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Chapter

Animal Pain Models for Spinal
Cord Stimulation

Joseph M. Williams, Courtney A. Kelley, Ricardo Vallejo,
David C. Platt and David L. Cederio

Abstract

Spinal cord stimulation (SCS) is an electrical neuromodulation technique with
proven effectiveness and safety for the treatment of intractable chronic pain in
humans. Despite its widespread use, the mechanism of action is not fully under-
stood. Animal models of chronic pain, particularly rodent-based, have been adapted
to study the effect of SCS on pain-like behavior, as well as on the electrophysiology
and molecular biology of neural tissues. This chapter reviews animal pain models
for SCS, emphasizing on findings relevant to advancing our understanding of the
mechanism of action of SCS, and highlighting the contribution of the animal model
to advance clinical outcomes. The models described include those in which SCS
has been coupled to neuropathic pain models in rats and sheep based on peripheral
nerve injuries, including the chronic constriction injury (CCI) model and the
spared nerve injury model (SNI). Other neuropathic pain models described are
the spinal nerve ligation (SNL) for neuropathic pain of segmental origin, as well as
the chemotherapy-induced and diabetes-induced peripheral neuropathy models.
We also describe the use of SCS with inflammatory pain and ischemic pain models.

Keywords: spinal cord stimulation, animal models, neuropathic pain, inflammatory
pain, ischemia

1. Introduction

The field of electrical neuromodulation was developed under the hypothesis that
the activation of large, myelinated nerve fibers could modulate sensory nocicep-
tive signals carried by A-delta and C nerve fibers into the dorsal horn in the spinal
cord. The gate control theory (GCT) formulated by Melzack and Wall [1], served as
inspiration for the use of peripheral nerve stimulation and spinal cord stimulation
(SCS) to treat pain. The simplicity of the proposed mechanism, based on the under-
standing of pain in 1965, granted researchers with the ability to formulate finite
mathematical and complex computational models to assess the effects of different
variables of the electrical signal on the neuronal conduction. The GCT’s enduring
value in neuromodulation for more than 50 years is due to its simplicity and utility
as a working tool to postulate therapies to patients in pain. Unfortunately, as the
German psychologist Wolfgang Kéhler explains: “premature simplifications and
systematization in science, could ossify science and prevent vital growth” [2].

The early 1990s marked the beginning of a revolution in the field of neuroscience
in understanding the mechanism of pathological pain from a molecular perspec-
tive. The use of animal models has helped unravel the role of neuroinflammatory
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processes driven by glial cells in the development and maintenance of chronic neuro-
pathic pain. Those advances though, were largely neglected in the field of electrical
neuromodulation, which remained focused on the effects of electrical signals on
neuronal conduction, ignoring the benefit of understanding how these signals could
affect biological processes at the neuron-glia interaction. The differential electro-
physiological characteristics of neurons and glial cells is now at the core of our quest
to understand how electrical signals affect such biological processes. To begin with,
the resting membrane potential of these cell populations is different, driven by the
fact that the main neuronal intracellular cation is potassium, while sodium is the
predominant one in glial cells [3]. Considering the critical roles that various special-
ized glial cell populations play in the intimate communication between neurons and
glial cells, it is pertinent to briefly describe these roles. Following peripheral injury,
persistent release of neurotransmitters at the synaptic cleft activates microglial and
astrocyte membrane receptors generating transcriptional changes that generate

the synthesis and release of pro-inflammatory and anti-inflammatory cytokines.
Astrocytes are critical to maintain homeostasis at the synapse. The synaptic cleft

is surrounded by astroglial perisynaptic processes in what is now known as the
tripartite synapse. Perisynaptic glial processes are densely packed with numerous
transporters, which provide proper homeostasis of ions and neurotransmitters

in the synaptic cleft, for local metabolism support, and for release of astroglia-
derived scavengers of oxygen species [4]. For example, membrane ionotropic and
metabotropic glutamate receptors in the astrocyte regulate glutamate concentration.
Interestingly, a single astrocyte provides processes that extend over distance to sur-
round over 100,000 synapses. During intense neuronal firing, the release of neu-
rotransmitters, such as glutamate and GABA, induces the elevation of calcium ion
concentrations in glial cells, causing Ca**-dependent release of molecules that affects
neural excitability and synaptic transmission and plasticity. Even more thought-
provoking is that although astrocytes are unable to generate action potentials, they
can raise intracellular calcium concentrations that spread from astrocyte to astrocyte
through gap channels that allow propagation of so-called calcium waves as a way of
cell-to-cell communication. The presence of Ca**mobilizations mediated by astro-
cytes implies that glial cells have some excitability and neuromodulator activities [5].
Finally, oligodendrocytes provide myelin to hundreds of surrounding axons and are
known to affect the conduction velocity of action potentials propagating along the
axons they surround when electrically stimulated [6].

An important distinction between glial cells and neurons is that glial cells
depolarize following electrical stimulation, but do not generate action potentials. In
1981, Roitbak and Fanardjian [7] demonstrated in a live feline model that changes
in the frequency and intensity of the applied pulsed electrical signals could lead
to differential degrees of astrocytic depolarization. Another interesting clue on
how electrical signals could affect glial cells was provided by Agnesi et al. [8], in
an experiment with anesthetized rats that showed that changing the repolarization
of an electrical stimulation signal from monophasic to a biphasic led to different
degrees of glutamate release by the stimulated astrocytes.

The complexity of changes in neuron-glial biological processes triggered by pain
and further modulation by electrical stimulation demands the use of experimental
animal models. Testing such hypotheses in humans would require large-scale, well-
controlled clinical trials because of the heterogeneity of genetics and pain etiology
in the general population [9].

The notable anatomical, biological, and physiological resemblances between
humans and animals, predominantly mammals, have encouraged researchers
to investigate a large range of mechanisms and assess novel therapies in animal
models before applying their discoveries to humans.
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Scientists cross-examine organisms at multiple levels: molecules, cells, organs,
and physiological functions in healthy or diseased conditions. Advance molecular
technologies are required to get a complete portrayal and understanding of the
mechanisms. Certain aspects of the responses can be evaluated using in vitro
approaches (e.g., cell culture). On the other hand, the exploration of physiological
functions and systemic interactions between organs requires a whole organism.

This chapter explores the efforts of diverse research groups to understand
from a behavioral and molecular perspective, how spinal cord stimulation affects
pathological pain by utilizing animal models. This research may provide strong
hypotheses on what may be happening in humans and ways to continue improving
therapeutic efficacy.

The following sections provide a description of existing, well-validated models
for pain caused by neuropathies, inflammation, and ischemic conditions. Due
to technical limitations, most of these are based on Rattus norvegicus, although
recently models in a larger animal (Ovis aries) have been developed.

2. Animal models of SCS for neuropathic pain

Neuropathic pain is caused by damaged somatosensory neural circuits that have
developed into a disease condition as a result of an injury that compromised nerve
fibers. Chronic neuropathic pain affects hundreds of millions of people around the
world and is one of the main sources of work-related disabilities, contributing to
the socioeconomical burden on individuals as well as health systems [10]. SCS is
largely indicated for chronic neuropathic pain conditions, thus the development of
various animal models that resemble clinical conditions play a critical role in our
understanding of the electrophysiological and molecular changes in the establish-
ment and persistence of neuropathic pain.

2.1 SCSin partial nerve injury models

Prior to the development of the chronic constriction injury (CCI) model, animal
models of pain often were lacking in their ability to accurately mimic human
peripheral neuropathological conditions or did not reflect conditions involving
injuries which spared a portion of a nerve’s functioning [11]. The CCI model most
commonly used was described by Bennet and Xie in 1988 [11]. The procedure
typically involves exposing the common sciatic nerve under anesthesia at the level
of the mid-thigh and freeing approximately 7 mm of the sciatic nerve from adher-
ing tissue at a location proximal to the sciatic nerve’s trifurcation. Once exposed,
four sutures are tied loosely around the sciatic nerve approximately 1-2 mm apart
from one another. These ligatures are tied loose enough to just barely constrict
the diameter of the sciatic nerve (as observed under 25x-40x magnification), thus
preserving partial nerve functioning [11-16]. Constriction of the sciatic nerve was
observed histologically beneath all 4 ligature areas as early as one day following the
CCI procedure. From days 2-21, adjacent constriction areas tended to progressively
merge and were accompanied by thinning of the affected sciatic nerve area. Two to
four months after the CCI procedure, thinning of the ligated area was still present,
but the swellings typically observed in the area had dissipated.

Importantly, this CCI model has proven to be effective in eliciting a neuropathic
pain state as measured by a variety of methods, including von Frey mechanical,
chemogenic, and heat and cold thermal stimulation. CCI surgery typically resulted
in increased paw sensitivity following von Frey stimulation by Day 2 post-lesion
using both the up-down method of analysis [12, 15, 16] and the ascending filament
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method of analysis [12-14]. The CCI model is also sensitive to chemogenic pain.
Following the application of a noxious substance (a 50% mustard oil solution) to
the affected hind paw, CCI rats exhibited exaggerated physical responses and an
increase in the amount of time they held their hind paw above the floor of the appa-
ratus [11]. CCI rats also showed hypersensitivity to noxious heat sources, such as
radiant beams of light being applied to the affected hind paw [11, 16] and increased
allodynic responses to cold, such as a slightly chilled metal floor [11].

Although most applications of the CCI model with SCS have been performed in
rats, an ovine model has also been effectively demonstrated [17]. In rats, application
of SCS with pulsed signals at 50 Hz frequency, 0.2 ms pulse width (PW), and inten-
sity at 66% of the motor threshold (MT) for 30 minutes [12, 14] decreased pain sensi-
tivity following CCI, but did not return pain levels back to pre-injury control levels.
Similar results were obtained when SCS was applied for 180 minutes in rats with CCI
lesions using the following SCS parameters: 50 Hz frequency, 0.2 ms PW at 80% of
the MT [12]. Lowering the intensity to 20-40% of the MT eliminated the beneficial
effect of SCS. Electrodes in these rat studies were aimed at the T11-L1 regions of the
spinal cord. In sheep, SCS parameters were set at 40 Hz frequency, 120 ps PW and 0.1
V intensity on a continuous setting for one week with electrodes placed at the L2-L3
region. SCS also attenuated pain responses following CCI in sheep, though also failed
to return pain levels back to pre-lesion levels [17]. Most SCS studies following CCI
typically utilized conventional (also called tonic) SCS at a stimulating frequency of
50 Hz. However, a more detailed investigation of frequency on treatment outcomes
(in which frequency varied from 1 Hz to 150 Hz) found a response curve that sug-
gested that while the GCT could account for a subset of efficacious SCS responses, it
is unlikely to be the only mechanism underlying the beneficial effects of SCS [18].

In addition to demonstrating that SCS was effective in decreasing pain sensitivity,
the CCI model also has proven valuable in elucidating the biological mechanisms
behind the increase in pain following injury and the beneficial effect of SCS. After
CCl lesions, rats exhibited an increase in the toll-like receptor 4 and nuclear fac-
tor kP [15, 16], which subsequently could increase the release of pro-inflammatory
cytokines such as IL-1p, IL-6, and TNF-a. SCS significantly reduced these CCI-
induced increases, perhaps by inhibiting the activation of glial cells. Indeed, the
co-administration of the microglial inhibitor minocycline was shown to decrease
CCl-induced pain and prolonged the effect of SCS [12]. However, this same study also
showed an increase in the microglial-reactive marker OX-42 and the astrocyte reactive
marker GFAP in the lumbar region of CCl-lesioned rats following SCS treatment. This
paradoxical increase may limit the effectiveness of SCS and may partially explain why
SCS is not effective in all patients and why pain relief often does not return to baseline
levels following SCS. Other studies utilizing SCS in CCI-lesioned rats have identified
roles of the adenosine and GABAergic systems in mediating the beneficial effects
of SCS. Administration of adenosine or the adenosine Al receptor agonist R-N6-
phenylisopropyladenosine (R-PIA), decreased pain in CCI rats [14]. In addition,
giving sub-effective doses of R-PIA to non-responders to SCS during stimulation led
to effective pain relief. Zhang et al. [18] also found that administration of bicuculline,
a GABA, receptor antagonist, decreased inhibitory responses to SCS.

Although the CCI model has provided significant value in (1) serving as a valid
model of neuropathic pain, (2) demonstrating that the use of SCS is effective in reduc-
ing neuropathic pain, and (3) advancing our understanding of the biological mecha-
nisms underlying SCS, its use has perhaps been surpassed in recent years by another
animal model of partial nerve injury called partial sciatic nerve ligation (PSNL).

Most PSNL studies utilize the Seltzer technique [19]. The procedure typically involves
exposing the sciatic nerve under anesthesia at high-thigh level. The sciatic nerve is
freed from adhering tissue at a location near the trochanter just distal to the point at
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which the posterior biceps semitendinosus nerve branches off the common sciatic
nerve. Once the sciatic nerve is properly exposed, a suture with a curved cutting mini
needle is inserted into the nerve. Unlike the CCI procedure, which involves a loose
ligation of the sciatic nerve, the PSNL procedure involves tightly ligating approxi-
mately 1/3 to 1/2 of the dorsal nerve thickness [19, 20]. As with the CCI procedure, the
goal is to partially reduce, but not completely block sciatic nerve functioning.

Similar to the CCI model, the PSNL model also successfully induces a neuro-
pathic pain state as measured by a variety of methods. The primary method is to
assess mechanical allodynia using von Frey filaments [21-23]. Following PSNL sur-
gery, rats show a decreased paw withdrawal response following mechanical stimula-
tion of the affected paw, as compared to control rats, pre-surgery baseline levels,
and paw withdrawal thresholds (PWT) following stimulation of the contralateral,
unaffected paw [23, 24]. This increased pain sensitivity usually develops by Day
2 post-PSNL lesion [21] and is still typically observed after two weeks post-PSNL
lesion [20, 24, 25]. Meuwissen et al. [26] recorded decreased PWT over 40 days
following the PSNL lesion. Although the PSNL technique overall has been success-
ful in inducing a neuropathic pain state, it should be noted that there is a wide range
of pain responsiveness across studies, with some studies reporting 100% of subjects
exhibiting hyperalgesia with von Frey testing of the affected hind paw [20, 24] and
other studies reporting less than 40% of subjects showing hyperalgesia [27, 28].
Increased paw sensitivity to thermal stimuli has also been observed following the
presentation of both heat stimuli (e.g., a radiant light beam) and cold stimuli, such
as a cold spray directed at the affected paw [19, 29]. However, the degree of ther-
mal sensitivity can vary depending upon the location of the PSNL ligature. Other
studies have also confirmed hypersensitivity to pain following PSNL surgery by
using a pneumatic pressure device [30] and by observing gait/posture [31]. Overall,
the PSNL technique has proven successful at inducing a neuropathic pain state as
assessed by numerous methodologies.

The PSNL model has also proven effective at evaluating SCS treatment for chronic
neuropathic pain. Both tonic and burst SCS attenuated the pain sensitivity observed
in rat PSNL neuropathic pain models [20, 24]. In rats, tonic SCS (50 Hz frequency,
0.2 ms PW, intensity at 66% of the MT) attenuated PSNL-induced hyperalgesia
following 30 minutes of stimulation [23, 32, 33] and 60 minutes of stimulation
[20, 22, 24]. Though tonic SCS successfully decreased pain sensitivity, SCS treatment
typically did not return pain levels in rats back to pre-injury control levels. In a mouse
model, SCS treatment following PSNL lesions proved particularly efficacious, with
80% of mice in one study [34] and 100% of mice in another study [25] responding
positively to tonic SCS treatment. In this latter study, unlike the typical rat study, the
mice returned to baseline levels of paw withdrawal following SCS treatment.

Although most rat studies investigating the effect of SCS following PSNL lesions
have utilized conventional stimulation parameters and have shown a significant
benefit of tonic SCS treatment, it is clear that not all PSNL rat subjects benefit from
SCS treatment, leading researchers to investigate different SCS parameters in hopes
of improving efficacy. Some factors that have proved to have significant impact on
SCS efficacy following PSNL lesions include: (1) electrode placement, (2) stimulus
intensity, (3) timing of treatment, and (4) utilizing a burst (vs tonic) stimulation
pattern. Electrodes placed at the T13 level of the spinal cord typically yielded more
efficacious treatment outcomes than electrodes placed at the T11 area [28, 31, 35] or
L5 and L6 regions [36]. In a study that directly compared the efficacy of electrode
location at T13 and T11 [21], the T13 placement yielded significantly better pain
relief than placement at T11 with 63% vs 15% improvement, respectively, following
15 minutes of electrical stimulation and 48.5% vs. 18.4% improvement, respec-
tively, following 30 minutes of electrical stimulation. Lowering the intensity to
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30-50% of the MT reduced the beneficial effect of tonic SCS [24]. In terms of tim-
ing, early SCS treatment given within 24 hours of lesion led to significantly better
treatment outcomes than late SCS given 16 days post-lesion [32]. Interestingly, an
early round of SCS treatment followed by a subsequent late round of SCS treatment
increased the efficacy of the late SCS treatment [37]. Lastly, burst stimulation typi-
cally led to similar response rates as tonic stimulation [20, 22, 26]. However, burst
stimulation patterns did produce slightly different outcomes. For instance, one
study [24] found that tonic SCS was most effective at 66% of the MT, while burst
SCS was most effective at 50% of the MT. In addition, burst stimulation took longer
following stimulus onset to achieve therapeutic benefits, but the benefits of the
burst stimulation lasted longer after the stimulation was turned off [38]. Burst SCS
stimulation also led to greater performance than tonic SCS on a mechanical conflict
avoidance system (MCAS) task which measured the cognitive-motivational aspects
of pain, rather than the more typical mechanical allodynic physical response to pain
[26]. These results suggest that although equally efficacious, tonic, and burst SCS
stimulation may work, at least in part, by different biological mechanisms.

Given the beneficial effect of SCS treatment following PSNL lesions, many
PSNL studies have sought to investigate the biological mechanisms behind it. Many
studies have utilized a paradigm in which sub-effective doses of pharmaceutical
treatments are given to SCS non-responders to determine if the combination of
these treatments can yield beneficial effects. Song et al. [29] showed that sub-
effective doses of the muscarinic agonist oxotremorine turned SCS non-responders
into SCS responders, suggesting that the cholinergic system (particularly M2 and
M4 muscarinic receptors) plays an important role in SCS efficacy. A subsequent
study by these same authors [39] indicated an important serotonergic role in the
pain-relieving effect of SCS, particularly the 5-HT2A and 5-HT#4 serotonin recep-
tor subtypes. Similarly, blocking NMDA receptors with sub-effective doses of
ketamine followed by 30 minutes of SCS also turned SCS non-responders into SCS
responders, indicating that the glutamate system also plays an important role in the
beneficial effects of SCS [22]. While blocking the excitatory glutamatergic system
likely plays a role in successful SCS treatment, enhancing the inhibitory GABAergic
system might also play a significant role in successful SCS treatment [27, 32]. SCS
treatment decreased intracellular GABA levels in SCS responders but not SCS non-
responders [32], while increasing extracellular GABA levels in the spinal cord [27].
Lastly, SCS stimulation in PSNL rats also led to an increase in levels of c-fos, sug-
gesting immediate early gene modulation may trigger longer term changes which
could explain pain relief both during and after SCS stimulation [40]. Overall, PSNL
has proven to be a valuable tool in examining the biological mechanisms behind the
beneficial treatment effects of SCS.

2.2 SCSin the spared nerve injury model

The Spared Nerve Injury (SNI) was developed by Decosterd and Woolf in 2000
[41] to evaluate peripheral neuropathic pain in the rat model. The SNI is considered
superior to previous denervation and partial denervation models due to its specific-
ity of the affected region, as well as its prompt and long-lasting effect. Unlike other
models that were designed to test acute nociceptive pain through behavioral and
electrophysiological measurements, denervation and partial denervation models
induce sensations such as hypersensitivity that more accurately reflect true clinical
chronic pain conditions.

The SNI procedure targets the sciatic nerve at its point of trifurcation
(Figure 1A) in the hindlimb of the rat. Located directly under the biceps femoris
muscle, the nerves are exposed and identified as the tibial, common peroneal, and
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Figure 1.

(A) A scheme depicting the anatomical innervation of the sciatic nerve into the spinal cord of the rat. (B-D)
Photographic sequence of the localization, ligation, and sectioning of the tibial and peroneal nerves. (E) Map
of nerve coverage to plantar hind paw surfaces.

sural branches (Figure 1B). Distal to the point of trifurcation and in the direction
of the terminal end, both the tibial and common peroneal branches are individu-
ally ligated with silk sutures (Figure 1C). Then, 2-4 mm of nerve is sectioned

and removed to ensure a complete disruption of nerve transmission (Figure 1D).
The incision is then closed, leaving the sural branch fully intact and undisturbed.
Minor amendments, such as carefully separating the gluteus superficialis and
biceps femoris muscles instead of cutting through to expose the sciatic nerve,
were made in some later studies in attempt to reduce unnecessary tissue damage
[42]. Hypersensitivity is rapidly established in this model, with behavioral onset
occurring at just 24 hours post-induction, lasting no less than 6 months, with peak
sensitivity around 2 weeks [41]. The duration of the SNI effectiveness allows for
considerable flexibility when considering study design. Per the original study, non-
responders are virtually nonexistent so long as the model is induced correctly.

As shown in Figure 1E, the hind paw of the rat is subdivided into three zones
which are innervated by the sciatic and saphenous nerves. Transecting two of the
three sciatic nerve branches, allows for precise and consistent behavioral testing of
the lateral portion of plantar surface, corresponding to the sural nerve. This model
permits mechanical and thermal allodynia, as well as thermal hyperalgesia to be
evaluated [41] and has been used extensively in basic science studies investigating
the use spinal cord stimulation (SCS) for the treatment of neuropathic pain.

In 2015, the SNI-SCS model was taken a step further when Tilley et al. [42] devel-
oped a model of continuous stimulation in an awake and freely moving rat, allowing
stimulation to be delivered for 72 continuous hours. This method allowed for more
clinically relevant testing since human patients receive continuous stimulation. A
miniaturized four-electrode cylindrical lead was implanted in the epidural space of
the rat and anchored into the musculature in the back (Figure 2). The lead exited
through the incision and was secured through a custom-made harness and tubing up
to a circuit board and stimulator suspended in a swivel so that the full assembly could
turn and move with the rat. The rat cage lid was modified to allow free movement of
the tubing. In later studies, the lead has been attached to an ethernet port secured to
the rat harness with a coiled ethernet cord running to the stimulator connector sus-
pended in the swivel [43]. Mechanical (von Frey filament) and cold thermal (acetone
drop) allodynia were tested in this study. SCS was set at 50 Hz frequency, 20 ps PW,
and at 70% of the MT. While there was no apparent improvement in cold allodynia
following SCS, mechanical allodynia was significantly alleviated 24 and 72 hours
after the start of SCS. A follow-up genomic study revealed the biological processes
uniquely modulated by the SNI model and SCS in the spinal cord and dorsal root gan-
glion tissues (Table 1) [44]. The primary affected processes in both types of tissues
included inflammatory response, ion channel regulation, and immune response.

Following the initial development of the SNI model, Li et al. [35] tested varia-
tions in an effort to optimize the model specifically for SCS studies. The study
included the original SNI procedure, peroneal axotomy, tibial axotomy, tibial tight
ligation (no sectioning), and partial tibial ligation (1/3 to 1/2 of its diameter ligated,
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Figure 2.

Left: A diagram of the setup for continuous SCS setup reported in veferences [42, 44]. a: plexiglass lid, b:
supporting floor, c: counterweight swivel system, d: connecting board/stimulator (IPG), e: connecting cable, f:
harness with lead connector. Right: a lateral x-ray image showing a quadripolar SCS lead placed in the dorsal
epidural space of a rat.

without sectioning). SCS was delivered through an implanted 2 mm disc cathode
placed on the dura at the T11 level. The 4 mm anode was placed on the chest wall,
subcutaneously. Stimulation parameters were set at 50 Hz frequency, 0.2 ms PW, and
amplitude at 90% of the MT. SCS was delivered for a 30-minute duration. Measuring
mechanical allodynia via von Frey filament testing, authors found that all variations
of the model produced allodynia within one week, lasting for at least 3 weeks. All
variations except the partial tibial ligation lasted 7-10 weeks. Paw posture was noted
as one difference between models, where peroneal axotomy resulted in an inverted
position of the paw which tended to be dragged behind the rat. The other variations
presented an eversion posture, with the partial tibial ligation being less prominent.
Contrary to the original study, where no non-responders were reported and the con-
tralateral hypersensitivity rate was zero, Li et al. found only 53% of SNI operated rats
developed hypersensitivity and 25% had some hypersensitivity in the contralateral
paw. Response to SCS showed the SNI group with the smallest responder rate at just
8%, compared to the 40-50% responder rate of the variation groups. The researchers
concluded there was an inverse relationship between degree of hypersensitivity and
efficacy of SCS, agreeing with previous literature in similar models [45], and that
these variations of the SNI may provide better models for use in SCS animal studies.
However, it should be mentioned that some later studies report higher responder
rates to the original variation of the SNI model and subsequent SCS treatment.

Most recently, Sluka and coworkers [46] evaluated tonic SCS on multiple
pain models, including the SNI. Implanting an epidural lead and corresponding
neurostimulator, the rats were stimulated for 15 minutes per day at 60 Hz, 0.25 ms
PW, and at 90% of the MT. Two weeks after SNI induction, the effect of SCS was
evaluated. They found that neuropathic pain was alleviated by tonic SCS, measured
by von Frey filaments, with significantly increased withdrawal thresholds. Twenty-
four hours after stimulation was turned off, behavioral testing revealed that the
effect of SCS was lost. The authors attribute the analgesic effect of tonic SCS on the
SNI model to the activation of large A dorsal column axons (supporting the GCT),
as well as the electrochemical alteration of cell membranes and the involvement of
neurotransmitters, receptors, and glial cells.
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FDR p-value Relevant Biological Processes Modulated by SCS in the SNI
(increase/decrease) model
Spinal Cord 0.063 (1) Inflammatory response; Immune related
0.097 (}) Ion channel regulation (Voltage gated); Generation of neurons;
synaptic transmission
0.057 (1) Vesicle transport; regulation of calcium ion
0.064 () Cell growth; cell activity pathways such as MAPKK, JUN
kinase
0.011 (1) Ribosomal proteins, 50% unknown proteins
0.069 (1) Ion transport (cation and anion); GABA signaling, neuron
development
0.011 () Transmembrane/transporter activity, mostly ion transport;
proton transport
0.011 () Cell regulation changes; neuron differentiation and
development
0.016 (1) Activation of immune response
Dorsal Root 0.012 (1) Ion transmembrane transport
Gangli
ahghon 0.012 (}) Mitochondrial respiratory chain; regulation of superoxide,
mechano-sensory perception of pain
0.009 (1) Inflammatory response: cytokine and apoptosis regulation;
Immune response to stimulus
0.009 (1) Innate immune response; Adaptive immune response
0.009 (1) Regulation of immune response: T-cell activation and
differentiation
0.074 (1) Histone acetylation; regulation of neuron migration;
regulation of rho GTPase activity
0.018 (1) Cell adhesion; cell development, wound healing
0.086 (1) Calcium ion transmembrane transport
0.062 (1) Cell development; extracellular matrix organization
Table 1.

Gene ontology biological processes modulated in the ipsilateral dorsal quadrant of the spinal cord (divectly
under the electrode) and ipsilateral Ls dorsal voot ganglion demonstrating molecular changes caused by SCS
therapy with the SNI model. Reelevant processes obtained after WGCNA and gene ontology analyses performed
on microarvay results. Only modules with significant False Discovery Rate (FDR) p-values are shown. Data
from reference [44].

Previously, this group looked at frequency-dependent outcomes of SCS, par-
ticularly regarding opioid receptors [47] and glial cell activation with SCS [48]. In
the opioid receptor study [47], SNI-induced rats were administered naloxone or
naltrindole (both opioid antagonists), or were made morphine tolerant. Rats then
received SCS at 4 Hz, 60 Hz, or no SCS daily for 6-hour periods, lasting 4 days for
each treatment. Testing for mechanical allodynia, they found naloxone prevented
the analgesic effect produced by 4 Hz and 60 Hz stimulation, though a higher dose
was required to block the effect of 60 Hz. Interestingly, naltrindole had no effect
on 4 Hz SCS, but successfully impeded the effect of 60 Hz SCS. When testing the
morphine-tolerant rats, they found that 4 Hz SCS did not have the same analgesic
effect that it did in normal rats, while 60 Hz stimulation remained efficacious. This
work resulted in the understanding that the frequency of SCS may determine the
mechanism by which pain relief is achieved, and in this case, engaging different
opioid receptors.
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Glial activation, via immunohistochemical staining with known markers (GFAP,
MCP-1, and OX-42), was measured in a separate study using 30-minute and 6-hour
SCS durations and varying the intensity (as percent of the MT) [48]. Two weeks
after the SNI was induced, mechanical hypersensitivity increased, as expected, as
well as glial cell activity. The results indicated that withdrawal thresholds were posi-
tively correlated with increasing SCS duration (6 h vs 30 min) and by stimulating at
higher intensities (90% vs 75% vs 50% MT). Glial cell activation was significantly
decreased in both 4 and 60 Hz SCS, delivered for 6 hours at 90% MT.

Additional studies focused on the question of frequency importance in SCS,
utilizing the SNI as a pain model. Song et al. investigated conventional 50 Hz (200
ps PW, 80% MT) SCS compared to high frequency (HF) SCS at lower intensity
(500, 1000, and 10000 Hz; 24 ps PW, 40-50% MT) [49]. A miniaturized 4-elec-
trode plate lead was implanted into the epidural space of the T13 vertebral level.
Performing behavioral testing for mechanical hypersensitivity (von Frey filaments)
and thermal hypersensitivity (ethyl chloride spray for cold, modified Hargreaves
test for heat), they found no significant difference in the overall analgesic effect of
conventional SCS versus SCS at higher frequencies. They did, however, found that
conventional SCS had significant effect on increasing the gracile nucleus neuron
discharge rate. HF SCS had no effect whatsoever. These results suggest that conven-
tional and HF SCS have different mechanisms of action.

Building on the idea that SCS can be designed to modulate neuron-glial interac-
tions, Vallejo et al. [50] utilized the SNI model with continuous SCS to evaluate
a differential target multiplexed programming (DTMP) approach compared to
high rate and low rate SCS. The DTMP approach utilizes multiple signals that are
intended to target neuron and glial cells differentially. It was found that all SCS
treatments resulted in significant reduction of mechanical hypersensitivity, but the
DTMP approach provided more significant improvement as well as reduced thermal
hypersensitivity (hot/cold plate test) after 48 hours of continuous stimulation.
RNA-sequencing was performed to confirm the phenotypes. Figure 3 provides a
heatmap illustrating the significant effect of DTMP on sets of genes (modules)
with similar expression patterns obtained through a Weighted Gene Co-expression
Network Analysis (WGCNA) showing that the effect of DTMP SCS correlated
stronger with the expression patterns of modules in naive rats, compared to the pat-
tern of untreated animals (No-SCS). In a follow up study, Cedefio et al. [51] dem-
onstrated that the DTMP approach modulated neurons and glial cells (microglia,
astrocytes, and oligodendrocytes) in a differential manner by using set of genes that
were uniquely expressed (cell-specific transcriptomes) by each of the type of neural
cell. The effect of DTMP on each of these cell-specific transcriptomes correlated
strongly with the expression pattern of naive animals, indicating a return of gene
expression toward the state of naive (healthy) animals.

2.3 SCSin the spinal nerve ligation model

The spinal nerve ligation model (SNL) is one of the most popular preclinical mod-
els of neuropathic pain due to its reproducibility and lack of autotomy. During the
surgery, initially described by Kim and Chung [52], the L5 spinal nerve is ligated
with a 6-0 silk suture at a point just distal to the dorsal root ganglion (DRG), and
cut distally, after the removal of the paraspinal muscles at the level of the L5 spinous
process down to the sacrum, and the removal of the L6 transverse process.

Since the introduction of paresthesia-free stimulation parameters in the clinical
setting, questions were raised on the value of the GCT as a practical construction to
generate models to optimize SCS parameters. To find answers to some of these ques-
tions, Guan and coworkers have used the SNL model [53] to understand the specific
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Figure 3.

Heat map of mean module eigengene values for modules with significantly different comparisons (FDR-p <
0.2) between SNI untreated animals (No-SCS) and naive animals. A total of 23 modules out of the total 39
are affected. Asterisks (*) indicate significantly different module eigengene values when comparing the SCS
treatment to untreated animals (No-SCS). R is the Pearson coefficient for the correlation between eigengene
values for naive and each of the other groups. A negative value indicates an opposite trend. DTMP: differential
target multiplexed programming; LR: low rate; HR: high rate; SCS: spinal cord stimulation. Reproduced from
refevence [50].

effects of different components of the electrical signals in SCS treatment. Before
paresthesia-free SCS, common frequencies used in clinical and animal models
ranged from 50 to 60 Hz, since referred to as conventional SCS. Due to the lack of
agreement regarding the optimal frequency and stimulation intensity to maximize
analgesia, these authors hypothesized that kilohertz-level SCS and conventional
50Hz SCS might differently activate gate-control mechanisms and affect peripheral
afferent conduction properties [53].

Using the SNL rodent model of neuropathic pain, the authors evaluated
intensity-dependent (20%, 40%, and 80% MT) pain inhibition of SCS at various
frequencies (50 Hz, 1 kHz, and 10 kHz) while maintaining the PW constant (24
ps). They further compared the effects of conditioning stimulation of the dorsal
column, the primary structure targeted by SCS, at 50 Hz and 1 kHz on the conduc-
tion property of afferent Aa/p-fibers and inhibition of dorsal horn wide dynamic
range (WDR) neuronal responses.

In their experiments, Guan and coworkers [53] advanced a custom-made quad-
ripolar epidural SCS electrode up to the T10-12 spinal levels, via a small laminec-
tomy at the level of T13. Mechanical hypersensitivity was assessed by determining
the PWT using von Frey filaments. To further evaluate clinical conditions in the
SNL model, the authors choose stimulation intensities set at either 20%, 40%, or
80% of the MT to test the effect of the described frequencies on pain-like behavior.
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Stimulation was conducted for 30 mins on days 12, 13, and 14 (week 1) and days 19,
20, and 21 (week 2) post-SNL. Behavioral testing was done at time 0, 15 (within the
activation of SCS), 30 (end of stimulation), and 60 min. A cross-over design was
implemented to avoid the order effect while switching the different frequencies.

Interestingly, rats exposed to 10 kHz SCS at 80% MT often exhibited signs of
discomfort. For comparison, a small number of animals were implanted, but not
stimulated, and served as a stimulation sham. When stimulation was applied at
20% MT, the effect was marginal for all the tested frequencies. The average mean
PWT across the three treatment days was increased from the pre-stimulation
level in all SCS groups but was statistically significantly higher than that of sham
stimulation only in the 1 kHz and 10 kHz groups. Notably, there was a trend for
SCS induced inhibition to increase gradually from the first to the third treatment
in all groups. When using 80% MT the mean PWT was significantly increased
from the first day of stimulation in both the 1 kHz and the 10kHz SCS groups.

Of notice, the mean PWT in the 1 kHz and 10 kHz were both higher than that of
the 50 Hz group on the first day of stimulation. The inhibitory effect of 50 Hz
stimulation increased progressively during the second and third days of stimula-
tion. The authors concluded that the SCS analgesia in SNL rats depends on both
intensity and frequency, and high-intensity kilohertz level SCS provides earlier
inhibition of mechanical hypersensitivity than conventional 50 Hz SCS. These
results imply that analgesia from kilohertz and 50 Hz SCS may involve different
mechanisms.

In a follow-up report, Guan and coworkers [54] explored how charge delivery
affects pain inhibition by different frequencies at intensities that seem to be below
the sensory threshold (40% MT), and which component of stimulation runs the
therapeutic actions. Epidural electrodes were implanted 5 to 7 days post-SNL, in
a similar fashion described by this group previously [53]. Based on the frequency,
PW, and intensity, the authors calculated the charge-per-pulse, duty time, and
charge-per-second. Then, four patterns of high-dose subthreshold active recharge
biphasic signals at different frequencies with similar duty times were produced by
adjusting the PW (200 Hz with 1 ms PW, 500 Hz with 0.5 ms PW, 1.2 kHz with 0.2
ms PW, and 10 kHz with 0.024 ms PW). Finally, the authors included one 50 Hz
with 0.2 ms PW at subthreshold and a sham (no SCS) group. Because clinical and
animal data suggest that subthreshold SCS may have a slower onset, stimulation
was carried for 120 mins (one session per day) from days 14 to 17 (week 1). The
behavioral response was determined by measuring the PWT 30 mins pre-SCS,
at 0, 30, and 60 mins during SCS, and 0, 30, and 60 mins post-SCS to evaluate
carry-over effects. In those groups that showed increased tolerance to mechanical
hypersensitivity, the peak effect appeared at 60 to 90 mins after initiation of SCS
and faded shortly after the stimulation was completed. The onset of significant
PWT increase was observed from day one in the 200 Hz and 10 kHz groups and was
observed on day two in the 1.2 kHz group. Although 200 Hz SCS had the longest
PW, the highest charge-per-pulse and the lowest charge-per-second, and 10 kHz
had the shortest PW, the lowest charge-per-pulse, and the highest amplitude and
charge-per-second, the two groups provided comparable improvements in PWT.
These findings suggest that the efficacy of the inhibitory effect is not correlated
to the difference in individual SCS parameters (frequency, PW) but is positively
correlated with the electrical dose. Probably, the most interesting finding is that at
subthreshold SCS amplitudes, mechanical hypersensitivity was not only inhibited
by 10 kHz but also at lower frequencies (200 Hz). The authors concluded that using
low-frequency subthreshold SCS and longer PWs, could be a more energy-efficient
stimulation paradigm for inhibition of mechanical hypersensitivity when compared
with 10 kHz SCS.
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2.4 SCS in a chemotherapy-induced neuropathic pain model

The administration of chemotherapy agents for the treatment of cancer often
results in the onset of neuropathic pain due to peripheral nerve damage. Recently,
Sivanesan et al. [55] reported on the efficacy of SCS in reducing mechanical and
thermal hypersensitivity in a rodent model of chemotherapy-induced peripheral
neuropathy (CIPN). The chemotherapeutic paclitaxel (PTX), common in the
treatment of ovarian, breast, and lung cancers, can induce painful peripheral
neuropathy even at therapeutic dosages. Often this pain is severe enough to neces-
sitate a reduced dose of PTX and persists after cessation of the drug in nearly a
third of cases. Other chemotherapeutic agents, including platinum-based agents,
and proteasome inhibitors like bortezomib, are also known to induce similar
neuropathies [56].

Induction of the model began by acclimation of a group of adult male rats that
were divided into three groups: (1) SCS + PTX, (2) PTX, or (3) naive. Behavioral
testing consisted of assessments of mechanical hypersensitivity (von Frey fila-
ments) and thermal hypersensitivity (via dry ice application) of the hind paws.

Animals assigned to receive SCS underwent a T13 laminectomy and were implanted
with a quadripolar miniaturized lead in the dorsal epidural space corresponding to the
T13-L1 spinal cord. Stimulation parameters were set to conventional settings with 50
Hz frequency, 0.2 ms PW, and current intensity at 80% MT. Subsequently, animals in
the PTX and SCS + PTX groups were administered 1-2 mg/kg PTX, via intraperitoneal
(i.p.) injection, every other day for four days. Naive animals received i.p. injections of
the vehicle used in the PTX groups. SCS was administered daily for 6-8 hours over the
course of two weeks. To substantiate whether SCS can avert the development of CIPN,
PTX was administered at the same time as the stimulation. Implanted animals that did
not receive SCS treatment were included as control animals.

Rats developed hypersensitivity one week after the first administration of PTX
that was sustained for 25 days. Interestingly, early administration of SCS attenu-
ated the development of mechanical hypersensitivity associated with neuropathic
pain-like behavior induced by administration of PTX (Figure 4). SCS did not fully
recover to the PWT in naive animals, but the preemptive effect of SCS is notewor-
thy. Early application of SCS also prevented the development of cold hypersensitiv-
ity. It is also important to note that the analgesic effect of SCS persisted for at least
2 weeks after stopping SCS treatment.
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Figure 4.

Mechanical hypersensitivity (left) and cold thermal hypersensitivity (vight) of animals treated with SCS (SCS
+ PTX), untreated (PTX) and naive. The patterned box indicates the time of PTX administration. The black
box indicates the time of SCS administration. * indicates significant differences (p < 0.05) relative to naive, #
indicates significant differences (p < 0.05) relative to PTX + SCS. Values obtained from reference [55].
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L3-L6 spinal cord tissue was harvested 17 days after SCS was applied, and RNA
in the samples was sequenced to investigate changes in gene expression and biologi-
cal processes of treated, untreated, and naive animals. It was found that some genes
associated with mechanosensation, neuroimmune response, and glial activation
were affected by the CIPN model. The authors hypothesized that repetitive dosing
of SCS increased the expression of genes that enhance adenosine-related activity,
which has been shown to enhance pain inhibition by SCS when using the CCI model
[14]. The authors also observed that SCS downregulated GABA reuptake-related
genes, which is consistent with a previous observation in rats after sciatic nerve
injury [57]. They postulated that downregulation of genes such as Gat3 (a GABA
transporter expressed by glial cells) by SCS may increase GABAergic signaling that
inhibits neurotransmission in CIPN rats. The GABAergic inhibition of excitatory
neurotransmitters may involve then the suppression of calcium influx into presyn-
aptic terminals, which is regulated by astrocytes.

2.5 SCS in a model of painful diabetic neuropathy

Originally developed in the early 1960 for studying diabetes mellitus, the
streptozotocin (STZ)-based painful diabetic neuropathy model (SPDN) uses an
antibiotic derived from Streptomyces achromogenes to selectively kill insulin secreting
p-cells in the pancreas [58]. The results replicate symptoms seen in type 1 diabetes
including dysregulation of blood glucose, decreased body weight, and peripheral
artery disease leading to painful diabetic neuropathy.

Early investigations with this model to study the effects of SCS were conducted
by Wu et al. [59] to explore the effect of SCS on blood flow in the periphery. Adult
male rats were divided into two groups: (1) diabetic rats and (2) non-diabetic rats.
Diabetic rats were injected with 50 mg/kg streptozotocin i.p., while the non-
diabetic animals were injected with an equivalent volume of vehicle (citrate buffer).
Animals were monitored weekly for weight loss and blood glucose levels. After
four weeks, animals were tested for vasodilation in response to SCS provided viaa
spring-loaded unipolar ball electrode placed on the right or left side of the subdu-
ral face of the dorsal columns at the L2-L3 spinal segments. SCS was set to 50 Hz
frequency, 0.2 ms PW, with monophasic rectangular pulses. Current was applied
for 2 minutes at 30, 60, or 90% of the MT. It was found that MT in diabetic rats was
significantly higher than in non-diabetic rats, and that SCS at the largest intensity
attenuated SCS-induced vasodilation in diabetic rats. Furthermore, increasing SCS
from 30% to 90% of MT increased blood flow in non-diabetic rats but not in dia-
betic rats. The study suggested that SCS-induced vasodilation improves peripheral
blood flow, although this seems partially impaired in the diabetic animals.

In a later study, van Beek et al. [60] utilized the SPDN model to explore the
effect of increasing the stimulation frequency on mechanical hypersensitivity
induced by the model. In this study the dosage of STZ was increased to 65 mg/kg,
to ensure the development of type-1 diabetes in four days instead of four weeks.
Animals were implanted with a quadripolar lead via a T13 laminectomy into the
dorsal epidural space of the T10-T'12 spinal cord. Stimulation parameters were set
to 200 ps PW, intensity at 67% MT and frequency at either 5, 50, or 500 Hz. Sham-
stimulated animals were used as controls. SCS sessions were 40 minutes/day for
four consecutive days. It was found that SCS at all frequencies alleviated mechanical
sensitivity similarly, but stimulation at 500 Hz elicited a delayed response.

In other study, van Beek et al. [61] utilized the SPDN model to evaluate the
long-term efficacy (10 weeks) of conventional SCS treatment. As before, the SPDN
model was induced in male rats using an i.p. injection of 65 mg/kg STZ. Animals
were monitored for weight loss and blood glucose to establish response to the model.
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Effect of conventional SCS on mechanical hypersensitivity in a diabetic neuropathic pain model. * indicates a
significant difference (p < 0.05) velative to No-SCS. Values obtained from veference [61].

An internally implanted pulse generator fitted with a quadripolar lead was required
due the longer duration of the study. The quadripolar lead was implanted via a L1
laminectomy into the dorsal epidural space of the L2-L5 spinal cord. Stimulation
parameters were 50 Hz frequency, 210 ps PW, intensity at 67% of the MT, 12 h/day
for four weeks. A group of implanted SPDN animals sham for SCS were included as
a control. The results indicate that long-term conventional SCS decreases mechani-
cal hypersensitivity even after cessation of SCS in the SPDN model (Figure 5).

3. Animal models of SCS for inflammatory pain

The injection of a chemical inflammatory agent in a skin dermatome has been
effectively used for the study of the mechanism of acute and persistent inflammatory
pain [62]. Such agents include solutions of formalin, complete Freund’s adjuvant, or
carrageenan (CAR). The CAR model has been adapted to study the effect of SCS in
inflammatory pain in the limbs of rodents. Cui et al. [63] reported the first account
of the utilization of a carrageenan-based model of chronic nociceptive pain coupled
to SCS. The pain model was adapted from Woolf and Doubell [64] and consisted of
the injection, under standard halothane anesthesia, of 0.15 mL solution of carra-
geenan lambda (in 0.9% saline to a concentration of 1%) in the mid plantar part of
the hind paw. The inflammatory agent induces an edema at the site of injection and
decreases the threshold for paw withdrawal or vocalization to mechanical stimuli
in the affected area. Adult male Sprague-Dawley rats epidurally implanted, under
anesthesia, with a monopolar cathode (2 x 3 mm?) placed retrograde in the L1-L3
vertebral region via a laminectomy in T11. The anode was placed subcutaneously in
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the supravertebral region adjacent to the cathode. Rats were allowed to recover for 3
days post-surgery before any experimentation. Current-controlled SCS was applied
using a pulsed signal with a width of 200 ps at a frequency of 50 Hz. The intensity
was set to 67% of the MT and was on average 1.0 (+ 0.3) mA. These parameters
correspond to those used clinically during conventional SCS therapy. Treatment was
applied for 30 minutesat 3 h, 1, 3, 5, 7 and 9 days after injection of the CAR solution.
SCS was also applied to another group of animals 3 days (30 minutes/day) before
injection besides the timepoints after injection. The study also included control ani-
mals that were injected with CAR but were not implanted with the SCS system, and
animals that were subjected to SCS but were not injected with CAR. The extent of
local inflammation was determined by measuring the circumference of the metatar-
sal region and mechanical sensitivity was measured by recording paw withdrawal or
vocalization upon applying pressure to the affected paw. A pressure gauge measured
the force (in g) that elicited the withdrawal or vocalization response.

The mean circumference of the edema at the paw was around 30 mm before
injection (no edema) and increased to a maximum at around 43 mm 3 hours after
injection. The edema gradually decreased back to baseline at day 7-9 post-injection.
The mean paw withdrawal/vocalization threshold was 215-220 g before CAR
injection and decreased to 77 g at 3 hour after CAR injection. Mechanical hypersen-
sitivity reduced gradually and reached baseline at around day 7 post-injection. The
reduction in mechanical hypersensitivity correlated well with the reduction in the
edema (Figure 6). The application of 30 min of SCS at every time point produced
a significant increase of the size of the edema until day 5 post-injection (Figure 7).
However, mechanical sensitivity was only significantly increased by SCS at the 3h
point after CAR injection. At day 3, mechanical sensitivity was reduced signifi-
cantly relative to the pre-stimulation value and was similar at days 7 and 9 post-
injection. Authors reported that application of SCS pre-emptively did not provide a
beneficial effect. Application of SCS in the absence of the inflammatory insult did
not produce significant changes in circumference size and mechanical sensitivity.

Authors concluded that this model is a representation of subacute pain between
the third day post CAR injection and the 14th day, which is concomitant to the
invasion of different types of inflammatory cells, while the stage previous to the
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third day post-injection represents an acute pain phase. It was surprising to observe
that the SCS signal applied in this study increased the size of the edema as well as
mechanical sensitivity in the early stage of the acute phase. However, the increase in
hypersensitivity was not likely causal to the edema, and rather may be due to plas-
ticity changes in the dorsal horn as a result of the stimulating signal and the acute
inflammatory process. Once the inflammatory processes have settled in during the
subacute phase, authors hypothesized that SCS provides an analgesic effect due to
the inhibition of neuronal hyperexcitability due to A fiber-mediated wind up.
Years later, the same group reported [49] on using the CAR-based inflammatory
pain model to assess the effect of signal rate at low intensities in the acute stage
of the model. This was motivated by a shift in SCS paradigm resulting from the
clinical introduction of a SCS therapy that provided pain relief at intensities below
the perception threshold, thus removing the need for paresthesia overlap of the
painful dermatome required by conventional SCS which operates at low frequency
(50 Hz), in contrast to the high frequency (10 kHz) used by the novel therapy. The
authors utilized signals at 50 Hz (conventional frequency), and 10 kHz, which is
referred to as high frequency SCS (HF SCS). In the same report, the authors also
studied the effects on HF SCS (500 Hz, 1 kHz, and 10 kHz) on the SNI model,
which was allowed to develop more chronically (2 weeks after nerve injury) before
SCS intervention. In this work, authors used male adult Wistar rats, which were
injected with 0.15 mL of a 1% saline solution of CAR in the hind paw as previously
described [63]. Animals were implanted with a SCS system consisting of a paddle
lead with four circular poles (0.9-1.0 mm diameter) spaced by 1.8-2.0 mm, which
was introduced epidurally via laminectomy at the T13 vertebral level and placed
anterograde to cover the T10-T12 levels. This was a variation from the previous
report [63]. Animals were left to recover from surgery for 48 hours before any
additional experimental intervention. Pain-like behavior was tested before injection
(baseline, before stimulation and after 120 minutes of SCS at days 1, 2 and 3 after
CAR injection. The test consisted of applying force progressively with clamping
forceps (algometer) terminated in a blunt tip in the affected paw until the animal
withdraws the paw. The algometer was equipped with a pressure gauge that reads
the force exerted (in g) at the threshold of paw withdrawal. In contrast to the previ-
ous study by this group, the circumference of the metatarsal level of the paw was
not measured, so the effect of SCS frequency on the edema was not determined. SCS
was distributed to the four contacts in the paddle lead using adjacent bipoles (+-+-,
rostral to caudal). Conventional SCS (50 Hz) used monophasic pulses 200 ps wide
and current-controlled intensity set to 80% of the MT, corresponding to intensities
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in the 0.48 to 0.64 mA range. The HF-SCS (10 kHz) monophasic pulses were 24 ps
wide with intensities set in the range 0.3-0.4 mA, which correspond to 40-50% of
the MT, which were defined as subparesthetic based on observation of behavioral
responses. Untreated animals served as control. Mean paw withdrawal threshold
was 72 g before injection and decreased to around 19 g 1 day after CAR injection. As
expected, for this model, the mean withdrawal threshold gradually increased reach-
ing around 30 g and 56 g at days 2 and 3 post-injection, respectively (Figure 8).

Neither conventional SCS nor HF-SCS provided a significant improvement of
acute inflammatory pain over the course of 3 days, although it is worth mentioning
that, in contrast, their previous work reported a significant difference at 3 days post
CAR injection. The authors did not comment on their counter results, but is plau-
sible that the position of the lead, which was reported to be a differing factor may
have influenced the outcome. A lumbar location may modulate neural circuits of
the hind paw more effectively than a thoracic location used in this study. The find-
ings for the acute inflammatory pain were similar to what was found when healthy
animals were subjected to SCS and a test of acute pain (pinch force with a pointy tip
in the algometer), but in contrast to the results observed in the neuropathic chronic
pain model, in which 120 minutes of both conventional and HF-SCS treatments
reduced mechanical hypersensitivity significantly. Thus, it can be concluded from
the study that neither HF-SCS nor conventional SCS provide relief from acute
inflammatory pain (as well as acute nociceptive pain), in agreement with previous
clinical and well-controlled observations [65-67] and had led to the establishment
of a segmental mechanism of action in which SCS works by modulating conduction
of dorsal column fibers within a particular segmental circuitry that has reached
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alevel of central sensitization during the establishment of chronic pain due to a
peripheral injury, such as in the SNI model of neuropathic pain tested.

Recently, Sato et al. [46] reported the utilization of a CAR-based model to study
the effect of conventional SCS on joint inflammatory pain. This group had previ-
ously found [68] that the unilateral intraarticular anterior injection of 0.1 mL of a
3% solution of lambda carrageenan (type IV, dissolved in 0.9% saline) into the left
knee joint of rats induces pain-like behavior that manifests as increased thermal (hot)
and mechanical hyperalgesia in the ipsilateral hind paw and knee. The model can be
used to evaluate acute or chronic onset of inflammatory pain. In their recent work,
they implemented this joint inflammatory pain model to test the effect of short doses
(15 min/day) of conventional SCS (60 Hz, 250 ps PW, intensity at 90% of the MT)
on thermal and mechanical hyperalgesia using an acute stage of the model. The SCS
system had been previously described [48, 69] and consisted of a stimulation lead
epidurally introduced, under anesthesia, via laminectomy at the T13 vertebral level
and positioned rostrally. The authors did not provide details on the lead design and
final position of it relative to spinal levels within the epidural space. Lead wires were
tunneled to an internal neurostimulator (Interstim iCon, model 3058, Medtronic Inc.,
Minneapolis, MN) implanted subcutaneously in the left flank. This allowed animals
to roam freely in their cages while being stimulated. Animals were tested for both
paw and knee withdrawal to noxious mechanical stimuli before CAR injection, and
30 min before and after SCS (15 min) on days 1, 2, 3, and 4 after injection. Paw with-
drawal thresholds were obtained using von Frey filaments with bending force in the
range 1-402 mN applied to the plantar surface of the paw ipsilateral to the affected
joint. Measurements in the contralateral paw served as internal controls. Knee
withdrawal thresholds were measured by compressing the affected extended knee
with a pair of calibrated forceps (30 mm? tip) until the knee was withdrawn due to
the applied force. Mean paw and knee withdrawal thresholds are shown in Figure 9.

An acute application of conventional SCS, as applied in this work, improved
mean withdrawal thresholds significantly relative to the pre-SCS state, implying that
conventional SCS may be used to treat acute inflammatory pain. The study did not
address the effects of a chronic inflammatory state, which is achievable with this CRA
model. Similar to what was reported for effects on the SNI neuropathic pain model,
the effect is reversible and reproducible over the different days of treatment. It has
been established that SCS modulates inflammatory processes in the stimulated area
of the spinal cord that contain neural circuits associated with the painful areas. These
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Effect of SCS treatments on acute inflammatory joint pain as veflected in the ipsilateral paw and knee.

All post-SCS values are significantly increased (p < 0.05) relative to Pre-SCS values. Pre-SCS values are
significantly reduced relative to pre-injection. There is no significant difference between treatment days. Values
obtained from reference [46].
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neural circuits contain neurons and other abundant non-neuronal cells that are highly
involved in the establishment and chronification of pain, even at early stages. It is quite
interesting to note that the effect of SCS sets in as early as 1 day to alleviate hyperal-
gesia associated with acute knee inflammation, which was not observed by Linderoth
and coworkers when inflammation was elicited in the hind paw [49, 63]. It is plausible
that the circuits operating in the thoracic region for inflammation of the hind paw are
not as effective for SCS, in contrast to treat inflammation of the knee joint.

4. Animal models of SCS for ischemic pain

It has been established that SCS modulates vasodilation in the lower limbs
and feet dermatomes associated with vertebral segments being stimulated [70].
This has justified SCS as an alternative treatment for nociceptive pain and associ-
ated symptoms related to advanced cases of peripheral arterial occlusion disease
(PAOD), which leads to ischemia and the subsequent neuropathy due to the lack of
blood supply to nerve terminals. Other clinical uses of SCS related to vasodilation
modulation include Rynaud’s syndrome and angina pectoris. In the absence of a pain
model related to PAOD, animal models that measure the modulation of blood flow
and vasodilation have been used to demonstrate the mechanism of action of SCS
treatment of peripheral vascular diseases. Although there is no evidence that SCS is
effective on acute nociceptive pain, the modulation of vasodilation is hypothesized
as the mechanism of action for relieving ischemic conditions and recover the flow
of nutrients into the affected nerve terminals. Linderoth and Foreman’s groups have
collaborated to measure the effect of low rate SCS on blood flow changes in the skin
dermatomes of the hind paws of anesthetized rats. In one experiment [71], a spring-
loaded monopolar ball cathode was placed in the subdural surface of the L1-L3 dorsal
columns (left or right) of anesthetized rats to assess the role of SCS in modulating
the sympathetic autonomous system. SCS monophasic pulses (50 Hz, 200 ps PW,
66% of the MT) were applied for 2 minutes. Blood flow was monitored using laser-
based doppler probes placed in the glabrous surfaces of the hind paws ipsilateral and
contralateral to the stimulation. Another group of animals was subjected to total
sympathectomy, while the other was subjected to the ganglionic transmission blocker
hexamethonium. In a separate experiment [72], the effect of SCS on the sympathetic
nervous system was determined by evaluating the role of ganglionic transmission
(with hexamethonium blockade), alpha-adrenergic receptors (phentolamine or
prazosin blockade), beta-adrenergic receptors (propanolol blockade), and adrenal
catecholamine secretion (adrenal demedullation) in paralyzed anesthetized animals.
The left L1-L2 vertebral region was stimulated epidurally with a monopolar ball
cathode (0.9 mm diameter) that delivered pulses at 50 Hz, 200 ps PW, and 0.6 mA
of intensity. Blood flow was monitored using laser Doppler probes in each hind
paw. Although both studies concurred that SCS increases peripheral blood flow in
the ipsilateral limb by about 200% concomitant to a reduction of flow resistance of
~50%, there were disagreements in the role of sympathetic contributions, which
prompted the formulation of a second hypothesis involving the antidromic activa-
tion of the release of vasodilators, such as calcitonin gene-related peptide (CGRP)
and nitric oxide. A further report [73] explored the effect of SCS pulse rate on blood
flow, finding that pulsing at 500 Hz provided a significant increase of vasodila-
tion relative to pulsing at 200 Hz and 50 Hz at similar pulse widths and intensities.
The frequency effect seems to be related to increased release of CGRP, induced by
activation of fibers containing the capsaicin receptor (TRPV-1). In conclusion, the
reduction of nociceptive lower limb pain due to ischemia has been indirectly associ-
ated with SCS-induced vasodilation that provides an increase in blood flow and
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the concomitant decrease of flow resistance in the affected limb. It is plausible that
vasodilation is due to the release of agents CGRP and nitric oxide from the stimulated
fiber afferents and at some extent by modulation of the sympathetic nervous system.

5. Translational equivalence of animal models

Besides rodent (mostly rat) models, there have been reports of SCS effects on
ovine models of neuropathic pain. As presented in section 2.1 above, Reddy et al.
[17] reported on the utilization of female sheep to develop a CCI model to study the
effect of tonic SCS. The advantage of using a large animal model is that it provides a
way to bridge the translation of SCS parameters toward clinical application for lon-
ger exposures in anatomical environments that are more similar to that of humans.
These authors found that the model provided a significant reduction of mechanical
hypersensitivity upon continuous SCS for one week. A closer examination of the
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Top row: Mechanical hypersensitivity of vats subjected to SCS with a DTMP approach in comparison with
untreated animals (No SCS) and corresponding areas under the curve (AUC). Bottom row: equivalent
measurement obtained from sheep. * denotes significant differences (p < 0.05) between treated and untreated
animals.
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reported data for 5 animals, reveals that one of them was a non-responder to the
pain model since there was not a decrease of the limb withdrawal threshold (WT).
If data from this animal is discarded, the CCI model reduced the WT to a mean 51%
(+ 6%) relative to the mean WT of the control measurements in the contralateral
limb. The mean WT of the responders after SCS corresponded to 85% (+ 13%)

of the mean WT of the control. This is consistent with the findings in rodents,
although a direct comparison is not possible because there are not reports on rodent
CCI models with continuous SCS.

Vallejo et al. [74] reported on a comparison of the effect of SCS based on the
DTMP approach on a rat and sheep models after 24 and 48 h of continuous treat-
ment. The pain model in the rats was the SNI as previously described [42, 43], while
the sheep model is the equivalent peroneal nerve injury (PNI) developed by Wilkes
et al. [75] and adapted for SCS by implanting a cylindrical octapolar human-grade
lead (1.3 mm diameter) in the L1-L3 epidural space. DTMP consisted of multiplex-
ing 4 pulsed signals with frequencies in the 50 Hz to 1.2 kHz and PW of 200 ps at
an intensity of 50% of the MT. Mechanical hypersensitivity was obtained before
starting SCS, as well as at 24 h and 48 h of continuous SCS, using an electronic von
Frey anesthesiometer. In order to compare rodent and ovine results, the WT were
normalized to the pre-SCS values (Figure 10). Rodent data is for individual subjects
(N =13). Ovine data is from two sheep that were evaluated in a crossover experi-
ment, in which one sheep was stimulated while the other one served as a No-SCS
control. After a one-week break for washing out the effects of SCS, the animal that
had not been treated was subjected to SCS while the other one was the No-SCS
control. This process was repeated until obtaining a set of six measurements.

DTMP significantly relieved mechanical hypersensitivity in the rat model
equivalent to 78.6% at 24h and 77.3% at 48 h in the rat model relative to the pre-SCS
and No-SCS measurements. Similar effects were seen in the sheep model where
the decrease in mechanical hypersensitivity was 84.8% at 24h and 73.7% at 48 h.
These results demonstrate translational equivalence between two animal models of
neuropathic pain for the first time.

6. Conclusion

Certain limitations exist in the development of animal models that simulate
human pathological conditions of pain. For instance, the most common clinical
indication for SCS has become the treatment of intractable neuropathic pain of
the lower back and legs, largely associated with failed surgical spine interventions
(failed back surgery syndrome, FBSS), which causes axial back pain that radiates to
the limbs in a unilateral or bilateral manner. The existing rat models of neuropathic
pain, which are described in this chapter, are mostly peripherally induced (nerve
injury) and test the manifestation of mechanical hypersensitivity in the paws, not
necessarily in the leg of the animals. An animal model that resembles FBSS has yet
to be developed. Such peripheral nerve injury models, however, resemble symptoms
found in other pain-related syndromes such as complex regional pain syndrome
(CRPS), which are also indicated for SCS treatment in humans. Despite these
limitations, the existing models have proven extremely useful to understand the
effects of various modalities of SCS on pain-like behavior of the animals, and more
importantly, on the mechanistic understanding of SCS via the molecular analysis of
samples obtained from neural tissues (spinal cord, DRG) that cannot be obtained in
clinical assessments. Such molecular evaluations have made use of pharmacological
approaches that use the coadministration of neurotransmitters agonists and antago-
nists, opioids, receptor blockers, etc., as well as immunohistochemical analysis
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that target cellular markers of glial activation. Recent approaches are most robust
and utilize high throughput transcriptomic and proteomic analysis in combina-
tion with many bioinformatic tools that provide an understanding of the effects of
SCS on complex biological processes that involve a multitude of proteins and their
encoding genes. These advancements should provide the field with tools to enhance
current therapies and improvements on pain diagnostics that could ultimately lead
to an integral and personalized treatment of painful conditions in humans. Animal
models will continue to play a crucial role in the development of the science and
technology of electrical neuromodulation for treating pain.
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