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Objectives

In order to elucidate the influence of sympathetic nerves on lumbar radiculopathy, we
investigated whether sympathectomy attenuated pain behaviour and altered the electrical
properties of the dorsal root ganglion (DRG) neurons in a rat model of lumbar root
constriction.

Methods

Sprague-Dawley rats were divided into three experimental groups. In the root constriction
group, the left L5 spinal nerve root was ligated proximal to the DRG as a lumbar
radiculopathy model. In the root constriction + sympathectomy group, sympathectomy was
performed after the root constriction procedure. In the control group, no procedures were
performed. In order to evaluate the pain relief effect of sympathectomy, behavioural analysis
using mechanical and thermal stimulation was performed. In order to evaluate the
excitability of the DRG neurons, we recorded action potentials of the isolated single DRG
neuron by the whole-cell patch-clamp method.

Results

In behavioural analysis, sympathectomy attenuated the mechanical allodynia and thermal
hyperalgesia caused by lumbar root constriction. In electrophysiological analysis, single
isolated DRG neurons with root constriction exhibited lower threshold current, more
depolarised resting membrane potential, prolonged action potential duration, and more
depolarisation frequency. These hyperexcitable alterations caused by root constriction were
significantly attenuated in rats treated with surgical sympathectomy.

Conclusion

The present results suggest that sympathectomy attenuates lumbar radicular pain resulting
from root constriction by altering the electrical property of the DRG neuron itself. Thus, the
sympathetic nervous system was closely associated with lumbar radicular pain, and
suppressing the activity of the sympathetic nervous system may therefore lead to pain relief.

Keywords: Lumbar radicular pain, Sympathectomy, Dorsal root ganglion, Excitability, Whole-cell patch-clamp, K+ channel

Article focus reduced neuropathic pain and several

To clarify whether sympathectomy could
reduce pain behaviour and excitability of
dorsal root ganglion (DRG) neuron in a
rat model of lumbar radiculopathy by
behavioural and electrophysiological
analyses

Key messages

The sympathetic nervous system gener-
ates pain after nerve damage, although it
does notinfluence pain generation under
normal conditions. It was reported that
suppressing sympathetic nerve activity

mechanisms have been suggested. How-
ever, alteration of the electrical property
of the DRG neurons by sympathectomy
has not been well investigated

We used single isolated DRG neurons in
the electrophysiological analysis, which
are not affected by surrounding factors
such as blood flow and effects of neuro-
transmitters. Therefore, the present result
suggests that sympathectomy attenuates
pain behaviour caused by root constric-
tion by altering the electrical property of
the DRG neuron itself
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Strengths and limitations

To our knowledge, this is the first study to investigate
the alterations of the electrical property of the single
isolated DRG neuron by sympathectomy in an animal
model of lumbar radiculopathy

The limitations of this study are that membrane
currents were not investigated. Further studies are
needed to clarify the mechanism underlying the
action potential changes caused by sympathectomy

Introduction

Lumbar radicular pain caused by lumbar disc herniation or
lumbar spinal canal stenosis is one of the most common
symptoms of neuropathic pain treated by orthopaedic sur-
geons or pain clinicians.'® Patients with lumbar radicular
pain are usually treated with oral medication, epidural
block or surgery; however, some patients are difficult to
treat using these methods and are afflicted with chronic
pain. Previous studies have suggested that the sympathetic
nervous system plays an important role in generating
chronic neuropathic pain.'*”"" However, it does not gen-
erate pain under normal circumstances. In neuropathic
pain, an abnormal sympathetic-somatosensory interaction
is formed that leads to sympathetically maintained
pain.""1? To treat such patients, in particular those suffer-
ing from chronic pain such as complex regional pain syn-
drome, sympathetic nerve blocks and surgical
sympathectomy are used, which are often effective.”'°

It has been reported that sympathetic nerve fibres
sprout in the dorsal root ganglion (DRG) after nerve
injury,’71113-16 and that sympathectomy can relieve
mechanical allodynia and thermal hyperalgesia in periph-
eral nerve injury models.2%'31%17 |n contrast, some ani-
mal studies have reported that sympathectomy does not
reduce allodynia and hyperalgesia.'®?' In addition, a clin-
ical report demonstrated that the placebo effect of phen-
tolamine, a sympathetic blocker for painful
polyneuropathies, was responsible for pain relief.?? In
summary, the pain relief effect of sympathectomy for
neuropathic pain, especially for lumbar radicular pain,
has not been well investigated.

In our previous study, we investigated the influence of
the sympathetic nervous system on lumbar radicular pain
using a lumbar root constriction model."* Immunohisto-
chemical analysis showed that sympathetic nerve fibres
were more abundant on the constriction side of the DRG
than on the contralateral side.?> Norepinephrine (NE), a
neurotransmitter of the sympathetic nervous system,
enhances the excitability of the DRG neurons,! suggest-
ing that the sympathetic nervous system is closely related
to lumbar radicular pain.

We used a model of lumbar radiculopathy and
behavioural and electrophysiological analyses to inves-
tigate whether sympathectomy could attenuate pain-
related behaviour and alter the electrical properties of
the DRG neurons.

Materials and Methods

Experimental animals. The Sapporo Medical University
Animal Care and Use Committee approved all the experi-
mental protocols used in this study. We used a total of
60 adult male Sprague-Dawley rats weighing between
150 g and 200 g and divided them into three equal exper-
imental groups: root constriction (RC) group, RC+ sym-
pathectomy (Syx) group, and control group (n = 20 in
each group; each comprising ten for the behavioural
study and ten for the electrophysiological study).
Surgical procedures. Root constriction and sympathec-
tomy were performed by a method previously
described®* under a microscope on rats anaesthetised
intraperitoneally with sodium pentobarbital (50 mg/kg)
under sterile conditions. Each rat was placed in the prone
position, and the L5-6 intervertebral space was identified.
Through a midline dorsal incision at L4-S1, the paraspinal
muscles were retracted to expose the left L5-6 facet joint.
A left L5 hemilaminectomy and L5-6 partial facetectomy
were performed. The incision and muscle exposures were
minimised in order to avoid invasion of the DRG neurons
as much as possible. The left L5 spinal nerve root and
DRG were carefully exposed, and the L5 spinal nerve root
was tightly ligated extradurally with 8-0 nylon suture
proximal to the DRG in the RC group. In the RC+Syx
group, sympathectomy was immediately performed after
the root constriction procedure. The animals were placed
in the supine position, and later, using a transperitoneal
approach, the L2 to L5 sympathetic ganglions and chains
on both sides were visualised by gently retracting the
psoas major and resected. In the control group, no such
procedures were performed.

Behavioural analysis. This was undertaken in order to
evaluate mechanical allodynia and thermal hyperalgesia.
In order to assess the mechanical withdrawal response,
the rats were placed in a Plexiglas chamber (lITC Life
Science Inc., Woodland Hills, California) measuring 18 cm
x 25 cm x 18 cm above a wire mesh floor, which allowed
full access to the hind paw, and behavioural accommoda-
tion was allowed for at least 20 minutes before the test.
The mechanical withdrawal response was measured as
the frequency of withdrawals of the hind paw elicited by
a defined mechanical stimulus of 3.4 g using a calibrated
nylon filament (Semmes-Weinstein Monofilaments;
North Coast Medical Inc., San Jose, California). The
mechanical stimulus was applied to the middle area
between the foot pads on the plantar surface of the left
(constriction side) and right (contralateral side) hind paw.
Each hind paw was probed consecutively by ten tactile
stimulations alternating between the left and right. Each
test was repeated three times at intervals of at least
10 minutes, which resulted in each foot receiving
30 mechanical stimulations. The mechanical sensitivity
was assessed by counting the total number of withdrawal
responses elicited out of a total possible score of 30. The
mechanical withdrawal frequency for each rat was
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expressed as the number of responses from the contralat-
eral side (not constricted) subtracted from the number of
responses from the ipsilateral side (constricted). When
the mechanical sensitivity of the hind paws did not differ,
the mechanical withdrawal frequency was calculated as
zero. The procedure was performed two days before and
three, seven, ten, 14, 21, and 28 days after surgery.

In order to assess the thermal withdrawal response, the
rats were placed in a Plexiglas chamber on a glass plat-
form and allowed to acclimatise for at least 20 minutes
before the test. The thermal withdrawal response was
measured as the latency of hind paw withdrawals elicited
by a radiant heat source (Tail Flick Analgesia Meter; IITC
Inc.), which was moved beneath an area of the hind paw
that was flush against the glass. The intensity of the heat
stimulus was constant throughout all experiments and
adjusted to elicit a quick withdrawal reflex at a latency of
approximately 6 seconds to 8 seconds in the control rats.
A cut-off time of 10 seconds was set to prevent tissue
damage. Each hind paw was tested five times at intervals
of at least 5 minutes, alternating between the left and
right. The mean withdrawal latency was calculated from
the last four measurements. Consequently, the thermal
withdrawal latency of each rat was defined as the latency
of the contralateral response (not constricted) minus the
ipsilateral response (constricted). Positive and negative
scores indicated increased and decreased sensitivity of
the ipsilateral hind paw, respectively. This test was per-
formed after evaluating mechanical sensitivity. Investiga-
tors blinded to the surgical protocol of each rat
performed these behavioural tests.!>423
Electrophysiological analysis. All experiments were per-
formed at room temperature (22°C to 24°C). At 10 to
14 days after surgery, the rats were killed. Under a stereo-
microscope, the ipsilateral L5 DRG was quickly excised
and placed in oxygenated normal Tyrode’s solution
(mmol/L) composed of NaCl 143; KCI 5.4; CaCl2 1.8;
MgClI2 0.5; NaH2PO4 0.33; glucose 5.5; and HEPES 5.0
(pH 7.4 by NaOH). The excised DRG was immersed in
Ca2+-free Tyrode’s solution at room temperature
(> 20 minutes) to remove extracellular Ca2+. The tissue
was digested with collagenase (8 mg/mL, Type Il, 034—
10533; Wako Pure Chemical Industries, Tokyo, Japan) for
80 minutes in a shaking incubator (37°C, 1.5 Hz) and
rinsed with Ca2+-free Tyrode’s solution. The DRG neu-
rons were dissociated in Ca2+-free Tyrode’s solution by
stirring with a hand-made pipette.'*

In order to evaluate the excitability of the DRG neurons,
we recorded action potentials (APs) in response to
depolarising current by the whole-cell patch-clamp
method (Axopatch 200B; Molecular Devices, Sunnyvale,
California). Because the small DRG neurons may be
involved in the transmission of nociceptive information,
we selected small cells < 40 pym in diameter for patch-
clamp recordings.?*?> We used normal Tyrode’s solution
as the external solution. The composition of the internal

pipette solution used in current-clamp recordings was
(mmol/L) as follows: K-aspartate 110; KCI 20; MgCl2 1.0;
ATP-K2 5.0; phosphocreatine-K2 5.0; EGTA 5; and HEPES
5.0 (pH 7.4 by KOH).

We used two protocols to perform current-clamp

recordings; a short stimulation protocol (depolarising cur-
rents of 0.2 nA to 4.0 nA, 0.5 ms) and a long stimulation
protocol (depolarising currents of 0.01 nA to 0.39 nA
(increments of 0.02 nA), 1000 ms). In order to evaluate the
excitability of the DRG neurons in the three experimental
groups, we examined the electrical properties such as
threshold current, threshold voltage, RMP, amplitude,
AHP, APD50, and dV/dt max in the short stimulation pro-
tocol. The threshold current was defined as the minimum
current required in order to evoke an AP. The threshold
voltage was defined as the beginning of the upstroke of
AP. The RMP was recorded 3 minutes after a stable record-
ing was first obtained. The amplitude was measured from
the RMP baseline to the peak. AHP was measured from the
RMP to the valley nadir. APD50 was measured as the inter-
val from the onset of AP to the point of 50% repolarisation.
The dV/dt max was the maximum rate of depolarisation of
AP. In the long stimulation protocol we examined the
maximum number of AP spikes for each current, which
was defined as the maximum spike count.
Statistical analysis. All data are expressed as mean and
standard error of the mean (Sem). Both behavioural and
electrophysiological data were analysed by one-way fac-
torial measures of analysis of variance (ANOVA) and the
Tukey-Kramer test among the three experimental groups.
Differences were considered to be statistically significant
at a p-value < 0.05.

Results

Behavioural analysis. The duration of withdrawal fre-
quencies in the three experimental groups (n = 10 each)
in response to mechanical stimulation using a 3.4 g von
Frey filament are shown in Figure 1a, and in response to
thermal stimulation in Figure 1b.

The mechanical withdrawal frequencies in the RC group
increased from three to 28 days after surgery, compared
with the control group, but significantly reduced in the
RC+Syx group over the same time period. The mechanical
withdrawal frequencies were not completely reduced in
the RC+Syxgroup compared with the control group at
three, seven, or ten days after surgery, but there was no
significant difference between the RC+Syx and control
groups at 14, 21, and 28 days after surgery (Fig. 1a).

Thermal hypersensitivity also increased in the RC group
compared with the control group from three to 28 days
after surgery and was significantly reduced in the RC+Syx
group. The withdrawal latencies were not completely
reduced in the RC+Syx group compared with the control
group at three, seven, ten, or 14 days after surgery. No
significant difference between the RC+Syx and control
groups at 21 and 28 days (Fig. 1b) was observed.
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Graphs showing the mean responses to a) mechanical stimulation, with the root constriction (RC) group showing mechanical hypersensitivity from three
to 28 days post-operatively surgery, but significant reduction of hypersensitivity in the RC + sympathectomy (RC+Syx) group, and b) thermal stimulation,
with the RC group showing thermal hypersensitivity from three to 28 days post-operatively, again with the hypersensitivity significantly reduced in the
RC+Syx group. Mechanical hypersensitivity from three to ten days post-operatively and thermal hypersensitivity from three to 14 days post-operatively was
not completely reduced compared with the control group. Error bars denote the standard error of the mean (* p < 0.05 versus control; ** p < 0.01 versus

control; T p < 0.05 versus RC+Syx).
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Fig. 2

Bar charts showing the electrophysiological properties of the dorsal root ganglion (DRG) in the three experimental groups. The root constriction (RC) neu-
rons exhibited lower threshold current, increased depolarised resting membrane potential (RMP), prolonged action potential duration at 50% repolari-
sation (APD50), and increasing depolarisation frequency (max spike count) compared with the control neurons. These hyperexcitable alterations caused
by root constriction were significantly attenuated by surgical sympathectomy. There were no significant changes in any of the other parameters tested
such as threshold voltage, amplitude and after hyperpolarisation (AHP) (* p < 0.05 versus control; T p < 0.05 versus RC+Syx).

Electrophysiological analysis. The action potentials (APs)
of the DRG neurons in the three experimental groups
(n=10 each) recorded by the whole-cell patch-clamp
method are shown in Figure 2. In the RC group, the DRG
neurons exhibited a significantly lower threshold current,
more depolarised resting membrane potential (RMP), pro-
longed action potential duration at 50% repolarisation

(APD50), and greater maximum (max) spike count com-
pared with the control group. These hyperexcitable altera-
tions were attenuated in the RC+Syx group and there were
no significant differences between the RC+Syx and control
groups (Fig. 3). None of the other parameters tested
(threshold voltage, amplitude, after hyperpolarisation
(AHP), and dV/dt max) exhibited significant differences in
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Example graphs showing action potentials in the short stimulation protocol. The root constriction (RC) neurons exhibited more depolarised resting mem-
brane potential (RMP) and prolonged action potential duration at 50% repolarisation (APDs,) compared with the control neurons. These changes were
not observed in the RC+sympathectomy (Syx) neurons that exhibited properties similar to controls.
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Fig. 4

Responses of the dorsal root ganglion (DRG) neurons in the long stimulation protocol (maximum spike count). The root constriction (RC) neuron exhib-
ited an increased number of action potential (AP) spikes and more depolarised resting membrane potential (RMP) compared with the control neurons.
These hyperexcitable alterations were reduced in the RC+ sympathectomy (Syx) neurons.

the three groups. Changes in the discharge pattern and the
excitability of the DRG neurons in the long stimulation pro-
tocol are shown in Figure 4. In the RC+Syx group, the
mean value of the max spike count was 5.0 (SeM 1.5),
which was significantly smaller than the mean of
13.7 (seM 1.7) in the RC group.

Discussion

The sympathetic nervous system is considered to be one
of the most important factors in the generation of neuro-
pathic pain.’”>'2 McLachlan et al'" reported that in the sci-
atic nerve ligation model, sympathetic nerve fibres
increased in the corresponding DRGs and sprouted to the
DRG somata, forming basket-like structures. Other stud-
ies also reported that sympathetic sprouting occurred in
various neuropathic pain models.”'3-16:2627 |n addition,
Shinder et al?® demonstrated that sympathetic basket-
skeins were observed in the DRGs excised from human

neuropathic pain patients. We have shown that sympa-
thetic nerve fibres sprouted to the DRG myelin sheaths in
the DRG neurons in our root constriction model.> This
implies that the sympathetic nervous system has a direct
and/or indirect influence on the DRG, causing not only
peripheral nerve injury but also lumbar root damage.
Thus, the sympathetic nervous system is closely associ-
ated with neuropathic pain, and suppressing the activity
of the sympathetic nervous system might therefore lead
to pain relief.

In the present behavioural study, surgical sympathec-
tomy significantly attenuated mechanical allodynia and
thermal hyperalgesia caused by root constriction. How-
ever, in the RC+Syx group, mechanical and thermal
hypersensitivities were not reduced significantly com-
pared with the control group, but they were significantly
attenuated compared to the RC group. Sympathectomy
may be insufficient to alleviate radicular pain, because
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not only the sympathetic nervous system but also other
factors such as the inflammatory response and effects of
neurotransmitters are related to radicular pain. Mean-
while, several studies have also reported that sympathec-
tomy reduces mechanical allodynia and thermal
hyperalgesia in various animal pain models.?®'” Clinical
reports have shown that a sympathetic nerve block
reduces lumbar radicular pain?®?° and sympathectomy
increases intraradicular,?® cauda equina,® and sciatic
nerve blood flow.3? It has also been suggested that the
recovery of reduced DRG blood flow might prevent allo-
dynia in a radicular pain model.? Sekiguchi et al? reported
that sympathectomy reduced mechanical allodynia,
tumor necrosis factor-alpha (TNF-a) expression, and DRG
neuron apoptosis following nerve root crush injury.?
Chen et al'” showed that surgical and chemical sympa-
thectomy significantly attenuated bee venom-induced
mechanical hyperalgesia and inflammatory response.
Therefore, sympathectomy may exert its analgesic effect
through several mechanisms.

In the present electrophysiological study, the root con-
striction DRG neurons exhibited a lower threshold cur-
rent, more depolarised RMP, prolonged AP duration, and
max spike count. Kirita et al* reported that the Na+ cur-
rent was significantly increased in the root constriction
neurons and lumbar radicular pain may be associated
with increased excitability of the involved DRG neurons.
Another report showed that the fast Na+ current in the
DRGs increased in a peripheral nerve injury model.?3 The
present electrophysiological analysis showed that surgi-
cal sympathectomy significantly attenuated the hyperex-
citability of the root constriction DRG neurons. In
particular, more hyperpolarised RMP and reduced AP
duration in the RC+Syx group may suggest that outward
currents were increased by K+ channel activity, because
RMP and AP duration are both significantly dependent on
K+ channel activity. Previous reports demonstrated that
an ATP-sensitive K+ channel activator reversed the hyper-
excitability induced by bradykinin in the DRG neurons3*
and expression of inwardly rectifying K+ channels in
chronically compressed DRG neurons suppressed neuro-
nal excitability and hyperalgesia.>® These reports suggest
that alteration in a few types of K+ channels is one of the
important factors causing neuropathic pain. In addition,
Xie et al’ reported that K+ channel blockers increase the
spontaneous activity of the DRG neuron and sympathetic
sprouting, and Honma et al*® reported that NE inhibits
Ca2+-activated K+ channel activity and outward K+ cur-
rents leading to cell membrane depolarisation. The
results of this study along with previous reports imply
that the sympathetic nerves contribute to pain by altering
the K+ channel.

One of the main advantages of this study was the use of
isolated DRG neurons in the electrophysiological analysis.
Isolated DRG neurons are not influenced by their
surrounding factors such as blood flow and presence of

neurotransmitters. Therefore, the results of the present
study show that root constriction altered the DRG neuron
itself, and this alteration was inhibited by sympathec-
tomy. This result may be evidence demonstrating that the
sympathetic nervous system is one of the key factors in
pain generation caused by nerve root damage as a result
of alterations in the DRG neuron itself. In fact, the excit-
ability of isolated DRG neurons from normal rats did not
alter with NE application, but significantly increased in
the DRG neurons with root constriction.” These findings
indicate that the DRG neuron itself is changed by root
constriction. In addition, DRG neuron hypersensitivity
has been improved by sympathectomy immediately after
root constriction. This result suggests that the sympa-
thetic nervous system plays an important role in altering
the DRG neuron as a result of root constriction, and that
suppressing the activity of the sympathetic nerve at an
early stage after root constriction may be important in
suppressing the development of a pain cycle because of
root damage.

Membrane currents were not investigated in the pres-
ent study. AP changes such as hyperpolarised RMP and
reduced AP duration observed in the RC+Syx group
might be caused not only by alterations in the K+ channel
but also by another ion channel, such as the Cl- channel.
Further studies are needed to clarify the mechanism
underlying the AP changes caused by sympathectomy.
Conclusions. In  behavioural analysis, sympathectomy
significantly attenuated mechanical allodynia and ther-
mal hyperalgesia caused by root constriction, but the
pain relief effect was not complete. In electrophysio-
logical analysis, hyperexcitable alterations of the DRG
neurons caused by root constriction such as lower thresh-
old current, more depolarised RMP, prolonged APD50,
and max spike count were significantly attenuated by sur-
gical sympathectomy. We used isolated DRG neurons,
which are not affected by surrounding factors such as
blood flow and presence of neurotransmitters. Therefore,
the present results suggest that sympathectomy attenu-
ates lumbar radicular pain caused by root constriction by
altering the electrical property of the DRG neuron itself.
Sympathectomy hyperpolarised the RMP of the RC neu-
rons and shortened the AP duration. The present results
suggest that sympathectomy attenuates excitability of
the DRG neurons by altering the K+ channels and may
contribute to pain relief in a lumbar radiculopathy model.
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