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Background: It is becoming increasingly important to understand the mechanisms of spinal
cord stimulation (SCS) in alleviating neuropathic pain as novel stimulation paradigms arise.
Purpose: Additionally, the small anatomic scale of current SCS animal models is a barrier to
more translational research.

Methods: Using chronic constriction injury (CCI) of the common peroneal nerve (CPN) in sheep
(ovine), we have created a chronic model of neuropathic pain that avoids motor deficits present
in prior large animal models. This large animal model has allowed us to implant clinical grade
SCS hardware, which enables both acute and chronic testing using von Frey filament thresholds
and gait analysis. Furthermore, the larger anatomic scale of the sheep allows for simultaneous
single-unit recordings from the dorsal horn and SCS with minimal electrical artifact.
Results: Detectable tactile hypersensitivity occurred 21 days after nerve injury, with preliminary
indications that chronic SCS may reverse it in the painful limb. Gait analysis revealed no hoof
drop in the CCI model. Single neurons were identified and discriminated in the dorsal horn,
and their activity was modulated via SCS. Unlike previous large animal models that employed
a complete transection of the nerve, no motor deficit was observed in the sheep with CCI.
Conclusion: To our knowledge, this is the first reported large animal model of chronic neuropathic
pain which facilitates the study of both acute and chronic SCS using complementary behavioral
and electrophysiologic measures. As demonstrated by our successful establishment of these
techniques, an ovine model of neuropathic pain is suitable for testing the mechanisms of SCS.
Keywords: neuropathic pain, sheep models, gait analysis, spinal cord stimulation, unit recordings

Introduction
Chronic pain, and neuropathic pain in particular, is a significant public health burden,
affecting up to 100 million US adults, costing up to $635 billion each year in medical
treatment. A small fraction of these patients fail conservative measures and require
interventional procedures such as spinal cord stimulation (SCS).! The mechanisms
underlying SCS are not well understood.>

While current tonic SCS parameters for neuropathic pain are effective,® there
remain patients whose pain cannot be controlled using existing technology. In response
to these failures, newer stimulation parameters have been developed, including high-
frequency* and burst stimulation,” with superior clinical relief of back and leg pain.
Unlike tonic SCS, these stimulation paradigms have clinically afforded patients pain
relief without paresthesias. Less well understood, however, are the mechanisms by
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which these alternate stimulation paradigms have accom-
plished this pain relief.® Several hypotheses for biochemical
and neurophysiological mechanisms of action are under
study, however, including ectopic activity in AB-fibers and
modulation of dendritic currents, among others.®

One reason for this paucity of knowledge is the limited
availability of large animal models of neuropathic pain that
are suitable for testing and evaluating the hypothetical mecha-
nisms of SCS. Our goal here is to introduce an ovine model
capable of meeting this need and to present preliminary data
demonstrating the feasibility of using it to assess the effects
of SCS on behavioral and electrophysiologic measures of
neuropathic pain.

Mechanisms of SCS contributing to the alleviation of
pain have been studied extensively in small animal rodent
models by recording from dorsal horn neurons (DHNs).>7-10
Chronic neuropathic pain as a result of chronic constriction
injury (CCI) of peripheral nerves is a well-established model
of neuropathic pain in small animals.'"'’ These small animal
models have led to the hypothesis that SCS suppresses the
activity of wide dynamic range (WDR) neurons in the dorsal
horn.”81° Small animal rodent models, however, have physical
limitations in contrast to human and large animal models, in
that a small animal model is typically incapable of supporting
chronic implantation of large clinical-scale stimulator leads
or pulse generators. Additionally, neuronal recordings are
more susceptible to electrical artifact during simultaneous
SCS due to the smaller anatomic space.

A large animal ovine model of neuropathic pain was
recently developed for testing intrathecal drug infusions,!® a
caprine model has been used to test the neurotoxicity of novel
SCS stimulation parameters,!” and a porcine model of neuro-
pathic pain from sciatic nerve ligation has been introduced
for testing the efficacy of analgesics.'® In the ovine model
described by Wilkes et al,'® the common peroneal nerve (CPN)
was completely transected. While this model produced the
desired neuropathic pain, it also led to a motor deficit in the
form of a hoof drop, that is, hoof depression during dorsiflex-
ion while walking, which might limit the utility of any gait
analysis employed for assessment. Our goal was to modify the
method described by Wilkes et al, adapting the CCI typically
used in smaller animals to the ovine model. By constricting the
CPN without completely transecting it, we hoped to produce
neuropathic pain while avoiding motor deficit.

DHN single-unit recording techniques have been an estab-
lished technique for many years.!*?* We adapted Herrero et
al’s" techniques for recording single units from the sheep spi-
nal cord in order to quantitatively measure the manifestation

of neuropathic pain reflected in the neuronal activity of the
dorsal horn. As previously mentioned, the large scale of the
sheep also enables simultaneous recording and stimulation
with minimal artifact. This is an opportunity unique to the
larger animal model that may enable further insight into the
mechanisms of various SCS paradigms.

Therefore, the purpose here is to explore the possibil-
ity of introducing a large animal, chronic neuropathic pain
model that might enable the study of the effects of SCS
via both behavioral and electrophysiologic measures. Our
particular model is for pain of peripheral origin, as opposed
to that of central origin (e.g., that due to stroke, and so on).
By constricting the CPN in the sheep, we have modified a
previous model of nerve transection in order to establish a
model without motor deficit. Behavioral measures of von
Frey filament thresholds and gait analysis, combined with the
electrophysiologic measures of dorsal horn recordings, are
then conducted both with and without different paradigms of
SCS. It is important to note that because of the exploratory
nature of this pilot study, we intentionally chose to forego the
inclusion of sham experimental procedures. While recogniz-
ing that doing so inevitably limits the scope of conclusions
that can be drawn, the immediate goal was to simply explore
the feasibility of the proposed approach and, if promising,
suggest a path forward for future work aimed at a more rigor-
ous evaluation. The techniques developed here can be used to
address questions about the mechanisms underlying SCS in
a neuropathic pain state, with the ultimate goal of translating
these studies to improve pain relief in clinical populations.

Highlights

e Peroneal nerve constriction in sheep produces a reproduc-
ible large animal model of persistent neuropathic pain.

e This approach avoids neurologic deficits in gait that
otherwise result from complete sectioning of the nerve.

e Single-unit dorsal horn recordings can be used to inves-
tigate neural response to SCS therapy.

e Behavioral measures (von Frey filament response and gait
analysis) provide independent assessment of SCS effects.

Materials and methods

Overall experimental strategy

Sheep were acclimated to treadmill walking and von Frey fila-
ment testing for at least 3 weeks prior to surgical nerve injury
and stimulator implant. At the time of peroneal nerve surgery,
a spinal cord stimulator lead was inserted via laminectomy
at vertebral body L2 along with an implantable, recharge-
able pulse generator. Behavioral testing was then resumed
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to evaluate the development of tactile hypersensitivity and to
assess the effects of peroneal nerve surgery on gait. SCS was
then performed to assess the effect of neuromodulation on the
behavioral measures of von Frey filament thresholds and gait
analysis. At a terminal surgery, DHN activity was recorded at
the lumbar enlargement both ipsilateral and contralateral to
the injury. SCS was then applied both through the implanted
pulse generator and with an external stimulator. An overview
of the experimental protocol is shown in Figure 1.

Of the eight sheep used in this study, the first three
(#40002, #40006, #40007) were utilized to refine the
experimental protocol. Sheep #40006 underwent complete
transection of the peroneal nerve, whereas the other seven
underwent ligation without transection. Sheep #40007 did not
undergo SCS and was used for DHN recording only, whereas
the remaining seven sheep were used to study the effects of

neuromodulation. Sheep #40002 underwent SCS implanta-
tion in a delayed fashion (at 6 months after nerve injury), and
DHN single unit recordings were made on sheep #40002 at
both the initial and terminal surgeries. Both Sheep #40002
and #40006 were kept alive for beyond 1 year’s duration to
assess the feasibility of SCS and persistence of neuropathic
pain beyond 1 year. An optimized and standardized protocol
was then implemented for the remaining five sheep (#40014,
#40015, #40016, #40021, #40022) as outlined in Figure 1, in
which von Frey filament thresholds were measured at 180 days
for 1 month duration, then chronic SCS was instituted and
von Frey filaments were remeasured for an additional month.

Animal care and use
Institutional approvals for the protocols described below
were obtained from the Institutional Animal Care and Use

Flowchart of experimental design

Preoperative acclimation to behavioral protocols:
gait training and EVF

Surgery #1:
CClI, CPN, and SCS

Behavioral measures

Experiment 1.1
Measure development of
tactile hypersensitivity using EVF, i.e.,
NPP

Experiment 2.1
Measure effect of
acute and chronic SCS
on NPP using EVF

Experiment 1.2
Measure gait changes in NPP

Experiment 2.2
Measure effect of
acute and chronic SCS on gait

Surgery #2:
Terminal surgery
Dorsal horn recording with and without SCS

Electrophysiologic measures

Experiment 1.3
Measure dorsal horn activity in NPP

Experiment 2.3
Measure effect of acute SCS on
dorsal horn activity

Figure | Flowchart showing overview of the protocols for the in vivo ovine studies.

Abbreviations: CCl, chronic constriction injury; CPN, common peroneal nerve; EVF, electronic von Frey filaments; NPP, neuropathic pain; SCS, spinal cord stimulation.
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Committees (IACUC) at both the University of lowa (U, for
the surgical procedures, intraoperative measurements, and
behavioral response tests, [ACUC approval no. 1308149)
and at the Iowa State University (for the gait analysis studies,
with and without SCS, TACUC approval no. 2-12-7298-0),
which are in accordance with the guidelines of the National
Institutes of Health and of the International Association for
the Study of Pain. Eight adult female Polypay sheep, ~75 kg
each, were used for this pilot study. Female sheep were chosen
as they were more docile and acclimated more readily to the
testing environment. Upon arrival, the sheep were examined
by a veterinarian and deemed nonpregnant and free of disease.
After surgery, the sheep were inspected for infection and
tested for gross motor deficits by examination of the passive
and active motion of the limbs. All experimental animals were
maintained under veterinary care in good health.

Surgical method and postoperative care

All surgeries were performed at Ul in accordance with the
IACUC standards of surgery for large animals. The animals
were sedated, and general anesthesia was then induced and
maintained with isoflurane delivered in O,. Each sheep under-
went two surgeries. The first surgery involved intervention on
the peroneal nerve and placement of a spinal cord stimulator.
The second surgery, which was a terminal surgery, included
dorsal horn recordings.

Surgery #1: nerve injury and spinal cord stimulator
placement

The left peroneal nerve was exposed at the fibular head
(Figure 2) as described by Wilkes et al.'® The nerve was iden-
tified just posterior to the stifle joint in close approximation
to the fibular head. In one sheep (#40006), the nerve was

completely transected, whereas in the remaining seven sheep,
a modified CCI was performed with a series of four suture
ligatures placed around the nerve, constricting it ~25% as
compared to the normal nerve diameter. The modified CCI
model was performed to avoid producing motor deficits such
as hoof drop or other axotomy-related deficits. This modi-
fied CCI approach was designed to follow the original small
animal model described by Bennett et al,?! Bennett and Xie,?
and Shortland et al.”® CCI was selected as a departure from
the established large animal models to determine whether
neuropathic pain could develop without complete sectioning
of the nerve.

At the time of CCI, an L3—4 laminectomy was also per-
formed for insertion of a spinal cord stimulator with final
positioning at the L2—3 vertebral segments. A conventional
paddle-type epidural spinal cord stimulator (Specify™ 5-6-5
Model 39565; Medtronic Inc., Minneapolis, MN, USA) with
a rechargeable subcutaneous battery (RestoreUltra® Model
37712, Medtronic Inc.) was implanted.

All sheep recovered postoperatively without adverse
events. Von Frey thresholds were determined over the sub-
sequent 30 days to document the development of tactile
hypersensitivity. All the animals were then transferred to the
Iowa State University for gait analysis.

Surgery #2: dorsal horn recordings

This terminal surgery was performed under general anesthe-
sia with isoflurane. An L5-6 laminectomy was performed to
expose the thecal sac over the lumbar enlargement, the region
of the spinal cord receiving input from the CPN. The record-
ing tower for the microelectrode system (details provided
in the “Dorsal horn recording system” section; Figure 3)
was then secured in place for dorsal horn recordings. These

Figure 2 (A) Dissection and isolation of the peroneal nerve at the level of the stifle joint. The nerve is palpable just behind the stifle joint, coursing around the fibular
head. The stifle and hock joints are marked for reference, in addition to the peroneal nerve. (B) Four suture ligatures have been placed around the nerve to create a 25%
constriction (i.e., a reduction in the diameter of the constricted nerve from the normal diameter by 25%).
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Figure 3 (A) Relative to a mock spinal column, from left to right are shown the micrometer-driven translation stage used to control the microelectrode insertion depth
and position, the mounting tower, and the Teflon® threaded plug used to seal the tower interior when not in use. (B) Top—down view of the apparatus from (A) anchored
in place on the sheep spinal column for a dorsal horn recording. (C) H&E stain of an axial cross section of the dorsal portion of the spinal cord at the level of the lumbar
enlargement (L6). The white matter tracts of the spinal cord are slightly more eosinophilic, and the neuron-containing gray matter shows the characteristic butterfly wing
structure. The dashed rectangle outlines the targeted recording region within the dorsal horn. The DF, DH, LF, and the central canal are marked. (D) Example recording of

a single neuron’s activity recorded at a depth of 1414 pm.
Abbreviations: DF, dorsal funiculi; DH, dorsal horn; LF, lateral funiculus.

recordings were performed on DHNs both ipsilateral and
contralateral to nerve injury. The spinal cord stimulator leads
were exposed and dorsal horn recordings were performed as
described below. DHNSs in the ipsilateral and contralateral
sides were characterized during with and without SCS, using
tonic, high-frequency, and burst stimulation. After all record-
ings were completed, the sheep were euthanized.

Behavioral testing methods

All animals were acclimated to behavioral testing using von
Frey filament thresholds and treadmill gait training for at
least 3 weeks prior to nerve injury.

von Frey studies

Mechanical withdrawal testing was performed to establish
mechanical sensitivity, both pre- and post-nerve ligation.
Several groups?*?” have employed variants of this approach
to testing limb sensitivity in sheep with neuropathic pain over
the past 30 years. To be consistent with the most recent work
of this type, we followed the protocol described by Wilkes
et al.' An electronic anesthesiometer (model 2390; IITC Inc.,
Life Science Instruments, Woodland Hills, CA, USA) with a
stiff von Frey filament tip (max. force 1000 g) was applied to
the lateral hind limb in the sural nerve sensory distribution
with increasing pressure until hind limb withdrawal. The
standard approach was to make three measurements twice

each day on each hind limb, 3 days per week (MWF) over
the course of one month’s duration at a time. These time
points included 1 month pre-ligation, 1 month immediately
post-ligation, at 180 days (6 months) for 1 month prior to
initiation of SCS, and at 7 months for 1 month of concurrent
chronic SCS. The median values were recorded, and the order
of limb measurement randomized. The force applied at hind
limb withdrawal was recorded as the withdrawal threshold.

Treadmill gait analysis

Digital motion capture of the walking patterns of quadrupeds on
treadmills, and the subsequent assessment of their limb motions
by gait analysis algorithms, provides a sensitive means of inves-
tigating degrees of spinal cord injury.2? We have adapted this
approach for use with our ovine model and employed it here
for assessment of the gait following nerve injury. Gait analysis
was performed both with and without SCS.

Each sheep was led onto a treadmill and allowed to stand
quietly while acclimating to the laboratory environment. The
treadmill belt was then started at a minimal speed that was
then increased in small increments until a steady walking
rate of ~4.5 km/h was reached.’® Each acclimation session
lasted ~30—45 minutes, which was repeated 6—10 times over
3 weeks for full acclimatization.

The full details of the multi-camera video imaging system
and motion analysis package are provided elsewhere.>'32 The
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motion analysis system had six infrared cameras operating at
frame rates of 100 Hz (Vicon Motion Systems Ltd., Oxford,
UK), which was used to monitor the trajectories of 14 mm
diameter optical markers attached noninvasively to the skin
near bony landmarks on the pelvic limbs. In particular, the
motion of the hock (tarsal/tarsus) joint was defined using
three markers attached to tibial and metatarsal regions. There
were typically two data recording days for each animal, at
midpoints over their involvement in the study. On these days,
three to five video sessions of 2 minutes length (about 140
steps on the treadmill) were performed. These were done
both with and without SCS. The raw video data obtained
during the recording sessions were exported to a Matlab®
computational package (version 9.3.0.713579; MathWorks
Inc., Natick, MA, USA) for extraction of range of motion,
angular velocity, and acceleration of the hock joint. These
quantitative measures enabled the height of both back hooves
to be calculated throughout the gait cycle.

Electrophysiologic testing methods

Dorsal horn recording system

We adapted the method of Herrero et al'® to obtain record-
ings from single neurons in the dorsal horn of the spinal cord
of anesthetized sheep. A custom-built recording tower was
secured to the vertebra with bone screws after laminectomy
at the L5-6 level. The dura was opened by sharp dissection
and the spinal cord exposed. A penetrating microelectrode
(Model WE30031.0A10; World Precision Instruments,
MicroProbes, Gaithersburg, MD, USA) with an impedance
of 1.0 MQ was advanced using micrometer-driven transla-
tion stages from the pial surface ventrally through the spinal
cord. Microelectrode penetrations within the dorsal horn were
guided by a microdrive and micro-positioner (Model 2662;
David Kopf Instruments, Tujunga, CA, USA). Recording
locations included both the ipsilateral and contralateral sides
of the spinal cord at varying distances from the midline. A
port fixed to the tip of the custom-built apparatus allowed for
endoscopic visualization of the electrode tip from an angle
of either zero or 30° (Stryker, Kalamazoo, MI, USA). The
components of the apparatus and a typical insertion pattern
for obtaining the recordings are shown in Figure 3. Anatomic
targeting of the dorsal horn was based on measurements
shown in Figure 3C.

Recordings were acquired using a high-impedance
headstage and preamplifier (Models HZP and P511; Grass
Technologies, Natus Neurology, San Carlos, CA, USA). The
resulting signals were band-pass filtered between 300 Hz and
10 kHz, amplified with a gain of 100, and then displayed in

real time on an oscilloscope. The data were acquired using
a high-bandwidth processor (Tucker Davis Technologies,
Alachua, FL, USA) sampling at 24 kHz and stored on a
laboratory computer for off-line analysis, with Matlab (Math-
Works, Inc., Natick, MA, USA) and Offline Sorter™ (Plexon
Inc., Dallas, TX, USA) software.

Dorsal horn recording protocol

Prior to starting each recording block, the electrode depth
was reset to 0 um at the surface of the spinal cord. The
electrode was then slowly advanced ventrally into the spinal
cord at a rate of 10 um/step using the hydraulic microdrive
until spontaneous neuronal activity (SA) was detected. If
a neuron with SA was found, mechanical search stimuli
(touch, brushing, pinching, deep pressure, hock flexion,
and extension) were then applied throughout the hindlimb
to ascertain if the neuron had a receptive field in the limb.
If a maximal depth of ~2500 um was reached before any
SA was found, the electrode was then withdrawn slowly
(10 um/step) to the dorsal surface of the spinal cord, and
at the same time, mechanical stimuli were applied to the
hindlimb to identify any mechanosensitive neurons without
SA. We included recordings of neurons with no receptive
field but SA.

Once a DHN with a receptive field in the hindlimb was
identified, the depth of the recording was noted and the fol-
lowing protocol was employed. Before somatic stimulation,
baseline activity of the neuron was recorded for 1 minute.
A neuron with SA was defined as having mean activity >0.1
impulse/s over this period. To further characterize the neu-
rons, brush, touch, non-damaging pinch, and deep pressure
were applied to the hindlimb, gastrocnemius, and hamstring
muscles, followed by flexion and extension of the hock joints.
Each stimulus was applied for ~3 s, and the interstimulus
interval was 5-10 s unless continued activation persisted
longer than this. Any continued increase in action potential
firing that lasted >2 s following the cessation of a stimulus
was defined as after discharge.

After the DHN was characterized, SCS was applied
using conventional, high-frequency, and burst stimulation
as detailed below. For 1 minute each, spontaneous dor-
sal horn activity was recorded during SCS, followed by
mechanical stimuli of touch, brush, pinch, deep pressure,
and hock flexion/extension. After termination of SCS, the
neuron was allowed to recover for 30 s prior to initiation of
the next SCS paradigm. The order of SCS paradigms was
typically tonic stimulation followed by high-frequency and
burst. During some sessions, the implanted pulse generator
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was used to assess the difference between electrical arti-
facts from the internal battery compared to the externalized
signal generator (Agilent 33500B; Agilent Technologies,
Loveland, CO, USA).

Neurons were classified based on the cutaneous clas-
sification scheme.?® In this study, neurons were classified
as WDR or high-threshold (HT) neurons, based on the
response to brushing and to pinch. HT neurons were identi-
fied as neurons that responded to pinch, but not to brush.
WDR neurons responded to brush, touch, and pinch as well,
with higher amplitude responses to more intense stimuli.
Any low-threshold neurons that responded maximally to
brush, but also had the same or smaller response to pinch
were excluded from this study. We refer to the neurons as
WDR and HT.

Spinal cord stimulation

The effect of SCS was assessed using both behavioral assays
(von Frey filaments, treadmill gait) and electrophysiologic
recordings (dorsal horn recordings). All stimulation para-
digms were charge balanced and used a simple bipolar lead
configuration spanning the midline. For all behavioral testing,
stimulation was delivered via the implanted pulse generator.
After tactile hypersensitivity had developed, the stimulator
was activated at a continuous setting (0.1 V, 40 Hz, 120 ps
pulse width) that did not appear to cause discomfort or obvi-
ous behavioral change in the sheep. The von Frey filament
measures were then taken three times daily over the course
of a week of chronic stimulation.

Sheep were tested for gait during treadmill sessions with
and without spinal cord simulation. A typical recording
session consisted of five 2-minute trials with the stimula-
tor set as follows: Off, 0.1, 0.3, 0.5 V, Off. The treadmill
was stopped between recordings, while the voltage was
changed. All the sheep were then returned to UI for dorsal
horn recordings.

For the dorsal horn recordings, SCS was applied using
both the implanted pulse generator and the externalized sig-
nal generator (Agilent 33500B, Agilent Technologies). The
externalized signal generator allowed for nonconventional
stimulation paradigms of high frequency (10 kHz, 30 us pulse
width, biphasic waveform, 1 V) and burst (500 Hz, 1000 ps
pulse width, biphasic waveform applied over 10 ms witha 15
ms interpulse interval, 0.25-0.5 V), as per De Ridder et al, 3
in addition to the conventional tonic stimulation setting (40
Hz, 120 ps pulse width, 1 V). When the implanted pulse
generator was used for SCS, conventional tonic stimulation

was delivered in incremental voltages ranging from 0 to 5V,
with significantly less electrical artifact.

Statistical analysis

Results of von Frey filament thresholds and gait analysis
parameters were expressed in terms of the mean and standard
error. Statistical analysis of the results of the treadmill gait
studies was carried out with JMP software (Version 10.0;
SAS Institute, Inc., Cary, NC, USA) at a 95% confidence
level. Statistical analysis of von Frey filament thresholds was
performed using analysis of variance (using Matlab software,
version 9.3.0.713579; MathWorks Inc., Natick, MA, USA) to
test the effects of leg (ipsilateral vs. contralateral) and SCS
status (on vs. off) at a 95% confidence level, both within
single sheep and combining across the five sheep in the final
protocol (#40014, #40015, #40016, #40021, #40022).

Results

von Frey measurements

Our preliminary data came from a total of eight sheep: one
in which we transected the peroneal nerve and seven in
which we performed CCI. All nerve injuries were applied
to the left leg. As found in Figure 4, our preliminary data
suggests that both sectioning and constricting the nerve
lead to development of tactile hypersensitivity. We inter-
pret this sensitivity as neuropathic pain due to the fact that
nociceptive neurons fire at similar (60—80 mN) forces that
elicit withdrawal in sheep (60—80 mN).!%% Figure 4A and
C indicates reduced withdrawal threshold develops ~20
days and persists in the past 80—100 days after CCI. Figure
4B and D indicates pain may persist in the past 230 days
and even in the past 1 year. Application of SCS appeared
to return the painful affected left limb (blue) to that of the
control, non-affected right side (red).

The results of the von Frey measurements for the five
sheep included in the final protocol (#40014, #40015,
#40016,#40021, and #40022) are presented in Table 1 and
are expressed in terms of means and standard errors. Sta-
tistical analysis was performed using analysis of variance
by leg (left vs. right) and SCS status (on vs. off). As seen in
Figure 5, the baseline threshold of the left (affected) leg is
significantly lower than the right (control) leg (252.9+£37.6
vs. 361.5£32.4 g, p=3x107%). Application of SCS signifi-
cantly increases the withdrawal threshold of the left leg
(297.5421.5 g, p=0.048), but is still significantly lower
than the unaffected right side, either with SCS (p=0.0035)
or without it (p=0.0016). There is no significant difference
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Figure 4 Withdrawal thresholds of the hind limbs in three sheep as measured with von Frey filaments and anesthesiometer from (A, B) one animal with a sectioned nerve

and (C, D) two animals with constriction nerve injuries.

Notes: (B, D) Data collected >200 days post-nerve injury. The dashed black lines indicate portions of the data that were collected while SCS was applied continuously. The
SCS appears to increase the withdrawal thresholds in the injured sheep most noticeably in (A, D).

Abbreviation: SCS, spinal cord stimulation.

Table | von Frey thresholds of five sheep in standardized protocol

Sheep Left leg Left leg Right leg Right leg

SCS off SCS on SCS off SCS on

Mean (g) +SE Mean +SE Mean +SE Mean +SE
40014 169.5 19.5 266.5 23.1 2959 535 3233 36.2
40015 646.4 26.6 458.1 43.6 673.3 20.7 497.9 39.6
40016 146.5 1.7 3326 21.0 259.7 10.1 403.6 8.1
40021 194.8 16.7 2322 282 353.1 249 324.6 13.1
40022 107.2 52 198.2 36.9 225.6 17.0 2385 289
Mean 252.9 376 2975 21.5 361.5 324 357.6 20.0

Abbreviation: SCS, spinal cord stimulation; SE, standard error.

in withdrawal threshold of the unaffected right side with or
without SCS (357.6£20.0 vs. 361.51£32.4 g, respectively).

Treadmill data and gait analysis

Postsurgical gait

In contrast to the sheep with complete peroneal nerve
transection (#40006), none of the CCI sheep developed
hoof drop after surgery. By 4 weeks postoperatively,
this sheep had developed a visibly compensatory gait,

involving elevation of the hip to allow clearance of the
hoof. Gait analysis was carried out for all sheep. Quantita-
tive statistical analysis of the results of the treadmill gait
studies was carried out with JMP software (Version 10.0;
SAS Institute, Inc.) at a 95% confidence level. Auxiliary
assessment methodologies included graphical inspection,
evaluation of trends, and other routine practices. The two
nerve injury methods had different effects on a number of
parameters. For instance, the range of the flexion—extension
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Summary of SCS effect on von Frey thresholds for five sheep in standardized protocol

Leg=L, SCS=off

Leg=R, SCS=off

Leg=L, SCS=on

Leg=R, SCS=on

220 240 260 280

300 320 340 360 380 400

Withdrawl threshold (g)

Figure 5 The results for the von Frey measurements for the five sheep included in the final protocol (#40014, #40015, #40016, #40021, and #40022) are presented in

Table | and expressed in terms of means and standard errors.

Notes: The baseline threshold of the left (affected) leg is significantly lower than the right (control) leg (252.9+37.6 vs. 361.5+32.4 g, p=3x107%). Application of SCS significantly
increases the withdrawal threshold of the left leg (297.5+21.5 g, p=0.048), but is still significantly lower than the unaffected right side, either with SCS (p=0.0035) or without
it (p=0.0016). There is no significant difference in the withdrawal threshold of the unaffected right side with or without SCS (357.6+20.0 vs. 361.5+32.4 g, respectively).

Abbreviation: SCS, spinal cord stimulation.

angle of the hock joint in the sagittal plane (referred to as
the “leg swing” angle) was 63°+3.6° for the sheep with
the cut peroneal nerve (#40006) and only 48°%1.1° for
the animals with constricted peroneal nerves (#40002 and
#40007), a relative difference of roughly 30% (Figure 6A).
Moreover, the sheep with the cut peroneal nerve had an
obvious motor deficit that manifested as hoof drop. After
the first few weeks, it developed an altered gait pattern,
in which it elevated the leg to clear the hoof. The angular
speed of its contralateral (right) limb increased by ~58%
in the first 100 ms of the gait cycle (Figure 6B). No such
large asymmetries were observed for the leg motions of
the sheep with the constricted nerves.

Effect of SCS on gait

Figure 7 demonstrates the effects of SCS on gait in the sheep
with complete nerve ligation (#40006). The measurements
were made on two separate days. The peak hoof elevation

was 3610.53 mm for the nerve-ligated leg during both the
condition of no SCS and for stimulation at 0.1 V. At 0.3V,
the peak hoof elevations for both limbs were ~48+0.89 mm.
At 0.5V, the hoof of the ipsilateral leg was elevated to
8312.4 mm, nearly 50% larger than the contralateral side.
These results suggest that an epidural stimulation threshold
exists between 0.1 and 0.3 V at which SCS allows the animal
to overcome injury-induced hoof drop during normal walk-
ing. Interestingly, whereas 0.3 V brings the left hind limb to
the height of the right hind limb, at 0.5 V, there appears to be
a supramaximal response of both hind limbs.

Unit activity recordings

Figures 8 and 9 demonstrate the ability to obtain units and
drive from the periphery, modulate them with SCS, and
resolve the unit activity while simultaneously applying
SCS. Typical examples of a neuron with a receptive field
but no SA (Figure 8A) and a neuron firing spontaneously
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Figure 6 (A) Range of flexion—extension angle of the hock joint in the sagittal plane (leg swing angle). (B) Angular speed during the first 100 ms of the gait cycle appears
to increase in the contralateral (right) limb for the sheep with the cut peroneal nerve (#40006), but this does not occur for the sheep with the constricted nerves (#40002

and #40007).
Note: Error bars represent one SD.

that also has a receptive field in the limb (Figure 8B) are
shown. The firing rates of both neurons were increased with
somatic stimulation. In the case of the neuron in Figure
8B, applying deep pressure to the limb increased the firing
rate by ~30%.

Figure 9 shows two different examples of neuronal
activity being modulated via tonic 40 Hz SCS, with the red
regions indicating when SCS was applied. In both cases, the
neuronal activity was successfully differentiated from the
stimulus artifact, as indicated by the spike insets. At 4 and 5
V stimulation, the neuron in Figure 9A is driven, matching the
40 Hz stimulus during the 5 V stimulation. The raster plots,
aligned to each stimulus artifact, show the neuron becom-
ing more tightly driven by the stimulus at higher intensities.

The neuron in Figure 9B displays the opposite behavior as
in Figure 9A, becoming suppressed at higher stimulation
intensities. The inset from the 3 V region shows the complete
absence of spikes during the SCS.

Discussion

Significance of the ovine model

Newer modalities of SCS, namely, high-frequency and burst,
afford superior clinical relief from back and leg pain compared
to conventional tonic SCS, without the paresthesias seen in
tonic SCS. Despite excellent clinical evidence in support of
these new modalities,** the basic mechanisms underlying the
relative superiority of the newer paresthesia-free modalities
relative to conventional SCS are less well understood.® Much
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Figure 7 Mean height of both back hooves plotted against percent of gait cycle for the sheep with a cut peroneal nerve (#40006).

Notes: Each trace is the average of 120—130 steps time-normalized to the gait cycle percentage. No difference in height is seen in the nerve-injured (ipsilateral) limb for SCS
at 0 V (off) and 0.1 V, but significant increases in hoof elevation are seen during SCS at 0.3 and 0.5 V. The mean contralateral hoof elevation remains mostly constant from
SCS off to 0.3 V and increases with 0.5 V stimulation. Shaded error bars represent standard error.

Abbreviation: SCS, spinal cord stimulation.

of the scientific support for the mechanisms underlying SCS
is derived from small animal models*® and computer model-
ing. To date, however, there is no large animal model of
neuropathic pain which has been utilized to test both acute
and chronic mechanistic effects of SCS, with both behavioral
and electrophysiologic endpoints. From an overall qualita-
tive perspective, and as discussed in detail below, the useful
outcomes from this exploratory version of our model include
the following findings: 1) we have introduced a large animal
implementation with the significant advantage that the motor
system is spared compared with previous models; 2) we have
demonstrated successful implantation and use of SCS and
single-unit recordings with minimal impact of artifacts, thus
pointing the way toward possible experimental elucidation
of mechanisms of action underlying SCS; and 3) we have
demonstrated the feasibility of employing this model to assess
pain thresholds and the workability of gait analysis to explore
potential responses to therapies.

Our large animal ovine model affords several advantages.
The similar size of the sheep spinal cord to the human spinal
cord* allows testing of large clinical grade SCS hardware
in both the acute and chronic settings. The larger size of the
spinal cord relative to rodent models allows simultaneous
stimulation and recording, with minimal electrical artifact,
which is often not possible in a smaller animal model.”

Our model is based on a previous ovine model of neuro-
pathic pain, in which the nerve was sectioned.'® Unlike the
previous model, however, we adapt a CCI, more commonly
used in rodents,???7 in order to avoid a motor deficit of hoof
drop, creating a state of neuropathic pain more similar to the
typical clinical manifestation. For these reasons, our model
may be useful in exploring mechanistic questions regarding
the effect of SCS on both behavior and electrophysiology. We
note, however, that while motor deficits such as hoof drop were
not observed over the duration of our study’s protocol, the pos-
sibility may exist for emergence of such effects at later times.™

Better understanding of the mechanisms underlying pain
relief produced by all modes of SCS has significant clinical
and financial implications. Development of a large animal
model of neuropathic pain which is capable of accommodat-
ing clinical grade SCS devices also provides a test bed for
newer technology and modes of stimulation.*

Potential of the model for investigating

mechanisms of SCS

Current underlying theory regarding the mechanism of con-
ventional SCS is rooted in the “Gate Theory of Pain”.* With
modifications over time,? the preponderance of data suggests
that activation of the dorsal columns leads to suppression of
WDR neurons in the dorsal horn via inhibitory GABA-ergic
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Figure 8 Example recordings of dorsal horn neurons (A) without spontaneous activity and (B) with spontaneous activity.
Notes: Both neurons were recorded from the same sheep (#40015) with a CCI. Neuronal responses to various stimuli, including brushing, touching, pinching, and applying
deep pressure to the gastrocnemius muscle and flexion and extension of the hock joint, are shown. The upper and lower panels show the digitized raw action potentials and

the neuron’s firing rate (cumulative histogram, bin width=1 s), respectively.
Abbreviation: CCl, chronic constriction injury.

interneurons. This is based on animal work and the corre-
sponding clinical observation that paresthesias in the distri-
bution of pain are required for eliminating pain.*® Without
paresthesias, tonic SCS does not work, so much so that most
trialing procedures are done under minimal sedation, in order
to test adequately if the patient has matching paresthesias in
the distribution of pain.

With the advent of high-frequency and burst stimulation,
different mechanisms of pain relief were proposed. The
patients in tests of these modalities did not feel paresthesias
and were not required to remain awake during SCS trials.
Unlike the optimal location of T8/9 in traditional SCS, these
patients were targeted for T9/10, suggesting a direct action in

the dorsal horn at the segmental levels responsible for back
and leg pain (T11-L2) vs. an indirect mechanism mediated
via the dorsal columns. Recent modeling suggests increased
frequency of stimulation may set an increased electric field in
the dorsal horn, hyperpolarizing the cells inside and inhibit-
ing pain transmission. This may be a frequency-dependent
rather than a charge-dependent effect.

However, a contrasting school of thought contends that
the efficacy of high-frequency (HF10) stimulation is not a
frequency-dependent phenomenon, but instead a charge-
dependent or “duty cycle” phenomenon.® We have recently
observed clinically that some patients with “high-density”
programs found good pain relief, and many were without
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Figure 9 Neuronal activity of two neurons from different blocks recorded during SCS from the same sheep (#40022).
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amplitudes. Below the raw waveform in each panel is the neuron’s firing rate (cumulative histogram, bin width=I s). The raster plots show the neurons’ action potentials
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at3 V.
Abbreviation: SCS, spinal cord stimulation.

paresthesias, supporting the claim that paresthesia freedom
may not be a frequency-dependent phenomenon, but a
charge-dependent phenomenon.*!

Our work demonstrates the feasibility of developing a
sheep neuropathic pain model to test the behavioral and
electrophysiologic effects of acute and chronic SCS and to
begin exploring the mechanisms responsible for its effects.

This set of studies adds to the extant body of literature in
several ways.

First, CCI of the peroneal nerve effectively produces
tactile hypersensitivity in the absence of the foot drop seen in
nerve transection models. While motor deficits were observed
in the sheep with the transected nerve, neither direct obser-
vation nor gait analysis revealed any gross motor deficits in
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CCI sheep. To our knowledge, this is the first ovine model of
neuropathic pain utilizing the CCI. We interpret tactile hyper-
sensitivity to be a surrogate for pain based on the observations
that specific nociceptive neurons are activated at 80 mN2°
and the withdrawal threshold in normal sheep is >60 mN.!¢

Second, a dorsal horn recording apparatus similar to that
described by Herrero et al'® was constructed for the purpose
of reliably obtaining high-quality recordings of DHN activ-
ity. While recording from the dorsal horn, the electrical SCS
artifact could be identified and removed, allowing analysis of
dorsal horn activity during SCS. The externalized stimulator
allowed for the application of novel high-frequency and burst
waveforms.5** Understanding the therapeutic mechanisms
of these newer waveforms is of timely clinical importance
as these options have now become clinically available for
patient populations.>*-3842

Third, the effects of SCS on von Frey filament thresholds
demonstrate a reversal of the tactile hypersensitivity develop-
ing after nerve injury. SCS also ameliorated the gross gait
abnormalities produced by nerve injury. However, we do
not know if SCS was mitigating tactile hypersensitivity or
introducing or modifying any motor effects. Mitigation of
tactile hypersensitivity was evidenced by an increase in von
Frey threshold of the affected limb at a continuous stimulation
setting of 0.1 V. Motor changes in gait were noted at higher
voltages, suggesting lower voltages affected the sensory
function with higher voltages affecting the motor function,
but this merits further study. We also note that in addition to
serving as a useful model for testing fully implanted clinical
grade systems, other work in our laboratories** has shown
that the adult sheep is well suited for evaluating the perfor-
mance characteristics of a novel type of intradural spinal cord
stimulator now under development.3646-4°

The small number of animals included in the principal
part of this pilot study, along with foregoing of animals rep-
resenting sham interventions, hampers the generalizability
of our results. In particular, this limits what we can conclude
about the impact of SCS on the behavioral findings. However,
the preliminary evidence does suggest that SCS can modulate
both neuronal physiology and gross behavior in an ovine
model of nerve injury. This outcome is in keeping with recent
reports of similar sensorimotor effects produced by epidural
electrical stimulation in small animals.*

Lastly, we note the recent comparison of low-frequency
(“tonic”) to high-frequency (“kilohertz”) stimulation para-
digms,*! the latter of which may provide improved pain relief
for patients, as might burst-mode approaches.’* We further
note that high-frequency stimulation has been assessed at the

level of the peripheral nerve to block the transmission of pain
signals.>*? All these emphasize the potential utility of devel-
oping a model that will enable studies of electrophysiologic
responses to stimulation methodologies and parameters. The
hope is that such knowledge can be extended to develop
novel stimulation paradigms and devices for patients with
chronic neuropathic pain. The ovine model shows promise
of helping to bridge the gap between small animal models
and improved patient care.

Conclusion

Sheep with a chronically constricted peroneal nerve develop
a neuropathic pain syndrome over the course of 2—3 weeks,
without detectable motor deficit. SCS appears to reverse
mechanical hypersensitivity to near-baseline levels, presum-
ably alleviating nociception. These studies demonstrate the
feasibility of applying chronic SCS in nerve-injured sheep
during treadmill gait analysis. Furthermore, this large animal
model permits dorsal horn unit activity recording in the pres-
ence and absence of active SCS. In additional to conventional
tonic SCS, novel paradigms of burst and high-frequency
stimulation can be applied, while simultaneously measuring
dorsal horn activity. Taken together, this model provides an
ideal arrangement for assessing the mechanisms underlying
the effects of SCS.

This body of work demonstrates the feasibility of devel-
oping a large animal (ovine) neuropathic pain model for the
purpose of testing the mechanisms and effects of acute and
chronic SCS on behavioral measures of von Frey filament
thresholds and gait analysis, as well as electrophysiologic
measures during DHN recordings.
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