresholds less than 45.5°C, the average heat activation threshold
of all nociceptors studied. Heat hyperresponsiveness may be correlated with a lower heat
activation threshold; however, a larger heat hyperresponsive population of vincristine-
treated nociceptors would be required to address this hypothesis. Alternatively, since
neurons with lower heat thresholds have more opportunity to fire during a heat ramp
stimulus, it might be technically difficult to reveal heat hyperresponsiveness in C-fibers
with high heat thresholds. This potential technical impediment is compounded by the
inability to average heat responses across several trials. Unlike analysis of mechanical
hyperresponsiveness which has the benefit of averaging the neuronal response across
several trials, prominent desensitization following heat stimulation of polymodal

nociceptors decreases the reliability of the measured heat responses. Assuming heat
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hyperresponsiveness was equally detectable among all nociceptors studied, our data is
compatible with the suggestion that mechanical hyperresponsiveness can occur both
independently of and in conjunction with heat hyperresponsiveness.

There were no examples in our data of vincristine-treated nociceptors that exhibited
heat hyperresponsiveness in the absence of mechanical hyperresponsiveness. In no case
did low-firing vincristine-treated nociceptors have exacerbated responses to heat
stimulation. These data are compatible with the suggestion that while vincristine can alter

mechanisms that contribute only to mechanical responsiveness, it cannot affect mechanisms

that contribute only to heat responsiveness.

The mechanisms by which vincristine causes both heat and mechanical
hyperresponsiveness in nociceptors are likely to involve its actions on the microtubular
cytoskeleton. In fact, recent ultrastructural analysis of unmyelinated axons in the peripheral
nerve of vincristine-treated rats revealed disorientation of microtubules during the period of
nociceptor hyperresponsiveness (Tanner et al., 1997a). Since vincristine-treated
nociceptors can be hyperresponsive to both heat and mechanical stimulation and perhaps to
mechanical stimulation only, vincristine may cause multiple changes in the cellular
physiology of nociceptors.

Mechanisms of hyperresponsiveness to multiple stimulus modalities

Hyperresponsiveness to multiple stimulus modalities might occur due to alterations
in axonal transport, as has been previously hypothesized (Shelanski and Wisniewski,
1969;' f3r21dley 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 retrogradely (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 microtubules in vincristine-induced neuropathy would
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affect axonal transport is unclear. If axonal transport was impaired, cytoskeletal
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 terminal microtubules could
disrupt adaptation mechanisms that occur during neuronal responses to all modalities of
suprathreshold stimulation. Several lines of evidence suggest that the cytoskeleton is
involved generally in the anchoring of ion channels and receptors, as well as in the
desensitization of some of these receptors following activation (Srinivasan et al., 1988;
Bigot and Hunt, 1990; Kirsch et al., 1991; Rosenmund and Westbrook, 1993). If
conductances involved in adaptation in polymodal nociceptors were regulated by the
microtubular cytoskeleton, then vincristine might impair general adaptation mechanisms in
the nerve fiber terminal and produce hyperresponsiveness.

Lastly, preliminary analysis of the temporal structure of the responses of
mechanically hyperresponsive vincristine-treated nociceptors revealed that these nociceptors
fired in one of two distinct modes: a variable frequency firing pattern with the majority of
ISIs less than 100 msec or a constant frequency firing pattern with the majority of ISIs in
the range of 100-300 msec (K.D. Tanner and J.D. Levine, unpublished observations).
Both vincristine-treated nociceptors that were hyperresponsive to heat and mechanical
stimulation fired in a constant frequency mode to sustained mechanical stimulation. These
data suggest that vincristine-induced hyperresponsiveness that is independent of stimulus

modality may involve cellular mechanisms on the time-scale of 100-300 ms.

Mechanisms of hyperresponsiveness to only mechanical stimulation
Although vincristine-treated nociceptors can be hyperresponsive to both mechanical

and heat stimulation, most mechanically hyperresponsive nociceptors studied did not
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exhibit detectable hyperresponsiveness to heat stimulation. These data suggest that
vincristine may also affect mechanisms of mechanotransduction without affecting general
mechanisms of nociceptor responsiveness.

Hyperresponsiveness only to mechanical stimulation could occur due to alterations
in axonal transport, perhaps stranding dysfunctional proteins involved in
mechanotransduction. This would require that proteins involved in mechanotransduction
degrade, are transported, and/or replenished on a different time-scale than those involved in
heat transduction. For axotomized C-fiber afferents, the neuroma tip of the axon develops
both novel heat and mechanical sensitivity on approximately the same time-scale, within
hours of transection (Michaelis et al., 1995; Blenk et al., 1996).

More likely, modality-specific hyperresponsiveness may result from direct effects
of vincristine on the mechanotransduction apparatus. Cytoskeletal disorganization and
microtubule disorientation occurs in unmyelinated axons when nociceptors are
hyperresponsive and may also occur in nociceptive nerve terminals (Tanner et al., 1997a).
Although the mechanisms of mechanical transduction are unknown in vertebrate somatic
afferents, a role for cytoskeletal elements has been postulated (Guharay and Sachs, 1984;
Wang et al., 1993). In C. elegans, sensory neurons required for mechanosensation express
a unique class of microtubules 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, these putative sodium channel

osmo/mechano-transducers can be regulated by the cytoskeleton (Berdiev et al., 1995).

In all neuropathic pain models in which the transduction properties of nociceptors
have been studied, hyperresponsiveness to heat or mechanical stimulation is a common

alteration. In diabetic neuropathy, mechanical hyperresponsiveness is observed, but heat
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responsiveness has not been examined (Ahlgren et al., 1992; Ahlgren and Levine, 1994).
In the chronic constriction injury model, heat hyperresponsiveness is observed, but
mechanical responsiveness has not been studied (Koltzenburg et al., 1994). Our data
suggest that both heat and mechanical hyperresponsiveness can occur during vincristine-
induced neuropathy. In each of these models, heat or mechanical hyperresponsiveness
occurs in the absence of a reduction in heat or mechanical activation thresholds and a subset
of C-fibers exhibit pronounced afterdischarges following removal of the stimulus (Ahlgren
et al., 1992; Koltzenburg et al., 1994; Tanner et al., 1997b). Taken together, these studies
are compatible with the suggestion that common peripheral mechanisms of nociceptor
hyperresponsiveness may exist for multiple classes of peripheral neuropathies (toxic,
traumatic, and metabolic).

In conclusion, vincristine treatment can cause heat hyperresponsiveness in
nociceptors that are also hyperresponsive to mechanical stimulation. As a population, high-
firing vincristine-treated C-fibers have significantly greater responses to heat stimulation
than low-firing vincristine-treated or control C-fibers. Thus, mechanisms of vincristine-
induced nociceptor hyperresponsiveness involve general cellular mechanisms that
contribute to nociceptor responses to multiple stimulus modalities. Since heat
hyperresponsiveness was pronounced in only a subset of mechanically hyperresponsive
nociceptors and was never detected in the absence of mechanical hyperresponsiveness,
vincristine may also specifically alter mechanotransduction. These multiple mechanisms
may 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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Figure 1: Schematic of experimental timeline. Rats were injected intravenously with 100
pg/kg vincristine sulfate (V) on days 1-5 and days 8-12. The magnitude of mechanical
hyperalgesia in vincristine-treated rats is shown schematically above the timeline (Aley et
al., 1996). Electrophysiological recordings performed during the time period indicated by
the arrow have demonstrated that unmyelinated sensory neurons are hyperresponsive to
mechanical stimulation (Tanner et al., 1997b). The mechanical withdrawal threshold of
>90% of vincristine-treated rats was decreased >15% during the time period indicated by

the arrow (K.O. Aley and J.D. Levine, unpublished observations).
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Figure 2: Vincristine does not decrease the heat activation threshold of nociceptors.
Heat activation thresholds were determined using a Peltier device that delivered a ramped
heat stimulus from 30 to 58°C at a rate of 1°C/ s. Heat threshold was defined as the
temperature at which the C-fiber fired a second AP. Each heat activation threshold was the
average of 2 trials with a 10 min interstimulus interval between trials. A: The average heat
activation threshold for control C-fibers is shown by the open bar and for vincristine-
treated C-fibers is shown by the filled bar. B: The distribution of C-fiber heat activation
thresholds is shown in the histogram for 16 vincristine-treated C-fibers and 19 control C-

fibers. Binwidth is 2°C.
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Figure 3: Vincristine causes heat hyperresponsiveness in high-firing vincristine-
treated nociceptors. Example responses to mechanical stimulation (1 min, 10 g) and heat
stimulation (ramp from 30°C to 53°C at 1°C/s) for A: a C-fiber from a control rat with a
mechanical threshold of 1.7 g and a heat threshold of 40.4°C, B: a low-firing C-fiber from
a vincristine-treated rat with a mechanical threshold of 0.6 g and a heat threshold of
44.6°C, and C: a high-firing C-fiber from a vincristine-treated rat with a mechanical
threshold of 1.0 g and a heat threshold of 42.8°C. The number of APs fired during each
stimulation trial is shown in the upper right of each trial. Note that this high-firing
vincristine-treated nociceptor fired more than twice as many APs than control or low-firing

vincristine-treated nociceptors for both mechanical and heat stimulation.
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Figure 4: Heat hyperresponsiveness occurs in high-firing but not low-firing
vincristine-treated nociceptors. A: The average response to mechanical stimulation (10
g, 1 min) for all control C-fibers studied (n = 16) is shown in the open bars. The average
response to mechanical stimulation for all vincristine-treated C-fibers studied (n = 19), low-
firing vincristine-treated C-fibers (n = 12), and high-firing vincristine-treated C-fibers (n =
7) is shown in the filled bars. B: The average response to heat stimulation (ramp from 30°C
to 53°C at 1°C/ s) for all control C-fibers studied (n = 16) is shown in the open bars. The
average response to heat stimulation for all vincristine-treated C-fibers studied (n = 19),
low-firing vincristine-treated C-fibers (n = 12), and high-firing vincristine-treated C-fibers

(n = 7) is shown in the filled bars. * p < 0.05.

101




) Mechanical Stimulation
160+

140- *
120-

3

804

40-
20-

Number of Action Potentials

Control Vincristine: Vincristine:  Vincristine: !
All Low Fire High Fire -
(n=12) (n=19) (n=12) (n=7)

Heat Stimulation *

Number of Action Potentials
S
)
|
_|

Control Vincristine: Vincristine:  Vincristine:
All Low Fire High Fire
(n=12) (n=19) (n=12) (n=7)

102



Figure 5: Heat hyperresponsiveness occurs in some, but not all, high-firing
vincristine-treated nociceptors. A: The response to mechanical stimulation (10 g, 1 min)
for all control C-fibers studied (n = 16) is plotted against the response to heat stimulation
(ramp from 30°C to 53°C at 1°C / s) of that nociceptor for control C-fibers (n = 19, O),
low-firing vincristine-treated C-fibers (n = 12, @), and high-firing vincristine-treated C-
fibers (n =7, A). Note that high-firing vincristine-treated nociceptors can have greater heat
responses than control or low-firing vincristine-treated nociceptors. B: The response to
heat stimulation is plotted against the heat threshold of that nociceptor for control C-fibers
(n =19, O), low-firing vincristine-treated C-fibers (n = 12, @), and high-firing vincristine-
treated C-fibers (n = 7, A). The regression line for control data is shown for reference.
Note that high-firing vincristine-treated nociceptors can have greater heat responses than

control or low-firing vincristine-treated nociceptors with comparable heat thresholds.
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Figure 6: Hyperresponsiveness in nociceptors is not correlated with receptive field
location, conduction velocity, mechanical threshold, or heat threshold. A: The
receptive field locations for all C-fibers studied is shown on the left for control C-fibers and
on the right for vincristine-treated C-fibers. Low-firing vincristine-treated nociceptors are
represented by the symbol (@) and high-firing, mechanically hyperresponsive vincristine-
treated nociceptors are represented by the symbol (*). In this drawing of the left hindpaw,
top is medial and bottom is lateral. B: The average conduction velocity for all control C-
fibers studied (n = 16) is shown in the open bars. The average conduction velocity for all
vincristine-treated C-fibers studied (n = 19), low-firing vincristine-treated C-fibers (n =
12), and high-firing vincristine-treated C-fibers (n = 7) is shown in the filled bars. C: The
average mechanical threshold for all control C-fibers studied (n = 16) is shown in the open
bars. The average mechanical threshold for all vincristine-treated C-fibers studied (n = 19),
low-firing vincristine-treated C-fibers (n = 12), and high-firing vincristine-treated C-fibers
(n = 7) is shown in the filled bars. D: The average heat threshold for all control C-fibers
studied (n = 16) is shown in the open bars. The average mechanical threshold for all
vincristine-treated C-fibers studied (n = 19), low-firing vincristine-treated C-fibers (n =
12), and high-firing vincristine-treated C-fibers (n = 7) is shown in the filled bars. There

are no significant differences between the groups.
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Chapter IV:

Temporal analysis of nociceptor hyperresponsiveness

during vincristine-induced painful neuropathy in rat
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Abstract

Pain is associated with a variety of insults to peripheral nerve including metabolic
disorders, trauma, and neurotoxic drugs. Vincristine, a chemotherapeutic agent that is
thought to exert its antineoplastic effects by depolymerizing microtubules, produces
neuropathy in humans characterized by painful paresthesias and dysesthesias. Systemic
administration of vincristine (100 pg/kg) in rat produces mechanical hyperalgesia during
which approximately half of C-fiber nociceptors are markedly hyperresponsive to
mechanical stimulation. In addition to firing more than twice as many action potentials as
control nociceptors, these hyperresponsive vincristine-treated nociceptors also appeared to
fire in distinct temporal patterns that were not seen in the responses of control or low-firing
vincristine-treated nociceptors. An investigation of the characteristics of these temporal
firing patterns may yield insight into mechanisms of nociceptor hyperresponsiveness. To
analyze this change in firing pattern, the distribution of interspike intervals and plots of
instantaneous frequency were constructed for the responses to mechanical stimulation of
vincristine-treated and control nociceptors. Instantaneous frequency plots reveal that
hyperresponsive vincristine-treated nociceptors fired in one of two characteristic firing
patterns. One mode was a variable frequency firing pattern with alternating periods of high
and low firing frequency, whereas the second mode was a constant frequency firing
pattern. The variable frequency mode is correlated with a preponderance of ISIs less than
100 msec, whereas the constant frequency mode is correlated with a preponderance of ISIs
in the range of 100-300 msec. In addition, hyperresponsive nociceptors that fire in constant
frequency mode have significantly higher mechanical thresholds compared to both those
that fire in variable frequency mode and control nociceptors; there was no difference in the
conduction velocities of these populations. These data suggest that multiple cellular
mechanisms may contribute to vincristine-induced hyperresponsiveness in nociceptors, that
the time scale of these mechanisms may be different, and that the temporal characteristics of

hyperresponsiveness are correlated with the mechanical threshold of the nociceptor.
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Introduction

The neural mechanisms underlying neuropathic pain following a wide variety of
insults including metabolic disorders, trauma, and neurotoxic drugs are largely unknown.
Chemotherapy-induced pain is a form of neuropathic pain associated with neurotoxic drugs
such as vincristine and taxol and is characterized by painful paresthesias and dysesthesias
(Sandler et al., 1969; Holland et al., 1973). The vinca alkaloid vincristine is a widely used
antineoplastic agent that is thought to exert its effects by disruption of the cytoskeleton in
mitotically active cells. The clinical efficacy of vincristine is limited by the development of a
mixed sensorimotor neuropathy (Sandler et al., 1969; Holland et al., 1973). Recently, we
established an animal model of vincristine-induced painful neuropathy in rat (Aley et al.,
1996). Mechanical hyperalgesia, measured 24 hours after vincristine administration,
develops when 10 daily vincristine injections (100 pg/kg) are administered intravenously
over a 2-week period that persists for more than a week following the final injection of
vincristine.

During the peak phase of mechanical hyperalgesia, approximately half of C-fiber
nociceptors in the peripheral nerves of vincristine-treated rats are markedly hyperresponsive
to suprathreshold mechanical stimulation (Tanner et al., 1997b). In contrast, mechanical
activation thresholds are not decreased; rather there is a trend towards higher mechanical
thresholds in vincristine-treated nociceptors. In addition, the mean conduction velocities of
A-fibers and C-fibers in vincristine-treated rats are significantly slowed. All other aspects
of peripheral nerve function assayed appear unaffected (Tanner et al., 1997b). Together
these data suggest that vincristine predominantly affects neural mechanisms underlying the
evoked response to external stimulation without causing generalized impairment of
neuronal function.

Although the mechanisms of vincristine-induced hyperresponsiveness to
mechanical stimulation are unknown, they likely involve vincristine-induced changes in the

microtubular cytoskeleton. Recent ultrastructural analysis of unmyelinated axons during
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vincristine-induced hyperalgesia revealed disorientation of microtubules without any signs
of axonal degeneration (Tanner et al., 1997a). Since the cytoskeleton is involved in the
anchoring of ion channels and receptors and can contribute to adaptation and desensitization
of these proteins (Srinivasan et al., 1988; Bigot and Hunt, 1990; Kirsch et al., 1991;
Rosenmund and Westbrook, 1993), vincristine-induced disorientation of microtubules in
the nerve terminal might contribute to nociceptor hyperresponsiveness by modulating the
kinetics of ion channels involved in responses to external stimulation.

Hyperresponsive vincristine-treated nociceptors appeared to fire in distinct temporal
patterns, often in bursts of several action potentials, that are not seen in control or low-
firing vincristine-treated nociceptors. An investigation of the characteristics of these
temporal firing patterns may yield insight into the ionic mechanisms that contribute to
nociceptor hyperresponsiveness. To determine the characteristics of nociceptor firing
patterns, we constructed histograms of the distribution of interspike intervals and plots of
instantaneous frequency for the responses of vincristine-treated nociceptors and control
nociceptors to mechanical stimulation. In addition, we correlated the conduction velocity,
mechanical threshold, and receptive field location of hyperresponsive nociceptors to

determine if any of these characteristics were predictive of distinct temporal firing patterns.
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Methods

Animals

Experiments were performed on 200-400 g male Sprague-Dawley rats (Bantin and
Kingman, Fremont, CA). Rats were housed in a temperature- and humidity-controlled
environment and were maintained on a 12 hour light/dark cycle. Food and water were
available ad libitum. Experiments were approved by the Committee on Animal Research at

UCSF.

Vincristine Treatment

Vincristine sulfate (Sigma, St. Louis, MO) was dissolved in saline to a stock
concentration of 1 mg/ml, pH between 4.5 and 5.2. The drug was then diluted daily, just
prior to use, in saline to a concentration of 100 pg/ml that was administered intravenously
into the tail vein at a dose of 100 pg/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). Paresthesias occur in humans
receiving 12.5-75 pg/kg vincristine administered weekly (McLeod and Penny, 1969;
Sandler et al., 1969; Holland et al., 1973). Vincristine-treated rats weighed 293 + 9 g
(n=17) at the time of electrophysiological recording. Control rats were weight-matched,
296 + 7 g (n=10), and untreated; previous behavioral experiments demonstrated 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 days following the final injection of vincristine. This recording
window was chosen based on behavioral data which showed that the mechanical
withdrawal threshold of >90% of vincristine-treated rats was decreased >15% during these

5 days (K.O. Aley and J.D. Levine, unpublished observations). Vincristine-treated rats did
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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 11 2 %, although this varied substantially from rat to rat. At this
dose of vincristine, 18% of rats were euthanized prior to electrophysiological recording

because of the development of motor impairment.

In vivo single unit electrophysiology

The single-unit electrophysiological recording techniques employed have been
described previously (White and Levine, 1991; Ahlgren et al., 1992). Briefly, rats were
anesthetized with pentobarbital sodium (65 mg/kg i.p.) and additional anesthetic 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 hyperalgesia to vincristine was characterized (Aley et al., 1996). The skin
overlyiﬁg the saphenous nerve was retracted at mid-thigh level. The nerve was expc;sed 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 stimulation (Stimulator S-88, Grass Medical Instruments, Quincy, MA and
Stimulus Isolator NL-800, Neurolog, Medical Systems Corp., 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 Corp., Greenvale, NY) and then stored on tape
(Video Cassette Recorder 420K, A. R. Vetter Co., Rebersburg, PA), as well as being

discriminated by amplitude (Winston Electronics Co., San Francisco, CA) and displayed
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on a chart recorder. The animal was sacrificed by pentobarbital overdose at the end of the

recording session.

Characterization of C-fiber nociceptors
Conduction velocity

Conduction velocity was determined by dividing the distance between the recording
and stimulating electrodes, which measured between 20 and 33 mm, by the latency of the
AP following an electrical stimulus to the whole nerve. Neurons that conducted at <2 m/s
were classified as C-fibers and 22 m/s were classified as A-fibers (Lynn and Carpenter,
1982; Leem et al., 1993).

Receptive field

The receptive fields of C-fibers were determined using a mechanical search
stimulus, either a blunt probe or a ~60 g von Frey hair (VFH) which activates >90 % of C-
fibers in the saphenous nerve of the rat (Lynn and Carpenter, 1982; Ahlgren et al., 1992).
C-fibers were required to show a slowed conduction velocity in response to electrical
stimulation following mechanical stimulation of the receptive field. This latency shift 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. Neurons that did not meet this criterion were not further

evaluated.

Mechanical Activation Threshold
Mechanical activation thresholds were determined using a series of von Frey hairs

that ranged in intensity from 0.02 - 263 g (A. Ainsworth, London, England). The
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mechanical threshold was defined as the intensity in grams of the weakest VFH to which
the neuron fired more than 2 APs in 50% of the trials. Each trial consisted of a brief (~1 s)
application of a VFH to the center of the receptive field. VFH were applied in ascending
order, and approximately 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 (K.D. Tanner and J.D. Levine, unpublished observations, (Reeh et al., 1987;
Abhlgren et al., 1992).

Sustained Mechanical Stimulation

Sustained mechanical stimulation of receptive fields was accomplished by use of a
mechanical stimulation device consisting of a force transducer (Entran Devices, Inc., Model
ELF-TCS500-1, Fairfield , NJ) with a response range of 1-400 g mounted in series with a
receptacle that can interchangeably hold von Frey hair filaments (modified from a set of
Stoelting VFHs, Wood Dale, IL) that deliver various gram weight stimuli. VFHs were
used since they are able to compensate well for changes in tissue elasticity over time, unlike
rigid probes. The VFH is 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 is a quantitative
measure of the force applied to the receptive field and is sent to both a chart recorder and a
VCR tape for storage and off-line analysis.

A 10-g 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. For each neuron whose response to prolonged stimulation was studied,
the conduction velocity, receptive field location, baseline spontaneous activity, and
mechanical threshold were determined. In general, the prolonged stimulation protocol
consisted of 4 trials of sustained 1-min mechanical stimulation with a 10-min interstimulus

interval between trials. The average of these 4 trials was the sustained mechanical
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stimulation response for that neuron and usually had a standard error of the mean of less
than 10%. In a small number of cases included in the analysis, more trials were conducted
to reduce the standard error or fewer trials were conducted because the neuron was lost.
Activity was monitored for 5 min after the removal of the mechanical stimulus to quantitate
afterdischarge.

Due to physical constraints in applying the sustained mechanical stimulus, only C-
fibers with receptive fields below the ankle were studied. Since vincristine treatment causes
slowing of the conduction velocity of all afferents, only C-fibers that conducted at less than
1 m/s were studied to avoid inadvertently recording the response properties of slowed Ao-
fibers. In addition, since some vincristine-treated neurons develop an afterdischarge
following mechanical stimulation, we did not record from C-fibers that fired >5 AP/min
during the 2-min observation period to avoid recording from those neurons that may have
developed ongoing activity following mechanical search stimulation of the skin; this was

<10 % of the C-fibers population studied.

Classification of vincristine-treated nociceptors

Vincristine causes hyperresponsiveness to sustained mechanical stimulation in
approximately half of C-fiber nociceptors (Tanner et al., 1997b). Whereas the responses of
C-fibers from control rats are clustered in a unimodal distribution in the range of 50-59
AP/min stimulus, the responses of C-fibers from vincristine-treated rats form 2 distinct
clusters in a bimodal distribution with a cluster in the range of 50-59 AP/min stimulus and
another in the range of 100-109 AP/min stimulus and greater (Tanner et al., 1997b).
Vincristine-treated C-fibers that fired <100 AP in response to sustained mechanical
stimulation were categorized as "low-firing" C-fibers. Vincristine-treated C-fibers that fired
>100 AP in response to sustained mechanical stimulation were categorized as

hyperresponsive or "high-firing" C-fibers.
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Instantaneous Frequency Plots

To display the temporal profile of nociceptor responses to mechanical stimulation,
instantaneous frequency plots were constructed by taking the inverse of each interspike
interval and plotting these values against time along the x-axis for each mechanical
stimulation trial for each neuron studied. Visual inspection of instantaneous frequency plots
allowed high-firing vincristine-treated nociceptors to be further classified as firing in either
a constant frequency mode or a variable frequency mode (see Figure 3). Of note, no
constant frequency or variable frequency mode subclasses were evident in examining the

instantaneous frequency plots of control or low-firing vincristine-treated nociceptors.

Interspike Interval (I1SI) Analysis

Interspike interval (ISI) analysis was used to quantitate the temporal characteristics
of the responses of nociceptors to mechanical stimulation. The ISIs for each nociceptor
response to mechanical stimulation (10 g, 1 min) were determined using Maclab Chart
software (New South Wales, Australia). ISIs were grouped into 100 ms bins that ranged
from O to 2.9 s with all interspike intervals greater than or equal to 3 s binned together. For
each trial of mechanical stimulation, the number of ISIs in each interval bin was divided by
the total number of interspike intervals for that trial. Thus, the distribution of ISIs was
expressed as the percentage of ISIs in each interval bin for a given trial (see Figures 4, 5,
and 6). This trial by trial normalization procedure allowed ISI distributions from several
trials and several neurons to be averaged together. In addition, the ISI distribution just for
the burst period of the response (first 10 sec) and just for the plateau period of the response

(final 50 sec) were also determined in the manner described above.
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Statistical Analysis
Data are expressed as mean * standard error of the mean (SEM). Mann-Whitney U
nonparamettric analysis was used to compare the mechanical thresholds of C-fiber

populations.
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Results

High-firing vincristine-treated nociceptors fire in distinct temporal patterns

To assay responsiveness of C-fibers to sustained mechanical stimulation, a 10-g
stimulus was delivered to the receptive field for 1 min. As shown previously (Tanner et al.,
1997b), a subset of vincristine-treated C-fiber nociceptors are hyperresponsive (high-
firing), firing more than twice as many APs in response to 10-g mechanical stimulation as
control or non-hyperresponsive (low-firing) vincristine-treated C-fiber nociceptors. As
shown in Table 1, 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),
as well as the whole response (1 min). There were no significant differences between the
conduction velocities and mechanical thresholds of high-firing vincristine-treated
nociceptors compared to control or to low-firing vincristine-treated nociceptors (Table 1),
although we have previously noticed a trend for high-firing vincristine-treated nociceptors
to have higher mechanical thresholds (Tanner et al., 1997b). In addition, high-firing
nociceptors do not appear to be located in any specific skin region of the dorsal hindpaw
(Figure 7) (Tanner et al., 1997b).

High-firing vincristine-treated nociceptors fired in distinct temporal patterns not
seen in the responses of control or low-firing vincristine-treated nociceptors. Examples of
response to mechanical stimulation (10 g, 1 min) is shown in Figure 1A for a control
nociceptor, Figure 1B for a low-firing vincristine-treated nociceptor, and Figure 1C for a
high-firirg vincristine-treated nociceptor. The control and the low-firing vincristine-treated
nociceptors fire a burst of APs at the onset of the stimulus and then adapt, firing single APs
irregularly for the duration of the stimulus. In contrast, this high-firing vincristine-treated

nociceptor continues to fire clusters of 2-7 APs during the stimulus.
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High-firing vincristine-treated nociceptors fire in one of two modes during a mechanical
response

To emphasize the temporal structure of each response to mechanical stimulation, the
data from each stimulation trial, such as those shown in Figure 1, were plotted as
instantaneous frequency plots. Figure 2 shows the instantaneous frequency plot for one
trial of stimulation for five different control nociceptors (Figure 2A) and five different low-
firing vincristine-treated nociceptors (Figure 2B). Both control and low-firing vincristine-
treated nociceptors usually fired a burst of APs in the first 10 sec and then adapted to very
low levels of activity, firing single APs irregularly. Higher frequency events, reflecting
doublet firing, can be seen in control and low-firing vincristine-treated nociceptors, but are
infrequent (see lower panels, Figure 2A and 2B).

Visual inspection of the instantaneous frequency plots of high-firing vincristine-
treated nociceptors revealed that they fired in two distinct temporal patterns (Figure 3). One
mode was a variable frequency firing pattern with alternating periods of high and low firing
frequency, whereas the second mode was a constant frequency firing pattern at an
intermediate firing frequency. Examples of five constant frequency high-firing and five
variable frequency high firing are shown in Figure 3A and 3B, respectively. Regardless of
the temporal pattern of their response, all high-firing vincristine-treated nociceptors fired
similar numbers of APs in response to mechanical stimulation (10 g, 1 min), such that their
average firing frequency was not significantly different (Table 2).

It should be noted that although most neurons fired predominantly in either one
mode or the other, rarely a high-firing vincristine-treated nociceptor would fire in one mode
during one stimulus trial and in another mode during all other stimulus trials. There were
no examples of a nociceptor that appeared to switch between firing modes within a single

stimulus trial.
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Variable frequency high-firing vincristine-treated nociceptors are most likely to fire action
potentials less than 100 msec apart and constant frequency high-firing vincristine-treated
nociceptors are most likely to fire action potentials between 100 and 300 msec apart
during a mechanical response

To quantitate these two distinctive temporal firing patterns of high-firing vincristine-
treated nociceptor responses, the average ISI distribution for mechanical stimulation (10 g,
1 min) was constructed for control nociceptors (n=21), low-firing vincristine-treated
nociceptors (n=11), and high-firing vincristine-treated nociceptors (n=18) (Figure 4).
There was a shift in the ISI distribution for both classes of high-firing vincristine-treated
nociceptors. Variable frequency mode high-firing vincristine-treated nociceptors fired such
that a preponderance of their ISIs were <100 msec long, whereas constant frequency mode
high-firing vincristine-treated nociceptors fired such that a preponderance of their ISIs were
between 100-300 msec long.

The temporal characteristics of the response of high-firing vincristine-treated
nociceptors could result from their higher average firing frequency (Table 1) and not be
related to effects of vincristine. If the temporal characteristics of nociceptor responsiveness
are caused by an increased average firing frequency, the ISI distribution for the burst and
the plateau for each population of nociceptors studied should be different since the burst
response has an average firing frequency 4-5 times higher than that of the plateau phase.
The ISI distributions for the burst (Figure 5) and plateau (Figure 6) periods were similar to
the ISI distribution for the whole trial for all groups of nociceptors studied. The
characteristic ISI distributions of seen for the whole stimulation trial for variable frequency
mode high-firing vincristine-treated nociceptors and constant frequency mode high-firing
vincristine-treated nociceptors is also seen in the ISI distributions for the burst period only

and the plateau period only.
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Constant frequency mode high-firing vincristine-treated nociceptors have higher
mechanical thresholds than variable frequency mode high-firing vincristine-treated
nociceptors

To determine whether other physiological characteristics of high-firing vincristine-
treated nociceptors correlated with their temporal firing mode, we compared the conduction
velocities and mechanical thresholds, as well as the number of APs in the total, burst, and
plateau responses to mechanical stimulation of the two classes of high-firing vincristine-
treated nociceptors. As shown in Table 2, there were no statistically significant differences
between the characteristics of constant frequency mode and variable frequency mode high-
firing vincristine-treated nociceptors, with the exception of mechanical threshold. The
mechanical threshold of constant frequency mode high-firing vincristine-treated nociceptors
(3.1 £0.5 g) was significantly greater (p < 0.05, Mann-Whitney U test) than that of both
variable frequency mode high-firing vincristine-treated nociceptors (1.3 * 0.5 g) and well
as control nociceptors (1.5 £ 0.3 g).

To verify that temporal firing pattern was not correlated with skin properties on
different regions of the paw, we compared the receptive field locations for all control and
vincristine-treated nociceptors (Figure 7). There was no apparent difference in the
distribution of receptive fields between control, low-firing vincristine-treated, and high-
firing vincristine-treated nociceptors or between constant frequency mode and variable

frequency mode high-firing vincristine-treated nociceptors.
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Discussion

In addition to firing more than twice as many action potentials as control
nociceptors, we observed that hyperresponsive vincristine-treated nociceptors also fire in
distinct temporal patterns in response to a sustained mechanical stimulus. An investigation
of the characteristics of these temporal firing patterns may yield insight into the ionic
mechanisms that contribute to nociceptor hyperresponsiveness. Instantaneous frequency
plots revealed that hyperresponsive vincristine-treated nociceptors fired in one of two
characteristic firing patterns. One mode was a variable frequency firing pattern with
alternating periods of high and low firing frequency, whereas the second mode was a
constant frequency firing pattern. The variable frequency mode was correlated with a
majority of ISIs less than 100 msec, whereas the constant frequency mode was correlated
with a majority of ISIs in the range of 100-300 msec. Hyperresponsive nociceptors that
fired in constant frequency mode have significantly higher mechanical thresholds compared
to both those that fire in variable frequency mode and control nociceptors; there was no
difference in the conduction velocities of these populations. These data suggest that
multiple cellular mechanisms may contribute to vincristine-induced hyperresponsiveness in
nociceptors, that the time scale of these mechanisms is different, and that the temporal

characteristics of hyperresponsiveness are correlated with the mechanical threshold of the

nociceptor.

Distinctive temporal firing patterns may not be caused by vincristine-induced
alterations in function, but rather due to high-firing vincristine-treated nociceptors firing at
twice the average firing frequency of control or low-firing vincristine-treated nociceptors.
Since it is difficult to drive control nociceptors to fire at as high an average firing frequency
as high-firing vincristine-treated nociceptors, even at higher intensities of mechanical

stimulation, it is difficult to address this issue experimentally. However, several lines of
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evidence suggest this is not the case. Firstly, the distribution pattern of ISIs was the same
for the whole trial, the burst phase, and the plateau phase of the trial for each population of
nociceptors examined. Since the average firing frequency of the burst period is 4-5 timed
higher than the plateau period for each class of nociceptors studied, large differences in
average firing frequency do not appear to cause dramatic shifts in the ISI distributions.
Secondly, if the shifts in the ISI distribution were solely due to the higher average firing
frequency of high-firing vincristine-treated nociceptors, then the ISI distributions for
constant frequency mode and variable frequency mode high-firing vincristine-treated
nociceptors should appear the same. This is not, in fact, the case. Constant frequency mode
nociceptors have a characteristic peak in the ISI distribution between 100-300 msec,
whereas variable frequency mode nociceptors have a characteristic peak in the ISI
distribution less than 100 msec. Lastly, preliminary temporal analysis of sensitized
nociceptor responses following PGE,, which produces approximately a 40% increase in
the average firing frequency, does not reveal two distinctive temporal firing patterns or the
distribution of ISIs for (XJ Chen, KD Tanner, JD Levine, unpublished observations).
These data suggest that an increase in average firing frequency is not sufficient to cause the
shift in temporal structure and ISI distribution observed in high-firing vincristine-treated
nociceptors. Therefore, the distinctive ISI distributions of high-firing vincristine-treated
nociceptors are unlikely to be secondary to their increased average firing frequency, but

rather arise from distinctive temporal firing patterns exhibited by these neurons.

Since both constant frequency and variable frequency high-firing vincristine-treated

nociceptors fire the same number of action potentials, the distinctive temporal firing

patterns observed must stem from other differences between these nociceptors. These
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temporal firing patterns might have their origins in different underlying nociceptor
phenotypes or rather be due to multiple mechanisms of vincristine action.

Constant frequency and variable frequency high-firing vincristine-treated
nociceptors could arise from two phenotypic populations of nociceptors expressing distinct
complements of ion channels that influence the temporal patterns of firing. However,
instantaneous frequency plots for control nociceptor and low-firing nociceptor responses to
mechanical stimulation did not reveal two firing modes as are seen in the high-firing
vincristine-treated nociceptors. If phenotypic differences in nociceptors underlie these two
temporal firing modes, then they may only become apparent when nociceptors fire at higher
average frequencies. In preliminary analyses, increasing the firing frequency of nociceptors
by 40% with the inflammatory mediator PGE,, does not reveal distinct temporal firing
patterns and shifts in the ISI distribution of nociceptors into constant frequency or variable
frequency firing mode (XJ Chen, KD Tanner, JD Levine, unpublished observations).

Alternatively, the two temporal firing patterns in high-firing vincristine-treated C-
fibers could result from vincristine-induced changes in nociceptor function. The
mechanisms by which vincristine causes hyperresponsiveness in nociceptors are likely to
involve its actions on the microtubular cytoskeleton. Recent ultrastructural analysis of
unmyelinated axons in the peripheral nerve of vincristine-treated rats during the peak phase
of hyperalgesia revealed disorientation of microtubules and swelling of unmyelinated axons
without any signs of axonal degeneration (Tanner et al., 1997a).

Hyperresponsiveness may occur due to alterations in axonal transport secondary to
cytoskeletal disorganization, as has been previously hypothesized (Shelanski and
Wisniewski, 1969; Bradley et al., 1970; Casey et al., 1973; Weiss et al.,, 1974).
Impairment of axonal transport could produce imbalances in the complement of ion
channels present in the nerve terminal and changes in the dynamics of excitability in the

nerve terminal. The degree of impairment of axonal transport might produce different
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profiles of current imbalance in different nociceptors, subsequently causing altered firing
patterns.

In addition, several lines of evidence suggest that the cytoskeleton is involved
generally in the anchoring of ion channels and receptors, as well as in the desensitization of
some of these receptors following activation (Srinivasan et al., 1988; Bigot and Hunt,
1990; Kirsch et al., 1991; Rosenmund and Westbrook, 1993). If conductances involved in
the responsiveness of polymodal nociceptors were regulated by the microtubular
cytoskeleton, then vincristine-induced disorientation of microtubules in the nerve terminal
of nociceptors could disrupt ion channel localization and kinetics and produce altered firing
patterns. Although adaptation mechanisms may be impaired in both classes of high-firing
vincristine-treated nociceptors, the complement of ion channels involved may be quite
different either because of the phenotype of the nociceptor or alterations in axonal transport.
In vitro studies of sensory neurons have shown that nociceptive neurons express a variety
of currents that contribute to their responsiveness (Leal et al., 1993; Weinreich, 1995; Gold
et al., 1996a; Gold et al., 1996b). For example, blockade of Ca™-activated potassium
currents that repolarize the neuron following action potentiél firing can result in repetitive
firing behavior that resembles hyperresponsiveness (Gold et al., 1996b). In vitro analysis
of nociceptive dorsal root ganglion neurons harvested from vincristine-treated rats during
the phase of nociceptor hyperresponsiveness and behavioral hyperalgesia might determine

whether the kinetics or density of specific currents are altered.

High-firing vincristine-treated nociceptors that fire in constant frequency mode have

elevated mechanical thresholds compared to both variable frequency mode high-firing
vincristine-treated nociceptors and control nociceptors. If the different temporal firing

patterns have their origins in different underlying nociceptor phenotypes which are revealed
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by vincristine, then higher mechanical thresholds may occur in a subpopulation of
nociceptors with a particular complement of ion channels. Altematively, vincristine may
alter both adaptation mechanisms and mechanotransduction mechanisms in constant
frequency high-firing vincristine-treated nociceptors. If mechanotransduction in nociceptors
involves the microtubular cytoskeleton, vincristine might directly impair
mechanotransduction. This difference in mechanical threshold in a subset of high-firing
vincristine-treated nociceptors may explain the previously reported trend for high-firing
vincristine-treated nociceptors in general to have a higher mechanical threshold than control

or low-firing vincristine-treated nociceptors (Tanner et al., 1997b).

This study is the first examination of temporal firing patterns of the responses

abnormal nociceptprs to external stimulation during neuropathic hyperalgesia. Nociceptors
in both diabetic neuropathy and chronic constriction injury have been reported to be
hyperresponsive to mechanical and heat stimuli, respectively (Ahlgren et al., 1992;
Koltzenburg et al., 1994). Analysis of the characteristics of the temporal structure of
hyperresponsive nociceptors in these other neuropathic pain models might reveal whether
there are common underlying mechanisms of nociceptor dysfunction in neuropathy models
of diverse etiology.

Following inflammatory insults, C-fibers characteristically have lower activation
thresholds, as well as increased responsiveness to external stimuli. In the neuropathy
models that have been examined, heat or mechanical hyperresponsiveness occurs strikingly
in the absence of a reduction in heat or mechanical activation thresholds (Ahlgren et al.,
1992; Koltzenburg et al., 1994; Tanner et al., 1997b), suggesting that the cellular
mechanisms that underlie nociceptor sensitization following inflammation may be distinct

from those underlying nociceptor hyperresponsiveness in neuropathy. Preliminary analysis
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of the temporal structure of the responses nociceptors during inflammation did not exhibit
constant and variable frequency firing modes or shifts in ISI distributions (XJ Chen, KD
Tanner, JD Levine, unpublished observations). This novel analysis of the structure of
nociceptive responses may further suggest that the cellular mechanisms that modulate
nociceptor function under these conditions may differ.

In conclusion, hyperresponsive vincristine-treated nociceptors have distinctive ISI
distributions that are likely to arise from the characteristic temporal firing patterns exhibited
by these neurons. High-firing vincristine-treated nociceptors fired in either a variable
frequency mode where APs are most likely to occur less than 100 msec apart or a constant
frequency mode where APs are most likely to occur 100-300 msec apart. Interestingly,
constant frequency mode high-firing vincristine-treated nociceptors have elevated
mechanical thresholds. These data suggest that multiple cellular mechanisms may contribute
to vincristine-induced hyperresponsiveness in nociceptors, that the time scale of these
mechanisms is different, and that the temporal characteristics of hyperresponsivehess are
correlated with the mechanical threshold of the nociceptor. These data provide hypotheses
for future in vitro investigations of hyperresponsive vincristine-treated nociceptors which
may provide insight into ionic mechanisms of the 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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Figure 1. Examples of control, low-firing vincristine, and high-firing vincristine
nociceptor response patterns to sustained mechanical stimulation. A 10 g VFH was
applied to the center of the neuron's receptive field for 1 min. The temporal characteristics
of the response to mechanical stimulation is shown for A: a control C-fiber with a
mechanical threshold of 0.6 g, B: a low-firing vincristine-treated C-fiber with a mechanical
threshold of 0.6 g, and C: a high-firing vincristine-treated C-fiber with a mechanical

threshold of 0.6 g. The instantaneous frequency plot for each trial is shown to the right.
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Figure 2: Temporal characteristics of the responses of control and low-firing
vincristine-treated nociceptors. The temporal characteristics of the response to
mechanical stimulation is shown for five different control nociceptors in A and for five

different low-firing vincristine-treated nociceptors in B.
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Figure 3. Hyperresponsive vincristine-treated nociceptors respond to mechanical
stimulation in a constant frequency firing mode or a variable frequency firing mode.
The temporal characteristics of the response to mechanical stimulation is shown for five
different constant frequency mode high-firing vincristine-treated nociceptors in A and for

five different variable frequency mode high-firing vincristine-treated nociceptors in B.
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Figure 4: Distribution of interspike intervals for entire nociceptor response to
mechanical stimulation. The average distribution of interspike intervals for the whole
response (60 sec) to sustained mechanical stimulation (10 g, 1 min) for A: control C-fibers
(n=21), B: low-firing vincristine-treated C-fibers (n=11), C: constant frequency high-firing
vincristine-treated C-fibers (n=10), and D: variable frequency high-firing vincristine-treated

C-fibers (n=8). Binwidth is 0.1 s.
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Figure 5: Distribution of interspike intervals for the burst period of the nociceptor
response to mechanical stimulation. The average distribution of interspike intervals for
the burst period of the response (first 10 sec) to sustained mechanical stimulation (10 g, 1
min) is shown for A: control C-fibers (n=21), B: low-firing vincristine-treated C-fibers
(n=11), C: constant frequency high-firing vincristine-treated C-fibers (n=10) and D:

variable frequency high-firing vincristine-treated C-fibers (n=8). Binwidth is 0.1 s.
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Figure 6: Distribution of interspike intervals for the plateau period of the nociceptor
response to mechanical stimulation. The average distribution of interspike intervals for
the plateau period of the response (last 50 sec) to sustained mechanical stimulation (10 g, 1
min) is shown for A: control C-fibers (n=21), B: low-firing vincristine-treated C-fibers
(n=11), C: constant frequency high-firing vincristine-treated C-fibers (n=10) and D:

variable frequency high-firing vincristine-treated C-fibers (n=8). Binwidth is 0.1 s.
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Figure 7: Temporal firing mode in hyperresponsive nociceptors is not correlated with
receptive field location. The receptive field locations for all C-fibers studied is shown for
A: control C-fibers, B: low-firing vincristine-treated nociceptors, and C: constant

frequency (O) and variable frequency (%) high-firing vincristine-treated nociceptors. In

these drawings of the left hindpaw, top is medial and bottom is lateral.
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Chapter V:

Microtubule disorientation and axonal swelling

in unmyelinated sensory axons

during vincristine-induced painful neuropathy in rat
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Abstract

Neuropathic pain accompanies peripheral nerve injury following a variety of insults
including metabolic disorders, traumatic injury, and exposure to neurotoxins such as
vincristine and taxol. Vinéristine, a microtubule depolymerizing drug, produces a
peripheral neuropathy in humans that is accompanied by painful paresthesias and
dysesthesias (Sandler et al., 1969; Holland et al., 1973). The recent development of an
animal model of vincristine-induced neuropathy provides an opportunity to investigate
mechanisms underlying this form of neuropathic pain. Systemic vincristine (100 pg/kg)
produces hyperalgesia to mechanical stimuli during the second week of administration that
persists for more than a week (Aley et al., 1996). To test the hypothesis that changes in
microtubule structure in nociceptive sensory neurons accompany vincristine-induced
hyperalgesia, we analyzed unmyelinated axons in saphenous nerves of vincristine-treated
rats. This study constitutes the first quantitative ultrastructural analysis of the cytoskeleton
of unmyelinated axons in peripheral nerve during neuropathic hyperalgesia. Although there
was no evidence of unmyelinated fiber loss, there was a significant decrease in microtubule
density in unmyelinated axons from vincristine-treated rats. This decrease in microtubule
density was not due to a decrease in the mean number of microtubules per axon. Rather,
there was a significant increase in the cross-sectional area of unmyelinated axons,
suggesting swelling of axons. In addition, vincristine-treated axons had significantly fewer
microtubules cut in cross-section and significantly more tangentially-oriented microtubules
per axon compared to controls. These results suggest that vincristine causes disorganization
of the axonal microtubule cytoskeleton, as well as an increase in the caliber of unmyelinated

sensory axons.
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Introduction

Chemotherapy-induced pain is a form of neuropathic pain associated with
neurotoxic drugs such as vincristine and taxol and is characterized by painful paresthesias
and dysesthesias. The clinical antineoplastic efficacy of vincristine is limited by the
development of a mixed sensorimotor neuropathy (Sandler et al., 1969; Holland et al.,
1973) that appears 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 when higher doses are given for longer periods of time,
axons are lost and the principal clinical finding is loss of motor function.

Several lines of evidence suggest that alterations in peripheral nerve function
underlie the sensory abnormalities in vincristine-induced painful peripheral neuropathy.
Vincristine is thought to exert its antineoplastic effects by inhibiting microtubule dynamics
in mitotic spindles, and thus preventing cell division (Olmsted and Borisy, 1973; Himes et
al., 1976; Owellen et al., 1976; Jordan et al., 1992a; Lobert et al., 1996). However, the
neuropathy observed in patients treated with vincristine ﬁas been hypothesizéd to result
from effects of vincristine on neuronal microtubules resulting in impaired axonal transport
in peripheral nerves (Shelanski and Wisniewski, 1969; Bradley et al., 1970; Casey et al.,
1973; Weiss et al., 1974). It is thought that peripheral neurons are highly sensitive to
vincristine because nerve terminal function is dependent on intact axonal transport and
maintenance of the peripheral terminal (Shelanski and Wisniewski, 1969). Interestingly,
the paresthesias 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 which are presumably those most sensitive to disruption of
axonal transport. Although there are clear alterations in axonal microtubules following

direct application of vincristine to peripheral nerve in vitro (Green et al., 1977; Sahenk et

al., 1987) or in vivo (Schlaepfer, 1971), there have been no quantitative ultrastructural
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studies of microtubules in peripheral axons during the neuropathic hyperalgesia and
nociceptor hyperresponsiveness induced by systemic administration of vincristine.

The recent development of an animal model of vincristine-induced painful
neuropathy (Aley et al., 1996) provides the opportunity to investigate the mechanisms
underlying this form of nerve injury. Rats treated systemically with vincristine (100 pg/kg)
develop mechanical hyperalgesia during the second week of vincristine administration that
persists for more than a week. Electrophysiological recordings during the peak of
mechanical hyperalgesia revealed that approximately half of the C-fiber nociceptors in the
peripheral nerves of vincristine-treated rats are markedly hyperresponsive to suprathreshold
mechanical stimulation (Tanner et al., 1997). In addition, the mean conduction velocities of
A-fibers and C-fibers are significantly slowed. To test the hypothesis that ultrastructural
changes in microtubules in nociceptive sensory neurons accompany vincristine-induced
hyperalgesia and nociceptor hyperresponsiveness, we employed light and electron
microscopy to measure changes in microtubules and axonal structure in unmyelinated

sensory neurons in rats treated with vincristine.
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Methods
Animals

Experiments were performed on 200-300 g male Sprague-Dawley rats (Bantin and
Kingman, Fremont, CA). Rats were housed in a temperature- and humidity-controlled
environment and were maintained on a 12-hour light/dark cycle. Food and water were
available ad libitum. Experiments were approved by the Committee on Animal Research at

the University of California at San Francisco and adhered to the Society for Neuroscience

Guidelines for the Use of Animals in Research.

Vincristine Treatment

Vincristine sulfate (Sigma, St. Louis, MO) was dissolved in saline to a stock
concentration of 1 mg/ml, with pH between 4.5 and 5.2, and stored at 4°C. The drug was
then di]uted daily in saline to a concentration of 100 pg/ml that was administered
intravenously into the tail vein at a dose of 100 pg/kg followed by 0.5 ml of saline.
Treatments occurred daily (Monday through Friday) for 2 weeks with the dosage calculated
based on daily body weight. Control rats were weight-matched and untreated. Previous
behavioral experiments have demonstrated that repeated intravenous saline injections have

no effect on behavioral nociceptive threshold (Aley et al., 1996).

Light and Electron Microscopy

Rats were perfused through the heart with physiological saline followed by 2%
paraformaldehyde, 2% glutaraldehyde, 0.1% picric acid in 0.1 M sodium cacodylate
buffer, pH 7.4, 24 hours following the final injection of vincristine (see Figure 1).
Maximal mechanical hyperalgesia occurs at this time point (Aley et al., 1996); the
withdrawal threshold to mechanical stimuli was decreased >15% in > 90% of vincristine-

treated rats at this time (K.O. Aley and J.D. Levine, unpublished observations). In
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addition, since the terminal half-life of vincristine in rats after intravenous injection is 7.5
hours (Zhou et al., 1990), there should be little drug present in the rat at this time point.
The saphenous nerve was chosen for analysis because it innervates the hindlimb
where the behavioral hyperalgesia was documented. The saphenous nerve contains
predominantly sensory axons with a small population of postganglionic sympathetic axons;
there are no motor axons in the saphenous nerve. Saphenous nerves were carefully
dissected from the proximal aspect of the thigh to the branch point distal to the knee joint.
Two millimeter segments of the distal portion of the nerve were post-fixed in buffered 1%
osmium tetroxide, dehydrated in graded ethanols, and embedded in Epon-Araldite.
Embedded nerves were cut in cross-section at 100 nm or 1 um thickness, and sections were
stained with toluidine blue for light microscopy. Seventy nanometer ultra-thin sections
were prepared using a diamond knife, collected onto parlodian-coated slot grids, and
stained with lead citrate and uranyl acetate. Sections were viewed and photographed in a

Zeiss EM10C electron microscope operated at 60 kV.

Stereological Analysis

Cross-sections of saphenous nerves were photographed in their entirety at 2,000X
magnification and photomontages were prepared from electron micrographs at 5,000X final
magnification. All unmyelinated axons were counted in photo montages derived from each
of two randomly chosen vincristine-treated rats and two weight-matched controls. The
cross-sectional area of each nerve was then measured using Neurolucida software
(MicroBrightField Inc., Colchester, VT). The number of unmyelinated axons in each nerve
was divided by its cross-sectional area to obtain the density of unmyelinated axons in each
nerve. All analyses were performed blind to the treatment of the rat.

Microtubule profiles were counted in cross-sections of saphenous nerves from five
vincristine-treated and five control rats. All unmyelinated axons that were enveloped by

Schwann cells that had their nuclei in the plane of section were photographed at 25,000X.

153



Microtubules were quantitated in photo montages of axons prepared at 62,500X final
magnification.

Microtubules oriented longitudinally in axons were cut in cross-section; these were
identified as circular profiles 25 nm in diameter with electron-lucent centers and were
quantitated as cross-sectioned microtubules. In contrast, tangential microtubules could be
distinguished by their rod-like shape, electron-lucent oval end, 25 nm width and variable
length. Axons surrounded by collagen clearly not cut in cross-section were excluded from
analysis because this indicated undulation of the axons. Microtubules were counted by a

single investigator and counts were performed blind to the treatment of the rat.

Axonal Cross-sectional Area

In cross-sections of all nerves, Schwann cells with nuclei in the plane of section
and all associated unmyelinated axons were photographed at 25,000X magnification. Photo
montages of these Schwann cells and associated cross-sectioned axons were prepared from
electron micrographs at 62,500X final magnification. The cross-sectional area, minor axis
length, and major axis length of each axon was measured using Neurolucida software.
Cross-sectional area was determined from the number of pixels within the axon perimeter.
The mean axonal diameter was calculated as the average of the minor and major axes. In
addition, the form factor, a measure of the extent of elongation of the axonal profile, was
calculated as the ratio of the minor axis to the major axis. Each unmyelinated axon was
numbered to allow for correlative analysis of axonal area and microtubule count. Axons
surrounded by collagen that was clearly not cut in cross-section were excluded from

analysis.

Statistical Analysis
Data are expressed as mean t standard error of the mean (SEM). Analysis of

variance (ANOVA) was used to test for significant differences in cross-sectional area
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measurements and microtubule counts. Student’s t-test was used to evaluate differences in

axon densities and form factors.
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Results

Data were collected from 5 vincristine-treated rats (274 + 17 g) and 5 weight-
matched control rats (274 = 20 g). 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 6.9 + 5.9%.

Peripheral nerve appears normal during vincristine-induced neuropathy

As shown in Figure 2, light micrographs of 1 pm-thick sections of saphenous
nerves from vincristine-treated rats did not appear appreciably different from those of
control rats. In both cases, nerves were composed of 1 to 4 fascicles, each surrounded with
a layer of perineurial tissue 2 to 3 cells thick. Groups of unmyelinated axons were evident
interspersed between large and small myelinated axons in both control and vincristine-
treated tissue. The density, shape, and general integrity of myelinated sensory axons were
similar in the control and vincristine-treated tissue. There was no apparent loss of either
myelinated or unmyelinated axons. In addition, the shape and size of the endoneurial
vessels, and the thickness of the vessel walls appeared unaffected in vincristine-treated
tissue. There did not appear to be a difference in the amount of endoneurial connective
tissue or the number of perivascular cells, endoneurial fibroblasts, or mast cells (Figure 2).

As shown in Figure 3, ultra-thin cross-sections of nerves viewed by low
magnification electron microscopy did not reveal any gross abnormalities in the vincristine-
treated tissue samples. In both experimental groups, collagen fibers filled the endoneurial
space and were usually cut in cross-section. Unmyelinated axons were surrounded by thin
extensions of Schwann cell cytoplasm, and myelinated axons were wrapped by tightly
compacted myelin sheaths. Most axons in both control and vincristine-treated nerves
contained mitochondria, microtubules and organelles of the lysosomal system. However,

approximately 15% of unmyelinated axons in control sections and 10% of unmyelinated
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axons in vincristine-treated sections contained no microtubules and only a few organelles

(also see Figure 6).

Vincristine treatment does not cause a loss of unmyelinated sensory axons

To determine if there was a loss of unmyelinated axons with vincristine treatment,
we counted the number of axons and determined the cross-sectional area of saphenous
nerve in two vincristine-treated and two control rats. There was no decrease in the absolute
number of unmyelinated axons in vincristine-treated nerves (Table 1). Since there is
variability in branching of the saphenous nerve that may cause apparent differences in the
absolute number of axons, we also found no significant difference in the density of
unmyelinated axons in nerves from vincristine-treated rats and weight-matched controls
(Table 1). However, many vincristine-treated unmyelinated axons were larger and more

irregularly shaped compared to controls (see Figure 4).

Vincristine treatment alters the cytoskeleton in unmyelinated sensory axons

High magnification electron micrographs revealed several differences between the
cytoskeletal structure in control and in vincristine-treated axons (Figure 4). Microtubules
were present in both control and vincristine-treated axons. Most microtubules were oriented
longitudinally along the axis of the axon and were cut in cross-section; these cross-
sectioned microtubules were identified as circular profiles 25 nm in diameter with electron-
lucent centers. In contrast, some microtubules were oriented tangential to the plane of
section; these tangential microtubules could be distinguished by their rod-like shape,
electron-lucent oval end, 25 nm width and variable length and appeared to be more
prevalent in vincristine-treated axons.

Neurofilaments were apparent as black profiles 10 nm in diameter. Whereas

neurofilaments were distributed homogeneously throughout the axoplasm in most control
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axons (Figure 4A), there appeared to be more neurofilaments in many vincristine-treated
axons (Figure 4B). Moreover, the neurofilaments in vincristine-treated axons appeared to

be abnormally clustered in the central portion of the axoplasm.

Vincristine treatment decreases the density of microtubules in unmyelinated sensory axons.

The mean density of microtubules (MT) in vincristine-treated unmyelinated axons
513+ 1.7 MT/pmz, n = 594) was significantly lower (p < 0.0001) than that seen in

control unmyelinated axons (63.5 £ 1.7 MT/umz, n =931) (Figure 5). We did not observe
a correlation between the total number of microtubules and axonal area in either control or
vincristine-treated nerves. Unmyelinated axons in vincristine-treated rats had a 19%
decrease in the density of microtubules. This reduction was not restricted to axons of a
particular caliber. There was however no increase in the percentage of vincristine-treated

axons with a microtubule density of zero.

Vincristine does not decrease the total number of microtubules in unmyelinated sensory
axons.

To determine whether vincristine induced depolymerization of axonal microtubules,
microtubules were counted in cross-sections of axons from vincristine-treated and control
nerves. The mean number of microtubules per axon in vincristine-treated axons (13.1 £ 0.5
MT, n = 594) was not significantly different (p > 0.05) from that seen in control axons
(13.8 £ 0.4 MT, n = 931) (Figure 6). There was no increase in the percentage of

LR S

vincristine-treated axoné that did not contain microtubules.

Vincristine treatment increases the axonal cross-sectional area and diameter of

unmyelinated sensory axons.
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As shown in Figure 7, the mean cross-sectional area of unmyelinated axons in

nerves from vincristine-treated rats (0.29 + 0.01 pm?, n = 594) was significantly larger (p
< 0.0001) than that of unmyelinated axons in nerves from control rats (0.24 + 0.004, n =
931). Our data demonstrate a rightward shift of the entire unmyelinated axonal population
in vincristine-treated axons, rather than an effect on a subpopulation of axons. This change
reflects a 21% increase in the axonal cross-sectional area of unmyelinated axons in the
peripheral nerves of vincristine-treated rats.

To determine whether the increase in axonal cross-sectional area of unmyelinated
axons in vincristine-treated rats was the result of these axons being cut obliquely, the major
and minor axes of each axonal profile were measured. From these data, a form factor, the
ratio of the minor axis to the major axis, was calculated which reflected the extent of
elongation of the axonal profile. The average of the minor and major axes of the axonal
profile approximated the mean axonal diameter. As shown in Table 2, unmyelinated axons
from vincristine-treated rats had significantly larger (p < 0.001) minor axes, major axes,
and thus, mean axonal diameters compared to control unmyelinated axons. However, there
was no difference (p > 0.05) in the average form factor between vincristine-treated and
control axons, indicating that the increase in axonal diameter was not due to oblique

sectioning of vincristine-treated tissue.

Vincristine treatment decreases the number and density of cross-sectioned microtubules
but increases the number and density of tangential microtubules in unmyelinated axons.
'Ihé density of cross-sectioned microtubules in vincristine-treated unmyelinated
axons (39.3%t 1.5 MT/umz, n = 594 ) was significantly lower (p < 0.0001) than that seen
in control unmyelinated axons (54.6 + 1.7 MT/umz, n = 931). However, the density of

tangential microtubules in vincristine-treated unmyelinated axons (12.0 £ 0.7 MT/um? n =

594) was significantly greater (p < 0.0001) than that seen in control unmyelinated axons

159




(9.0 £ 0.5 MT/um?, n = 931). This change reflects a 28% decrease in the density of cross-
sectioned microtubules and a 33% increase in the density of tangential microtubules in
unmyelinated axons in the peripheral nerve of vincristine-treated rats.

There was a statistically significant decrease (p < 0.0009) in the mean number of
cross-sectioned microtubules per axon in vincristine-treated axons (9.9 + 0.4 MT, n =
594) compared to control axons (11.8 £ 0.4 MT, n = 931) (Figure 8). In addition, there
was a concomitant significant increase (p < 0.0001) in the mean number of tangential
microtubules per axon in vincristine-treated axons (3.1 £ 0.2 MT, n = 594) compared to
control axons (2.0 £ 0.1 MT, n = 931) (Figure 8). This change reflects a 16% decrease in
the density of cross-sectioned microtubules and a 55% increase in the density of tangential

microtubules in unmyelinated axons in the peripheral nerve of vincristine-treated rats.
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Discussion

Our study provides evidence that vincristine-induced painful neuropathy is
accompanied by ultrastructural changes in unmyelinated sensory neurons. Most striking
was the significant increase in the number of microtubules that were tangentially-oriented in
unmyelinated axons, suggesting cytoskeletal disorganization and microtubule
disorientation. This was accompanied by a decrease in the density of microtubules in
unmyelinated axons from vincristine-treated rats. This decrease in microtubule density was
not due to loss of microtubules, but rather due to an unexpected increase in the axonal
cross-sectional area of vincristine-treated axons. Moreover, this microtubule disorientation
and axonal swelling occurred in the absence of other morphological abnormalities in
peripheral nerve. There were no signs of axonal degeneration or loss, unlike what has been

reported in other nerve injury models (Basbaum et al., 1991; Coggeshall et al., 1993).

Our data document a significant increase in the number of tangential microtubules in
vincristine-treated axons. Since there was a concomitant decrease in the number of cross-
sectioned microtubules and since microtubules are not thought to form de novo in the axon
(Baas and Ahmad, 1992), these tangential microtubules are probably not a new population
of microtubules. Rather we propose that tangential microtubules are pre-existing axonal
microtubules that became disoriented in the axoplasm following vincristine administration.
There is a 55% increase in the number of tangential microtubules per axon which implies
that 7-8 % of microtubu.le‘s at any point along the axon become newly disoriented during
vincristine-induced neuropathy. The extent to which this degree of disorientation would
affect cytoskeletal functions such as axonal transport is unknown.

The mechanisms by which axonal microtubules become disoriented following
exposure to vincristine have not been investigated, but may involve partial

depolymerization resulting in shorter microtubules without complete loss of microtubules.
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In our in vivo model, we observed microtubule disorientation without concomitant
reduction in the number of microtubules per axon. These data are in agreement with an
earlier study of the effects of systemic vincristine on cat vagus nerve (Green et al., 1977).
The authors reported no robust depolymerization or loss of axonal microtubules, but did
report neurofilament aggregation, similar to that observed in this study. In an in vitro
model, direct exposure of transected peripheral nerve to vincristine induces disorientation in
normally longitudinally-aligned axonal microtubules (Sahenk et al., 1987). In that model,
vincristine causes depolymerization of microtubules, with a resultant shift to shorter length
microtubules, and a reduction in the number of microtubules per axon. Microtubule
shortening might result in loss of tethering of microtubules to adjacent cytoskeletal or
membranous elements by microtubule associated proteins (Robson and Burgoyne, 1988),

and thus, cause microtubule disorientation.

Mechani f vincristine act heral

Although the effects of vinca alkaloids on microtubule dynamics have been studied
extensively in differentiated axons in culture (Baas and Ahmad, 1993; Ahmad and Baas,
1995), little is known about the mechanism of vincristine action on peripheral nerve when
administered systemically in vivo. Vincristine has been shown in vitro to depolymerize
microtubules when administered at doses in the micromolar range, but only prevent
microtubule assembly in the nanomolar range (Jordan et al., 1992a; Jordan et al., 1992b;
Baas and Ahmad, 1993; Zheng et al.,, 1993; Wilson and Jordan, 1994; Tanaka et al.,
1995). Higher concentrations of vinca alkaloids are effective in the promotion of axonal
microtubule depolymerization and the formation of tubulin paracrystals (Green et al., 1977,
Dustin, 1984), usually when applied locally to axons either in vitro (Green et al., 1977,
Sahenk et al., 1987) or in vivo (Shelanski and Wisniewski, 1969). While the precise

concentration of vincristine that reaches peripheral axons in the present study is unknown,
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our data suggest that concentrations that reach peripheral axons are sufficient to cause

microtubule disorientation, but not extensive depolymerization.

Vincristine causes axonal swelling

Unmyelinated axons in the peripheral nerve of vincristine-treated rats had
significantly larger axonal cross-sectional areas than control axons. Since there was no
difference in the form factor between vincristine-treated and control axons, vincristine
appears to cause a true increase in axonal caliber. This increase in axonal diameter and
cross-sectional area could be due to direct action of vincristine on axonal microtubules,
secondary effects on axonal neurofilaments, or indirect changes in the osmotic environment
surrounding the axons. Axonal diameter has been shown to be positively correlated with
microtubule number in normal unmyelinated axons (Friede and Samorajski, 1970) and with
neurofilament expression and content in axons following axotomy (Hoffman et al., 1987).
In addition to its effects on the axonal cytoskeleton, vincristine could affect the function of
cells that constitute the blood-nerve barrier and compromise the local ionic environment of
peripheral axons. Vincristine could cause osmotic dysregulation and endoneurial edema as
has been demonstrated in crush injuries (Munger et al., 1992; Sommer et al., 1993; Jacobs
and Ro, 1994; Sommer et al., 1995; Sasaki et al., 1997) or diabetic neuropathy models
(Jacobsen, 1976, Mizisin et al., 1986).

Qualitative studies of the anatomy of peripheral nerve during hyperalgesia

associated with traumatic injury to the nerve have shown loss of myelinated and partial loss
of unmyelinated axons distal to the injury (Basbaum et al., 1991; Coggeshall et al., 1993).
It has been hypothesized that this loss of large myelinated sensory neurons and their

inhibitory effects on nociceptive processing in the spinal cord could underlie neuropathic
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sensory abnormalities following this form of nerve injury (Basbaum et al.,, 1991;
Coggeshall et al., 1993). In the present neuropathic model system we found no evidence
for axonal loss of either unmyelinated or myelinated axons (Topp, KS, Tanner, KD, and
Levine, JD, manuscript in preparation). Therefore, we suggest that vincristine-induced
hyperalgesia in rat is a model of early stage vincristine-induced neuropathy which is
characterized by painful paresthesias and dysesthesias and is distinct from the late stage
which is characterized by loss of function and loss of axons. Since the data support the
interpretation that painful peripheral neuropathy can occur in the absence of gross
morphological damage in peripheral nerve or loss of peripheral sensory axons, we
hypothesize that vincristine-induced hyperalgesia involves abnormalities specifically in
nociceptor function. Consistent with this hypothesis, approximately half of C-fiber
nociceptors exhibit marked hyperresponsiveness to mechanical stimulation during
vincristine-induced hyperalgesia (Tanner et al., 1997).

We propose that the disorientation of microtubules, increase in axonal diameter, and
decrease in microtubule density observed in unmyelinated axons might contribute to
nociceptor hyperresponsiveness by disrupting the axonal cytoskeleton and consequently
impairing axonal transport and/or by modifying the function of the cytoskeleton in the
nerve terminal and altering the transduction of noxious stimuli. The decrease in microtubule
density and disorientation of microtubules in unmyelinated axons seen following vincristine
treatment could result in impairment of axonal transport, as has been previously
hypothesized (Shelanski and Wisniewski, 1969; Bradley et al., 1970; Casey et al., 1973;
Weiss et al., 1974). Axonal microtubules support fast and slow axonal transport of cellular
components both anterogradely and retrogradely (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 microtubules in vincristine-induced
neuropathy would affect axonal transport is unknown. However, if axonal transport was

impaired, cytoskeleton disorganization would produce alterations of the complement of
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proteins present in the nerve terminal and secondarily cause changes in the excitability of
nociceptors, as has been suggested for the axotomy model of neuropathy (Devor et al.,
1993).

Although our analysis focused on the axons of unmyelinated sensory neurons,
similar changes in cytoskeletal structure might occur at the peripheral nerve terminal and
more directly affect stimulus transduction. Since vinca alkaloids are thought to act primarily
on the labile population of microtubules within an axon (Binet et al., 1990) and
microtubules in the nerve terminal are more labile than mid-shaft axonal microtubules
(Ahmad et al.,, 1993), they may be most susceptible to the effects of vincristine.
Vincristine-induced disorientation of nerve terminal microtubules could disrupt mechanical
transduction and/or adaptation mechanisms that occur during a response to suprathreshold
stimulation. Although the mechanisms of mechanical transduction are unknown,
microtubules are required for touch sensitivity in C. elegans (Chalfie, 1993) and several
proposed models of mechanotransduction include a role for cytoskeletal elements (Guharay
and Sachs, 1984; Hudspeth, 1989; Wang et al.,, 1993). In addition, several lines of
evidence suggest that the cytoskeleton is involved generally in the anchoring of ion
channels and receptors, as well as in the desensitization of some of these receptors
following activation (Srinivasan et al., 1988; Bigot and Hunt, 1990; Kirsch et al., 1991;
Rosenmund and Westbrook, 1993).

In conclusion, we have provided the first quantitative ultrastructural evidence that
systemic vincristine treatment causes disorientation of axonal microtubules, axonal
swelling, and a subsequent decrease in axonal microtubule density in unmyelinated axons
in the absence of axonal degeneration or axonal loss. Thus, these structural alterations in
unmyelinated sensory axons could contribute to nociceptor hyperresponsiveness and
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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Figure 1: Schematic of experimental timeline. Rats were injected intravenously with 100

ug/kg vincristine sulfate (V) on days 1-5 and days 8-12. The magnitude of mechanical
hyperalgesia in vincristine-treated rats is shown schematically above the timeline (Aley et
al., 1996). Electrophysiological recordings performed during the time period indicated by
the arrow have demonstrated that unmyelinated sensory neurons are hyperresponsive to
mechanical stimulation (Tanner et al., 1997). The mechanical withdrawal threshold of
>90% of vincristine-treated rats was decreased >15% during the time period indicated by
the arrow (K.O. Aley and J.D. Levine, unpublished observations). All ultrastructural

analysis was performed on tissue harvested on days 13 (*), 24 hours after the final dose of

vincristine and during the peak of mechanical hyperalgesia.
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Figure 2: Peripheral nerve appears normal at the light microscopic level during
vincristine-induced neuropathy. Light micrographs of 1 um-thick sections of saphenous
nerves from control (A) and vincristine-treated rats (B) appeared similar. Note that the
density, shape, and general integrity of myelinated sensory axons was similar in the control
and vincristine-treated tissue. Groups of unmyelinated axons (black arrows) were evident
interspersed between large and small myelinated axons in both control and vincristine-
treated tissue. There was no clear loss of either myelinated or unmyelinated axons. In
addition, there did not appear to be any morphological differences in the endoneurial

vessels. Bar = 10 um.
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Figure 3: Unmyelinated sensory axons appear normal in high magnification electron
micrographs during vincristine-induced neuropathy. Ultra-thin cross-sections of
nerves viewed with high magnification electron microscopy revealed no apparent
differences between control (A) and vincristine-treated (B) unmyelinated axons.
Unmyelinated axons were surrounded by thin extensions of Schwann cell cytoplasm. Note
that both control and vincristine-treated axons contain organelles, including mitochondria,
microtubules, neurofilaments, and organelles of the lysosomal system. Collagen fibers
were evident in the endoneurial space and were usually cut in cross-section. Further
quantitative analysis was performed on all unmyelinated axons associated with Schwann

cells with their nuclei in the plane of section, such as those examples shown. Bar = 1 pm.
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Figure 4: Vincristine treatment alters the cytoskeleton in unmyelinated sensory
axons. Although there were no obvious abnormalities in vincristine-treated unmyelinated
axons at the light or low magnification electron microscopic levels, examination of the
axonal cytoskeletal structure with high magnification electron microscopy revealed several
differences between control (A) and vincristine-treated (B) axons. Microtubules were
present in both control and vincristine-treated axons. Most microtubules were oriented
longitudinally along the axis of the axon and were cut in cross-section; these cross-
sectioned microtubules were identified as circular profiles 25 nm in diameter with electron-
lucent centers (filled arrows). In contrast, some microtubules were oriented tangential to
the plane of section; these tangential microtubules were distinguished by their rod-like
shape, electron-lucent oval end, 25 nm width and variable length (open arrows) and
appeared to be more prevalent in vincristine-treated axons. Neurofilaments were apparent
as black profiles 10 nm in diameter (black arrowheads). Whereas neurofilaments were
distributed throughout the axoplasm in most control axons (see A), there appeared to be
more neurofilaments in many vincristine-treated axons (see B). Neurofilaments in
vincristine-treated axons also appeared to be abnormally clustered in the central portion of
the axoplasm. In addition, many vincristine-treated unmyelinated axons were larger and
more irregularly shaped (B) compared to those in the control (A). Note that the collagen in

the endoneurial space was cut in cross-section. Bar = 1 pm.
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Figure 5: Vincristine treatment decreases the density of microtubules in
unmyelinated sensory axons. To analyze quantitatively the microtubular cytoskeleton in
unmyelinated axons, the density of microtubules was determined for each unmyelinated
axon studied (see Methods and Figure 4 for details). The number of cross-sectioned and
tangential microtubules were counted for each axon, and the total number of microtubules
was their sum. The number of total microtubules in each axon was then divided by the area
of that axon to obtain the density of microtubules in each axon. 594 vincristine-treated and
931 control unmyelinated sensory axons were analyzed. The average density of fotal
microtubules per axon is shown on the left, and the distribution of the densities of total

microtubules per axon is shown on the right for control (open bars) and vincristine-treated

(filled bars) axons.
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Figure 6: Vincristine treatment does not decrease the total number of microtubules in
unmyelinated sensory axons. To determine whether the decrease in the density of
microtubules per axon was due to a loss of microtubules, the absolute number of
microtubules was determined for each unmyelinated axon studied (see Methods and Figure
4 for details). The number of cross-sectioned and tangential microtubules were counted for
each axon, and the total number of microtubules was their sum. 594 vincristine-treated and
931 control unmyelinated sensory axons were analyzed. The average number of total
microtubules per axon is shown on the left, and the distribution of the number of toral
microtubules per axon is shown on the right for control (open bars) and vincristine-treated

(filled bars) axons.
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Figure 7: Vincristine treatment increases the axonal cross-sectional area of
unmyelinated sensory axons. To determine whether the decrease in the density of
microtubules in unmyelinated axons was due to an increase in the size of these axons, the
cross-sectional area was determined for each axon studied (see Methods and Figure 4 for
details). 594 vincristine-treated and 931 control unmyelinated sensory axons were
analyzed. The average axonal cross-sectional area is shown on the left, and the distribution
of the axonal cross-sectional areas for unmyelinated axons is shown on the right for control

(open bars) and vincristine-treated (filled bars) axons.
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Figure 8: Vincristine treatment decreases the number of cross-sectional microtubules
and concomitantly increases the number of tangential microtubules per
unmyelinated axon. To determine whether the alterations in the density of cross-sectional
microtubules and tangential microtubules in vincristine-treated nerves was due to a change
in the number of cross-sectioned microtubules versus the number of tangential
microtubules in addition to the increase in axonal cross-sectional area, the number of cross-
sectioned versus tangential microtubules were counted for each axon studied (see Methods
and Figure 4 for details). 594 vincristine-treated and 931 control unmyelinated sensory
axons were analyzed. A: The average number of cross-sectioned microtubules per axon is
shown on the left, and the distribution of the number of cross-sectioned microtubules per
axon is shown on the right for control (open bars) and vincristine-treated (closed bars)
axons. B: The average number of tangential microtubules per axon is shown on the left,
and the distribution of the number of tangential microtubules per axon is shown on the
right for control (open bars) and vincristine-treated (filled bars) axons. Note the different

scale of the x- and y-axes in B.
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Chapter VI:

Summary and Future Directions
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Summary

The mechanisms that contribute to chronic neuropathic pain states have been
elusive. Investigation of C-fiber nociceptors during vincristine-induced painful neuropathy
in rat has demonstrated a circumscribed change in nociceptors with characteristics that lend
insight into mechanism. In the absence of changes in activation thresholds, spontaneous
activity, C-fiber nociceptors become profoundly hyperresponsive to external stimulation.
Approximately half of vincristine-treated C-fiber nociceptors are markedly
hyperresponsiveness to mechanical stimulation, firing more than double the response of
control nociceptors. Hyperresponsiveness can also occur to heat stimulation, implying that
vincristine affects cellular components that are generally involved in responsiveness to all
modalities of stimulus transduction. However, since heat hyperresponsiveness was
pronounced in only a subset of mechanically hyperresponsive nociceptors and was never
detected in the absence of mechanical hyperresponsiveness, vincristine may also
specifically alter cellular mechanisms of mechanotransduction. Novel analysis of the
temporal structure of nociceptor hyperresponsiveness suggests that multiple cellular
mechanisms contribute to nociceptor hyperresponsiveness. Hyperresponsive vincristine-
treated nociceptors fired in characteristic temporal patterns not seen in control or non-
hyperresponsive vincristine-treated nociceptors. Constant frequency mode nociceptors fired
in patterns such that a majority of ISIs were in the range of 100-300 msec, whereas
variable frequency mode nociceptors fired in patterns such that a majority of ISIs were less
than 100 msec. Hyperresponsive nociceptors that fire in constant frequency mode have
significantly higher mechanical thresholds compared to both those that fire in variable
frequency mode and control nociceptors. These data suggest that multiple mechanisms of
different time-scales may contribute to vincristine-induced hyperresponsiveness in
nociceptors. In addition, these characteristics of nociceptor hyperresponsiveness motivate

testable hypotheses about changes in membrane biophysics that can be investigated with in
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vitro studies of vincristine-treated nociceptors. Finally, anatomical studies have
demonstrated disorganization of the axonal cytoskeleton without loss of axonal
microtubules during the period of behavioral hyperalgesia and nociceptor
hyperresponsiveness. Taken together, these studies of the physiological and anatomical
changes in C-fiber nociceptors during vincristine-induced neuropathy provide the first
evidence that changes in cytoskeleton may be linked with nociceptor responsiveness in the

production of neuropathic pain.
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Future Directions

Are alterations in nociceptor function different following nerve injury and tissue
injury?

Following tissue injury and inflammation, nociceptive neurons characteristically
have lower activation thresholds, as well as increased responsiveness to a suprathreshold
stimulus. Both of these alterations in sensory transduction increase the sensitivity of
nociceptors. In contrast, following nerve injury due to diabetes (Ahlgren et al., 1992),
trauma (Koltzenburg et al., 1994), or neurotoxins (Tanner et al., 1997), the activation
thresholds of nociceptive C-fibers are not lowered, but nociceptors are hyperresponsive to
suprathreshold mechanical and/or heat stimulation. Thus, the alterations that occur
following tissue injury appear to be distinct from those following nerve injury and suggest
that the underlying mechanisms of these two forms of nociceptor plasticity are different.
The dissociation between alterations in activation threshold and suprathreshold response
properties suggests that these electrophysiological properties can be independently
regulated and that there are distinct underlying mechanisms of these two aspects of

mechanotransduction.

Are there a common subset of alterations in nociceptor function following
neuropathies of diverse etiologies?

_The presence of nociceptor hyperresponsiveness in several neuropathy models of
different etiologies suggests that there may be a subset of alterations in nociceptor function
that occur following diverse insults to peripheral nerves. Future investigations of the
mechanical responsiveness of C-fibers in the chronic constriction injury model and heat
responsiveness in diabetic neuropathy would clarify whether nociceptive neurons are
hyperresponsive to multiple modalities of stimulation. If common alterations in nociceptive

nerve terminal transduction exist for multiple classes of peripheral neuropathies (toxic,
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traumatic, and metabolic), then the underlying mechanisms of peripheral nerve injury might

be mechanistically dissected, leading to new treatment strategies.

Is their a role for protein kinase C in vincristine-induced and trauma-induced
neuropathy?

Interestingly, the C-fiber hyperresponsiveness to mechanical stimulation seen in
vincristine-treated rats is similar to C-fiber dysfunction observed in a rat model of diabetic
painful peripheral neuropathy (Ahlgren et al., 1992; Ahlgren and Levine, 1994). In diabetic
neuropathy, protein kinase C (PKC) is involved in the hyperresponsiveness of C-fibers
during mechanical stimulation (Ahlgren and Levine, 1994). If a similar mechanism
underlies hyperresponsiveness in the vincristine-treated C-fibers, then PKC inhibitors
should similarly reverse vincristine-induced nociceptor hyperresponsiveness and behavioral
hyperalgesia. The relationship between an action of vincristine on microtubules and a
potential role for PKC in vincristine-induced neuropathy remains to be elucidated. One
possibility is that Ca®* entry via mechanotransducers (Lumpkin and Hudspeth, 1995) could
couple changes in cytoskeletal function and cellular recruitment of PKC. Studies of the
involvement of PKC in vincristine-induced and trauma-induced neuropathy could
determine whether common or divergent mechanisms underlie nociceptor

hyperresponsiveness in neuropathies of diverse etiology.

What are the ionic mechanisms of vincristine-induced hyperresponsiveness?

This thesis provides a detailed description of nociceptor dysfunction during
vincristine-induced neuropathy in vivo and suggests hypotheses about potential
mechanisms that can only be investigated at the level of membrane biophysics in vitro.
Previous studies have documented that putative nociceptors can be identified in dissociated
primary cultures of dorsal root ganglion neurons and that the threshold and response

properties of these putative nociceptors, as well as the types and densities of ion channels
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present on their membranes can be studied(Leal et al., 1993; Weinreich, 1995; Gold et al.,
1996a; Gold et al., 1996b). Whole cell voltage clamp and current clamp investigations of
putative nociceptors from vincristine-treated rats can determine ionic mechanisms which

contribute to nociceptor hyperresponsiveness.
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