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Resiniferatoxin Induces Paradoxical Changes in Thermal
and Mechanical Sensitivities in Rats: Mechanism of Action
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Resiniferatoxin (RTX), an ultrapotent analog of capsaicin, has been used as a tool to study the role of capsaicin-sensitive C fibers in pain.
Recently, we found that RTX diminished the thermal sensitivity but unexpectedly increased the sensitivity to tactile stimulation in adult
rats. In this study, we explored the potential mechanisms involved in RTX-induced changes in somatosensory function. An intraperitoneal injection of 200 g/kg RTX, but not its vehicle, rapidly produced an increase in the paw withdrawal latency to a heat stimulus. Also,
profound tactile allodynia developed in all the RTX-treated rats in 3 weeks. This paradoxical change in thermal and mechanical sensitivities lasted for at least 6 weeks. Electron microscopic examination of the sciatic nerve revealed a loss of unmyelinated fibers and extensive
ultrastructural damage of myelinated fibers in RTX-treated rats. Immunofluorescence labeling showed a diminished vanilloid receptor
1 immunoreactivity in dorsal root ganglia neurons and the spinal dorsal horn of RTX-treated rats. Furthermore, two transganglionic
tracers, horseradish peroxidase conjugates of cholera toxin B subunit (CTB) and isolectin-B4 of Bandeiraea simplicifolia (IB4 ), were
injected into the opposite sides of the sciatic nerve to trace myelinated and unmyelinated afferent terminations, respectively, in the spinal
dorsal horn. In RTX-treated rats, IB4-labeled terminals in the dorsal horn were significantly reduced, and CTB-labeled terminals appeared to sprout into lamina II of the spinal dorsal horn. Thus, this study demonstrates that systemic RTX diminishes the thermal pain
sensitivity by depletion of unmyelinated afferent neurons. The delayed tactile allodynia induced by RTX is likely attributable to damage
to myelinated afferent fibers and their abnormal sprouting in lamina II of the spinal dorsal horn. These data provide new insights into the
potential mechanisms of postherpetic neuralgia.
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Introduction
Capsaicin, the pungent ingredient of hot pepper, excites smalldiameter primary sensory neurons involved in nociception. The
administration of capsaicin depletes most unmyelinated afferent
fibers in neonatal rats (Jancso et al., 1977; Nagy and van der Kooy,
1983). Resiniferatoxin (RTX), which is an ultrapotent analog of
capsaicin, binds to the capsaicin receptor vanilloid receptor 1
[VR1; also known as transient receptor potential ion channel
(TRPV1)] expressed on primary sensory neurons that mediate
thermal pain perception (Szallasi and Blumberg, 1989; Szallasi et
al., 1989; Caterina et al., 2000). Because systemic RTX treatment
can deplete capsaicin-sensitive C fibers in adult rats, it has been
used as a pharmacological tool to study the role of nociceptive C
fibers in the development of neuropathic pain in rodent models
(Hao et al., 1996; Ossipov et al., 1999; Khan et al., 2002). Recently,
we used RTX to determine the role of capsaicin-sensitive afferent
fibers in the development of diabetic neuropathic pain in rats
(Khan et al., 2002). During the course of that study, we unexpectedly found that systemic RTX diminished the thermal sensitivity
but caused an increased sensitivity to tactile stimulation in adult
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rats. The effect of this neurotoxin on the distinct changes in somatosensory function has not been reported previously. In the
present study, we determined the possible sites and mechanisms
of the action of RTX on altered thermal and mechanical sensitivities in rats.
The VR1 receptors located on primary afferent fibers and neurons are important for the transmission of acute pain elicited by
heat and capsaicin (Caterina et al., 2000). A characteristic of
chronic neuropathic pain is abnormal responsiveness to cutaneous stimulation. Painful sensation can be evoked by an innocuous stimulus such as touch (tactile allodynia) in patients with
neuropathic pain (Gracely et al., 1992). The existing rodent models of neuropathic pain display increased thermal and mechanical
sensitivities after peripheral nerve injury. However, the paradoxical changes in thermal and mechanical sensitivities are present in
patients with small-fiber neuropathies, in particular postherpetic
neuralgia (Baron and Saguer, 1993; Rowbotham and Fields,
1996). The mechanisms underlying this interesting clinical phenomenon are not fully known. Both peripheral and central mechanisms contribute to the development of neuropathic pain syndromes (Devor and Wall, 1981; Woolf et al., 1992; Matzner and
Devor, 1994; Kohama et al., 2000). Peripheral-nerve injury elicits
a number of electrophysiological and molecular changes, including abnormal sensitization of nociceptors and development of
ectopic discharge activity in damaged nerves (Koltzenburg et al.,
1994; Matzner and Devor, 1994; Khan et al., 2002). Thus, we
examined histologically the changes of myelinated and unmyelinated fibers in the sciatic nerve of RTX-treated rats. The effect of
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RTX on VR1 receptors expressed on primary sensory neurons
was also determined.
Furthermore, damage to primary afferent nerves can trigger
secondary changes in sensory processing in the spinal dorsal horn
(Woolf et al., 1992, 1995; Koerber et al., 1994). The spinal dorsal
horn has distinct layers that receive and process inputs from different sensory receptors (Rivero-Melian and Grant, 1990; Woodbury et al., 2000). Some central terminals of myelinated afferent
fibers are found in the inner lamina II but never synapse in the
outer lamina II, an area that receives input exclusively from unmyelinated C fibers (Woolf et al., 1992, 1995; Koerber et al., 1994;
Woodbury et al., 2000). Peripheral-nerve transection induces
collateral sprouting of myelinated afferents from deeper laminas
into the lamina II of the spinal cord, which normally receives
inputs exclusively from unmyelinated nociceptive afferents
(Woolf et al., 1992, 1995; Koerber et al., 1994). Such a structural
reorganization has been considered as an important anatomical
basis for the development of allodynia after peripheral-nerve injury (Woolf et al., 1992; Mannion et al., 1996). Therefore, in this
study we also used two transganglionic tracers to determine how
RTX affected the laminar specificity of inputs from myelinated
and unmyelinated afferent terminals in the spinal dorsal horn.

Materials and Methods
Animals. Experiments were conducted on male Sprague Dawley (Harlan,
Indianapolis, IN) rats weighing between 280 and 300 gm. The procedures
and protocols were approved by the Animal Care and Use Committee of
the Pennsylvania State University College of Medicine. Each rat in the
RTX group (n ⫽ 10) received a single intraperitoneal injection of RTX
(200 g/kg; Sigma, St. Louis, MO) under halothane (2% in O2) anesthesia. RTX was dissolved in a mixture of 10% Tween 80 and 10% ethanol in
normal saline (Khan et al., 2002). Each rat in the control group (n ⫽ 6)
received a corresponding vehicle injection. Before RTX or vehicle treatment, the baseline sensitivity of each rat to mechanical and thermal stimulation was measured. After injection, the rats in both groups were tested
every 2–3 d for 8 weeks.
Sensitivity to mechanical stimulation. All rats were tested to determine
the withdrawal threshold of the hindpaw in response to von Frey filaments. Behavioral testing was conducted between 8:30 and 11:30 A.M.
Rats were individually placed in suspended chambers on a mesh floor.
After an acclimation period of 30 min, a series of calibrated von Frey
filaments (Stoelting, Wood Dale, IL) were applied perpendicularly to the
plantar surface of both hindpaws with sufficient force to bend the filament for 6 sec. Brisk withdrawal or paw flinching was considered a positive response. In the absence of a response, the filament of the next
greater force was applied. After a response, the filament of the next lower
force was applied. The tactile stimulus producing a 50% likelihood of
withdrawal response was calculated by using the “up– down” method, as
described previously (Chaplan et al., 1994; Chen and Pan, 2002). The test
was repeated two to three times in each rat, and the mean value was
calculated.
Sensitivity to thermal stimulation. Sensitivity to noxious heat stimulation was determined by placing each rat in an individual Plexiglas enclosure on a transparent glass surface maintained at 30°C. After a 30 min
acclimation period, the heat-emitting projector lamp of a thermal testing
apparatus (IITC Inc./Life Sciences Instruments, Woodland Hills, CA)
was activated after focusing the beam directly onto the plantar surface of
the hindpaw. A built-in digital timer was used to record the paw withdrawal latency. The mean value of the withdrawal latency on two to three
consecutive trials was calculated. A cutoff of 30 sec was used to avoid
potential tissue damage (Khan et al., 2002).
Immunofluorescence labeling of VR1 receptors. Immunofluorescence
labeling of VR1 receptors in dorsal root ganglia (DRG) neurons and the
spinal dorsal horn was performed on three vehicle- and four RTX-treated
rats to determine the effects of RTX on VR1 receptors located on primary
afferent neurons and central terminals. Each rat was deeply anesthetized
with sodium pentobarbital (60 mg/kg, i.p.) and perfused intracardially
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with 200 ml ice-cold normal saline containing 1000 U of heparin followed by 500 ml paraformaldehyde in 0.1 M PBS, pH 7.4, and 200 ml 10%
sucrose in 0.1 M PBS, pH 7.4. The lumbar segment of the spinal cord and
DRG neurons were quickly removed and postfixed for 2 hr in the same
fixative solution and cryoprotected in 30% sucrose in 0.1 M PBS for 48 hr
at 4°C. The sections were cut at 25 m and collected freely floating in 0.1
M PBS. For VR1 receptor immunofluorescence labeling, the sections were
rinsed in 0.1 M PBS and blocked in 4% normal goat serum in PBS for 1 hr.
The sections were then incubated with the primary antibody (rabbit
anti-VR1 N terminal, dilution 1:1000; Neuromics, Minneapolis, MN)
diluted in PBS containing 2% normal goat serum, 0.3% Triton X-100,
and 0.05% Tween 20 for 2 hr at room temperature and overnight at 4°C.
Subsequently, sections were rinsed in PBS and incubated with the secondary antibody (Alexa Fluor-488 conjugated to goat anti-rabbit IgG,
dilution: 5 g/ml; Molecular Probes, Eugene, OR). A fluorescence microscope was used to view the sections, and areas of interest were
photodocumented.
Electron microscopic examination of the sciatic nerve. Electron microscopy was used to assess the ultrastructural changes of myelinated and
unmyelinated fibers in RTX- and vehicle-treated rats. At the end of behavioral testing, two vehicle- and three RTX-treated rats were anesthetized with pentobarbital (50 mg/kg, i.p.), and the right sciatic nerve was
surgically removed and fixed in 1% paraformaldehyde (Fisher Scientific,
Pittsburgh, PA) and 2.5% glutaraldehyde (Sigma-Aldrich) solution. After 24 hr, tissues were transferred into sodium acetate buffer solution.
The tissue was then postfixed in 1% osmium tetroxide for 2 hr, dehydrated in a series of graded ethanol solutions, and treated with propylene
oxide. The tissue sections were dipped in a series of resin and propylene
oxide mixtures in varying proportions and then infiltrated with 100%
resin. Finally, the sections were embedded in 100% freshly prepared resin
and incubated in an oven, and ultrathin sections were cut using a Sorvall
(Newtown, CT) MT-2B ultramicrotome, poststained with 2% aqueous
uranyl acetate and Reynold’s lead citrate, and mounted on mesh grids.
Photomicrographs were taken on a transmission electron microscope
(Philips transmission electron microscope model 400; Philips, Acht, The
Netherlands). To quantify the number of myelinated and unmyelinated
axons in the sciatic nerve, 10 high-power fields (⫻4600) were randomly
selected from each sciatic-nerve section from two vehicle- and two RTXtreated rats. The total number of myelinated and unmyelinated axons in
each high-power field was counted.
Tracing of afferent projections to the dorsal horn. Two vehicle- and three
RTX-treated rats were injected with two transganglionic tracers, horseradish peroxidase conjugates of cholera toxin B-subunit (CTB) and
isolectin-B4 of Bandeiraea simplicifolia (IB4). CTB and IB4 have been
used to map the central projections of cutaneous myelinated and unmyelinated primary afferents, respectively, in the spinal dorsal horn of rats
(Woodbury et al., 2000). At the end of behavioral testing, CTB (1%, List
Biological Laboratories, Campbell, CA) and IB4 (1%; Sigma) were injected into opposite sciatic nerves to determine the pattern of labeled
afferent terminals in the dorsal horn of RTX- and vehicle-treated rats.
The sciatic nerve on each side was exposed at the midthigh level after the
rats were anesthetized by an intramuscular injection of a mixture of
xylazine (10 mg/kg) and ketamine (60 mg/kg). Small volumes (2.5–3 l)
of CTB and IB4 tracers were loaded into Hamilton microsyringes and
injected into the sciatic nerves on opposite sides of the body in the same
animal to allow bilateral comparisons of the resulting labeling patterns in
the dorsal horn (Woodbury et al., 2000).
After allowing 3–5 d for transganglionic axoplasmic transport of both
tracers, each rat was deeply anesthetized with sodium pentobarbital (60
mg/kg, i.p.) and transcardially perfused with 50 ml heparinized normal
saline. The rat was then perfused with 500 ml 1.25% glutaraldehyde and
1% paraformaldehyde in 0.1 M PBS, pH 7.4, for 30 min, followed by 500
ml 10% sucrose in 0.1 M PBS for 30 min. The spinal cord was quickly
removed and collected in ice-cold 10% sucrose PBS and stored at 4°C.
The lumbar spinal cord (L4 –L6) was dissected out, and serial coronal
sections (40 m in thickness) were processed for tetramethylbenzidine
(TMB) staining as described previously (Mesulam, 1978). Briefly, the
sections were rinsed in water before a prereaction soak in freshly prepared solution A (100 mg of sodium nitroferricyanide in 0.2 M sodium
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acetate) and solution B (5 mg of TMB in 2.5 ml ethanol) for 20 min at
room temperature. Solution A was added to solution B just before the
prereaction soak. Free-floating sections were incubated with 0.3% hydrogen peroxide for 20 min at room temperature, stabilized in sodium
ferricyanide and 0.2 M sodium acetate buffer for 20 min at 4°C, and
washed in 0.1 M PBS. Finally, sections were mounted on gelatin-subbed
slides, and then counterstained with 0.1% neutral red, dehydrated, and
defatted in alcohol and xylene and coverslipped.
Reconstructions and analysis of afferent terminals in the dorsal horn. An
Olympus BH-2 light microscope (Olympus Optical, Tokyo, Japan) was
used to view the nerve terminals impregnated with the tracers. A microscopic reconstruction system (MD-3; Accustage, St. Paul, MN) was used
to plot the location of the CTB- and IB4-labeled terminals in the dorsal
horn of lumbar spinal sections. Every third section mounted on a slide
was arbitrarily selected for plotting. Anatomic outlines of the section and
the gray matter were first plotted with a 10⫻ objective. The CTB- and
IB4-labeled terminals were then plotted, using red and blue colors, respectively, with a 40⫻ objective. Digital reconstructions of the topography of labeled terminals were saved and stored on a computer disk for
subsequent retrieval. The area occupied by CTB- and IB4-labeled fibers
was quantified from the digital reconstructions by using a JAVA-based
software program (Alloway et al., 2000). This program subdivided each
plotted section into an array of 10 m 2 bins. The number of CTB (red)
and IB4 (blue) labeled bins were counted and summed across all plotted
sections, and the mean number of red- and blue-labeled bins in each
section was calculated. A Coolsnap HQ CCD digital camera (BioVision
Technologies, Inc., Exton, PA) was used to obtain photomicrographs of
the labeled terminals in the spinal dorsal horn.
Statistical analysis. Data are presented as means ⫾ SEM. The effect of
RTX on the paw withdrawal threshold and latency was analyzed using
repeated-measures ANOVA followed by Dunnett’s post hoc test. The
effect of RTX on CTB- and IB4-labeled afferent terminals in the spinal
dorsal horn was determined using Student’s t test. A p value of ⬍0.05 was
considered statistically significant.

Results
In this study, all 10 rats treated with RTX survived. After recovering from anesthesia, animals injected with RTX exhibited immediate behavioral reactions, including hyperexcitability and
restlessness. However, these effects were transient, and they gradually subsided within 2–3 hr. Otherwise, the RTX-treated rats
appeared normal throughout the experiment.
Thermal sensitivity
The effect of RTX on thermal sensitivity was examined by testing
the paw withdrawal latency in response to noxious heat stimulation. Figure 1 shows the time course of changes in thermal sensitivity in 6 vehicle- and 10 RTX-treated rats. Before treatment, the
paw withdrawal latency elicited by the radiant heat stimulus was
7.20 ⫾ 0.68 sec in control rats and 7.81 ⫾ 0.51 sec in RTX-treated
rats. In the RTX group, the withdrawal latency of both hindpaws
tested was significantly increased and nearly reached the cutoff of
30 sec within 2 d after RTX administration (Fig. 1). No significant
changes in thermal sensitivity were observed in the vehicletreated group during the 8 week period of the experiment (Fig. 1).
Mechanical sensitivity
Mechanical sensitivity was determined by measuring the paw
withdrawal threshold in response to application of von Frey filaments. Figure 2 illustrates the time course of changes in mechanical sensitivity of rats that received vehicle or RTX injections.
Before treatment, the paw withdrawal thresholds were similar in
both vehicle- (18.59 ⫾ 1.89 gm; n ⫽ 6) and RTX-treated (19.01 ⫾
2.22 gm; n ⫽ 10) rats. However, two weeks after RTX treatment
the paw withdrawal threshold in response to mechanical stimulation began to decrease (Fig. 2). By the third week, a large reduc-
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tion in the withdrawal threshold was apparent after RTX treatment. Furthermore, immediately after stimulus-induced
withdrawal, RTX-treated rats often licked the paw that was stimulated by the von Frey filaments. This decreased withdrawal
threshold occurred in both hindpaws tested and remained sustained for the duration of the experiment. By contrast, no significant changes in the paw withdrawal thresholds were observed in
any of the six vehicle-treated rats during the 8 week period of the
experiment (Fig. 2).
Ultrastructural changes of nerve fibers in the sciatic nerve
Electron microscopic examination of the sciatic-nerve sections
revealed the characteristic appearance of myelinated and unmyelinated fibers in vehicle-treated rats. As shown in Figure 3A,
myelinated fibers were larger in size, approximately circular in
shape, and were bounded by a compact wall of the myelin sheath.
The unmyelinated fibers were much smaller, roughly oval in
shape, and arranged in well defined layers or clusters that were
interspersed among the myelinated fibers. However, in sciaticnerve sections from RTX-treated rats, there was a substantial
depletion of unmyelinated fibers (Fig. 3B–D). Also, considerable
damage to myelinated fibers was evident in the sciatic nerve of
RTX-treated rats. Ultrastructural changes of myelinated fibers
included axonal swelling, altered myelination, and the appearance of abnormal Schwann cells. Swelling of myelinated axons
also caused a marked reduction in the interstitial space (Fig. 3B–
D). Compared with the circular appearance of myelinated fibers
in vehicle-treated rats, the damaged myelinated fibers appeared
distorted and had a more elongated or wedged-shaped configuration in RTX-treated rats (Fig. 3B–D). However, typical signs of
Wallerian degeneration (such as the breakdown of the myelin
sheath and fragments of axons) were not observed in the sciatic
nerve of RTX-treated rats. The total number of myelinated axons
per high-power field (⫻4600) in the sciatic nerve of vehicle- and
RTX-treated rats was 42.3 ⫾ 2.1 and 39.8 ⫾ 2.3 ( p ⬎ 0.05),
respectively. Unmyelinated axons in the sciatic nerve of RTXtreated rats were substantially depleted compared with those in
vehicle-treated rats (6.3 ⫾ 1.2 vs 64.4 ⫾ 3.1 per high-power field;
p ⬍ 0.05).
VR1 receptor immunoreactivity in DRG neurons and spinal
dorsal horn
To examine the effect of RTX on VR1 receptor-expressing primary afferent neurons, VR1 receptor-immunofluorescent labeling of primary afferent neurons was conducted in the DRG from
vehicle- and RTX-treated rats. VR1 receptor immunoreactivity
was present in small and medium-sized DRG neurons in vehicletreated rats (Fig. 4). In contrast, the VR1 receptor immunoreactivity was substantially depleted in DRG neurons from RTXtreated rats (Fig. 4).
To determine the effect of RTX on the VR1 receptors on the
central terminals of primary afferents, we also examined VR1
receptor immunoreactivity in the spinal dorsal horn. Figure 4
shows VR1 receptor immunoreactivity in the spinal dorsal horn
of a vehicle- and an RTX-treated rat. In vehicle-treated rats, dense
VR1 receptor immunoreactivity was seen both at the dorsal root
entry zone and in laminas I and II. By comparison, VR1 receptor
immunoreactivity was completely abolished in the superficial
dorsal horn in RTX-treated rats (Fig. 4). These findings indicate
that RTX treatment depletes VR1 receptor-expressing afferent
neurons and their central terminals in the spinal dorsal horn.
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Figure 1. Time course of the paw withdrawal latency to a noxious heat stimulus in 6 vehicleand 10 RTX-treated rats. *p ⬍ 0.05 compared with the pretreatment control. The paw withdrawal latency was determined by a radiant heat stimulus.

Transganglionic labeling of afferent terminals in the
dorsal horn
Transganglionic transport of CTB and IB4 on opposite sides of
the vehicle-treated rat resulted in reciprocal, nonoverlapping
patterns of labeling in the dorsal horn, indicating that these two
markers labeled distinct subsets of primary afferent nerves. Preferential labeling of myelinated fibers by CTB allowed us to determine whether RTX produced any significant changes in the innervation pattern of these afferent fibers in the dorsal horn. As
shown in Figure 5, all CTB-labeled terminals in the dorsal horn
were found ipsilateral to the injection site in both vehicle- and
RTX-treated rats. In the vehicle-treated rats, widespread CTBlabeled terminals were observed in all dorsal horn laminas except
the lamina II area (Fig. 5A,B). In both vehicle and RTX groups,
CTB labeling was quite dense in the medial part of laminas III to
V, but it was relatively sparse along the ventrolateral parts of
laminas IV and V. However, in contrast to the control group,
spinal cord sections from the RTX-treated rats contained scattered CTB labeling in spinal lamina II (Fig. 5C). As shown in
Figure 5C, some CTB-labeled terminals appeared to enter lamina
II from lamina III, and the dorsal horn area corresponding to
lamina II was considerably smaller in RTX-treated rats. These
findings suggest that myelinated afferent fibers have sprouted
into lamina II in RTX-treated rats. Despite the difference in the
amount of CTB-labeled afferent terminals that appeared in the
superficial dorsal horn, we did not detect a significant difference
in the total spatial extent of CTB-labeled terminals in the dorsal
horn area between vehicle- and RTX-treated groups (Fig. 6). The
slight decrease in CTB labeling in the whole dorsal horn is not
inconsistent with the presence of apparent sprouting in lamina II
of RTX-treated animals.
Mapping the IB4-labeled terminals in the spinal dorsal horn
allowed us to make a quantitative assessment of the effect of RTX
on the central terminals of unmyelinated afferents. Figure 5A
illustrates representative reconstructions that show the location
of IB4-labeled terminals in the spinal dorsal horn of a vehicle- and

Figure 2. Time course of the development of tactile allodynia in 10 rats treated with RTX and
the mechanical withdrawal threshold in 6 vehicle-treated rats. *p ⬍ 0.05 compared with the
pretreatment control. The paw withdrawal thresholds were determined using von Frey
filaments.

an RTX-treated rat. In vehicle-treated rats, the dense IB4-positive
terminals occupied lamina I and the outer zone of lamina II in the
region left vacant by CTB across the mediolateral plane of the
dorsal horn (Fig. 5A,B). The IB4-labeled terminals appeared as a
planar sheet along the contour of the superficial dorsal horn and
were densest in the lateral part of this sheet. However, the dorsoventral location of the sheet varied across the mediolateral plane.
As the planar sheet extended to the lateral aspect, a relatively fine
layer of IB4-labeled terminals occupied a more superficial position and closely followed the contour of the dorsal horn. In contrast to the prominent mediolateral spread of the IB4-labeled
terminals as a planar sheet in vehicle-treated rats, IB4-labeled
terminals in RTX-treated rats appeared either as faint patches or
as a very thin sheet of labeling (Fig. 5A,B). In many dorsal horn
sections from the RTX group, IB4-positive terminals were almost
absent. Also, in RTX-treated rats, IB4-labeled terminals in the
superficial dorsal horn occupied significantly less space than the
space occupied by these terminals in vehicle-treated rats ( p ⬍
0.05) (Fig. 6). The reduction in IB4-labeled afferent terminals by
RTX is consistent with the depletion of VR1 receptor immunoreactivity in the superficial dorsal horn of RTX-treated rats.

Discussion
The present study demonstrates that a single intraperitoneal injection of RTX substantially reduced thermal sensitivity, but produced profound and persistent tactile allodynia in adult rats. The
mechanisms underlying these paradoxical effects on thermal and
mechanical sensitivity were investigated. We found that RTX depleted VR1 receptor immunoreactivity in DRG neurons and the
central terminals of afferent fibers. Also, there was a significant
reduction in IB4-labeled unmyelinated afferent terminals in the
superficial dorsal horn of RTX-treated rats. Ultrastructural examination of the sciatic nerve revealed that RTX caused a loss of
unmyelinated fibers and produced detectable levels of damage to
the myelinated nerve fibers. Furthermore, CTB-labeled myelinated afferent terminals appeared to expand into lamina II in the
spinal dorsal horn of RTX-treated rats. Thus, this study indicates
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Figure 3. Representative electron photomicrographs showing ultrastructural changes of myelinated fibers in the sciatic nerve in a vehicle ( A)- and an RTX ( B–D)-treated rats. Note that the
ultrastructural changes induced by RTX include the loss of unmyelinated fibers and noticeable swelling of the myelinated fibers. Magnification, ⫻4439.

that systemic RTX diminishes thermal pain perception by depleting primary sensory neurons that express VR1 receptors. The
RTX-induced tactile allodynia is probably attributable to damage
to both myelinated afferent nerves and their abnormal sprouting
in lamina II of the spinal dorsal horn.
RTX elicits an immediate nociceptive response characterized
by irritation, pungency, and burning pain attributable to a brief
excitation of primary sensory neurons (Szallasi and Blumberg,
1989). This transient action is followed by a prolonged desensitization and degeneration of C-fiber afferent neurons (Szallasi and
Blumberg, 1989; Ossipov et al., 1999; Khan et al., 2002). We
observed that a single RTX injection produced a rapid and significant increase in the paw withdrawal latency to noxious heat
stimulation. Thus, capsaicin-sensitive unmyelinated afferent fi-

bers may become desensitized or may degenerate after RTX treatment. The permanent effect of RTX on unmyelinated fibers was
indicated by a significant reduction in IB4-labeled afferent terminals in the spinal dorsal horn and the loss of unmyelinated fibers
in the sciatic nerve of RTX-treated rats. Using VR1 receptor
knock-out mice, it has been shown that VR1 receptors are essential for acute pain caused by noxious heat and capsaicin injection
(Caterina et al., 2000). Consistent with these findings, we found
that VR1 receptor immunoreactivity in the DRG neurons was
depleted in RTX-treated rats. Also, the transganglionic tracer IB4
was used in this study to map the central projection of unmyelinated cutaneous afferents in the spinal cord. RTX treatment produced a marked reduction of both IB4-labeled afferent terminals
and VR1 receptor immunoreactivity in the superficial dorsal
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horn. Because IB4 labels both capsaicinsensitive and non-capsaicin-sensitive
unmyelinated fibers (Petruska et al.,
2000), our data suggest that most IB4labeled afferent terminals in the superficial dorsal horn are capsaicin-sensitive
afferent fibers expressing VR1 receptors. The long-lasting effect of RTX on
diminished thermal sensitivity suggests
that capsaicin-sensitive afferent neurons
have a limited capacity to regenerate
(Scadding, 1980). Thus, this study provides strong evidence that RTX causes a
long-lasting diminished thermal sensitivity through depletion of unmyelinated
afferent nerves and neurons.
The profound and persistent tactile
allodynia in RTX-treated rats was unexpected. To our knowledge, this delayed
effect of RTX has not been found previously. To determine the potential sites of
the action of RTX, we examined the effect
of RTX on the peripheral nerve and the
topographical projection of afferent terminals in the spinal dorsal horn. Our
analyses showed that RTX induced ultra- Figure 4. VR1 receptor immunoreactivity in lumbar DRG and spinal dorsal horn in a vehicle- and an RTX-treated rat. Densely
structural changes indicative of damage to stained VR1 receptor immunoreactivity is present in the DRG and superficial dorsal horn in the vehicle- but not in the RTX-treated
the myelinated fibers in the sciatic nerve. rat. Scale bar, 100 m.
This finding suggests that the effects of
RTX were not confined only to the unmymaintain a state of hypersensitivity of spinal dorsal horn neurons,
elinated C fibers. In fact, it has been shown recently that VR1
thereby resulting in allodynia. Furthermore, the development of
receptors are also located on ⬃30% of myelinated A-fiber affertransneuronal degeneration and loss of dorsal horn inhibitory
ent neurons (Ma, 2002). Because myelinated afferent fibers play
neurons after the depletion of unmyelinated afferent fibers may
an important role in allodynia development after peripheralconstitute an additional mechanism for the gradual increase in
nerve injury (Hao et al., 1996; Ossipov et al., 1999), the tactile
the mechanical sensitivity in RTX-treated rats.
allodynia in RTX-treated rats could be explained, at least in part,
Alternatively, the delayed allodynic effect of RTX might be
by the abnormal activity from damaged myelinated afferent fiattributable
to the time required for primary afferent nerves to
bers. However, significant changes in the mechanosensitivity did
regenerate and terminate on incorrect targets in the spinal dorsal
not occur until 3 weeks after RTX treatment. If RTX-induced
horn (Andrew and Greenspan, 1999). The terminal arbors of
damage to myelinated fibers is a direct consequence of VR1 reprimary afferents are topographically organized in the normal
ceptor activation, then changes in the mechanical withdrawal
spinal dorsal horn. Using CTB as a tracer for myelinated fibers, it
threshold might be expected to occur sooner after RTX treathas been shown that myelinated fibers sprout into lamina II
ment. But a previous study did not observe ultrastructural
within 2 weeks after peripheral axotomy or crush (Woolf et al.,
changes in the myelinated DRG neurons 2 weeks after RTX treat1992). To determine whether RTX triggers sprouting of myelinment (Szallasi et al., 1989). Because the ultrastructural change of
ated afferents in lamina II of the spinal cord, we used two transmyelinated fibers was observed in most myelinated fibers in the
ganglionic tracers, IB4 and CTB, to preferentially label the central
sciatic nerve of RTX-treated rats, the delayed allodynic action of
projections of unmyelinated and myelinated cutaneous afferents,
RTX cannot be fully explained by the activation of VR1 receptors
respectively (Robertson and Arvidsson, 1985; Rivero-Melian and
expressed in some myelinated afferent fibers. Instead, the delayed
Grant, 1990; Wang et al., 1994; Woodbury et al., 2000). We found
allodynia and structural damage of myelinated afferent fibers inthat CTB-labeled terminals of myelinated afferent terminals exduced by RTX could be caused by mechanisms unrelated to the
panded into the spinal lamina II in RTX- but not vehicle-treated
stimulation of VR1 receptors. In this regard, both capsaicin and
rats. This finding is consistent with previous studies showing that
RTX have been reported to inhibit the NADPH–plasma memtransection of the sciatic nerve causes myelinated afferents to
brane electron transport system, and this may induce apoptosis
sprout from lamina III into lamina II (Woolf et al., 1992, 1995).
in the affected neurons (Macho et al., 1998). Also, the ultrastrucLamina II normally receives mostly C-fiber afferent inputs, and
tural changes of myelinated fibers may be secondary to the surthe expansion of myelinated afferent fibers into lamina II could
rounding unmyelinated fiber degeneration caused by RTX. Prealter the peripheral input to produce a painful response to touch
vious studies have shown that injured myelinated afferent nerves
(Woolf et al., 1992, 1995). The mechanism by which myelinated
develop ectopic activities that could alter and amplify the sensory
fibers sprout into lamina II is not known. Both the creation of
input so that an innocuous stimulus could be interpreted as being
vacant synaptic space within lamina II after C-fiber degeneration
painful (Gracely et al., 1992; Koltzenburg et al., 1994; Matzner
and the regeneration of damaged myelinated fibers may induce
and Devor, 1994; Michaelis et al., 1995). Thus, these ectopic dissprouting of myelinated fibers into this region in RTX-treated
charges from damaged myelinated afferents could induce and
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Figure 5. Photomicrographs showing reconstructed plots ( A) and the original staining photomicrographs (B) of CTB- and IB4-labeled afferent terminals in the spinal dorsal horn of a vehicle
control and an RTX-treated rat. In A and B, the left side of the dorsal horn contains CTB-labeled terminals and the right side contains IB4-labeled afferent terminals. C, Magnification of the inset in B.
Note that the scattered CTB-labeled terminals are present in lamina II of the RTX-treated rat (C ).

Figure 6. Mean amount of CTB- and IB4-labeled areas in the dorsal horn of lumbar spinal
sections in two vehicle- (26 sections) and three RTX-treated (40 sections) rats. The mean area
was calculated from reconstructed sections as shown in Figure 5A. Data are presented as
means ⫾ SEM. *p ⬍ 0.05 compared with the control in the IB4 group (Student’s t test).

rats (Woolf et al., 1992, 1995; Mannion et al., 1996, 1998). Unmyelinated afferent terminals undergo transganglionic degeneration resulting from the depletion of VR1 receptor-expressing
DRG neurons by RTX. After the atrophy of unmyelinated C fibers, the presence of vacant synaptic sites within the superficial
dorsal horn has been suggested as an important factor for eliciting sprouting from neighboring intact myelinated terminals
(Woolf et al., 1992, 1995). Given the substantial reduction of
unmyelinated afferent terminals produced by RTX in lamina II,
this could promote axonal sprouting of myelinated afferent fibers. However, C-fiber damage or depletion may not be essential
for myelinated afferent sprouting in the spinal lamina II (Mannion et al., 1998). Nonetheless, the noticeable extension of myelinated afferent fibers into lamina II may represent a form of
axonal sprouting that contributes to the development of persistent tactile allodynia in RTX-treated rats. To our knowledge, this
is the first study showing that functional changes in mechanical
sensitivity correlate with anatomical plasticity at the spinal cord
level. This important finding extends our current knowledge of
spinal mechanisms of chronic neuropathic pain.
The apparent expansion of myelinated fibers into lamina II
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was not as pronounced as reported in previous studies (Woolf et
al., 1992, 1995). One possible reason for this difference in degree
might be the difference in the cause of the nerve damage (i.e.,
surgical nerve transection versus chemically induced nerve injury
by RTX). Also, it has been shown that peripheral axotomy can
cause a marked increase in the uptake and transganglionic transport of CTB by a subpopulation of small-sized DRG neurons
(Tong et al., 1999). Thus, it has been suggested that at least part of
the sprouting of CTB-labeled fibers in lamina II after nerve transection could be attributable to phenotypic changes resulting in
small-sized DRG neurons with unmyelinated axons becoming
CTB-positive (Tong et al., 1999). Such a phenotypic switch
caused by nerve transection suggests that axonal sprouting in the
dorsal horn may be less pronounced than was originally assumed.
In support of this view, a recent study has shown only a limited
sprouting of CTB-labeled myelinated afferents in lamina II after
peripheral axotomy in rats (Bao et al., 2002). However, in the
present study, RTX depleted most unmyelinated afferent fibers
and the small DRG neurons that express VR1 receptors. Thus, it
is less likely that sprouting of myelinated afferent terminals in
lamina II is attributable to the abnormal uptake of CTB by unmyelinated afferent fibers in the RTX-treated rats. It will be interesting to determine whether nerve injury can cause more
sprouting of myelinated terminals in RTX-treated animals than
in RTX animals alone.
In summary, we have shown that a single systemic treatment
of RTX produces an interesting paradoxical change in thermal
and mechanical sensitivities in adult rats. Our data suggest
that the diminished thermal sensitivity by RTX is attributable
to the depletion of unmyelinated afferent neurons. Furthermore, the delayed persistent tactile allodynia in RTX-treated
rats is likely caused by damage of myelinated afferent fibers
and their abnormal sprouting into the spinal lamina II. It
should be noted that all existing rodent models of neuropathic
pain exhibit increased sensitivities to both thermal and mechanical stimuli after peripheral nerve injury. However, in
patients with postherpetic neuralgia, profound tactile allodynia and reduced thermal sensitivity often coexist in the affected dermatomes (Baron and Saguer, 1993; Rowbotham and
Fields, 1996). Because the distinct behavioral signs displayed
in RTX-treated rats are similar to those seen in these patients,
RTX-induced tactile allodynia in rats could be used as a
unique model for this debilitating neuropathic pain condition. Therefore, data from this study provide important new
information for our understanding of the potential mechanisms of postherpetic neuralgia.
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