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Abstract

Objectives: The burden of pain after spinal cord injury (SCI), which may occur above, at, or
below injury level, is high worldwide. Spinal cord stimulation (SCS) is an important
neuromodulation pain therapy, but its efficacy in SCI pain remains unclear. In SCI rats, we tested
whether conventional SCS [50 Hz, 80% motor threshold (MoT)] and 1200 Hz, low-intensity SCS
(40% MoT) inhibit hind paw mechanical hypersensitivity, and whether conventional SCS
attenuates evoked responses of wide-dynamic range (WDR) neurons in lumbar spinal cord.

Materials and Methods: Male rats underwent a moderate contusive injury at the T9 vertebral
level. Six to 8 weeks later, SCS or sham stimulation (120 min, n=10) was delivered through
epidural miniature electrodes placed at upper-lumbar spinal cord, with using a cross-over design.
Mechanical hypersensitivity was examined in awake rats by measuring paw withdrawal threshold
(PWT) to stimulation with von Frey filaments. WDR neurons were recorded with 7n vivo
electrophysiologic methods in a separate study of anesthetized rats.

Results: Both conventional SCS and 1200 Hz SCS increased PWTs from pre-stimulation level in
SCl rats, but the effects were modest and short-lived. Sham SCS was not effective. Conventional
SCS (10 min) at an intensity that evokes the peak Aa/p waveform of sciatic compound action
potential did not inhibit WDR neuronal responses (n=19) to graded or repeated electrical
stimulation that induces windup.
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Conclusions: Conventional SCS and 1200 Hz, low-intensity SCS modestly attenuated below-
level mechanical hypersensitivity after SCI. Inhibition of WDR neurons was not associated with
pain inhibition from conventional SCS.
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INTRODUCTION

More than 30% of patients with spinal cord injury (SCI) develop debilitating pain, which is
described as above-level, at-level, or below-level with respect to the location of the injury,
according to the three-tiered system defined by the International Association for the Study of
Pain (1-3). Below-level pain, which develops unilaterally or bilaterally in 30-40% of
patients within 5 years of SCI, often affects the lower extremities (1, 4). Rodent SCI models
have demonstrated similar sensory disturbances, including hypersensitivity to tactile
stimulation at the hind paws that can persist for months after initial injury (5-7). The
pathogenesis of SCI pain has been studied extensively, but the mechanism remains unclear
(8-10). Moreover, current pharmacologic therapies are often ineffective for SCI pain or
become intolerable to patients (11, 12).

Neuromodulation, which encompasses implantable and non-implantable technologies for
delivering electrical or chemical stimuli, is a valuable option for treating pain. One form of
neuromodulation—spinal cord stimulation (SCS)—is clinically effective for many refractory
pain conditions (13, 14). Conventional SCS has been used for over 50 years to treat
peripheral neurogenic pain and musculoskeletal pain conditions. When used at frequencies
of 40-60 Hz, it activates Ap-afferents in the dorsal columns and produces paresthesia. This
stimulation is above the sensory threshold and therefore considered supra-sensory (14-16).
In contrast, the new high-frequency (>1 kHz), low-intensity SCS produces pain relief
without eliciting paresthesia (sub-sensory) (13, 17-19) and may not activate or change
conduction properties of dorsal column fibers (20).

Mitigating SCI pain is important to improving quality of life in SCI patients. However, no
consensus has been reached on the effectiveness of different SCS paradigms for SCI pain
(21, 22), because clinical studies are limited and pre-clinical mechanistic investigations are
lacking. Contusive SCI in rodents produces motor and sensory dysfunctions similar to those
experienced by patients after traumatic SCI and has been widely used to study underlying
etiologies (5-7, 23). However, paralysis below the injury level would prevent reflexive pain
responses to stimulation at the hind limbs. Therefore, previous studies often used moderate
SCI models to allow partial motor function recovery and measurement of SCI pain-related
behavior (5, 8, 11, 12, 21). Accordingly, we produced a moderate contusive injury at the T9
vertebral level (~T10 spinal level) in male rats by using a computerized displacement
method (23).

Previous studies showed that low-intensity SCS at 1000-1200 Hz inhibited mechanical
hypersensitivity in nerve-injured rats (24, 25). Yet, clinical studies have reported variable
efficacy of this new paradigm in pain patients (19, 26). Therefore, we compared the effect of
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this new paradigm with that of conventional SCS for SCI pain inhibition in an identical
experimental setting. The spinal cord dorsal horn is an important site for pain transmission
and modulation. Because inhibition of spinal wide-dynamic range (WDR) neurons may
contribute to pain inhibition by conventional SCS (15, 24, 27), we further performed /n vivo
electrophysiologic recording to determine whether conventional SCS also attenuates evoked
responses of lumbar spinal WDR neurons in SCI rats.

MATERIALS AND METHODS

Animals

To avoid the potential impact of changes in estrogen level and estrous cycles in female rats
on SCI pain and SCS, we used adult male Sprague-Dawley rats (220-280 g, Envigo,
Indianapolis, IN) in this study. Rats were housed in groups of three before SCS lead
implantation. After lead implantation, rats were housed in individual cages to prevent
cagemates from biting or pulling out the leads. Rats were housed under optimal laboratory
conditions with a 12-h light/dark cycle and free access to food and water. All behavioral
experiments were performed during the light cycle between 9:00 a.m. and 5:00 p.m. All
animal work was approved by the Animal Care and Use Committee of Johns Hopkins
University (Baltimore, MD, USA) and complied with the National Institutes of Health’s
Guide for the Use of Experimental Animalsto ensure minimal animal use and discomfort.

Spinal Cord Injury and Postsurgical Care

SCI was produced with a method we have described previously (23). Briefly, rats were
deeply anesthetized with 2.0% isoflurane (Abbott Laboratories, North Chicago, IL), a partial
laminectomy was made with fine tip rongeurs at the T9 vertebrae, and the dura was kept
intact. To avoid severe SCI, which induces prolonged paralysis and prevents the study of
evoked pain responses, we used a computer-controlled impactor to produce a moderate
contusion injury (Impact One Stereotaxic Impactor, Leica, Buffalo Grove, IL, USA, tip
diameter, 2.0 mm; speed: 4.0 m/sec; depth: 1.5 mm, dwell time: 0.1 sec). Muscle and
subdural tissue were sutured with 4-0 PolySyn™ sutures (Angiotech, Reading, PA). The
skin was closed with metal clips and the wound site was covered with antibiotic ointment.
Because the rats often lose the micturition reflex, their bladders were manually expressed
twice daily for 10 to 14 days until self-voiding resumed. Additionally, the animals were
administered a prophylactic dose of enrofloxacin (Sigma-Aldrich, St. Louis, MO, 1 mg/kg)
once daily for 7 days via subcutaneous injection to prevent urinary tract infection. Skin
staples were removed approximately 2 week post-surgery.

Behavior Tests

Mechanical hypersensitivity test—Prior to the behavioral testing, animals were
acclimatized to their facilities for 1 week. In addition, animals were habituated to the test
environment for 30-60 min before testing was begun on a given day. Hypersensitivity to
punctate mechanical stimulation at the hind paws was determined by using the Up-Down
method (24, 28, 29). von Frey filaments (0.38, 0.57, 1.23, 1.83, 3.66, 5.93, 9.13, 13.1 g)
were applied in series for 4 to 6 sec each to the test area between the footpads on the plantar
surface of the hind paw. The paw withdrawal threshold (PWT) was determined according to
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the Dixon formula (30). Only SCI rats that could lift at least one hind paw by day 28 post-
SCI were included in PWT testing. Because rats exhibit motor deficits after SCI, we defined
a positive response as abrupt withdrawal, licking, or shaking of e/therhind paw when the
filament was applied to one (23). The left hind paw was stimulated first, followed by the
right hind paw, with no less than a 5-min interval. Data from both sides were included for
analysis.

Basso, Beattle and Bresnahan (BBB) open-field locomotion score—The motor
function of rats was assessed by using the BBB locomotor rating scale (7, 23, 31). Briefly,
after acclimation in the testing room, rats were placed individually in an open field and
assessed by two trained observers. Motor function in both hind limbs was scored during a 4-
min period on a 21-point scale based on 10 categories of behavior (e.g., joint movement,
stepping, coordination, paw rotation). Data from both sides were included for analysis. The
two observers scored independently and then discussed and assigned consensus scores.

Implantation of SCS Electrodes

After rats were anesthetized with isoflurane (2%), a quadripolar electrode (Medtronic Inc.,
Minneapolis, MN, USA) was placed epidurally through a small laminectomy at the T13
vertebral level, as described previously (24, 29). The electrode was inserted in the rostral
direction and adjusted so that the contacts were at the T13-L1/2 spinal cord level, which
corresponds to the lower thoracic-upper lumbar region. The proximal end of the electrode
exited the animal at the top of its head for later connection to an external neurostimulator
(Model 2100, A-M Systems, Sequim, WA). Animals were allowed to recover from surgery
for 10 days.

SCS Protocol for Animal Behavior Studies

SCS was applied to awake rats between 6 and 8 weeks post-SCI, which constitutes the
maintenance phase of SCI pain (23, 32). Bipolar SCS (“twin-pairs” stimulation) was
provided as described in our previous studies by using biphasic pulses at constant current
mode (24, 29, 33). Motor threshold (MoT) was determined by slowly increasing the
amplitude of 4 Hz (0.2 msec) stimulation from zero until muscle contraction was observed
in the mid-lower trunk or hind limbs. Based on recent findings (20, 24, 25), we considered
sensory threshold in awake rats to be near 50% MoT. Thus, conventional SCS (50 Hz, 0.2
msec) was conducted at 80% MoT (supra-sensory threshold), and 1200 Hz, low-intensity
SCS (0.2 msec) was applied at 40% MoT (sub-sensory threshold). Sham stimulation (0 mA)
was used as a control.

Of 16 rats subjected to SCI for behavioral studies, 12 (75%) recovered from complete
paralysis and developed mechanical hypersensitivity (>50% reduction of PWT from pre-
injury baseline) at day 28 post-SCI. These 12 rats received SCS lead implantation. At 10
days after electrode implantation, two rats showed deteriorating motor function, diminished
mechanical hypersensitivity, or damage to the implanted lead and were eliminated from the
subsequent studies. The remaining 10 rats (83.3%) recovered well from surgery and were
randomized to receive three rounds of SCS treatment during days 40-54 after SCI in one of
the following three sequences (3 cohorts): Cohort A (n=3): 50 Hz-1200 Hz—-Sham; Cohort B

Neuromodulation. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duan et al.

Page 5

(n=3): 1200 Hz—Sham-50 Hz; Cohort C (n=4): Sham-50 Hz-1200 Hz. During each round,
one cohort of animals received sham stimulation (0 mA) in order to blind the experimenter
to animal treatment conditions. Each round consisted of two treatment days (120 min/day)
followed by 4 treatment-free recovery days to limit potential carryover effect (Figure 1A).
This cross-over design in which the order of treatment varied was intended to limit potential
order effect. On each treatment day, rats were acclimated to the testing environment for 30
min before baseline PWT was measured. Then, MoT was determined and SCS or sham
stimulation applied for 120 min. We tested PWT at 30, 60, and 90 min during SCS (intra-
SCS) and at 0, 30, and 60 min after completion of SCS (post-SCS) to determine the
carryover effect. The data from the different rounds were combined for analysis.

Extracellular Recordings of WDR Neurons

Electrophysiology study was conducted in a separate group of rats at 6-8 weeks post-SCI
and in naive rats. We conducted /n vivo extracellular recordings of WDR neuronal activity as
described previously (15). Briefly, after the rats were anesthetized with isoflurane (1.5%),
they received a tracheotomy and were ventilated mechanically (Kent Scientific Corporation,
Litchfield, CT). Then, a laminectomy was performed at vertebral levels T12-L1
corresponding to lumbar enlargements at spinal segments L3-L6. We examined neurons
located at deep laminae (I11-V, 400-1200 um below the dorsal surface) and selected WDR
neurons with defined receptive fields in the plantar region of the hind paw. WDR cells were
identified by their characteristic responses to mechanical test stimulation at the skin
receptive field. Analog data were collected with a real-time, computer-based data acquisition
and processing system (CED Spike 2, United Kingdom).

The WDR neuronal response to a suprathreshold electrical test stimulus at the receptive field
consists of an early Ap-component (0-25 msec), As- component (25-100 msec), and a later
C-component (100-500 msec). Graded intracutaneous electrical stimuli (0.1-10 mA, 2
msec) were applied through a pair of fine, 31-guage needles inserted at the central plantar
side of the hind paw (15, 34). WDR neurons also display an action potential (AP) windup
phenomenon—a short-form neuronal sensitization to a train of 0.5 Hz electrical stimulation
(16 pulses, 2 msec, 5-10 mA) at the hind paw. After 30 sec, a train of 0.1 Hz stimulation (12
pulses, same intensity), which does not induce windup, was applied as a control.

SCS Protocol for Electrophysiology Studies

To mimic the actions of SCS in the animal behavioral studies, we provided SCS in the
electrophysiology experiments with the same type of miniature electrode (Medtronic Inc.) as
that used during behavior test. After the rats underwent a laminectomy, the SCS electrode
was placed caudally over the T10-12 vertebral level (~T12-L1/2 spinal level) with the dura
mater preserved. The distal end of the lead was connected to an external stimulator (model
2100; A-M Systems, Sequim, WA).

Because anesthesia can affect MoT (29), we determined the intensities of SCS in the
electrophysiology study by recording the antidromic sciatic compound APs evoked by
graded electrical stimulation applied through the SCS electrode (0.01-3.0 mA, 0.2 msec)
(15, 24, 27). Briefly, a monopolar silver hook electrode was placed on the ipsilateral sciatic
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nerve for recording the antidromic compound APs. The reference electrode was placed in
the nearby muscle. Different compound AP waveforms were distinguished on the basis of
the activation threshold and the conduction velocity. The current thresholds that resulted in
the first detectable Aa/p waveform (AbO) and the peak Aa/p waveform (Abl) without
inducing an A& waveform were determined for each animal. The effects of conventional
SCS (50 Hz, 0.2 msec, Ab1, 10 min) or sham SCS on stimulus-response (S-R) functions of
AB-, As-, and C-components to graded electrical stimuli (0.1-10 mA, 2.0 msec, 15 sec
interval), and on windup response of WDR neurons were examined at 0-15 min (0 min) and
30-45 min (30 min) after treatment.

Statistical Analysis

RESULTS

We carried out statistical analyses with STATA version 14.1 and PRISM version 6. As PWTs
are often at the cutoff value in naive animals, the percentage of maximum possible effect [%
MPE] for inhibiting mechanical hypersensitivity was calculated with the equation: %MPE =
[1 - (Cutoff PWT — Post-SCS PWT)/(Cutoff PWT — Pre-SCS PWT)] x 100, where the
calculated cutoff PWT = 21.72 g. Changes in %MPE after SCS were compared to baseline
within each group and between different groups with a two-way mixed model ANOVA.
Dunnett’s multiple comparisons test or the Tukey honestly significant difference post-hoc
test was used to compare specific data points. The methods for statistical comparisons in
each study are given in the figure legends. We randomized animals to the different treatment
groups and blinded the experimenter to treatment to reduce selection and observation bias.
There were no data missing for any of the variables.

For WDR recording, the S-R functions of WDR neuronal response to graded electrical
stimuli and the windup functions were compared between the pre- and post-treatment
conditions in each group and between different groups with a two-way mixed model
ANOVA. The Bonferroni and Fisher’s LSD post-hoc tests were used to compare specific
data points. The normally distributed data are expressed as mean + SD, and the non-
normally distributed data are expressed as median + interquartile range. All tests were two-
tailed, and p<0.05 was considered statistically significant in all tests. The sample size was
calculated based on the respective statistical power analysis [power = 0.080, a = 0.05 (2-
sided)] and previous similar studies (24, 29, 33).

Inhibitory Effects of SCS on Mechanical Hypersensitivity in SCI Rats

Motor function in both hind limbs of SCI rats was evaluated with the 21-point BBB scale.
Rats exhibited paralysis (i.e., BBB score: 0) of both lower limbs immediately after SCI. Our
previous studies have shown that motor dysfunction recovers and mechanical
hypersensitivity in the hind paws reaches a plateau in rats at 3 weeks post-SCI and persists
for at least 8 weeks (5, 23). Similarly, SCI rats in the current study showed motor function
recovery by day 40, with BBB scores around 10 (Supplemental Figure 1). We then used a
crossover design to administer three rounds of treatment over days 40-54 post-SCI (Figure
1A). BBB scores did not change significantly in any cohort after the three rounds, as
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compared to pre-treatment scores on day. BBB scores were comparable between cohorts
from day 40 to day 54 post-SCI (Supplemental Figure 1).

Both conventional SCS (50 Hz, 80% MoT, 120 min) and high-frequency SCS (1200 Hz,
40% MoT, 120 min) attenuated hind paw mechanical hypersensitivity in SCI rats on
treatment days 1 and 2, as indicated by significant increases in %MPE at 60 and 90 min
intra-SCS and at 0 min post-SCS when compared to pre-SCS baseline (Figure 1B,C).
Furthermore, mechanical hypersensitivity was significantly lower in both SCS groups than
in the sham stimulation group (n=10) across time points. Time course and peak pain
inhibition from conventional 50 Hz SCS and 1200 Hz, low-intensity SCS were comparable
on each treatment day. Average %MPE after SCS or sham stimulation on each treatment day
is summarized in Table 1.

On treatment day 1, the average %MPE at 30, 60, and 90 min intra-SCS and at 0 min post-
SCS was significantly higher in both 50 Hz and 1200 Hz SCS groups than in the sham
stimulation group. On treatment day 2, %MPE was significantly higher in the 50 Hz SCS
group than in the sham group (Figure 1D). Pre-SCS PWTs on days 2 and 3 did not differ
from those on day 1 (Figure 1E). Changes in mechanical hypersensitivity after SCS are also
presented as PWTSs in Supplemental Figure 2. Overall, the inhibitory effects from both SCS
paradigms in SCI rats were rather modest as compared to those we have reported for nerve-
injured rats in our previous studies (24, 25, 29).

Changes in WDR Neuronal Response After SCI

In a separate group of rats, WDR neuronal activation showed an early A-fiber component
and a later C-fiber component in response to an intracutaneous electrical stimulus (Figure
2A). The AB- and C-component S-R functions of WDR neuronal responses to graded
intracutaneous electrical test stimuli (0.1-10 mA, 2 msec) were significantly depressed in
SCl rats (n=12) compared to those in naive rats (n=9, Figure 2B). WDR neurons showed a
progressive increase in C-component in response to repeated electrical stimulation (0.5 Hz,
16 pulses) at the skin receptive field, representing the windup phenomenon (Figure 2C). The
windup functions of the C-component were not significantly different between naive and
SCl rats (Figure 2D).

SCS Does Not Attenuate S-R Function or Windup Responses of WDR Neurons in SCI rats

We used another group of SCI rats to examine the effect of conventional SCS on lumbar
spinal WDR neuronal response at 6—-8 weeks post-SCI. The experimental setup for recording
WDR neurons and applying SCS in the electrophysiology study is illustrated schematically
in Figure 3A. Because isoflurane anesthesia increases MoT (29), we calibrated the
stimulation intensity of SCS in electrophysiology experiments by recording the Aa/g- and
Ab-waveforms of sciatic compound APs evoked by the graded SCS and distinguished them
based on the activation threshold and the conduction velocity (Figure 3B), as reported in our
previous studies (15, 24, 29). Compared to the respective pre-SCS baseline values, the S-R
functions (Figure 3C,D) in each component of WDR neuron response to graded electrical
stimuli (0.1-10 mA, 2 msec) and total APs (i.e., area under the curve) were not significantly
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changed at 0 min and 30 min after conventional SCS (50 Hz, 0.2 msec, Ab1, 10 min, N=19)
or sham SCS (n=19, Figure 3E,F).

The windup functions of C-component and areas under the curve at 0 min and 30 min after
50 Hz SCS were not significantly different from those at the pre-SCS baseline (Figure 4A).
However, windup functions at 0 min and 30 min after sham SCS were significantly different
from those at pre-SCS baseline (Figure 4B).

DISCUSSION

Although SCS has been well studied for the treatment of neuropathic pain with a peripheral
origin, little is known about the usefulness of SCS for alleviating central neuropathic pain
after SCI. Previous studies showed that conventional SCS at a moderate frequency (40-60
Hz) activates dorsal column fibers and produces satisfactory pain relief in some SCI patients
(35, 36). However, others have reported a rather limited efficacy (22, 37). Thus, the clinical
evidence for SCI pain inhibition by SCS remains mixed.

One study in a cohort of 127 patients suggested that pain in individuals with incomplete SCI
at low thoracic to upper lumbar levels may benefit from conventional SCS (38). Those
results are supported by our findings that rats with moderate SCI at T10 spinal cord had
increased PWTs when conventional SCS was applied at a spinal segment below the injury
(i.e., caudal SCS). Furthermore, 1200 Hz, low-intensity SCS also attenuated hind paw
mechanical hypersensitivity in SCI rats. The maximum effect and time course of pain
inhibition were comparable between the two SCS paradigms. To our knowledge, no
preclinical or clinical study has tested the high-frequency, sub-sensory threshold SCS for
SCI pain treatment. SCI pain is notoriously difficult to treat, as it is often refractory to
commonly used medications such as opioids, antidepressants, and anticonvulsants. Our
findings suggest that both conventional SCS and 1200 Hz, low-intensity SCS may have the
potential to attenuate below-level mechanical hypersensitivity caused by incomplete thoracic
SCI. Nevertheless, both paradigms produced only modest and short-lived inhibition of
mechanical hypersensitivity in SCI rats. Therefore, studies for optimizing stimulation
parameters will be needed. In particular, 10 kHz SCS and burst SCS are also effective
paradigms for inhibiting pain without eliciting paresthesia (13, 17, 18, 39, 40). Their utility
in pain treatment and functional recovery after SCI warrants future investigation. It is also
important to test whether SCS applied above the injury level produces greater pain
inhibition, and whether SCS efficacy persists after repetitive and long-term treatment.

Besides improving sensory function, SCS also promotes motor function recovery and
attenuates SCl-associated autonomic dysregulation (21, 22, 41) by mechanisms such as
enhancement of oligodendrocyte survival and differentiation (42). These beneficial effects
may also facilitate the alleviation of SCI pain-related behavior. In addition to mechanical
hypersensitivity, SCI pain symptoms can include sharp electrical, shooting, and burning
spontaneous pain, which may occur in various body regions and affect musculoskeletal,
visceral, and somatosensory systems (2, 3, 12). To date, research in this area is limited, and
the mechanisms are still unknown.
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A limitation of our study is that we examined only mechanical hypersensitivity. Because
repetitive noxious heat stimulation may cause sensitization and tissue damage, we did not
examine the time course by which SCS inhibits heat hypersensitivity in hind paws. Thus,
future investigations are needed to determine the benefit of different SCS paradigms on other
pain modalities (e.g., heat hypersensitivity, ongoing pain) and other pain categories (e.g.,
above- and at-level pain). Because no post-mortem histological quantification of the location
and extent of injury was performed, the level and degree of SCI were not confirmed. Future
studies need to determine how these factors may affect pain inhibition from SCS treatment.
Such information may help clinicians to improve techniques and patient selection.

WDR neurons receive peripheral A-fiber and C-fiber inputs through mono- and polysynaptic
transmissions, and play an important role in spinal nociceptive transmission (34, 43).
Changes in WDR neuronal responses are often examined in mechanistic studies of SCS (15,
24, 27, 44, 45). In previous studies, neurons above and below the SCI epicenter have
exhibited increased excitability that may partially underlie SCI pain (10, 43, 46, 47).
Surprisingly, we found that the response of WDR neurons in L4-5 spinal cord to graded
electrical stimulation was lower in SCI rats than in naive rats. The reason for this apparent
discrepancy is unclear but is unlikely due to injuries of the lumbar dorsal horn neurons or
afferent fibers, which are several segments away from the epicenter. The mechanisms of SCI
pain involve both spinal and supraspinal mechanisms (9) and may differ in the development
and maintenance phases. It is possible that supraspinal mechanisms (9), hyperexcitability of
WDR neurons near the epicenter and rostral to lesion site (47), and sensitization of
nociceptive-specific and low-threshold dorsal horn neurons (43, 46) may also play important
roles in the SCI pain that we observed.

In order to mimic the conventional SCS used in our animal behavioral studies, we also
applied epidural SCS in our electrophysiology study at the lower thoracic to upper lumbar
spinal level. This level is below the epicenter and above the lumbar segments where WDR
neurons were recorded. Previous studies using similar parameters showed that conventional
SCS delivered at this spinal level to rats with peripheral nerve injury decreased spontaneous
activity, evoked responses, and windup of WDR neurons (15, 24, 27, 44). Because the
electrophysiological recordings were conducted in different animals and with different
parameters than the behavior experiments, whether these neuron inhibitory effects contribute
to behavioral pain inhibition by conventional SCS warrants further examination. Here, the
same treatment did not significantly attenuate S-R functions or inhibit windup in lumbar
WDR neurons of SCI rats, as compared to pre-SCS level. The reasons for this difference are
unclear but may be due in part to different etiologies of SCI and peripheral neuropathic pain
(8, 9). For example, neurochemical and neurophysiologic changes in both central and
peripheral nervous systems have been suggested to contribute to SCI pain, and some may
differ from that of peripheral neuropathic pain (8-12, 46). Conventional SCS-induced
therapeutic effects require the activation of dorsal columns and intact spinal pain
transmission pathways (14-16). However, the pathologic changes after SCI may disrupt the
functional integrity of dorsal column and spinal pain circuitry (8, 9, 21). In addition,
essential spinal neuronal substrates and neurochemical mechanisms (e.g., GABAergic
signaling) through which conventional SCS inhibits neuronal activity and pain may be
compromised after SCI (7, 48, 49). Such loss of functionality may also contribute to the loss
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of SCS-induced WDR neuronal inhibition that we observed. Intriguingly, windup was
significantly increased from baseline in SCI rats at 0 and 30 min after sham stimulation. Yet,
this facilitation of windup appeared to be prevented by conventional SCS. In addition to
WDR neurons, nociceptive-specific and low-threshold dorsal horn neurons may also
increase excitability and contribute to pathological pain after SCI (50). How their
excitability is affected by SCS requires additional investigation.

Though spinal segmental mechanisms of pain inhibition may be compromised after SCI, it is
possible that orthodromic action potentials may reach supraspinal structures after incomplete
SCI via residual intact dorsal column fibers and ascending pathways. Thus, activation of
supraspinal mechanisms may be important to SCI pain inhibition from conventional SCS.
Such a mechanism would partially explain why conventional SCS induces better pain relief
in patients with incomplete cord lesion than in those with complete cord transection (38, 51).
Previous studies have shown that high-frequency, sub-sensory threshold SCS does not
activate dorsal column fibers or change their conduction property, induce acute inhibition of
WDR neurons, or inhibit spinal nociceptive transmission (13, 20, 24, 39, 52). Therefore, we
did not test the effect of low-intensity, 1200 Hz SCS on WDR neurons in SCI rats. To date,
the neuronal substrates and cellular and neurochemical mechanisms that underlie pain
inhibition by high-frequency, sub-sensory threshold SCS remain unclear. It has been
hypothesized that this paradigm may produce subtle, imperceptible conduction blockade of
afferent fibers, desynchronize axonal activity, slowly change neurotransmitter content, and
modulate neuronal intrinsic properties in the spinal cord (13, 39, 40, 45, 52).

In summary, our study showed that both conventional and 1200 Hz, low-intensity SCS
induces modest inhibition of below-level mechanical hypersensitivity in rats after a
moderate contusive SCI at thoracic level. Yet, pain inhibition from conventional SCS was
not associated with a suppression of evoked responses in lumbar spinal WDR neurons after
SCI. The neurophysiology and neurochemical mechanisms of SCI pain relief by both
conventional SCS and high-frequency, sub-sensory threshold SCS warrant further study.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SCS attenuates mechanical hyper sensitivity in the hind paws of ratswith SCI.
(A) Experimental protocol of SCS in SCI rats. In each round, conventional SCS (50 Hz,

80% MoT), high-frequency SCS (1200 Hz, 40% MoT), or sham stimulation was applied on
two consecutive days (120 min/day). Paw withdraw threshold (PWT) was measured before,
during, and after stimulation on each day. (B, C) Changes in the percentage of maximum
possible effect (%MPE) of mechanical hypersensitivity inhibition during (intra-SCS) and
after SCS in each group (n=10 rats, 2 sides/rat) on day 1 (B) and day 2 (C). %MPE =[1 -
(Cutoff PWT - Post-SCS PWT)/(Cutoff PWT — Pre-SCS PWT)] x 100. Two-way mixed
model ANOVA. Data are expressed as median + interquartile range. *p<0.05, **p<0.01,
***n<0.001 versus pre-SCS. #p<0.05, ##p<0.01, ##p<0.001 versus sham stimulation. (D)
The average %MPE at 30, 60, and 90 min intra-SCS and 0 min post-SCS in each group on
days 1 and 2. One-way ANOVA. Data are expressed as mean + SD. ##p<0.01 versus
indicated group; ns, not significant. (E) PWT before SCS on days 2 and 3 did not differ
significantly from that on day 1 in any group.
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Figure 2. Changesin WDR neuronal responseto electrical test stimulation in rats after SCI.
(A) Analog recordings of WDR neuronal responses to intracutaneous electrical test stimuli

(0.3, 3, and 5 mA, 2.0 msec) in a naive rat. WDR neuronal responses can be divided into
AB- (0-25 msec), As- (25-100 msec), and C-components (100-500 msec) based on the
activation threshold and response latency. (B) The stimulus-response (S-R) curves of action
potentials (APs) in each component to graded intracutaneous electrical test stimuli (0.1-10
mA, 2 msec) in SCI (h=12) and naive rats (n=9). (C) Analog recordings in a naive rat of
WDR neuronal responses to the first, eighth, and sixteenth stimulus of a train of
intracutaneous electrical test stimuli (0.5 Hz, 16 pulses, 2.0 msec) that induces windup, as
well as to the first, fourth, and twelfth stimulus of a train of 0.1 Hz electrical stimuli (12
pulses) at the post-windup phase. (D) The APs of C-component to windup and post-windup
stimulation were plotted against the stimulation number. B, D: Two-way mixed model
ANOVA. Data are expressed as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 versus
indicated group; ns, not significant.
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Figure 3. SCSdoes not inhibit WDR neuronal responsesto graded electrical test stimulation in
ratswith SCI.

(A) Schematic diagram illustrating experimental setup for recording WDR neurons in SCI
rats. (B) The antidromic compound action potentials (APs) evoked by bipolar electrical
stimulation (0.01-3.0 mA, 0.2 msec) at the dorsal spinal cord were recorded at the sciatic
nerve with a monopolar recording electrode. (C, D) The stimulus-response (S-R) curves of
APs in the AB- (0-25 msec), A8- (25-100 msec), and C-components (100-500 msec) of the
WDR neuronal response to graded intracutaneous electrical stimuli (0.1-10 mA, 2 msec)
were not significantly changed from baseline at 0 min and 30 min after conventional SCS
(50 Hz, Ab1, 0.2 msec, 10 min, N=19) (C) or after sham SCS (n=19) (D). (E, F) The total
number of APs in the AB-, A8-, and C-components of the WDR neuronal response to graded
intracutaneous electrical stimuli (0.1-10 mA, 2 msec) was not significantly changed from
baseline at 0 min and 30 min after conventional SCS (50 Hz, Ab1, 0.2 msec, 10 min) (E) or
after sham SCS (F). Two-way repeated measures ANOVA. Data are expressed as mean +
SEM.
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Figure 4. SCSdoesnot inhibit windup of WDR neuronal responsesto repeated electrical test
stimulation in SCI rats.

(A) Upper: The C-component response of WDR neurons (N=19) to 0.5 Hz windup
stimulation (16 pulses, 0.2 msec) and the following 0.1 Hz post-windup control stimulation
(12 pulses, 0.2 msec) were plotted against the stimulation number before (baseline) and after
50 Hz SCS (Abl, 0.2 msec,10 min) in SCI rats. Lower: The total number of APs (area under
the windup curve) of C-components to 0.5 Hz and 0.1 Hz stimulation before (baseline) and
after SCS. (B) Upper: The windup curves in WDR neurons (n=19) before and after sham
SCS in SCI rats. Lower: The total number of APs of C-components to 0.5 Hz and 0.1 Hz
stimulation before and after sham SCS. Windup curve: Two-way repeated measures
ANOVA. Area under the curve: One-way repeated measures ANOVA. Data are expressed as
mean + SEM. *p<0.05 versus indicated group; ns, not significant.
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