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Objective: In this narrative review, we reviewed and discussed current literature describing
the molecular mechanisms leading to neuroinflammation and its role in the onset and
progression of chronic neuropathic lumbar and leg pain in patients with persistent spinal
pain syndrome. In addition, we reviewed the proposed mechanisms and impact of spinal cord
stimulation (SCS) on neuroinflammation.

Methods: A broad search of current literature in PubMed, Embase, Scopus, Cochrane library,
Medline/Ovid, and Web of Science was performed using the following terms and their

CLINNT3

combinations: ‘biomarkers”,

ELIT

chronic back and leg pain”,

LI

cytokines”, “neuroinflammation”,
“spinal cord stimulation (scs),” and “spinal cord modulation”. We selected: 1) articles pub-
lished in the English language between January 2000 and July 2020 2) preclinical and clinical
data 3) case reports 4) meta-analysis and systematic reviews and 5) conference abstracts.
Manuscripts not disclosing methodology or without full-text availability were excluded.
Discussion: SCS techniques have gradually evolved since inception to include novel methods
such as burst-SCS, high frequency SCS, and differential targeted multiplexed SCS. The inci-
dence of chronic pain after spine surgery is highly variable, with at least one third of patients
developing persistent spinal pain syndrome. Novel SCS techniques have been associated with
improved clinical and functional outcomes thus increasing patient quality of life.

Conclusion: Currently, health care providers rely on different options and methods for SCS
when treating patients with refractory chronic lumbar pain and persistent spinal pain syn-
drome. Nevertheless, compelling clinical trials remain necessary to elucidate the long-term
benefits and mechanisms of neuromodulation of all different types of SCS.

Keywords: neuroinflammation, biomarkers, chronic back and leg pain, cytokines, spinal
cord stimulation

Introduction
Chronic pain is a well-known clinical entity affecting a substantial proportion of the
general population.’* Undoubtedly, chronic pain results in a significant physical,
psychological, emotional and economic burden for patients. Chronic low back pain
(LBP) comprises a heterogeneous group of disorders including, but not limited to,
persistent spinal pain syndrome and radicular pain.’

Neuroinflammation, including alteration of glial cells function following nerve
injury or gliosis, has emerged as a promising mechanism triggering the transition to
chronic back pain. Glial cells such as microglia, oligodendrocytes, astrocytes, and
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ependymal cells have shown to alter activity and gene
expression when exposed to physiological stressors,
including nerve damage.*> Preclinical evidence has iden-
tified neuroimmune and inflammatory neuromodulatory
responses in the nervous system (eg pathological activa-
tion of microglia and astrocytes in the spinal cord) as two
of the major contributors to pain pathogenesis and
persistence.® Both mechanisms have been widely studied
in animals laying the groundwork for specific pain thera-
pies in humans. However, the impact of these neuroim-
mune and neuroinflammatory responses on the onset of
acute pain and its transition to chronic entities in humans
is yet to be determined.’

Initially, the development of novel therapeutic
approaches for patients experiencing nociceptive and/or
neuropathic chronic pain was driven by the necessity to
avoid long-term side effects resulting from the chronic use
of nonsteroidal anti-inflammatory drugs (NSAIDs) and
opioid therapies. Melzack and Wall originally proposed
the gate control theory of pain which led to the current
description of the SCS mechanisms of action.®
Conventional SCS devices were able to elicit paresthesia
through electrical stimulation of the dorsal columns and,
since their inception, technical complexity has grown
exponentially.” Therefore, early stimulation devices have
been continuously updated with adaptive programming
and a wide array of new lead placements, frequencies
and stimulation patterns.'®

Cytokines are involved in several nervous system bio-
logical processes including neurogenesis, neuron out-
growth, neural survival, and synaptic pruning,
transmission and plasticity.'"'? In a cross-sectional clin-
ical study, Béckryd et al reported a significant increase of
chemokines levels in cerebrospinal fluid (CSF) of patients
with neuropathic pain when compared to healthy
controls.'® Moreover, significant reduction in CSF concen-
trations of pro-inflammatory molecules including interleu-
kin (IL) 1, IL-6, tumor necrosis factor alpha (TNF-a) and
vascular endothelial growth factor (VEGF) have been
described (SCS).™
Preliminary work by Vallejo et al on differential target
multiplexed SCS (DTM-SCS) and an user-adaptive and

effective SCS model has shown promising results."

after spinal cord stimulation

Additionally, Vallejo’s group published an optimized algo-
rithm of stimulation that is able to shift glial cell gene
expression to a naive phenotype after sciatic nerve ligation

model in rodents.'®

Recently, the successful implementation of promising
therapies that do not rely on paresthesia such as Burst SCS
(B-SCS), high frequency SCS (HF-SCS) and differential
target multiplexed SCS, has challenged the fundamental
gate control theory.'”'® Improved sleep, decreased inci-
dence of depression, and sustained reduction in LBP are
some of the outcomes associated with these therapies in
patients with persistent spinal pain syndrome are.'*~°

A robust body of preclinical evidence describes the
important role of glial cells in the initiation and develop-
ment of chronic pain. Taken together, it is not unreason-
able to consider SCS as a modulatory mechanism of the
neuroimmune interface which may result in chronic pain
reduction. Although SCS clinical and transitional research

continue growing, published reports remain limited.

Methods

A broad search of current literature in PubMed, Embase,
Scopus, Cochrane Library, Medline/Ovid and Web of
Science was performed using the following terms and

LEINT3

their combinations: “biomarkers”, “chronic back and leg

9

pain”,

EEINNT3

cytokines”,

EEINNT3

neuroinflammation”, “spinal cord sti-
mulation (SCS)” and “spinal cord modulation”. We
included in our selection: 1) articles published in English
language between January 2000 and July 2020 2) precli-
nical and clinical data 3) case reports 4) meta-analysis and
systematic reviews and 5) conference abstracts. Preclinical
data was mainly discussed when clinical findings on
a specific matter were limited. Moreover, manuscripts dis-
closing no methodology or with no full-text availability

were excluded from our narrative review.

Results and Discussion
Lumbar/Leg Pain, Failed Back Surgery

Syndrome and Neuroinflammation

The International Association for the Study of Pain (IASP)
defines Failed Back Surgery Syndrome (FBSS) as “a
spinal pain of unknown origin either persisting despite
surgical intervention for spinal pain originally in the
same topographical region”.?! Epidural fibrosis, foraminal
stenosis, global or lateral canal stenosis, recurrent disc
herniation or degeneration, retained disc fragment, discitis,
adhesive arachnoiditis, facet joint pain, spinal instability
and sacroiliac joint pain have all been associated with the
onset of FBSS.?? Reported incidence of chronic pain after
spine surgery is highly variable (from 5% to 75%), with
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20% to 40% of these patients fulfilling the clinical criteria
for FBSS diagnosis.*

Degenerative disc disease (DDD) and lumbar disc her-
niation are the most common causes of LBP, with both
commonly associated with radicular leg pain.**** High
levels of proinflammatory cytokines (eg IL-1f and TNF-
a) have been reported in tissue of human degenerative and
herniated discs suggesting a regulatory effect in the
expression of genes encoding extracellular matrix-
degrading enzymes.?® Increased activity of matrix metal-
loproteinase (MMP) leads to rapid degradation of extra-
cellular matrix and proteoglycan loss in the nucleus
pulposus (NP), decreasing the weight-bearing capacity
and height of the disc. As disc degradation progresses,
the annular ring fissures and the NP extrudes, generating
pain by compression of the nerve roots.”’** Discogenic
pain can also occur in early stages of disc degeneration in
the absence of nerve compression and may be exclusively
due to the presence of pro-inflammatory cytokines synthe-
sized by intervertebral cells, monocytes and/or macro-
phages located in the degenerated disc.”’”° Lee et al
compared the expression of cytokines and growth factors
in disc specimens obtained from patients with herniated
nucleus pulposus (HNP) and DDD. Authors found
a higher expression of IL-8, TNF-o, transforming growth
factor-B (TGF-B), VEGF and nerve growth factor (NGF)
in disc tissue specimens from patients with DDD when
compared to patients with HNP. However, expression of
IL-1p, IL-6, and IL-12 was comparable among groups.>'
These results were not consistent with previous findings
from cultured NP biopsies describing a higher level of IL-
6 and IL-8 in painful DDD patients in comparison with
HNP/sciatica patients.*?

Degenerative disc disease associated pain differs from
facet joint pain. The disc lacks synovial structure, an
important anatomic component affected by the inflamma-
tory response during osteoarthritis. However, the inflam-
matory synovial reaction to cartilage damage in the
degenerated facet joints leads to increased capsular vascu-
larization with concomitant nociceptors activation and
sensitization by cytokines (ie IL-1, IL-6) and inflammatory
cells.>*** Local inflammation of the facet joints could
spread directly to the dorsal root ganglia (DRG) due to
close proximity, affecting neural components (eg neurons
and axons) and resulting in radicular pain.>> Cytokine,
growth factor and prostaglandin release may activate
transducer molecules amplifying the current that opens
the voltage-gated sodium channels and triggering an action

potential that upsurges excitability and signaling in noci-
ceptive neurons.>®

Chronic Pain and Glial Cells

Microglia, astrocytes, oligodendrocytes, and ependymal
cells are part of the CNS glial cells. Likewise, satellite
glial cells (SGC) and Schwann cells are found in the
PNS.*® An important role of the glia is to provide
a functional microenvironment that modulates signal trans-
duction, neuroplasticity and synaptic pruning. Direct
mechanical trauma (eg, spinal surgery) and peripheral
nerve injury results in microglial activation and subse-
quent increased expression of toll-like receptors (TLR) in
the CNS through a mechanism involving pro-inflammatory
cytokines such as the high-mobility group box 1
(HMGBI1).” Additionally, the increase of TLR4 expression
in microglia and macrophages has been associated with
greater neuroinflammation and neuronal dysfunction in
animal models.>” Moreover, impaired cellular signaling,
receptor transduction and release of inflammatory media-
tors may result from morphological glia changes following
nerve injury.*® Biosynthesis and release dysregulation of
inflammatory cytokines such as IL-1B, IL-6 and TNF-a,
either in the central or peripheral nervous system, have
a significant impact on synaptic transmission, neuronal
networking excitability and ultimately, in neuropathic
pain.*’

A substantial amount of evidence emphasizes some of
the relevant neuromodulatory properties of cytokines in
addition to their established actions during infection or
trauma. Cytokines are involved in several neural mechan-
isms such as neurogenesis, neurite outgrowth, neural sur-
vival, and synaptic pruning, transmission and plasticity.*’
Pre-clinical findings have shown that cytokines released
by glial cells, neurons, and microvascular endothelial cells,
directly modulate neuronal activity through their interac-
tion with cerebral and spinal cord receptors. This process
results in activation of ion and voltage-operated channels,
and presynaptic neurotransmitter release such as glutamate
and gamma aminobutyric acid (GABA).*’

Preclinical evidence suggests that a multilevel neu-
roimmune response involving microglial astrocytes in the

6,48-50 51,52
d B 5

spinal cor and brain, as well as macrophages

activation in the dorsal root ganglia,>**>*

may be a major
contributor to the pathogenesis and persistence of pain.
Proinflammatory cytokines and brain-derived neurotrophic
factor (BDNF), produced by activated glial cells and

macrophages, stimulate nociceptive neurons, resulting in
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modulation of spinal cord synaptic transmission, central

states.>> 7

sensitization and enhancement of pain
Furthermore, an intraspinal injection of activated micro-
glia was associated with newly developed signs of neuro-
pathic pain in rats.’® Astrocytes also play an important role
in the initiation and maintenance of central sensitization.*>
Hypertrophy and increased production of proinflammatory
cytokines linked to allodynia and hyperalgesia, such as IL-
1B and chemokines (eg CXCL2), have been reported in
astrocytes from animal models of neuropathic pain.*®
Similarly, in vivo studies have provided evidence of
neuronal, glial and endothelial cytokine receptors in brain
and spinal cord cells.'"'>° Moreover, neurotrophic fac-
tors, which are essential in the maintenance and regulation
of neuronal regeneration after peripheral nervous system
(PNS) and central nervous system (CNS) injury, also have
an important impact on chronic pain associated with
in vivo neuroinflammation states. NGF, BDNF, and glial
cell line-derived neurotrophic factor (GNDF) are all sig-
nificantly elevated during neuroinflammation.®' Increased
expression of NGF receptors in macrophages, Schwann
cells and mast cells results in the release of BDNF once
nociceptors are activated, acting as a central regulator of
pain.®! In neuropathic pain models, BDNF expression is
high in DRG neurons, astrocytes, and glial cells.
Therefore, BDNF concentration is increased in astrocytes,
contributing to neuroinflammation-mediated neuropathic

. 61,62
pain.””

Chronic Pain Onset and Glial Cells Involvement:
Clinical Evidence

Clinical studies determining the involvement of glial cells
in the initiation and maintenance of chronic pain are lim-
ited. Loggia et al identified increased levels of brain trans-
locator protein (TSPO), a marker of glial activation,
especially in the thalamus of patients with chronic lumbar
pain by using integrated positron emission tomography-
nuclear magnetic resonance (PET-NMR) imaging and
radioligand ''CPBR28.°> TSPO concentration was also
elevated in the postcentral gyrus and paracentral lobe,
which are the cortical representations of lumbar spine
and leg.®® Nevertheless, previous studies have documented
the presence of elevated levels of inflammatory mediators
in spinal tissue and CSF of patients with degenerative disk
disease, suggesting glial activation may also occur in the
spinal cord.®*% In a recent cross-sectional study, Albrecht
et al reported higher levels of TSPO in the neuroforamina,
which contains DRG and nerve root, in patients with pain

from lumbar radiculopathy when compared to healthy
volunteers.°® Based on the utility of functional magnetic
resonance imaging (MRI) and 'F-fluorodeoxyglucose
18F-FDG positron emission tomography (PET) on detect-
ing active regions of the brain involved in pain, Zhou et al
reviewed the '®F-FDG PET/CT scans of 13 patients with
LBP and compared the normalized maximum standardized
uptake value (SUVmax) with 13 control patients. SUVmax
was used to determine the uptake of '®*F-FDG at different
spine levels. Authors reported a significant increased
SUVmax at T7, T8, T9, and T10 levels in patients with
LBP in comparison with the control group. These findings
suggest a regional increased metabolic activity in specific
areas that could be targeted by SCS in patients with LBP.%’

Recently, Palada et al reported a significant association
between IL-8 levels in CSF, neuroinflammation and pain.
In a prospective cohort study, the authors compared CSF,
serum and disc-tissue cytokine levels from patients with
DDD, LDH and healthy controls. A statistically significant
correlation between serum and CSF concentrations of I1L-8
and monocyte chemoattractant protein 1 (MCP1) was
reported in patients with LDH, and DDD respectively
(r =0.489, p = 0.002 and r = 0.332, p = 0.037 respec-
tively). In addition, IL-6 serum levels were directly asso-
ciated with leg pain intensity in patients with LDH
whereas global pain intensity was correlated with CSF
IL-8 levels in LDH male patients (r = 0.395; p = 0.038).
Similarly, serum IL-8 and MCP1 levels were correlated
with back pain intensity in DDD female patients (r =
0.462, p = 0.035 and (r = 0.488; p = 0.021, respectively).
Therefore, authors suggested that these cytokines play an
essential role in neuroinflammation and pain as well as in
the TSPO expression from intervertebral discs of patients
with LDH and DDD.®®

Effects of Spinal Cord Stimulation and
Modulation on Neuroinflammation
Preclinical Evidence

Recent developments in bioelectronic medicine, SCS and
neuromodulation devices have been associated with
improved functional outcomes. A low-rate pulsed electric
field applied into the spinal cord segments activates the
A-beta fibers (mechanosensitive) in the neural network,
deterring the nociceptive signaling carried out by A-delta
and C fibers. Consequently, the brain will perceive par-
esthesia instead of pain.®**’° DRG stimulation (DRG-S),
paresthesia-free SCS (PF-SCS), B-SCS, HF-SCS and the
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evoked compound action potential SCS (ECAP-SCS) are
some of the novel SCS paradigms. Modulation of glial
activation is one of the potential mechanisms by which
SCS improves mechanical allodynia and neuropathic pain
in the setting of chronic lumbar pain and persistent spinal
pain syndrome.®>"" Sato et al reported a significant reduc-
tion in pain and glial activation measured by decreased
microglial (ie immunostaining of OX-42) and astrocyte
markers (ie glial fibrillary acidic protein or GFAP and
MCP-1) with the use of superficial and deep dorsal horn
lamina paresthesia-SCS (P-SCS) in animal models.”?
Nerve injury was associated with bilateral OX-42 marker
increase when compared to naive controls. Both, 60 Hz
and 4Hz SCS frequencies, were shown to reduce OX-42
staining (ipsilateral p=0.0001; contralateral p=0.001 and
ipsilateral p=0.0001; contralateral p=0.003, respectively)
in comparison with the sham SCS control. Similar results
were observed in astrocytes markers (GFAP and MCP-1).
However, the greatest effect on pain relief was seen after
6 hour of 60 Hz SCS.* Likewise, an elevated expression
of IL-1P and IL-6 has been reported in rats after spared-
nerve injury, which reversed after 72 hours of continuous
SCS, this effect being dose-dependent.”*”*

Extensive research by Vallejo et al elucidated the mole-
cular effects of continuous SCS in neural tissue and rele-
vant changes in gene expression observed after SCS in
neuropathic pain animal models. The use of P-SCS at
50Hz during 72 hours allowed for modulation of genes
involved in the onset of chronic neuropathic pain after
neural injury, which had a significant impact on subse-
quent immune/inflammatory response by glial cells, neu-
ron regeneration, and ions transport.”” However, the
human glia/neuron ratio varies among spinal segments
(eg 20:1 from segments T8-T11), resulting in different
response to electrical stimulation.”® Therefore, SCS can
be adapted based on targeted segments and the expected
response. Vallejo’s group recently provided important ana-
tomical and functional evidence on the effects of custo-
mized SCS in neuropathic pain animal models. Authors
reported that differential target multiplexed programming
spinal cord stimulation (DTMP-SCS) better modulates
neuroglia interaction, leading to greater thermal and
mechanically induced pain relief when compared to low
or high frequencies.”” In addition, this group identified
more than 110 genes located in the spinal cord (and
more than 100 in the DRG) by using conventional
SCS.” These genes were directly associated with pre-
viously described immune responses to neural injury and

increased expression has been confirmed through isolation
of their RNA sequences in different pain models such as
spared-nerve injury and chronic constriction injury of the
sciatic nerve.”>’®

Activation of purinergic receptor P2X7 in SGC of
DRG results in P2X3 receptor downregulation and subse-
quent modulation of pathologic responses to painful sti-
muli in animal models.”® Therefore, the proximity of DRG
to the DRG-S electrical field may allow for modulation of
SGC activation.®® The transfer of the sensory impulses
from the peripheral nerve receptor to the spinal cord
occurs through the axonal synapses of cell bodies from
primary somatosensory neurons in the DRG and neuronal
somata. Structural and physiologic changes taking place
within this pathway were described by Rozanski et al in
a transglial transmission model, defined by the authors as

. 1
“sandwich synapse”.®

Clinical Evidence

To date, there is a paucity of clinical studies addressing the
impact of current SCS modalities on pain intensity and/or
neuroinflammation in patients with chronic LBP, radicular
pain and FBSS. SCS has an important impact on the CSF
concentration of several proteins involved in pain onset
and intensity, synaptic plasticity, learning memory, noci-
ceptive signaling, and immune regulation.® In a matched
control study, McCarthy et al compared the CSF concen-
tration of BDNF, VEGF, and MCP-1 between patients
diagnosed with chronic lumbar pain with or without
FBSS. CFS concentrations of BDNF and MCP-1 were
significantly higher in patients with FBSS when compared
with their chronic lumbar pain matched controls (p=0.01
and p=0.0001 respectively). Moreover, authors reported
a significant reduction in VEGF CSF concentrations after
five minutes of SCS in the FBSS group (p=0.01).%
Similarly, increased serum levels of IL-10, an anti-
inflammatory cytokine, have been found after B-SCS in
patients who experienced pain level and clinical improve-
ment whereas pro-inflammatory cytokine HMGBI
remained unchanged.®*

Salivary concentration of inflammatory mediators has
also been assessed in patients with CRPS. In a prospective
single-center trial, Gravius et al correlated saliva and
serum levels of HMGB-1, TNF-qo, IL-1p, IL-6, IL-10
with clinical parameters (ie pain levels, mood, and sleep
quality) in patients with CRPS eligible for L4-DRG-S.
Authors reported a significant reduction in pain levels

(mean numeric rating scale; pre-DRGgrpv: 74.90 £ 16.3
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compared to one-week DRGgrpy: 42.50 + 13.18 and three-
months DRGgpv: 46.65 £ 27.52; p = 0.003). At baseline
and post L4 DRG-S, all pro-inflammatory markers were
significantly higher in patients with CRPS when compared
to controls. In contrast, levels of anti-inflammatory IL-10
were significantly reduced in patients with CRPS after L4
DRG-S when compared to healthy controls (p=0.0063).*
Potential immunomodulatory SCS effects offer new ther-
apeutic alternatives to avoid the onset and progression of
neuropathic pain in diseases with a neuroinflammatory
component and phenotype. However, the sensitivity and
specificity of serum and saliva inflammation markers have
not been well established in patients with persistent spinal
pain syndrome. Thus, heterogencous data and its clinical
application should be carefully interpreted.

Spinal Cord Stimulation Modalities
SCS has transformed the management of chronic back

pain syndrome™*®

and its benefits are widely recog-
nized among physicians who treat the heterogeneous syn-
dromes of chronic LBP.***7*° Technical advancements in
SCS are greatly improving patients’ outcomes while chan-
ging our current understanding of its mechanism of
action.”™”® As new technological advancements emerge,
previous theories describing the SCS mechanisms of
action are being challenged.”’ For instance, former pro-
posed mechanisms describing the effect of SCS were
based on limited local spinal responses only. However,
current literature supports the evidence of supraspinal
effects and alteration of glial cell derived neuroinflamma-
tory mediators.'*7%-90-2

Gate-control theory is the fundamental theory behind
tonic and low frequency SCS. This theory proposed par-
esthesia or induction of AP fiber activation within dorsal
column neurons causing interference among chronic pain-
ful stimuli, thus allowing amelioration of chronic pain.”*!
Tonic SCS uses a frequency of 40-80 Hz, a fixed pulse
width of 200-450 us, and adjustable current amplitudes
based on patient comfort level.”?

Recent studies have shown certain SCS modalities may
exert their effect through a paresthesia-free mechanism with
the possibility of curtailing neuroinflammatory and cytokine
derived pathways.'**® HF10 SCS functions with a smaller
pulse width of 30 ps in the setting of a much higher
frequency” and has been associated with a significant reduc-
tion in reported pain and greater long-term efficacy when
compared to tonic SCS."”'*%* Stimulation of wide dynamic

range (WDR) neurons, known to be overactive in conditions

such as persistent spinal pain syndrome, is one of the main
proposed HF10 SCS mechanisms of action.”® HF10 SCS,
which is technically a higher energy form of tonic SCS, may
be able to desensitize WDR neurons in chronic pain condi-
tions bringing them closer to preinjury states.®’*%
Nevertheless, the mechanism of desensitization is still up
for debate with some evidence suggesting inflammatory
cytokine and chemokine signaling interactions.'*

Similarly, B-SCS is another novel stimulatory modality
that has shown significant results in both, patient-reported
pain measures and long-term pain suppression.®®*%
Riddle et al observed that higher frequency stimuli deliv-
ered at 500 Hz, 40 stimuli per second with an interspike
interval of 1000 us, decreased patient reported paresthesia
by 75% in comparison with tonic SCS.***>° In addition,
B-SCS has shown greater efficacy in patients with refrac-

9,95

tory pain”*”> and modulation of the medial pathway, which

involves some of the affective response to pain.”%%""%°
However, the scope of these reports may be limited con-
sidering their small sample sizes, which emphasizes the

need for multicenter randomized clinical trials.!'®9%-1%

Conclusion
SCS programming may modify glial signaling through
modulation of neuronal and glial cell activation, poten-
tially improving clinical and functional outcomes in
patients with chronic lumbar pain. However, the mechan-
isms through which SCS exerts its effects in patients with
persistent spinal pain syndrome are yet to be determined.
Current and future clinical trials should elucidate
whether specific inflammatory patterns are the most accu-
rate way to define an individual SCS therapeutic mode
based on the molecular biotype of a given patient.
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