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Abstract

Role of peripheral glutamate in mechanical hyperalgesia

in a traumatic neuropathy model of the rat

Jun Ho Jang

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Joong Woo Leem)

Peripheral nerve injury leads to neuropathic pain, including
mechanical hyperalgesia (MH). When a peripheral nerve is injured,
damaged primary sensory afferents emit a barrage of brief impulses, or
an injury discharge, which are conducted both orthodromically to the
spinal cord and antidromically to the periphery. There is evidence
indicating that centrally conducting injury discharge plays a role in
triggering neuropathic pain. Although peripherally conducting impulses
are observed to lead to peripheral nociception through glutamate (Glu)
receptor activation, their role in neuropathic pain i1s not clearly
understood. The present study was conducted to provide evidence for a
hypothesis that nerve injury-induced peripheral effects contribute to
neuropathic pain. To this, using rats with lumbar 5 (L5) dorsal
rhizotomy (DR), it was investigated 1) whether nerve lesion or electrical
stimulation (ES) of L5 spinal nerve induced neuropathic pain and, if so,
2) whether or not peripheral Glu receptors were involved in mediating
this pain.

Rats that received left L5 DR were subjected to either spinal nerve
lesion (SNL) or ES, each of which was done at left L5 spinal nerve.

For SNL, spinal nerve was tightly ligated and transected. For ES, a



train of electrical pulses (0.5-ms, 2-5 mA, 4 Hz) were applied for 5 min
to the spinal nerve with a pair of flexible silver wires. Mechanical
sensitivity of hind paw was assessed by measuring paw withdrawal
threshold (PWT) to von Frey filament application. The effects of an
intraplantar (i.pl.) injection of Glu receptor antagonists or agonist on
mechanical sensitivity into the affected hind paw were investigated.

SNL reduced PWT of the affected hind paw with a peak reduction
on day 3 post-SNL. This reduced PWT, or MH, was maintained for at
least 42 days of the test period. ES also reduced PWT in a similar way
to SNL, lasting for 7 days. When an ipl. injection was given
immediately before SNL, NMDA receptor antagonist MK-801 (20 nmol),
group-I metabotropic Glu (mGlu) receptor antagonist DL-AP3 (70 nmol),
and selective group—II mGlu receptor agonist APDC (20 nmol) delayed
the onset of MH. For ES-induced MH, the same application of above
drugs completely blocked it's onset as long as for 42-test period.
Pre-treatment of AMPA/kainate receptor antagonist NBQX (100 nmol)
was without an effect on either SNL- or ES-induced onset of MH.
When drugs were given after SNL induced—-MH had been established,
MK-801 reversed MH for about 45 minutes, whereas NBQX, DL-AP3,
or APDC had no effect. The same was true for ES-induced MH.

These results suggest that 1) peripherally conducting impulses play a
crucial role in the generation of neuropathic pain, regardless of whether
these impulses are directly from injury discharge or secondarily from
nerve injury and 2) that peripheral Glu receptors are involved in

mediating this pain.

Key words: neuropathic pain, nerve Injury, injury discharge,

glutamate, electrical stimulation
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I. INTRODUCTION

Peripheral nerve injury leads to neuropathic pain, which is characterized
by spontaneous burning pain, pain evoked by normally innocuous stimuli
(allodynia), and exaggerated pain in response to painful stimuli
(hyperalgesia). When a peripheral nerve is injured, damaged primary
sensory afferents emit a barrage of brief impulses, or an injury discharge,
lasting  several minutes.! Injury discharges are conducted both
orthodromically to the spinal cord and antidromically to the periphery.
There i1s evidence indicating that centrally conducting injury discharge
plays a role in the triggering neuropathic pain. The abnormal pain
behavior following peripheral nerve transection is suppressed by local
anesthetic blockade of centrally conducting injury discharge™ or by
intrathecal injection of glutamate (Glu) receptor blockers at the lumbar
level just prior to transection.” Brief electrical stimulation (ES) of C-fibers,
which mimics injury discharge, produces prolonged hyperalgesia,” although
in which the effects exerted by stimulation—-produced discharge that is
peripherally conducted could be not excluded.

Several lines of evidence suggest that peripherally conducting

impulses play a role in peripheral nociception through Glu receptor
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activation. The antidromic stimulation of primary sensory afferents
results in increment of Glu levels in the extracellular space of the rat
hind paw.’ Both ionotropic Glu (iGlu)”® and metabotropic Glu (mGlu)’"
receptors have been localized in the peripheral processes of primary

unmyelinated afferents. The activation of peripheral Glu receptors by an

712 13,14

intraplantar (i.pl.) injection of Glu or of Glu receptor agonists
produces nociceptive behaviors that are blocked by appropriate
antagonists.”""” However, a role of peripherally conducting impulses in
neuropathic pain has not received much attention.

It has been demonstrated that in a neuropathy model in which
centrally conducting discharges had been blocked by lumbar 5 (L5)
dorsal rhizotomy (DR), L5 spinal nerve lesion (SNL) still produces

long-lasting mechanical hyperalgesia.'”

Thus, this model is useful for
studying the nerve injury-induced peripheral effects on neuropathic pain.
Nerve injury-induced peripheral effects are presumably exerted by
peripherally conducting injury discharge stemming from injured afferents
and by spontaneous discharge from intact afferents nearby degenerating
axon during Wallerian degeneration following the lesion. In fact, the
development of spontaneous discharges in intact afferent neighbors
following peripheral nerve lesion has been demonstrated.”” " Therefore, it
1s 1mpossible to assess contribution of peripherally conducting injury
discharge only, as being separated from Wallerian degeneration-related
discharge, to long-lasting mechanical hyperalgesia shown in this
neuropathic pain model. An alternate approach to studying the role of
injury discharge is to use ES mimicking injury discharge, or an artificial
injury discharge. The present study was conducted using rats with L5
DR to investigate 1) whether nerve lesion or ES of L5 spinal nerve
induced neuropathic pain and, if so, 2) whether or not peripheral Glu

receptors were involved in mediating this pain.



II. MATERIALS AND METHODS

1. Subjects

Male Sprague-Dawley rats (200-250g) that were housed in groups of
3-4, with food and water available ad libitum under a light-dark cycle,
were used in this study. Rats were allowed to acclimate at least for a
week before surgery and behavioral testing. Experiments were carried
out in accordance with NIH regulations for animal care and with the
approval of the Institutional Animal Care and Use Committee of Yonsei

University, Seoul, Korea.

2. Preparation of a neuropathy model

The neuropathy model was prepared with rats that were first
subjected to left Lb DR, followed 6 days later by left L5 SNL. Both
operations were performed under enflurane anesthesia (induction 3% and
maintenance 2%). For left L5 DR, the surgical field was shaved, a
longitudinal incision made exposing the L4 to L6 vertebral segments,
and a laminectomy performed at the left L5 segment. After making a
small incision of the dura matter, the exposed L5 dorsal root was
transected. For left L5 SNL, an incision was made above the lumbar
spine and the left transverse process of L6 vertebra was exposed. After
carefully removing this process, left L5 spinal nerve was exposed,
tightly ligated with 6-0 silk thread, and cut about 1 mm distal to the
ligation. The wound was sutured and maintained with postoperative
care. In the sham operation group, all operations were performed in the

same manner, but without DR and SNL.



3. Electrical stimulation

Rats that received left L5 DR 6 days earlier were subjected to ES.
Left L5 spinal nerve was exposed under pentobarbital anesthesia (50
mg/kg, 1.p.) in a same manner as the animal model preparation. Exposed
spinal nerve was freed from surrounding connective tissue, and a piece
of parafilm was placed underneath the spinal nerve, isolating it from the
surrounding tissue and nearby other spinal nerve. To prevent the spinal
nerve from damage or stretching due to a muscle twitch during ES,
nerve was surrounded with a pair of silver wires that were very thin
and flexible (0.005 inches in diameter, 2-4 mm apart). Square-wave
pulses of 0.5 ms duration at 4 Hz were applied for 5 minutes. The
lowest level of electrical current needed to elicit a muscle twitch was
defined as threshold current. Electrical stimuli were applied at strengths
of 200 times a threshold current, which ranged from 2 to 5 mA and
were reported to be strong enough to activate primary afferent C-fibers.
The wound was sutured and maintained with postoperative care. In the
sham operation group, all operations were performed in the same

manner, but without applying electrical stimuli.

4. Drug preparation

Non-competitive NMDA (N-methyl-D-aspartate) receptor antagonist
MK-801 (dizocilpine maleate) and competitive AMPA (a
—amino-3-hydroxy-5-methylisoxazole-4-propionic acid)/kainate receptor
antagonist NBQX (2,3-dioxo-6-nitro-1,2,3,4,~tetrahydrobenzolf]
quinoxaline-7-sulfonamide) were dissolved in phosphate-buffered saline,
pH 74 (PBS). Competitive group-I mGlu receptor antagonist DL-AP3
(DL-amino-3-phosphonopropionic acid) and selective Group-II mGlu
receptor agonist APDC ((2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate)

were first prepared as a stock solution in 100 mM NaOH and then
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diluted to final concentrations with PBS. All drugs were purchased from
Tocris Cookson (Bristol, UK). Vehicles were prepared as described for

the corresponding drug solution without adding the drug.

5. Drug administration

Drugs or vehicles were administered under enflurane anesthesia (3%,
2-3 min) in a volume of 30 «f, subcutaneously, into the plantar surface
of the hind paw using a 50-gx¢ Hamilton syringe with a 28-gauge
needle. The needle was inserted into the plantar skin proximal to the
midpoint of the hind paw and advanced about 10 mm so that it reached
the midpoint of the hind paw, where the solution was injected forming a
bleb that disappeared within 10 minutes. The doses used were 20 nmol
MK-801, 100 nmol NBQX, 70 nmol DL-AP3, and 20 nmol APDC. A
pilot study showed that all drugs at these doses, except NBQX,
produced a maximal response in terms of a delay in the onset of
SNL-induced mechanical hyperalgesia when injected into the affected
hind paw 15 minutes before SNL. No drug at these doses produced
stereotypical alterations in motor activity, such as hyper-locomotion or
balance loss. As a vehicle control group, rats were treated with an i.pl

injection of PBS- or NaOH-containing vehicle.

6. Experimental protocol

The first set of experiments was aimed at testing whether the
neuropathy model, in which the potential central effects induced by a
direct input of injury—-evoked impulses to the spinal cord were prevented
without affecting peripherally conducting injury-evoked impulses, show a
long-lasting pain behavior. Rats were randomly assigned to two groups:
one that received L5 SNL preceded by L5 DR in the same side and the

other that received a sham operation.
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The second set of experiments was performed to test whether
artificial injury discharge produced by ES of L5 spinal nerve induce a
long-lasting pain behavior. Rats were randomly assigned to two groups:
one that received L5 ES following L5 DR in the same side and the
other that received a sham operation.

In the third set of experiments, the effects of drugs and vehicle
(PBS- or NaOH-containing) on L5 SNL-induced mechanical
hyperalgesia, administered before SNL, were examined. Rats that
received L5 DR 6 days earlier were assigned to one of the following ten
groups: animals injected with MK-801, NBQX, DL-AP3, or ADPC into
the hind paw ipsilateral to DR, animals injected with each of the same
drugs into the contralateral hind paw, animals injected with PBS- or
NaOH-vehicle into the ipsilateral hind paw. In each rat, an injection of
drugs or vehicle was followed 15 min later by L5 SNL.

The fourth set of experiments examined the effects of drugs or
vehicle on L5 SNL-induced mechanical hyperalgesia, when administered
after SNL-induced mechanical hyperalgesia had been already established.
Rats that received L5 SNL preceded by L5 DR on the same side with
established mechanical hyperalgesia were assigned to one of ten groups
that were the same as those described above in the third set of
experiments. In each rat, an injection of drugs or vehicle was performed
on day 10 post-SNL. In both the pre- and post-treatment paradigms,
we included groups of rats that received an 1pl. injection of the same
drugs into the contralateral hind paw to rule out the possibility that an
1.pl. drug injection had some systemic effect.

In the fifth set of experiments, the effects of drugs and vehicle on
L5 ES-induced mechanical hyperalgesia, administered before ES, were
examined. Rats that received L5 DR 6 days earlier were assigned to one

of the following six groups: animals injected with MK-801, NBQX,



DL-AP3, or ADPC into the hind paw ipsilateral to DR, animals injected
with PBS- or NaOH-vehicle into the ipsilateral hind paw. In each rat,
an injection of drugs or vehicle was followed 15 min later by L5 ES.
The sixth set of experiments examined the effects of drugs or
vehicle on L5 ES-induced mechanical hyperalgesia, when administered
after ES-induced mechanical hyperalgesia had been already established.
Rats that received L5 ES preceded by L5 DR on the same side with
established mechanical hyperalgesia were assigned to one of six groups
that were the same as those described above in the fifth set of
experiments. In each rat, an injection of drugs or vehicle was performed

on day 3 post-ES.

7. Behavioral testing

Behavioral testing began with a habituation period, in which rats
were placed in plexiglass cubicles for 30 min. Mechanical hyperalgesia
was evaluated by measuring the paw withdrawal threshold (PWT) to
the application of a von Frey filament using the up-down testing
paradigm. An ascending series of von Frey filaments of incremental
force (0.35, 0.53, 0.78, 2.5, 3.7, 5.2, 6.0, and 12.5 g) were applied for 2-3
seconds perpendicularly to the middle of the plantar surface of the hind
paw until each filament just bent, starting with the 2.5-g stimulus. The
testing procedure and the calculations of the mechanical thresholds were
performed as described by Chaplan et al.® All behavioral testing was
done by experimenters blinded to preceding surgeries and drug

treatments.

8. Statistical analysis

Data are presented as means = SEM for all values. Statistical

analysis was performed using Friedman one-way ANOVA for repeated
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measurements, followed by Wilcoxon signed-rank test when appropriate,
to analyze the variance in PWT between testing days. Statistical
analysis on the variance in PWT between groups on a given testing
day was performed using Kruskal-Wallis ANOVA, followed by the
Mann-Whitney rank-sum test when appropriate. A P value of less than
0.05 was considered statistically significant and Bonferroni corrections

were made.
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III. RESULTS

1. Mechanical hyperalgesia in rats that received L5 SNL following
L5 DR

The time courses of changes in the PWTs of rats that received L5
SNL following L5 DR and of those that received sham-operation are
explored and shown in Fig. 1. After unilateral L5 DR, the PWT of the
affected hind paw to von Frey filament stimuli reduced transiently on
day 1 post-DR and returned to the pre-DR baseline level on day 6
post-DR. Animals that showed this transient change in PWTs were all
included in this study. L5 SNL performed following L5 DR produced a
significant drop in the PWTs of the affected hind paw compared with
the pre-SNL baseline (P<0.05, Friedman ANOVA). This decrease was
also statistically significant versus the PWTs of the contralateral hind
paw or the hind paw of sham-operated animals (P<0.05, Kruskal-Wallis
ANOVA). PWTs reached a minimum (83.6 % change from pre-SNL
baseline level of 17.7 £ 03 g, n=8) on day 3 post-SNL and were
maintained at low levels up to day 42 post-SNL, which is an indication
of the long-lasting nature of mechanical hyperalgesia. No significant
changes in PWT were observed on hind paws contralateral to SNL and

in the sham-operated group.
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Figure 1. Time course of changes in paw withdrawal threshold (PWT) in rats that
received a spinal nerve lesion (SNL) following dorsal rhizotomy (DR). Unilateral lumbar
5 (L5) DR caused PWT of the affected hind paw to decrease transiently and return to
pre-DR baseline on day 6 post-DR. After ipsilateral L5 SNL, performed by L5 spinal
nerve ligation—and-cut, PWT dropped rapidly and was maintained at low levels up to
day 42 post-SNL (closed circles). P, pre-DR values; D, days after DR. Asterisks indicate
significantly different from the pre-SNL baseline (P<0.05, Friedman ANOVA, followed
by Wilcoxon signed-rank test) and from contralateral hind paws (open circles) or
sham-operated animals (open triangles) (P<0.05, Kruskal-Wallis ANOVA, followed by
Mann-Whitney rank-sum test).
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2. Mechanical hyperalgesia in rats that received L5 ES following
L5 DR

The time courses of changes in the PWTs of rats that received L5
ES following L5 DR and of those that received sham-operation are
explored and shown in Fig. 2. After unilateral L5 DR, the PWT of the
affected hind paw to von Frey filament stimuli reduced transiently on
day 1 post-DR and returned to the pre-DR baseline level on day 6
post-DR. Animals that showed this transient change in PWTs were all
included in this study. L5 ES performed following L5 DR produced a
significant drop in the PWTs of the affected hind paw on days 1, 2, 3,
4, 5, 6 and 7 post-ES compared with the pre-ES baseline (P<0.05,
Friedman ANOVA). This decrease was also statistically significant when
compared with the PWTs of the contralateral hind paw or the hind paw
of sham-operated animals (P<0.05, Kruskal-Wallis ANOVA). No
significant changes in PWT were observed on hind paws contralateral

to ES and in the sham-operated group.
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Figure 2. Time course of changes in paw withdrawal threshold (PWT) in rats that
received a electrical stimulation (ES) of spinal nerve following dorsal rhizotomy (DR).
Unilateral lumbar 5 (L5) DR caused PWT of the affected hind paw to decrease
transiently and return to pre-DR baseline on day 6 post-DR. After ipsilateral L5 ES,
PWT dropped rapidly and was maintained at low levels up to day 7 post-ES (closed
circles). P, pre-DR values; D, days after DR. Asterisks indicate significantly different
from the pre-ES baseline (P<0.05, Friedman ANOVA, followed by Wilcoxon signed-rank
test) and from contralateral hind paws (open circles) or sham-operated animals (open

triangles) (P<0.05, Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test).

_14_



3. Effects of pre-treatment in the periphery with MK-801, NBQX,
DL-AP3, or APDC on SNL-induced mechanical hyperalgesia

To test whether peripheral NMDA and AMPA/kainate receptors are
involved in the induction phase of SNL-induced mechanical hyperalgesia,
the effect of MK-801 or NBQX injected into the hind paw immediately
before SNL on PWT scores was investigated. As seen in Fig. 3A, an
1.pl. injection of 20 nmol of MK-801, performed 15 min before SNL, into
the hind paw ipsilateral to SNL demonstrated a significant increase in
PWTs on days 1, 2, 3, and 4 post-treatment compared with
PBS-vehicle-treated animals (P<0.05, Kruskal-Wallis ANOVA, followed
by Mann-Whitney rank-sum test). These animals that received MK-801
in the ipsilateral hind paw also showed increased PWTs on days 1, 2, 3
and 4 post-treatment compared with animals treated with MK-801 in
the contralateral hind paw (P<0.05, Kruskal-Wallis ANOVA, followed by
Mann-Whitney rank-sum test). No significant difference in PWTs was
observed between animals treated with MK-801 (20 nmol) in the
contralateral hind paw and those treated with PBS-vehicle. In Fig. 3B,
the effect of pre-treatment in the periphery with NBQX i1s shown.
Animals that received SNL preceded by an i.pl. injection of 100 nmol of
NBQX into the hind paw ipsilateral to SNL displayed similar PWTs to
animals treated with PBS-vehicle or with the same dose of NBQX in
the contralateral hind paw.

To determine if peripheral mGlu receptors are involved in the
induction phase of SNL-induced mechanical hyperalgesia, the effect of
non-selective mGlu receptor antagonist MCPG (a-methyl-4-
carboxyphenylglycine, 50 nmol) injected into the hind paw before SNL
on PWT scores was first analyzed. However, we observed no effect due
to the local injection of MCPG into the hind paw on SNL-induced PWT
reduction (data not shown). We thought that this might be due to the

_15_



non-selective antagonism of MCPG at both group-I and group-II mGlu
receptors, which produce opposite effects when activated, e.g., increased
or decreased neuronal excitability, respectively. Next, we examined the
effects of pre-treatment with competitive Group-I mGlu receptor
antagonist DL-AP3 or selective Group-II mGlu receptor agonist APDC
in the hind paw on PWT scores. As seen in Fig. 4A, an 1.pl. injection
of 70 nmol of DL-AP3, performed 15 min before SNL, into the hind
paw ipsilateral to SNL resulted in a significant increase in PWTs on
days 1, 2, 3, and 4 post-treatment compared with NaOH-vehicle-treated
animals (P<0.05, Kruskal-Wallis ANOVA, followed by Mann-Whitney
rank-sum test). These animals that received DL-AP3 in the ipsilateral
hind paw also showed higher PWTs on days 1, 2, 3 and 4
post—treatment than animals treated with DL-AP3 (70 nmol) in the
contralateral hind paw (P<0.05, Kruskal-Wallis ANOVA, followed by
Mann-Whitney rank-sum test). No significant difference in PWTs was
observed between animals treated with DL-AP3 in the contralateral hind
paw and those treated with NaOH-vehicle. In Fig. 4B, the effect of
pre—treatment in the periphery with APDC is shown. An ipl. injection
of 20 nmol of APDC, performed 15 min before SNL, into the hind paw
ipsilateral to SNL produced a significant increase in PWTs on day 1
post-treatment compared with NaOH-vehicle-treated animals (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test). A
similar increase was observed when these animals that received APDC
in the ipsilateral hind paw were compared with animals treated with
APDC (20nmol) in the contralateral hind paw (P<0.05, Kruskal-Wallis
ANOVA, followed by Mann-Whitney rank-sum test). No significant
difference in PWTs was observed between animals treated with APDC

in the contralateral hind paw and those treated with NaOH-vehicle.
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Figure 3. Effects of MK-801 or NBQX pre-treatment in the periphery on lumbar 5 (L5)
spinal nerve lesion (SNL)-induced paw withdrawal threshold (PWT) reduction. (A) An
intraplantar (i.pl.) injection of MK-801 given before L5 SNL into the affected hind paw
(closed circles) resulted in increased PWTs compared with animals treated with
PBS-vehicle (open triangles) or with MK-801 in the contralateral hind paw (open
circles), as indicated by * or +, respectively (P<0.05, Kruskal-Wallis ANOVA, followed
by Mann-Whitney rank-sum test). (B) The PWTs of animals treated with NBQX before
L5 SNL in the affected hind paw (closed rectangles) were similar to those of animals
treated with PBS-vehicle (open triangles) or with NBQX in the contralateral hind paw
(open rectangles). DR, dorsal rhizotomy; P, pre-DR values; D, days after DR.
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Figure 4. Effects of DL-AP3 or APDC pre-treatment in the periphery on lumbar 5 (L5)
spinal nerve lesion (SNL)-induced paw withdrawal threshold (PWT) reduction. (A)
Animals that received an intraplantar (i.pl.) injection of DL-AP3 before L5 SNL into the
affected hind paw (closed diamonds) displayed higher PWTs than those treated with
NaOH-vehicle (open triangles) or with DL-AP3 in the contralateral hind paw (open
diamonds), as indicated by * or +, respectively. (B) Animals treated with APDC before
L5 SNL in the affected hind paw (closed hexagons) produced higher PWTs than animals
treated with NaOH-vehicle (open triangles) or with APDC in the contralateral hind paw
(open hexagons), as indicated by * or +, respectively. * and +; P<0.05, Kruskal-Wallis
ANOVA, followed by Mann-Whitney rank-sum test. DR, dorsal rhizotomy; P, pre-DR
values; D, days after DR.
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4. Effects of post-treatment in the periphery with MK-801, NBQX,
DL-AP3, or APDC on SNL-induced mechanical hyperalgesia

To test whether peripheral NMDA and AMPA/kainate receptors were
involved in the maintenance phase of SNL-induced mechanical
hyperalgesia, the effect of MK-801 or NBQX injected into the hind paw
after SNL on PW'T scores was examined. As seen in Fig. bA, all three
groups of animals that received SNL following DR demonstrated a
significant decrease in PWTs after SNL compared with the pre-SNL
baseline (P<0.05, Friedman ANOVA). An ipl. injection of 20 nmol of
MK-801, performed on day 10 post-SNL, into the hind paw ipsilateral to
SNL showed a significant increase in PWTs at 45, 60, and 75 min
post—treatment compared with PBS-vehicle-treated animals (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test).
These animals that received MK-801 in the ipsilateral hind paw also
showed increased PWTs at 45, 60, and 75 min post-treatment compared
with animals treated with MK-801 (20 nmol) in the contralateral hind
paw (P<0.05, Kruskal-Wallis ANOVA, followed by Mann-Whitney
rank-sum test). No significant difference in PWTs was observed
between animals treated with MK-801 in the contralateral hind paw and
those treated with PBS-vehicle. In Fig. 5B, the effect of post-treatment
in the periphery with NBQX is shown. An i.pl. injection of 100 nmol of
NBQX, performed on day 10 post-SNL, into the hind paw ipsilateral to
SNL produced no significant difference in PWTs compared with animals
treated with the same dose of NBQX in the contralateral hind paw or
those treated with PBS-vehicle.

The possible involvement of peripheral group-I and group-II mGlu
receptors in the maintenance phase of SNL-induced mechanical
hyperalgesia was tested by analyzing the effect of DL-AP3 or APDC
injected into the hind paw after SNL on PWT scores. As seen in Fig.
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6A, an ipl. injection of 70 nmol of DL-AP3, performed on day 10
post-SNL into the hind paw ipsilateral to SNL, produced no significant
difference in PWTs compared with those animals treated with
NaOH-vehicle. The same held true when animals were treated with
DL-AP3 (70 nmol) in the contralateral hind paw on day 10 post-SNL.
In Fig. 6B, the effect of post-treatment in the periphery with APDC is
shown. Animals that received an 1.pl. injection of 20 nmol of APDC, on
day 10 post-SNL, into the hind paw ipsilateral to SNL showed no
significant difference in PWTs compared with animals treated with
NaOH-vehicle, and this was also the case for animals treated with

APDC (20 nmol) in the contralateral hind paw on day 10 post-SNL.
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Figure 5. Effects of MK-801 or NBQX post-treatment in the periphery on lumbar 5 (L5)
spinal nerve lesion (SNL)-induced paw withdrawal threshold (PWT) reduction. The left
hand side of each graph shows changes in the PWTs of the three groups of animals
that received L5 SNL following L5 dorsal rhizotomy (DR). (A) An intraplantar (.pl.)
injection of MK-801 given on day 10 post-SNL into the affected hind paw produced a
higher PWT than a PBS-vehicle injection into the affected hind paw or an MK-801
injection into the contralateral hind paw, as indicated by * or +, respectively (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test). (B) No PWT
difference was observed between animals treated with NBQX on day 10 post-SNL in
the affected hind paw and animals treated with PBS-vehicle or with NBQX in the
contralateral hind paw. Symbols are as described in Fig. 3. P, pre-DR values; D, days

after DR; S, days after SNL.
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Figure 6. Effects of DL-AP3 or APDC post-treatment in the periphery on lumbar 5 (L5)
spinal nerve lesion (SNL)-induced paw withdrawal threshold (PWT) reduction. Changes
in the PWTs of the three groups of animals that received L5 SNL following L5 dorsal
rhizotomy (DR) are shown on the left hand side of each graph. (A) An intraplantar
(i.pl.) injection of DL-AP3 on day 10 post-SNL into the affected hind paw resulted in
no PWT differences compared with animals treated with NaOH-vehicle or with DL-AP3
in the contralateral hind paw. (B) No PWT differences were observed between animals
treated with APDC on day 10 post-SNL in the affected hind paw and those treated with
NaOH-vehicle or with APDC in the contralateral hind paw. Symbols are as described in
Fig. 4. P, pre-DR values; D, days after DR; S, days after SNL.
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5. Effects of pre-treatment in the periphery with MK-801, NBQX,
DL-AP3, or APDC on ES-induced mechanical hyperalgesia

To test whether peripheral NMDA and AMPA/kainate receptors are
involved in the induction phase of ES-induced mechanical hyperalgesia,
the effect of MK-801 or NBQX injected into the hind paw immediately
before ES on PWT scores was investigated. As seen in Fig. 7A, an ipl
injection of 20 nmol of MK-801, performed 15 min before ES, into the
hind paw ipsilateral to ES demonstrated a significant increase in PWTs
on days 1, 2, 3, 4, 5, 6 and 7 post-treatment compared with
PBS-vehicle-treated animals (P<0.05, Kruskal-Wallis ANOVA, followed
by Mann-Whitney rank-sum test). In Fig. 7B, the effect of pre-treatment
in the periphery with NBQX is shown. Animals that received ES preceded
by an i.pl. injection of 100 nmol of NBQX into the hind paw ipsilateral
to ES displayed similar PWTs to animals treated with PBS-vehicle.

To determine if peripheral mGlu receptors are involved in the
induction phase of ES-induced mechanical hyperalgesia, we examined
the effects of pre-treatment with competitive group-I mGlu receptor
antagonist DL-AP3 or selective group-II mGlu receptor agonist APDC
in the hind paw on PWT scores. As seen in Fig. 8A, an i.pl. injection
of 70 nmol of DL-AP3, performed 15 min before ES, into the hind paw
ipsilateral to ES resulted in a significant increase in PWTs on days 1,
2, 3, 4, b, 6 and 7 post-treatment compared with NaOH-vehicle—treated
animals (P<0.05, Kruskal-Wallis ANOVA, followed by Mann-Whitney
rank-sum test). In Fig. 8B, the effect of pre-treatment in the periphery
with APDC is shown. An i.pl. injection of 20 nmol of APDC, performed
15 min before ES, into the hind paw ipsilateral to ES produced a
significant increase in PWTs on day 1, 2, 3, 4, 5, 6 and 7
post—treatment compared with NaOH-vehicle-treated animals (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test).

_23_



>

L5DR L5ES
207 |

18 -
16 -
14 1
12 -
10
8.
6.
4
24

—e— MK-801 (n=7)
—4— PBS-vehicle (n=6)

Mechanical threshold (g)

RPPPE YV 2 %0 0 A 2pRH Y

Time after i.pl. injection (days)

os}

207 |
18 A
16
14 A
12
10 A1
8.
6.
4.
2.

—=— NBQX (n=11)
—4— PBS-vehicle (n=6)

Mechanical threshold (g)

i.pl.

RPPP >V 2 X0 oA xR ah D
Time after i.pl. injection (days)

Figure 7. Effects of MK-801 or NBQX pre-treatment in the periphery on lumbar 5 (L5)
electrical stimulation (ES)-induced paw withdrawal threshold (PWT) reduction. (A) An
intraplantar (i.pl.) injection of MK-801 given before L5 ES into the affected hind paw
(closed circles) resulted in increased PWTs compared with animals treated with
PBS-vehicle (open triangles), as indicated by asterisks (P<0.05, Kruskal-Wallis ANOVA,
followed by Mann-Whitney rank-sum test). (B) The PWTs of animals treated with
NBQX before L5 ES in the affected hind paw (closed rectangles) were similar to those
of animals treated with PBS-vehicle (open triangles). DR, dorsal rhizotomy; P, pre-DR
values; D, days after DR.
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Figure 8. Effects of DL-AP3 or APDC pre-treatment in the periphery on lumbar 5 (L5)
electrical stimulation (ES)-induced paw withdrawal threshold (PWT) reduction. (A)
Animals that received an intraplantar (i.pl.) injection of DL-AP3 before L5 ES into the
affected hind paw (closed diamonds) displayed higher PWTs than those treated with
PBS-vehicle (open triangles), as indicated by asterisks. (B) Animals treated with APDC
before L5 ES in the affected hind paw (closed hexagons) produced higher PWTs than
animals treated with NaOH-vehicle (open triangles), as indicated by asterisks (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test). DR, dorsal
rhizotomy; P, pre-DR values; D, days after DR.
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6. Effects of post-treatment in the periphery with MK-801, NBQX,
DL-AP3, or APDC on ES-induced mechanical hyperalgesia

To test whether peripheral NMDA and AMPA/kainate receptors were
involved in the maintenance phase of ES-induced mechanical
hyperalgesia, the effect of MK-801 or NBQX injected into the hind paw
after ES on PWT scores was examined. As seen in Fig. 9A, all two
groups of animals that received ES following DR demonstrated a
significant decrease in PWTs after ES compared with the pre-ES
baseline (P<0.05, Friedman ANOVA). An ipl. injection of 20 nmol of
MK-801, performed on day 3 post-ES, into the hind paw ipsilateral to
ES showed a significant increase in PWTs at 15, 30, and 45 min
post—treatment compared with PBS-vehicle-treated animals (P<0.05,
Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test). In
Fig. 9B, the effect of post-treatment in the periphery with NBQX is
shown. An ipl. injection of 100 nmol of NBQX, performed on day 3
post-ES, into the hind paw ipsilateral to ES produced no significant
difference in PWTs compared with animals treated with PBS-vehicle.

The possible involvement of peripheral group-I and group-II mGlu
receptors in the maintenance phase of ES-induced mechanical
hyperalgesia was tested by analyzing the effect of DL-AP3 or APDC
injected into the hind paw after ES on PWT scores. As seen in Fig.
10A, an 1ipl. injection of 70 nmol of DL-AP3, performed on day 3
post-ES into the hind paw ipsilateral to ES, produced no significant
difference in PWTs compared with those animals treated with
NaOH-vehicle. In Fig. 10B, the effect of post-treatment in the periphery
with APDC is shown. Animals that received an i.pl. injection of 20 nmol
of APDC, on day 3 post-ES, into the hind paw ipsilateral to ES showed
no significant difference in PWTs compared with animals treated with
NaOH-vehicle.
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Figure 9. Effects of MK-801 or NBQX post-treatment in the periphery on lumbar 5 (L5)
electrical stimulation (ES)-induced paw withdrawal threshold (PWT) reduction. The left
hand side of each graph shows changes in the PWTs of the two groups of animals that
received L5 ES following L5 dorsal rhizotomy (DR). (A) An intraplantar (i.pl.) injection
of MK-801 given on day 3 post-ES into the affected hind paw produced a higher PWT
than a PBS-vehicle injection into the affected hind paw, as indicated by asterisks
(P<0.05, Kruskal-Wallis ANOVA, followed by Mann-Whitney rank-sum test). (B) No
PWT difference was observed between animals treated with NBQX on day 3 post-ES in
the affected hind paw and animals treated with PBS-vehicle. Symbols are as described

in Fig. 7. P, pre-DR values; D, days after DR; E, days after ES.
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Figure 10. Effects of DL-AP3 or APDC post-treatment in the periphery on lumbar 5
(L5) electrical stimulation (ES)-induced paw withdrawal threshold (PWT) reduction.
Changes in the PWTs of the two groups of animals that received L5 ES following L5
dorsal rhizotomy (DR) are shown on the left hand side of each graph. (A) An
intraplantar (i.pl.) injection of DL-AP3 on day 3 post-ES into the affected hind paw
resulted in no PWT differences compared with animals treated with NaOH-vehicle. (B)
No PWT differences were observed between animals treated with APDC on day 3
post-ES in the affected hind paw and those treated with NaOH-vehicle. Symbols are as
described in Fig. 8. P, pre-DR values; D, days after DR; E, days after ES.
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IV. DISCUSSION

When a peripheral nerve 1is injured, damaged primary sensory
afferents emit a barrage of brief impulses, or injury discharge, which
last  briefly several minutes.! This injury discharge travels
orthodromically to central terminals in the spinal cord and antidromically
to terminals in peripheral tissues. It has been known that centrally
conducting injury discharge is responsible for triggering neuropathic pain
by increasing the excitability of spinal dorsal horn neurons which leads
to central sensitization. The abnormal pain behavior following peripheral
nerve transection is suppressed by local anesthetic blockade of centrally
conducting injury discharge” or by intrathecal injection of glutamate
receptor blockers at the lumbar level just prior to transection." Brief ES
of C-fibers, which mimics injury discharge, produces prolonged
hyperalgesia,’ although in which the effects exerted by
stimulation—produced discharge that is peripherally conducted could be
not excluded. In addition to centrally conducting injury discharge, ectopic

%2 and generated from neuroma or DRG of

discharge that is long-lasting
injured sensory afferents® also accesses to the spinal cord. An
advantage of using our rats with previous DR would be that the effect
of peripherally conducting injury discharge on neuropathic pain could be
examined, without considering the potential effect of centrally conducting
impulses.

Our observation that an injury to the L5 spinal nerve, when injury
and ectopic discharges that are conducted to the spinal cord are
prevented by a previous L5 DR, still induces a mechanical hyperalgesia
lasting over 42 days, implies that nerve injury-induced peripheral effects

play an important role in the generation of SNL-induced mechanical

hyperalgesia. Furthermore, observations that artificial injury discharge
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produced by ES of L5 spinal nerve under the condition of a previous Lb
DR induces a mechanical hyperalgesia lasting over 7 days and that the
onset of such ES-induced mechanical hyperalgesia is completely blocked
by MK-801, DL-AP3 and APDC applied into the plantar skin
immediately before ES, suggest an involvement of peripherally
conducting injury discharge in the induction of SNL-induced mechanical
hyperalgesia. Nerve injury-induced peripheral effects are exerted
presumably both by peripherally conducting injury discharge stemming
from injured afferents and by spontaneous discharge from intact
afferents nearby degenerating axon during Wallerian degeneration
following the lesion. The development of spontaneous discharges in
intact afferent neighbors following peripheral nerve lesion has been

19 A possible role of such spontaneous discharges, other

demonstrated.
than injury discharge, in the generation of SNL-induced mechanical
hyperalgesia 1s supported by our findings that peripherally applied
glutamate receptor antagonists block the onset of SNL-induced
mechanical hyperalgesia only for several days whereas they block
ES-induced mechanical hyperalgesia completely.

Injury-evoked impulses traveling over primary sensory afferent fibers
to the periphery would induce Glu release from the peripheral terminals
of these afferents. In fact, it has been shown that the ES of primary
sensory afferents results in the peripheral release of Glu.® Furthermore,
it has been observed that various subclasses of Glu receptors are
present on the peripheral processes of primary sensory afferents.”®"" A
question then arises as to whether peripheral Glu plays a role in
neuropathic pain. Numerous evidences suggest a critical role for central
Glu in neuropathic pain by showing that various subclasses of Glu

receptors within the spinal cord contribute to neuropathic pain.****" To

date, however, little or no evidence has been presented to indicate the
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involvement of peripheral Glu in mediating neuropathic pain. Our
observation that mechanical hyperalgesia induced by L5 SNL, associated
with previous L5 DR, is relieved by blocking the action of particular Glu
receptors locally in the hind paw, suggests a contribution of Glu acting
at its receptors in the periphery to the generation of neuropathic pain.

Our data show that an i.pl. injection of MK-801, but not of NBQX,
immediately before L5 SNL delays the onset of L5 SNL-induced
mechanical hyperalgesia. They also show that an 1pl. injection of
MK-801, but not NBQX, relieves the mechanical hyperalgesia already
established following L5 SNL. The application of a higher dose (1000
nmol) of NBQX still failed to either prevent or relieve the mechanical
hyperalgesia (data not shown). These results suggest that NMDA, but
not AMPA/kainate, receptors contribute to both the induction and
maintenance phases of neuropathic pain. Since, as mentioned earlier,
NMDA receptors are found to be present on the peripheral processes of
primary sensory afferents, it is speculated that Glu released from the
terminals of injured primary afferents in hind paw skin acts at NMDA
receptors on terminals of nearby intact afferents to sensitize them,
particularly nociceptive fibers, and thus participates in the generation of
neuropathic pain. This speculation is supported by observations that
cutaneous nociceptors are sensitized by exposure either to Glu in the
normal state™ or to NMDA in the inflammatory state.”

The underlying mechanisms of an increase in mechanical sensitivity,
or mechanical sensitization, that can be induced by Glu in the peripheral
terminals of uninjured nociceptive afferents are not clear. It 1s possible
that Ca'" dependent protein kinase C (PKC), whose activity increases by
NMDA receptor-mediated Ca’  influx, is involved in this mechanical
sensitization. In support of this possibility, it has been found in cultured

of adult rat dorsal root ganglion (DRG) neurons that mechanically
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induced response measured as transient increase of intracellular Ca’”
level, 1s enhanced by activation of NMDA receptors. This
NMDA -mediated potentiation of mechanical response is inhibited by
PKC inhibitor or mimicked by PKC activator.” Further support of a role
of Ca'" dependent PKC in nociceptor sensitization is the inhibition of
potassium K' currents in cultured capsaicin-sensitive rat DRG neurons
by PKC activator in which Ca’" entry is necess,ary.31

Our observation of the failure of peripherally injected NBQX to
attenuate neuropathic pain behavior conflicts with results showing that
acute inflammatory pain behavior induced by formalin, which lasts
several hours, 1s attenuated by treatment locally in the periphery with
another AMPA/kainate receptor antagonist CNQX.” However, this
agrees with the findings that chronic inflammatory pain behaviors
induced by either Freunds complete adjuvant” or bee Venom,34 which
last longer than several days, are relieved by peripheral treatment with
MK-801, but not with CNQX treatment. This discrepancy may reflect a
difference in pathological conditions, between the acute and chronic pain
states, for peripheral Glu to exert its effect on the generation of
pathological pain. We speculate that in the periphery Glu acts at both
NMDA and AMPA/kainate receptors to generate acute pain, whereas it
acts preferentially at NMDA receptors to produce chronic pain state,
including SNL-induced mechanical hyperalgesia.

The mGlu receptors are widely expressed in the central nervous
system, where they function to modulate neuronal excitability and
synaptic transmission. On the basis of studies on the functions and

% group-I mGlu receptors are known

pharmacology of mGlu receptors,
to associated with the activation of phospholipase C, which results in
the release of calcium from intracellular stores, and with the activation

of protein kinase C. On the other hand, group-II mGlu receptors are
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negatively coupled to the activation of adenylyl cyclase, which results in
a decrease in cyclic AMP production. Thus, activation of group-I mGlu
receptors leads to increased neuronal excitability, whereas the activation
of group-II mGlu receptors results in decreased neuronal excitability.
Recent evidence suggests that peripheral mGlu receptors play a
substantial role in the modulation of nociceptive processing. Anatomical
studies have shown that both group-I and group-II mGlu receptors
were localized on peripheral nociceptive afferents.”” It has been
observed that the activation of peripheral group—-I mGlu receptors by an
1.pl. injection of their agonists resulted in nociceptive behaviors that
were blocked by appropriate antagonists.” Consistent with these
findings, our results suggest that blocking of the actions of peripheral
group-I mGlu receptors prevents the induction of neuropathic pain
behavior, because they show that the group-I mGlu receptor antagonist
DL-AP3, when administered locally to the hind paw before SNL, delays
the onset of SNL-induced mechanical hyperalgesia. Interestingly, we
observed that an 1.pl. injection of the group-II mGlu receptor agonist
APDC also delays the onset of mechanical hyperalgesia, which suggests
that the activation of peripheral group-II mGlu receptors prevents the

induction of neuropathic pain behavior. The similar findings have been

126 137

reported, in which the intraperitonea and the intratheca
administration of group-II mGlu agonist were found to reverse
neuropathic pain behavior, although in both reports agonists may have
had systemic effects. We speculate that the activation of group-I and
group-II mGlu receptors in the periphery, which perhaps occur during
the induction phase of neuropathic pan due to peripherally released Glu,
may have no effect on the development of neuropathic pain. This is
because, based on our results, the induction of neuropathic pain can be

facilitated by the activation of peripheral group-I mGlu receptors, but
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hindered by the activation of peripheral group-II mGlu receptors.
Nevertheless, our findings suggest the potential utility of selective
group-I receptor antagonist and group-II mGlu receptor agonist for the
treatment of neuropathic pain.

We postulate two events as possible mechanisms that account for
the development of mechanical hyperalgesia in rats that have received
L5 SNL associated with previous L5 DR. The first i1s associated with
injury discharge that is evoked at an earlier stage by L5 SNL from
injured primary afferents, and conducted antidromically to the periphery.
The second is associated with spontaneous ectopic discharge induced at
a later stage from nearby uninjured nociceptive afferents, due to the
degeneration of injured peripheral axons after L5 SNL, which may take
several days to occur. This type of ectopic discharge has been
demonstrated.” An earlier injury discharge would, by causing the
peripheral release of Glu, initiate a sensitization of peripheral terminals
of nearby uninjured nociceptive afferents, and thus contribute to the
induction of mechanical hyperalgesia. A later ectopic discharge would
not only produce a sensitization of central neurons by gaining access to
the spinal cord through the L4 spinal nerve and dorsal root, but it
would also produce a peripheral sensitization of uninjured nociceptor
terminals, thus contributing to the maintenance of mechanical
hyperalgesia. We observed that a single ipl. injection of the NMDA
receptor antagonist MK-801 prior to SNL exerted anti-hyperalgesic
action lasting for 2-4 days. This could be explained if blocking the
action of Glu released peripherally at an earlier stage prevents the
induction of mechanical hyperalgesia, until a later event occurs to

develop mechanical hyperalgesia, which may take several days.
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V. CONCLUSION

The present study was conducted to provide evidence for a
hypothesis that nerve injury-induced peripheral effects contribute to
neuropathic pain. Using rats that received previous L5 DR, in which
centrally conducting impulses are prevented, we obtained the following
results.

L5 SNL reduced PWT of the affected hind paw with a peak
reduction on day 3 post-SNL. This reduced PWT was maintained for at
least 42 days of the test period. L5 ES also reduced PWT in a similar
way to SNL, lasting for 7 days. When an 1i.pl. injection was given
immediately before SNL, NMDA receptor antagonist MK-801, group-I
mGlu receptor antagonist DL-AP3, and selective group-II mGlu receptor
agonist APDC delayed the onset of mechanical hyperalgesia. For
ES-induced mechanical hyperalgesia, the same application of above
drugs completely blocked it’'s onset as long as for 42-test period.
Pre-treatment of AMPA/kainate receptor antagonist NBQX was without
an effect on either SNL- or ES-induced onset of mechanical
hyperalgesia. When drugs were given after SNL induced-mechanical
hyperalgesia had been established, MK-801 reversed mechanical
hyperalgesia for about 45 minutes, whereas NBQX, DL-AP3, or APDC
had no effect. The same was true for ES-induced mechanical
hyperalgesia.

The results suggest that 1) peripherally conducting impulses play a
crucial role in the generation of neuropathic pain and 2) that peripheral
Glu receptors are involved in mediating this pain. It would be possible
that various subclasses of peripheral Glu receptors could be

therapeutically targeted to manage neuropathic pain.
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