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Abstract. Neuropathic pain induces allodynia and hyperalgesia. In the spared nerve injury (SNI)
model, marked mechanical hyperalgesia is manifested as prolongation of the duration of paw
withdrawal after pin stimulation. We have previously reported that spinal ventral root discharges
(after-discharges) after cessation of noxious mechanical stimulation applied to the corresponding
hindpaw were prolonged in anesthetized spinalized rats. Since these after-discharges occurred
through transient receptor potential (TRP) V1-positive fibers, these fibers could contribute to
mechanical hyperalgesia. Therefore, we examined whether selective deletion of TRPV1-positive
fibers by resiniferatoxin, an ultrapotent TRPV1 agonist, would affect the behavioral changes and
ventral root discharges in SNI rats. Mechanical allodynia in the von Frey test, mechanical hyperal-
gesia after pin stimulation, and enhancement of ventral root discharges, but not thermal hyperalge-
sia in the plantar test, appeared in Wistar rats with SNI. Mechanical hyperalgesia was abolished by
treatment with resiniferatoxin, whereas mechanical allodynia was not affected. Moreover, res-
iniferatoxin eliminated after-discharges completely. These results show that TRPV 1-positive fibers
do not participate in the mechanical allodynia caused by sensitization of Ap-fibers, but contribute
to the enhancement of after-discharges and mechanical hyperalgesia following SNI. It is suggested
that the mechanisms responsible for generating mechanical allodynia differ from those for prolon-
gation of mechanical hyperalgesia.

Keywords: after-discharge, hyperalgesia, spared nerve injury model, spinal cord,
transient receptor potential V1

Introduction

Allodynia (pain in response to innocuous stimuli) and
hyperalgesia (increased sensitivity to noxious stimuli)
are typical symptoms of neuropathic pain (1). These
phenomena lower a patient’s quality of life and most
analgesics are insufficiently effective. Various animal
models in which dominant hindlimb nerves are injured
have been developed in order to assess neuropathic pain
(2-4). Among them, the spared nerve injury (SNI)
model is considered to closely mimic many features of
clinical neuropathic pain because this model produces
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not only marked mechanical allodynia but also character-
istic mechanical hyperalgesia, defined as prolongation of
the duration of paw withdrawal behavior after pin stimu-
lation (5).

We have previously reported that spinal ventral root
after-discharges are evoked by application of noxious
mechanical stimuli to the corresponding hindpaw (6, 7).
These after-discharges are considered to be related to the
above-mentioned mechanical hyperalgesia because these
phenomena are prolonged after cessation of the noxious
stimuli (5, 8). Such after-discharges are also observed in
the spinal dorsal horn neurons (9, 10) and are simultane-
ously recorded from motor units after high intensity
transcutaneous stimulation (11, 12). The after-discharges
are generated in spinal dorsal horn neurons by plateau
potentials (13, 14) mediated by voltage-dependent L-type
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Ca®" channels (15, 16). Similarly, our previous study
demonstrated that spinal ventral root after-discharges
were depressed by application of L-type voltage-depen-
dent Ca*'-channel blockers to the spinal dorsal horn (7).

Furthermore, the after-discharges were abolished by
resiniferatoxin (RTX) (6), an ultrapotent capsaicin analog
(17), which, after a single injection, desensitizes transient
receptor potential (TRP) V1—positive primary afferent
fibers (18). TRPV1 is found mainly in small-to-medium-
diameter primary afferents, particularly unmyelinated
C- and myelinated AJd-fibers (19, 20), which play an
important role in nociception. If the mechanical hyperal-
gesia induced by SNI hypersensitizes these fibers, it
would be anticipated that the mechanical hyperalgesia is
affected by RTX in the same way as the after-
discharges.

In this study, we examined whether selective deletion
of TRPV1-positive fibers by RTX would affect the de-
velopment of behavioral changes and the persistence of
ventral root discharges after mechanical stimulation in
SNI model rats.

Materials and Methods

All experimental protocols used here were approved
by the Animal Care and Use Committee of Nagoya City
University and were conducted in accordance with the
guidelines of The Japanese Pharmacological Society.

Spared nerve injury model

The surgical procedure for producing the SNI model
was originally described by Decosterd and Woolf (5).
Male Wistar/ST rats (6-week-old; SLC, Shizuoka) were
treated under isoflurane (2% — 4%) anesthesia. An inci-
sion was made into the skin on the lateral surface of the
left thigh, followed by a section through the biceps femo-
ris muscle to expose the sciatic nerves. The common
peroneal and tibial nerves were then tightly ligated with
5-0 silk thread, sectioned distal to the ligation, and 2 — 4
mm of the distal nerve stump removed. The sural nerve
was left intact, taking care not to stretch it. Sham controls
involved exposure of the sciatic nerve and its branches
without any lesion.

Tactile allodynia

Tactile allodynia was assessed by measuring hindpaw
withdrawal responses to von Frey filaments (Touch-Test”
Sensory Evaluators; North Coast Medical, Gilroy, CA,
USA), with a pressure ranging from 2 to 60 g (2, 4, 6, 8,
10, 15, 26, and 60 g). Rats were placed in cages with
wire-mesh floors. The 50% likelihood of a paw with-
drawal response (50% threshold) was determined using
the up—down method (21). Testing was initiated with the

8 g filament, and each filament was applied perpendicu-
larly within the area innervated by the sural nerve on the
lateral plantar surface (5) of the left hindpaw with suffi-
cient force to cause slight bending of the filament, for
about 3 s. If a positive response (lifting of the hindpaw)
was elicited, the next weaker filament was used. If a
negative response (absence of a hindpaw withdrawal)
was elicited, the next stronger filament was used. This
paradigm was continued until four measurements had
been obtained after an initial change in behavior or until
four consecutive negative (1.5 g) or five positive (80 g)
scores had been obtained. The resulting scores were used
to calculate the 50% threshold (22).

Response to a thermal stimulus

Rats were placed on a glass platform within a plastic
chamber. After they had become habituated, the lateral
plantar area was exposed to a beam of radiant heat
through a transparent Perspex surface (Plantar Test; Ugo
Basile, Comerio, Italy) (23). Paw withdrawal latency was
measured to the nearest 0.1 s and determined as the aver-
age of two measurements per rat. The cut-off time was
set to 30.0 s to avoid any tissue damage.

Response to a noxious mechanical stimulus

After the measurement of mechanical allodynia, a pin-
prick test was performed using a safety pin. The lateral
part of the paw was briefly stimulated at an intensity
sufficient to indent, but not penetrate, the skin. The dura-
tion of paw withdrawal was recorded, with an arbitrary
minimum time of 0.5 s (for a brief normal response) and
a maximal cut-off of 15.0 s (8). Since the paw withdrawal
behavior is often long-lasting, the pin-prick test was al-
ways preceded by the von Frey test to avoid any influence
of the prolonged behavior evoked by the pin stimulus.

Electrophysiology protocols

After the behavioral study, the rats were anesthetized
with a-chloralose (150 mg/kg, i.p.). Cannulae were then
inserted into the trachea for artificial respiration (70
breaths/min, 1 ml/ 100 g body weight, end-tidal CO,
concentration about 5%). To produce spinalized rats, the
vagus nerves were cut bilaterally in the cervical region to
eliminate parasympathomimetic effects on the heart, and
the spinal cord was transected at the level of the first
cervical segment (C1) under lidocaine anesthesia (4%,
50 wul). A dorsal laminectomy was performed in the
lumbo-sacral region of each rat. Both the ventral and
dorsal roots below the sixth lumbar segment (L6) were
cut distally at their points of exit from the vertebral col-
umn. The left fifth lumbar segmental (L5) ventral root
was sectioned for recording, and the ipsilateral L5 dorsal
root was left intact to receive peripheral signals. The
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entire exposed surgical area was covered with liquid
paraffin maintained at 36°C + 0.5°C by radiant heat.
Rectal temperature was maintained at 36°C + 0.5°C.
Heart rate was monitored with recording electrodes in-
serted into both forepaws.

The left plantar surface of a hindpaw was mechanically
stimulated using von Frey filaments. Each stimulus was
applied for 3 s to the most sensitive point where the larg-
est number of discharges was observed. The ventral root
discharges occurring during the 3 s of stimulation were
defined as ‘during-discharges’ and those occurring dur-
ing 60 s after the stimulation as ‘after-discharges’. These
responses were normalized by subtraction of the sponta-
neous activity measured before application of the stimuli.
A pair of Ag—-AgCl wire electrodes was used for record-
ing. Multi-unit firing recorded from the left L5 whole
ventral root was recorded on a digital recorder (sampling
rate: 48 kHz, R-44; Roland, Shizuoka). The signals were
amplified and analyzed wusing a PowerLab
(ADInstruments, Colorado Springs, CO, USA) and Chart
software.

Drugs

a-Chloralose was obtained from Tokyo Kasei (Tokyo);
capsaicin, from Wako (Osaka); and RTX, from LKT
Laboratories (St. Paul, MN, USA). a-Chloralose was
dissolved in distilled water and administered intraperito-
neally. Capsaicin and RTX were dissolved in a mixture
of 10% ethanol (Wako) and 10% polyoxyethylene (20)
sorbitan monooleate (Wako) in 0.9% w/v physiological
saline. RTX was administered at 200 ug/kg subcutane-
ously (s.c.) 1 week after SNI surgery to desensitize
TRPV1-positive primary afferent fibers. The desensitiza-
tion of TRPV 1-sensitive fibers was confirmed by lack of
eye-scratching evoked by instillation of 1% capsaicin
solution into the right eye (18).

Statistical analyses
All data were expressed as the mean + S.E.M. In the
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behavioral study, Mann-Whitney’s U-test was used for
comparisons between two groups, and two-tailed non-
parametric multiple comparisons with Bonferroni correc-
tion following the Kruskal-Wallis test were used for
comparisons between the control and other groups. In the
electrophysiological study, the t-test with Bonferroni
correction following one-way analysis of variance
(ANOVA) was used for multiple comparisons of the
control and other groups (24). Differences at P <0.05
(two-tailed) were considered to be significant.

Results

Mechanical allodynia in SNI model rats

All SNI rats developed marked hypersensitivity to in-
nocuous von Frey filament stimulation of the hindpaw
ipsilateral to the nerve injury. The 50% threshold showed
a substantial decline starting 1 day after the surgery [be-
fore: 11.15+1.61 g (N=0); 1 day after: 2.37+0.34 g
(N =6)] (Fig. 1), and this persisted for 7 days [7 days
after: 1.54 £ 0.02 g (N = 6), P < 0.05, compared with the
sham group]. There was no significant difference in the
50% threshold between sham [9.11 + 0.95 g (N = 6)] and
age-matched naive [11.86 +2.00 g (N = 6)] rats 7 days
after surgery. On the contralateral side, a significant de-
cline of the 50% threshold was observed only 7 days after
SNI surgery [naive: 10.95 £+ 1.34 g (N = 6); sham: 9.58 +
0.52 g N=6); SNI: 6.78+0.69 g N=6), P<0.05,
compared with the sham group].

Changes in ventral root discharges in SNI model rats
Ventral root discharges recorded in SNI and sham rats
were compared (Fig. 2). In sham rats, low-intensity (10
g) mechanical stimulation of the hindpaw evoked only
during-discharges, whereas high-intensity (60 g) stimula-
tion evoked both during- and after-discharges (Fig. 2A).
On the other hand, SNI rats showed during-discharges
and after-discharges in response to low-intensity stimula-
tion (10 g) (Fig. 2B). The discharge frequencies increased

Fig. 1.

rats. Age-matched naive rats were also compared 7
E days after surgery (just before measurement of
ventral root discharges). Ipsilateral 50% thresholds
were significantly reduced in SNI rats from 1 day
after surgery. There were no changes in the thresh-
old in sham and naive rats. In the contralateral paw,

Changes in the 50% thresholds of SNI

—@— SNI *
a O  naive a the 50% threshold was slightly but significantly
reduced only at 7 days after surgery. Each point
24 24 represents the mean+ S.E.M. of 6 rats in each
o o group. The statistical significance of differences
0 > 4 6 8 0 2 4 6 g was determined by Mann-Whitney’s U-test.

Days post surgery

Days post surgery

*P <0.05 vs. sham.
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Fig.2. Comparison of ventral root dis-
charges recorded in a sham-treated rat (A) or a
SNI model rat (B). Although low (10 g)-inten-
sity mechanical stimulation of the hindpaw
evoked during-discharges in both rats, after-
discharges were only evoked in SNI model
rats. High (60 g)-intensity stimulation evoked
during- and after-discharges, and after-dis-
charges occurred in both types of rats. Graphs
in panel C show the stimulus—response recruit-
ment curves of during- and after-discharges in
sham, SNI, and naive rats. In SNI rats, during-
discharges were increased in response to low-
intensity stimulation, and after-discharges
were markedly enhanced in response to vari-
* ous intensities of stimulation with von Frey
filaments. Each point represents the mean +

% S.E.M. of 6 separate experiments. Ordinate:
discharge frequency per second. Abscissa:
stimulus intensity (grams). The statistical sig-
nificance of differences between the sham and
other groups was determined by the two-tailed
multiple #-test with Bonferroni’s correction
following one-way analysis of variance

10 100 1
von Frey weight (g)

in an intensity-dependent manner (Fig. 2C). A significant
increase of during-discharges elicited by low-intensity
stimulation under 6 g was observed in SNI rats [sham:
39.7+12.8 Hz (N=06); SNI: 83.5+10.4 Hz (N =6),
P <0.05, 6 g stimulation] (Fig. 2C). There was no sig-
nificant difference in the during-discharges evoked by
noxious stimuli between the sham and SNI groups [sham:
209.0 £40.2 Hz (N =6); SNI: 211.7 £ 20.0 Hz (N = 6),
60 g stimulation]. Although after-discharges were not
elicited by low-intensity stimulation in the sham and
naive groups, SNI rats showed after-discharges in re-
sponse to low-intensity stimulation [sham: 1.2 + 0.6 Hz
(N=16); SNI: 14.0+4.2Hz (N =6), P <0.01, 4 g stimu-
lation]. The noxious stimuli elicited a further increase of
after-discharges in SNI rats [sham: 17.6 £ 5.1 Hz (N = 6);
SNI: 45.1 £ 9.9 Hz (N =06), P <0.05, 60 g stimulation]
(Fig. 2C).

T
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von Frey weight (g)

(ANOVA) (2 comparisons in 3 groups).
*P <0.05, **P<0.01 vs. sham.

100

Effects of RTX on thermal responses of SNI model rats

No signs of severe discomfort were observed in the
SNI surgery and RTX treatment groups. RTX-treated
rats showed no eye-blinking reaction to 1% capsaicin
solution throughout the experiment, indicating desensiti-
zation of TRPV 1-sensitive fibers. The withdrawal latency
upon application of thermal stimulation did not change
after the SNI procedure (Fig. 3). However, RTX induced
significant prolongation of the withdrawal latency in
comparison with the vehicle-treated group on the 1st day
after the treatment [SNI-RTX: 27.4 + 2.6 s (N = 5); SNI-
vehicle: 16.5+ 0.8 s (N=15), P <0.05]. This prolonga-
tion was sustained for 7 days after RTX administration
[SNI-RTX: 26.3 + 1.4 s (N = 5); SNI-vehicle: 13.1 + 1.3
s(N=5), P<0.05].

Effects of RTX on mechanical allodynia in SNI model
rats

The decrease in the 50% threshold in the von Frey test
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after SNI surgery was not affected by administration of
RTX 1 week after the surgery (Fig. 4A). RTX treatment
in the sham group decreased the 50% threshold slightly,
and a significant difference relative to the RTX-treated
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Fig. 3. Response to thermal stimuli in SNI rats. SNI produced no
change in withdrawal latency. RTX treatment prolonged the with-
drawal latency. Each datum represents the mean = S.E.M. of 5 rats in
each group. The statistical significance of differences was determined
by two-tailed non-parametric comparison with Bonferroni’s correc-
tion following the Kruskal-Wallis test (2 comparisons in 3 groups).
*P <0.05 vs. SNI-RTX.
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SNI group was observed for 14 days after surgery [SNI-
RTX: 1.5+0.0 g (N=5); sham-RTX: 10.1£1.0 g
(N =15), P <0.05]. On the contralateral side, SNI surgery
and RTX treatment had no significant effect on the 50%
threshold.

Effects of RTX on response to noxious mechanical stimu-
lation in SNI model rats

Quick withdrawal responses evoked by pin stimulation
were observed in every group during the experimental
period. Only in SNI rats was a prolonged paw withdrawal
response to pin stimulation observed in the ipsilateral
hindpaw 1 day after surgery. This behavior was not ob-
served in the sham groups [SNI-RTX: 12.0+1.7 s
(N =5); sham-RTX: 0.0 £ 0.0 s (N =5), P <0.05] (Fig.
4B). The RTX treatment drastically reduced the with-
drawal duration in the pin-prick test [SNI-RTX: 0.3 £ 0.3
s (N =5); SNI-vehicle: 8.2 + 1.1 s (N = 5) in 8 days after
SNI, P < 0.05]. This reduction persisted for 1 week after
RTX treatment [SNI-RTX: 0.8+ 0.6 s (N=5); SNI-
vehicle: 8.8+0.9 s (N=5) in 14 days after SNI,
P <0.05]. In the contralateral hindpaw, the paw with-
drawal response did not occur in SNI rats and RTX did
not influence this response.
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Fig. 4. Effect of RTX on 50% thresholds (A)
and pin withdrawal duration (B) of SNI rats.
A: The decreased ipsilateral 50% threshold
was sustained for at least 14 days in SNI rats.
Treatment with RTX at 7 days after surgery
did not change the 50% threshold. There was

‘2’ —— gs:.s;?i(de no significant alteration of the threshold in the
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Effects of RTX on ventral root discharges in SNI model
rats

The after-discharges evoked by both low (10 g)- and
high (60 g)-intensity mechanical stimulation were ob-
served in vehicle-treated SNI rats, similarly to the results
shown in Fig. 2 (Fig. 5A). During-discharges that were
increased in SNI rats tended to be depressed by RTX, but
not to a significant degree [SNI-RTX: 70.9+12.3 Hz
(N =15); SNI-vehicle: 122.23 £33.6 Hz (N=5), 10 g
stimulation] (Fig. 5C). However, a marked depression of
during-discharges was detected when high-intensity
stimuli were applied [SNI-RTX: 108.2 +£29.0 Hz (N = 5);
SNI-vehicle: 208.1 + 32.8 Hz (N = 5), 60 g stimulation].
The during-discharges in the RTX-treated sham group
tended to be depressed at each stimulus intensity
[30.3 £ 19.3 Hz (N =5), 10 g stimulation; 88.6 + 35.9 Hz
(N =5), 60 g stimulation] (Fig. 5C). On the other hand,
the after-discharges in the SNI group were completely
abolished by RTX administration [SNI-RTX: 1.8 0.9
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Hz (N = 5); SNI-vehicle: 69.5 £ 8.6 Hz (N =5), P <0.01,
60 g stimulation] (Fig. 5C). The after-discharges in the
RTX-treated SNI group were similar to those in the
RTX-treated sham group [0.3+0.2 Hz (N=5), 60 g
stimulation] (Fig. 5C).

Discussion

In this study, SNI rats showed marked mechanical al-
lodynia and prolongation of the duration of paw with-
drawal after pin stimulation (mechanical hyperalgesia).
The prolonged ventral root discharges after cessation of
the stimulation were enhanced in SNI rats. The mechani-
cal hyperalgesia was almost abolished by RTX treatment,
whereas mechanical allodynia was not affected. Similarly
to mechanical hyperalgesia, the enhanced after-discharges
were also abolished by RTX treatment in SNI rats. These
results suggest the contribution of TRPV 1-positive fibers
to the appearance of mechanical hyperalgesia and en-

Fig. 5. Comparison of ventral root discharges
recorded in a SNI-vehicle—treated rat (A) or a
SNI-RTX-treated rat (B). Both of the after-
discharges increased by low (10 g)- and high
(60 g)-intensity mechanical stimulation in SNI
were almost abolished by RTX. Graphs in
panel C show stimulus—response recruitment
curves of the during- and after-discharges in
RTX-treated SNI model rats. Each point rep-
resents the mean + S.E.M. of 5 separate experi-
ments. Ordinate: discharge frequency per sec-
ond. Abscissa: stimulus intensity (grams). The
statistical significance of differences between
the sham and other groups was determined by
two-tailed multiple #-test with Bonferroni’s
correction following one-way analysis of vari-

*%*
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ance (ANOVA) (2 comparisons in 3 groups).
*P <0.05, **P <0.01 vs. SNI-RTX.
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hanced ventral root after-discharges in SNI rats.

Low-intensity stimulation with von Frey filaments
elicited robust mechanical allodynia and an increase of
during-discharges in SNI model rats. It is considered that
the transmission of touch sensation by Af-fibers is mark-
edly perturbed in the SNI model. In fact, the levels of the
p-catenin and menin proteins, which are involved in the
formation of new synapses (25), and the number of
neurons reacting to the Af-fiber stimulation (26) are in-
creased in lamina II of the spinal dorsal horn of SNI rats.
In dorsal root ganglia (DRG), macrophages form clusters
around the cell bodies of A-fibers, but not small C-fibers,
in the SNI model (27). These changes in spinal cord
neurotransmission after SNI surgery may contribute to
mechanical allodynia.

RTX is an ultrapotent capsaicin analog (17), a single
injection of which desensitizes TRPV 1-positive primary
afferent fibers (18) by induction of cell death followed by
persistent calcium influx (28). The activation of p38 in
spinal microglia and the induction of mechanical allo-
dynia are not prevented by RTX treatment before SNI
surgery (29). Since RTX failed to induce any significant
changes in mechanical allodynia or the increment of
during-discharges, it is suggested that TRPV 1-insensitive
fibers participate in mechanical allodynia. A similar lack
of depression of mechanical allodynia by RTX adminis-
tration after surgery has also been shown in a spinal
nerve ligation model (30). Our results and those of others
suggest that TRPV 1-positive fibers are dispensable for
induction of mechanical allodynia.

SNI rats did not show any change in the latency of paw
withdrawal in response to thermal stimulation, but the
duration of withdrawal behavior was prolonged (data not
shown), as reported in the original article (5). These re-
sults are consistent with a report that SNI did not reduce
the expression of TRPV1 immunoreactivity within the
territory innervated by the uninjured sural nerve in the
spinal dorsal horn (31). From these results, it is consid-
ered that normal thermal sensitivity was maintained be-
cause of sparing of TRPV1-positive fibers in this SNI
model. Treatment with RTX abolished the behavior
evoked by thermal stimulus almost completely in both
sham and SNI rats. In contrast, however, it has also been
reported that thermal hyperalgesia occurs in the SNI
model (32). It will be necessary to further validate the
changes in heat-sensitive fibers that occur in the SNI
model.

Mechanical hyperalgesia observed as prolongation of
the duration of the reaction to pin stimulation was com-
pletely abolished by RTX. Enhancement of after-dis-
charges in the SNI model was also depressed by RTX.
As uninjured C-fibers are necessary for the induction and
maintenance of hypersensitivity (33), it is considered that

the activation of TRPV1-positive C-fibers in the unin-
jured sural nerve and/or spinal neurons receiving input
from the sural nerve play an important role in mechanical
hyperalgesia and generation of after-discharges in SNI
rats. Furthermore, after-discharges were induced by
lower-intensity stimuli in SNI rats than in naive and sham
rats. These after-discharges were also abolished by RTX.
These results suggest that the activating threshold of
TRPV1-positive fibers and related dorsal horn neurons
are lowered by SNI. Since ventral root discharges were
recorded in spinalized rats, it is suggested that the
changes observed in this electrophysiological study oc-
curred in primary afferent fibers and/or the dorsal horn,
but not at supraspinal sites. In fact, N- and L-type voltage-
dependent Ca®* channels in the dorsal horn contribute to
the generation of after-discharges in naive rats (7). The
participation of these channels in neuropathic pain mod-
els has been reported (34 —36). On the basis of these
results, a hypothesis can be proposed in which the after-
discharges induced by low-intensity stimuli participate in
the mechanical hyperalgesia caused by sensitization of
TRPV1-positive fibers in SNI. The TRPV1-positive fi-
bers abolished by RTX are heat-sensitive Ad- and C-fibers
(20). Although it is considered that TRPV1-negative
Ao- and C-fibers still remained after the treatment of
RTX, the population of these fibers was not elucidated in
this study.

In conclusion, TRPV 1-positive primary afferent fibers
contribute to the increment of ventral root after-discharges
induced by application of mechanical stimuli in sham
and SNI rats and that mechanical hyperalgesia is pro-
longed after cessation of stimulation in SNI, without
contributing to mechanical allodynia. These results sug-
gest that there is a difference in the mechanisms respon-
sible for generating mechanical allodynia and prolonged
mechanical hyperalgesia.

Acknowledgment

This work was supported by a Grant-in-Aid for Research at Nagoya
City University.

References

1 Sandkiihler J. Models and mechanisms of hyperalgesia and allo-
dynia. Physiol Rev. 2009;89:707-758.

2 Bennett GJ, Xie YK. A peripheral mononeuropathy in rat that
produces disorders of pain sensation like those seen in man. Pain.
1988;33:87-107.

3 Seltzer Z, Dubner R, Shir Y. A novel behavioral model of neuro-
pathic pain disorders produced in rats by partial sciatic nerve in-
jury. Pain. 1990;43:205-218.

4 Kim SH, Chung JM. An experimental model for peripheral neu-
ropathy produced by segmental spinal nerve ligation in the rat.
Pain. 1992;50:355-363.



10

11

12

13

14

15

17

18

19

20

21

S Yamamoto et al

Decosterd I, Woolf CJ. Spared nerve injury: an animal model of
persistent peripheral neuropathic pain. Pain. 2000;87:149-158.
Yamamoto S, Honda M, Tanabe M, Ono H. Spinal ventral root
after-discharges as a pain index: involvement of NK-1 and
NMDA receptors. Brain Res. 2006;1082:115-123.

Yamamoto S, Tanabe M, Ono H. N- and L-type voltage-dependent
Ca” channels contribute to the generation of after-discharges in
the spinal ventral root after cessation of noxious mechanical
stimulation. J Pharmacol Sci. 2012;119:82-90.

Tal M, Bennett GJ. Extra-territorial pain in rats with a peripheral
mononeuropathy: mechano-hyperalgesia and mechano-allodynia
in the territory of an uninjured nerve. Pain. 1994;57:375-382.
Pitcher GM, Henry JL. NSAID-induced cyclooxygenase inhibi-
tion differentially depresses long-lasting versus brief synaptical-
ly-elicited responses of rat spinal dorsal horn neurons in vivo.
Pain. 1999;82:173-186.

Radhakrishnan V, Henry JL. Antagonism of nociceptive re-
sponses of cat spinal dorsal horn neurons in vivo by the NK-1
receptor antagonists CP-96,345 and CP-99,994, but not by CP-
96,344. Neuroscience. 1995;64:943-958.

Drew GM, Siddall PJ, Duggan AW. Responses of spinal neurones
to cutaneous and dorsal root stimuli in rats with mechanical al-
lodynia after contusive spinal cord injury. Brain Res. 2001;
893:59-69.

You HJ, Merch CD, Arendt-Nielsen L. Electrophysiological
characterization of facilitated spinal withdrawal reflex to repeti-
tive electrical stimuli and its modulation by central glutamate
receptor in spinal anesthetized rats. Brain Res. 2004;1009:
110-119.

Morisset V, Nagy F. Nociceptive integration in the rat spinal
cord: role of non-linear membrane properties of deep dorsal horn
neurons. Eur J Neurosci. 1998;10:3642-3652.

Reali C, Fossat P, Landry M, Russo RE, Nagy F. Intrinsic mem-
brane properties of spinal dorsal horn neurones modulate nocice-
ptive information processing in vivo. J Physiol. 2011;589:
2733-2743.

Voisin DL, Nagy F. Sustained L-type calcium currents in dissoci-
ated deep dorsal horn neurons of the rat: characteristics and
modulation. Neuroscience. 2001;102:461-472.

Morisset V, Nagy F. Plateau potential-dependent windup of the
response to primary afferent stimuli in rat dorsal horn neurons.
Eur J Neurosci. 2000;12:3087-3095.

Szallasi A, Blumberg PM. Resiniferatoxin, a phorbol-related
diterpene, acts as an ultrapotent analog of capsaicin, the irritant
constituent in red pepper. Neuroscience. 1989;30:515-520.
Szallasi A, Blumberg PM. Vanilloid receptor loss in rat sensory
ganglia associated with long term desensitization to resinifera-
toxin. Neurosci Lett. 1992;140:51-54.

Ma QP. Expression of capsaicin receptor (VR1) by myelinated
primary afferent neurons in rats. Neurosci Lett. 2002;319:
87-90.

Mitchell K, Bates BD, Keller JM, Lopez M, Scholl L, Navarro J,
et al. Ablation of rat TRPV1-expressing Adelta/C-fibers with
resiniferatoxin: analysis of withdrawal behaviors, recovery of
function and molecular correlates. Mol Pain. 2010;6:94.

Dixon WI. Efficient analysis of experimental observations. Annu
Rev Pharmacol Toxicol. 1980;20:441-462.

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quan-
titative assessment of tactile allodynia in the rat paw. J Neurosci
Methods. 1994;53:55-63.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and
sensitive method for measuring thermal nociception in cutaneous
hyperalgesia. Pain. 1988;32:77-88.

Wallenstein S, Zucker CL, Fleiss JL. Some statistical methods
useful in circulation research. Circ Res. 1980;47:1-9.

Zhang X, Chen G, Xue Q, Yu B. Early changes of f-Catenins and
Menins in spinal cord dorsal horn after peripheral nerve injury.
Cell Mol Neurobiol. 2010;30:885-890.

Schoffnegger D, Ruscheweyh R, Sandkiihler J. Spread of excita-
tion across modality borders in spinal dorsal horn of neuropathic
rats. Pain. 2008;135:300-310.

Vega-Avelaira D, Géranton SM, Fitzgerald M. Differential regu-
lation of immune responses and macrophage/neuron interactions
in the dorsal root ganglion in young and adult rats following
nerve injury. Mol Pain. 2009;5:70.

Grant ER, Dubin AE, Zhang SP, Zivin RA, Zhong Z. Simultane-
ous intracellular calcium and sodium flux imaging in human
vanilloid receptor 1 (VR1)-transfected human embryonic kidney
cells: a method to resolve ionic dependence of VR1-mediated
cell death. J Pharmacol Exp Ther. 2002;300:9—-17.

Suter MR, Berta T, Gao YJ, Decosterd I, Ji RR. Large A-fiber
activity is required for microglial proliferation and p38 MAPK
activation in the spinal cord: different effects of resiniferatoxin
and bupivacaine on spinal microglial changes after spared nerve
injury. Mol Pain. 2009;5:53.

Ossipov MH, Bian D, Malan TPJ, Lai J, Porreca F. Lack of in-
volvement of capsaicin-sensitive primary afferents in nerve-liga-
tion injury induced tactile allodynia in rats. Pain. 1999;79:
127-133.

Corder G, Siegel A, Intondi AB, Zhang X, Zadina JE, Taylor BK.
A novel method to quantify histochemical changes throughout
the mediolateral axis of the substantia gelatinosa after spared
nerve injury: characterization with TRPV1 and substance P. J
Pain. 2010;11:388-398.

Casals-Diaz L, Vivo M, Navarro X. Nociceptive responses and
spinal plastic changes of afferent C-fibers in three neuropathic
pain models induced by sciatic nerve injury in the rat. Exp Neu-
rol. 2009;217:84-95.

Jang JH, Kim KH, Nam TS, Lee WT, Park KA, Kim DW, et al.
The role of uninjured C-afferents and injured afferents in the
generation of mechanical hypersensitivity after partial peripheral
nerve injury in the rat. Exp Neurol. 2007;204:288-298.

Fossat P, Dobremez E, Bouali-Benazzouz R, Favereaux A,
Bertrand SS, Kilk K, et al. Knockdown of L calcium channel
subtypes: differential effects in neuropathic pain. J Neurosci.
2010;30:1073-1085.

Ohnami S, Tanabe M, Shinohara S, Takasu K, Kato A, Ono H.
Role of voltage-dependent calcium channel subtypes in spinal
long-term potentiation of C-fiber-evoked field potentials. Pain.
2011;152:623-631.

Vanegas H, Schaible H. Effects of antagonists to high-threshold
calcium channels upon spinal mechanisms of pain, hyperalgesia
and allodynia. Pain. 2000;85:9—18.



