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Abstract Chronic neuropathic pain can significantly reduce
quality of life and place an economic burden on individ-
uals and society. Spinal cord stimulation (SCS) is an
alternative approach to the treatment of neuropathic pain
when standard pharmacological agents have failed. How-
ever, an improved understanding of the mechanisms by
which SCS inhibits pain is needed to enhance its clinical
utility. This review summarizes important findings from
recent studies of SCS in animal models of neuropathic
pain, highlights current understanding of the spinal neuro-
physiological and neurochemical mechanisms by which
SCS produces an analgesic effect, and discusses the potential
clinical applicability of these findings and future directions for
research.
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Introduction

Pharmacological therapy for neuropathic pain remains inade-
quate, with most drugs being effective in less than 50% of
patients [1]. An alternative treatment strategy, spinal cord
stimulation (SCS), has been clinically proven to be effective
for treating a variety of chronic pain conditions that are
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refractory to current pharmacotherapies [2, 3]. It is especially
useful for neurogenic pain. Clinically, SCS is achieved by an
electrode that is placed in the epidural space over the dorsal
column structure a few levels above the affected spinal seg-
ments. Mild to moderate electrical pulses at various frequen-
cies (eg, 50-60 Hz) are delivered to the spinal cord to elicit
paresthesia in the painful region. Although the clinical benefit
of SCS is substantial, detailed knowledge of how SCS inhibits
pain is lacking. A better understanding of its precise mecha-
nisms of action may help physicians better select appropriate
patients and optimize stimulation parameters to improve SCS
efficacy and achieve long-term pain relief.

Nociceptive afferent neurons of the dorsal root ganglia
and trigeminal ganglia transmit noxious information to the
spinal cord, principally to superficial (I/Il) and deep (V)
laminae [4]. Nociceptive information can be integrated and
modified at the terminals of primary afferent fibers and at
the synaptic junctions of projection neurons in the dorsal
horn before their dispatch to higher supraspinal centers
(Fig. 1). Thus, the dorsal horn serves as both a relay station
for ascending pain signaling and an important site for inte-
gration and modulation of pain. Importantly, spinal neuronal
circuits show dynamic change in response to differential
environmental cues. Nerve injury and intense erratic nox-
ious inputs induce a dysfunction of spinal segmental pain
inhibition and a prolonged state of dorsal horn neuronal
hyperexcitability, which amplifies ascending pain signaling
and results in unremitting pain [5—7]. Increasing evidence
suggests that SCS-induced analgesia is intricately linked
with spinal segmental mechanisms. From a mechanistic
point of view, studies of SCS in experimental pain condi-
tions may correlate with clinical SCS analgesia better than
studies performed in uninjured animals [8]. This review
summarizes major findings from recent experimental work,
updates current understanding of the spinal physiological
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and neurochemical basis for SCS analgesia, and discusses future
directions for improving the use of SCS in pain management.

Spinal Neurophysiological Mechanisms

Lesion studies have shown that a large portion of the analgesic
effect produced by SCS is mediated through the dorsal column.
Therefore, the primary goal of SCS is to activate the dorsal
column, which contains axons that originate in the large-
diameter afferent sensory neurons (eg, A} afferent fiber).
According to the gate-control theory, some of these sensory
neurons send collateral branches to the affected spinal seg-
ments, where C-fiber inputs from the peripheral painful area
and activity of nociceptive projection neurons are inhibited. As
the fundamental biological basis for SCS-induced analgesia,
the gate-control theory postulates that activity in large-
diameter A3 afferent fibers attenuates spinal ascending pain
transmission by activating inhibitory interneurons in the dorsal
hom of the spinal cord [9, 10]. However, the precise location
and identity of these “gate-keepers” were not very clear until
recently. Using homozygotic transgenic mice that express
enhanced green fluorescent protein under control of the gadl
gene promoter to identify glutamic acid decarboxylase 67—
expressing neurons, Daniele et al. [11¢] provide complemen-
tary morphological and functional evidence that a significant
group of inhibitory interneurons expressing y-aminobutyric
acid (GABA) in laminae II dorsal horn can be activated by
convergent Af-fiber inputs. These GABAergic neurons
represent important inhibitory gates in dorsal horn (Fig. 1).
They may not only suppress nociceptive inputs mediated by
thinly myelinated Ad- or unmyelinated C- fibers, but may also
attenuate low-threshold activation of nociceptive projection
neurons that may occur after nerve injury due to the loss of
tonic inhibition [6, 12]. Accordingly, SCS should attenuate
pathological pain (eg, allodynia and hyperalgesia) as well as
nociceptive pain. This prediction was supported by clinical
findings that SCS inhibited the nociceptive withdrawal flexion
reflexes and attenuated C-fiber—mediated heat response in
humans [13, 14]. Similarly, our recent electrophysiological
study showed that stimulation of dorsal column, the primary
target of SCS, inhibited the C-fiber—mediated response of
dorsal horn wide-dynamic-range (WDR) neurons in both
nerve-injured and sham-operated rats [15¢¢].

Transcutaneous spinal cord direct current stimulation at
an intensity below the sensory threshold also has been shown
to inhibit spinal pain transmission and the lower limb noci-
ceptive flexion reflex in healthy human patients [16]. The
nociceptive flexion reflex may have a linear relationship
with subjective pain intensity/threshold and is mediated by
a complex neuronal network in the spinal cord, including
WDR neurons. Regardless, SCS preferentially attenuates
exaggerated pain sensitivity under pathological conditions
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[17], and dorsal column stimulation does not inhibit the C-
fiber component of the flexor reflex in rats [18]. The reason
for these conflicting results remains unclear, but it may be
partially due to use of different stimulation parameters (eg,
intensity). According to the gate-control theory, activation of
more AQ-fibers may lead to stronger pain suppression than
stimulation at the lower intensities. SCS often has been
tested at an intensity slightly below the motor threshold,
which is considered to be the tolerance threshold in animal
behavioral studies [2, 19¢]. Motor threshold represents a
reflex response to stimulation of dorsal column fibers [20],
but it was previously unclear how motor threshold correlates
with Aod/(-fiber activation. By examining the antidromic
compound action potential that results from graded stimulation
applied through the SCS lead, we found that SCS at the motor
threshold may activate only a small fraction of the afferent
AB-fiber population in nerve-injured rats [21]. These findings
support the predictions from a computer model for SCS [22,
23]. In addition, the size of the compound action potential
waveform was larger in animals that responded to SCS anal-
gesia than in animals that did not, indicating a more efficient
activation of the dorsal column structure in responders [21].

In addition to nociceptive projection neurons in the super-
ficial dorsal horn, WDR neurons located in the deeper lamina
are also important to pain processing and are candidates for the
“transmission” cells in the gate-control theory [24-26]. WDR
neurons are readily sensitized by intense noxious inputs and
develop hyperexcitability after nerve injury. Stimulating the
dorsal column at clinical SCS parameters was shown to sup-
press the enhanced responsiveness of WDR cells in neuropath-
ic rats [15¢e, 27]. Our in vivo electrophysiology study revealed
some important features of dorsal column stimulation—induced
neuronal inhibition that mimic features of SCS analgesia
[15e¢]. For example, ongoing pain and tactile allodynia are
two characteristic features of neuropathic pain that are often
attenuated by SCS [3, 28-30]. Similarly, dorsal column stim-
ulation inhibited spontaneous discharges, which may contrib-
ute to ongoing pain [31, 32], and attenuated the evoked
mechanical responses of WDR neurons in nerve-injured rats
[15¢¢]. During SCS in patients, an antidromic sciatic com-
pound action potential can be recorded in lower limbs [33].
Therefore, we used the antidromic sciatic compound action
potential in our animal studies to ensure that the intensity of
stimulation did not activate Ad-fibers (Fig. 1), which would
produce painful paresthesia in humans. The SCS-induced neu-
ronal inhibition is reversible and repeatable, and hence, may
provide a biological basis for designing closed-loop biofeed-
back systems that communicate and record neural responses
after SCS.

Although the gate-control theory is fundamental to our
understanding of SCS-induced pain inhibition, details of
spinal neuronal circuitries involved in gate control and other
potential segmental mechanisms involved in SCS analgesia
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Fig. 1 Schematic diagram illustrating potential spinal segmental
mechanisms underlying spinal cord stimulation (SCS)-induced pain
inhibition. The intensities of dorsal column and dorsal roots stimula-
tions can be calibrated by recording the antidromic compound action
potentials at the sciatic nerve. SCS-induced inhibition can be examined
by means of in vivo extracellular recording of dorsal horn neuronal
activity. Antidromic (eg, dorsal column stimulation) or orthodromic
(eg, peripheral nerve stimulation or dorsal root stimulation) activation
of Aa/3-afferents may activate spinal inhibitory interneurons (I) via
collateral branches. The inhibitory interneurons include GABAergic
neurons located in superficial laminae dorsal horn. Roles of glycinergic
inhibitory interneuron in SCS analgesia remain unclear. Activity of
inhibitory interneurons attenuates ascending pain signaling by inhibiting

warrant further study. Dorsal horn neurons can be inhibited
through both GABAergic and glycinergic mechanisms. How-
ever, the role of glycinergic interneurons in SCS analgesia is
unclear. It is also intriguing that most superficial inhibitory
interneurons not only receive excitatory A3-fiber inputs, but
also receive excitatory drive from high-threshold Ad- and C-
fibers [12, 34], a fact that contradicts the predictions of gate-
control theory (eg, high-threshold inputs inhibit the activity of
inhibitory interneurons). Thus, it remains to be examined

Dorsal horn neuronal activity

Dorsal column
stimulation

Attenuated ascending
pain transmission

Intrinsic inhibition
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©, black) local excitatory interneurons (E) and transmission cells (T) that
mediate nociceptive inputs in the same segment. Transmission cells are
most likely to be wide-dynamic-range (WDR) neurons that receive both
A- and C- afferent inputs. It is unclear if the inhibitory interneuron
directly attenuates activity of nociceptive-specific projection neurons
(N) in the superficial dorsal horn. In addition to y-aminobutyric acid
(GABA), spinal neurotransmitters that contribute to intrinsic inhibition by
SCS also include acetylcholine. SCS may evoke releasing of serotonin
and norepinephrine into dorsal horn from descending fibers (indicated by
dashed line) originating in supraspinal pain modulatory structures, which
in turn decrease pain transmission through pre- and postsynaptic inhibi-
tory mechanisms ©, black)

whether the effects of SCS on different dysfunctional sensory
modalities (eg, heat, cold, and mechanical hypersensitivities)
and under different pathological pain conditions (eg, inflam-
matory and neuropathic pain) stem from distinct mechanistic
pathways. In addition to activating the gating mechanism,
synchronized antidromic dorsal column volley may directly
induce inhibitory postsynaptic potentials in dorsal horn neu-
rons [35] and facilitate primary afferent depolarization, which
elicits presynaptic inhibition of incoming afferent inputs [36].
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SCS-induced peripheral vasodilation was shown to require
multisegmental spinal integration [37]. It is unclear if synaptic
integration from adjacent spinal segments is also required for
SCS analgesia.

Spinal Neurochemical Mechanisms
GABA

The synchronous A-fiber inputs may induce dynamic segmen-
tal neurochemical changes. In particular, the GABAergic in-
hibitory interneurons in superficial laminae dorsal horn can be
activated by convergent A-fiber inputs and release GABA
[11e, 38], an important inhibitory neurotransmitter in the gate-
control mechanism (Fig. 1). In neuropathic pain models, SCS
increased spinal GABA release in animals that responded well
to SCS analgesia and caused an associated decrease in release
of glutamate and aspartate [28, 39, 40]. The inhibition of
animal pain behavior and WDR neuronal hyperexcitability
was closely associated with the time course of elevated GABA
levels in the dorsal horn after SCS. The investigators sug-
gested that GABAD receptor may play a more important role
than GABAa receptor in mediating the inhibitory effect [40,
41]. In line with these findings, intrathecal administration of
subeffective doses of baclofen enhanced SCS analgesia in
both animal models and patients [42—44]. Interestingly, the
duration of time that extracellular GABA level remained
elevated significantly exceeded the duration of SCS [40]. This
finding may indicate a dysfunctional GABAergic reuptake
mechanism after nerve injury. Intracellular GABA content of
dorsal horn neurons decreased during the early phase of
neuropathic pain but increased in the later phase [45]. Thus,
the involvement of the GABAergic mechanism in SCS anal-
gesia may change during the progress of neuropathic pain. In
addition to intrinsic dorsal horn neurons, other sources and
mechanisms involved in the release of GABA by SCS under
neuropathic pain conditions warrant further study.

Serotonin (5-HT)

A host of data suggests that SCS analgesia also involves
modulation of other neurotransmitter systems in spinal cord
[28, 40, 46, 47]. Linderoth et al. [48] showed that SCS
induced serotonin release in the spinal dorsal horn of cats.
They further demonstrated that the increase in endogenous
serotonin content after SCS may involve local GABAergic
circuitry [19¢]. Nerve injury changes the expression and func-
tion of various serotonin receptor subtypes (5-HT 1-7) that
exert diverse effects on spinal pain processing [49-51]. Re-
cently, Song et al. [52¢¢] enhanced our understanding of the
respective roles of different spinal 5-HT receptors in SCS
analgesia under neuropathic pain conditions. They suggested
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that activation of 5-HT2A, 5-HT3, and 5-HT4 receptors in the
dorsal horn may contribute to the SCS-induced decreases in
neuronal excitability and spinal pain transmission. Intriguing-
ly, the 5-HT3 receptor is known as a nonselective cationic
channel that mediates fast excitatory responses and plays a
role in pain facilitation [53-55]. It is rather surprising that
activation of the 5-HT3 receptor also contributes to SCS
analgesia, but it is possible that nerve injury changes 5-HT3
activity or that SCS analgesia is partially mediated through
activation of spinal GABAergic interneurons that express
5-HT3 receptors [52¢]. In addition to activating 5-HT recep-
tors, increased release of serotonin also may increase the
expression and synthesis of dynorphin, enkephalin, and
GABA within the spinal cord [56], providing a mechanism
for the delayed and prolonged analgesic action of SCS.

Muscarinic and Adrenergic Mechanisms

Cholinergic and adrenergic neurotransmissions are two other
important mechanisms of SCS analgesia. In vivo microdial-
ysis studies suggested that SCS induces release of both ace-
tylcholine and noradrenaline in the spinal cord [46, 57, 58].
Similar to GABA, dorsal horn acetylcholine content was
significantly elevated only in neuropathic rats that responded
to SCS analgesia, whereas the release was unaffected in the
nonresponsive animals [46, 58]. Importantly, SCS-induced
pain inhibition was completely blocked by intrathecally
administered atropine and a muscarinic M4 receptor antago-
nist and partially attenuated by M1 and M2 antagonists. Thus,
the inhibition of neuropathic mechanical hypersensitivity by
SCS is associated at least partially with an increased release of
acetylcholine that activates spinal muscarinic receptors [46].
In line with this finding, transcutaneous electric nerve stimu-
lation (TENS), another therapeutic modality based on the
gate-control theory, also activates spinal cholinergic mecha-
nisms to achieve pain inhibition [59]. Interestingly, the acti-
vation of cholinergic interneurons, which in turn release
acetylcholine in the spinal dorsal horn, may also partially
contribute to the enhancement of SCS analgesia by intrathecal
clonidine in nerve-injured rats [60]. Because muscarinic
receptors and ol adrenoceptors are also located on GABAer-
gic interneurons in the dorsal horn [61, 62], acetylcholine and
noradrenaline may excite spinal GABAergic interneurons by
binding to the respective receptors to produce analgesia after
SCS [58, 63]. Thus, SCS may initiate a feed-forward activa-
tion of various spinal segmental inhibitory mechanisms,
though some may be compromised by nerve injury [6, 7,
64]. Studies by Linderoth and coworkers [42, 44, 65] not only
added to our understanding of the neurochemical basis for
SCS analgesia, but also provided important rationales for
developing a mechanism-based treatment strategy for improv-
ing SCS analgesia. For example, intrathecal administration of a
subeffective dose of baclofen or a muscarinic receptor agonist
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transformed nerve-injured rats that had not responded to SCS
into responders. A combination of SCS and intrathecal ami-
triptyline (a tricyclic antidepressant) or fluoxetine (a selective
serotonin/noradrenaline reuptake inhibitor) also enhanced
SCS-induced inhibition of mechanical hypersensitivity in
nerve-injured rats [66].

Influence of Stimulation Parameters

The frequency of electrical stimulation significantly affects
neurotransmitter release and neural modulation. The most
effective parameters for SCS have not been systematically
investigated, and there is no consensus regarding whether
the most commonly used frequency (50-60 Hz) is optimal
for relief of neuropathic pain. SCS at 300 Hz was shown to
restore locomotion in animal models of Parkinson’s disease
[67]. An even higher frequency, 500 Hz, was shown to im-
prove peripheral blood flow more effectively than lower-
frequency SCS by activating transient receptor potential vanil-
loid type 1 (TRPV1)-containing fibers and causing release of
calcitonin gene-related peptide (CGRP) [68]. In contrast,
Maeda et al. [29¢] reported that lower frequencies of SCS
(4 Hz and 60 Hz) inhibited mechanical hypersensitivity in
neuropathic rats to a greater degree than did higher frequen-
cies (100 Hz and 250 Hz). Using c-fos staining as a marker of
neuronal activation, their subsequent study suggested that
SCS at the lower frequencies activated both supraspinal and
spinal mechanisms, whereas the higher frequency (100 Hz)
mainly activated spinal mechanisms [69]. Ultra high—frequency
SCS (kHz range) was applied at the cervical level to reduce
torticollis spasmodicus [70], but it is unclear such high frequen-
cies provide better pain relief than conventional SCS or achieve
adequate pain relief without producing uncomfortable pares-
thesia. SCS analgesia may involve distinct mechanisms of
action at different stimulation frequencies. Thus, it will be
meaningful to identify the SCS frequencies that optimally
modulate the release of different neurotransmitters under neu-
ropathic pain conditions. Because serotonin-containing termi-
nals and GABAergic, enkephalinergic, and dynorphinergic
neurons have similar distributions in the dorsal horn, future
studies may also examine whether different neurotransmitter
systems interact synergistically during SCS analgesia.

Spinal Neuronal Plasticity and the Prolongation of SCS
Analgesia

In experimental animals, the duration of neuronal inhibition
and pain relief by SCS often exceeds the stimulation period
[15ee, 29¢¢]. These findings are consistent with clinical obser-
vations that analgesia not only occurs during the SCS, but also
often outlasts the period of SCS [3, 71]. The extended pain
relief suggests that SCS analgesia may have two components:

an immediate action and a carryover effect. Importantly, some
patients may obtain prolonged pain inhibition after several
SCS sessions [17, 71]. Although the classical interpretation of
gate-control mechanism and the release of inhibitory neuro-
transmitters may explain the immediate and short-term action
of SCS, they do not readily explain the prolonged pain inhi-
bition. Rather, repetitive SCS may lead to prolonged pain
inhibition through a progressive resolution of the underlying
pathophysiologic mechanism of neuropathic pain, in particu-
lar, the reversal of central sensitization.

Our recent study suggested that when parameters were
modeled after those of clinical SCS, stimulation of the dorsal
column not only inhibited the established WDR neuronal hy-
perexcitability in neuropathic rats, but also blocked wind-up
[15¢]. The wind-up of WDR neuronal response to repetitive
noxious inputs reflects a short-term increase in spinal neuronal
excitability and is a potential forerunner of the longer-lasting
central sensitization [15¢, 72]. Importantly, SCS also normal-
ized the long-term potentiation in WDR neurons [73], a phe-
nomenon that may share mechanisms with hyperalgesia [74,
75]. These findings suggest that synchronized Ao/(3-fiber
firing is capable of blocking, as well as reversing, spinal
neuronal sensitization induced by intense noxious inputs. In
particular, prevention of wind-up development suggests that
early intervention of the neuronal sensitization process with
SCS may benefit pain treatment. In support of this notion, a
recent animal study showed that when SCS was applied early
after nerve injury (1 day), more rats exhibited a reduction in
mechanical allodynia and the reduction persisted longer than
when SCS was given at a later time point (16 days) [76].
Therefore, the innate plasticity of spinal pain processing neu-
rons is preserved after nerve injury. From this perspective, the
development of central sensitization and its reversal by SCS
may be two directions of the same plastic pathway. This
notion may have important implications for clinical use of
SCS. For example, psychophysiological studies may help to
identify responders and predict the long-term outcome of SCS
analgesia by examining whether trial SCS can inhibit the
temporal summation of pain (eg, wind-up) in patients. If
SCS antagonizes the development of central sensitization,
applying SCS during surgical procedures, soon after injury,
or at the early stage of neuropathic pain may help to prevent
the later development of pain hypersensitivity or limit its
severity and duration. Repetitive treatments and combining
SCS with pharmacotherapy, such as an N-methyl-D-aspartate
(NMDA) receptor blocker, may help to terminate the process
of central sensitization. A recent finding by Truin et al. [77]
supports this possibility. The investigators observed that in-
trathecal administration of a subeffective dose of ketamine, an
NMDA antagonist, converted neuropathic rats from SCS non-
responders to SCS responders. It also prolonged the pain relief
in SCS responders. Additional work is required to fully under-
stand the spinal mechanisms and cellular circuits that underlie
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the carryover effect of SCS and are not explained by gate-
control theory.

Understanding the SCS-induced intracellular events (eg,
receptor trafficking, signaling cascade, and transcriptional
modulation) that occur within dorsal horn neurons is still in
its infancy. Information is limited in regard to whether the
reversal of central sensitization and the build-up of long-
lasting pain relief after SCS may involve transcriptional and
post-translational changes. Intriguingly, studies of SCS-
induced vasodilation have suggested that SCS may activate
extracellular signal-regulated kinase (ERK) and protein
kinase B (AKT) pathways [78, 79]. Recently, two separate
studies showed that SCS activated the immediate early
gene c-fos, mostly in the superficial dorsal horn, in nerve-
injured rats [69, 80]. It is known that c-fos activation produces
a signal transduction cascade that could lead to long-term
changes in cell properties and excitability via actions such as
gene expression regulation. Although ERK and c-fos activa-
tion may be induced by various types of stimuli, their expres-
sion is not normally elicited by light touch. However, ERK and
c-fos can be induced by repetitive light touch in animals after
nerve injury. They contribute to the neuronal sensitization
process after nerve injury and are often markers of neuronal
excitation to noxious stimuli [81, 82]. Therefore, the physio-
logical implications of ERK and c-fos activation in SCS anal-
gesia remain to be clarified. If ERK and c-fos are expressed in
GABAergic or glycinergic interneurons, it would suggest a
prolonged modulation of GABAergic inhibition. The expres-
sion of multiple genes may be regulated by c-fos. If de novo
protein synthesis does play a role in sustaining the long-term
beneficial effect of SCS, some interesting questions can be
raised. Of particular interest would be the identification of
specific downstream signaling events and specific proteins that
are synthesized after c-fos activation in response to SCS. In
addition, how these molecular changes are involved in invert-
ing the process of central sensitization and in the proposed
mechanism of SCS-induced analgesia under neuropathic pain
conditions should be examined.

Supraspinal Mechanisms for SCS Analgesia

Because this review focuses on experimental evidence per-
taining to the spinal mechanisms of SCS in the treatment of
neuropathic pain, the supraspinal biological basis, which is
also important for SCS analgesia, is only briefly discussed
here. Over two decades ago, Rees and Roberts [83] suggested
that the long-lasting inhibition of dorsal horn neurons by
dorsal column stimulation involves activation of the anterior
pretectal nucleus; its output in turn activates the descending
pain inhibitory pathway. Importantly, the activation of neu-
rons in the anterior pretectal nucleus outlasts the period of
stimulation by an amount proportional to the duration of pain
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relief, suggesting that a remote nervous system action also
may contribute to the long-lasting carryover effect of SCS. A
comprehensive set of studies conducted by the Saade group
[13, 84, 85] also demonstrated activation of a spinal-brainstem-
spinal loop by SCS. Thus, SCS may induce ascending inhibi-
tion relayed by thalamocortical systems (eg, inhibits cortical
pain processing), as well as trigger the descending pain inhibi-
tion mediated by the brainstem system [84, 86, 87]. Descend-
ing modulatory pathways are important to the development and
maintenance of neuropathic pain [88]. The plastic changes
occur at supraspinal pain-processing structures after nerve
injury and enhance descending pain facilitation [88-91]. Future
studies may examine which supraspinal structures and path-
ways are essential to SCS analgesia under neuropathic pain
condition and whether SCS reduces descending pain facilita-
tion and/or restores descending pain inhibition.

Recently, Linderoth and colleagues [19e, 44, 52¢°] suggested
that an important component of SCS analgesia may be activa-
tion of both the descending serotonergic and noradrenergic
systems (Fig. 1). Intriguingly, SCS induces an increase in c-
fos expression in brainstem pain modulatory circuitry [69].
Thus, it is important to examine if the carryover effect of SCS
involves long-term plastic changes and remodeling in supra-
spinal structures and if activation of supraspinal pain modulato-
ry systems work in concert with spinal segmental mechanisms
(eg, a site-to-site synergy) to inhibit neuropathic pain. Chronic
neuropathic pain has been linked with a host of negative emo-
tional, psychological, and cognitive outcomes [92-94]. There-
fore, the treatment also should be multidimensional. Because
SCS exerts a profound effect on neuronal activity across various
levels of the neuronal axis, it would be important to examine if
SCS alleviate both the sensory descriptive component (eg,
intensity, modality) and the affective component of pathological
pain [84, 87, 95]. To date, these issues have received little
attention. Future studies may identify the important supraspinal
mechanisms that contribute to the immediate analgesic action,
the carryover effect, and the alleviation of negative emotional
component of chronic pain from SCS.

Conclusions

Here, we review recent studies of spinal neurophysiological
and neurochemical mechanisms of SCS-induced analgesia
(Fig. 1). These studies help assemble a coherent picture of the
behavioral, cellular, and molecular processes that allow SCS to
moderate neuropathic pain in future. The lack of systemic side
effects or potential for addiction, the general satisfactory treat-
ment efficacy, and the potential of achieving prolonged pain
relief in some patients represent important rationales for raising
SCS in the continuum of pain treatment options. Future mech-
anistic studies of SCS will help to improve and broaden the use
of SCS as a treatment option for many patients in pain.
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