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a b s t r a c t

Chronic pain after spinal cord injury (SCI) is a form of central neuropathic pain that is debilitating and
often refractory to current pharmacological treatments. Neurostimulation pain therapies, such as epidu-
ral spinal cord stimulation, have only moderate success in reducing SCI pain. The pathogenesis of SCI pain
may involve a state of central neuronal hyperexcitability, especially in the spinal cord dorsal horn, that
develops after injury. We hypothesize that the neuronal structures near the spinal cord injury site may
be an important pain generator, and intraspinal microstimulation (ISMS) may normalize dorsal horn neu-
ronal hyperexcitability and hence alleviate SCI pain. Specifically, ISMS may induce frequency-dependent
conduction block on axons of afferent sensory neurons, in the spinothalamic tract and Lissauer’s tract.
ISMS may also facilitate primary afferent depolarization that elicits presynaptic inhibition of incoming
afferent inputs. Together, these actions will reduce abnormal afferent inputs and ascending pain signals
before they can reach the brain. Furthermore, ISMS may directly induce inhibitory postsynaptic poten-
tials in dorsal horn neurons, and trigger the release of endogenous inhibitory neurotransmitters, opioids
and serotonin to inhibit postsynaptic neurons and restore the compromised segmental pain inhibition
after SCI. Finally, ISMS may alter the frequency and pattern of discharge such that the rostrally conducted
impulses no longer code pain or activate brain areas concerned with pain signaling. Based on recent pro-
gress in understanding spinal learning and plasticity, we also postulate that repetitive or long-term ISMS
may help the dorsal horn ‘‘reset” neuronal excitability and regain normal pain processing for a prolonged
period. By finely tuning the stimulation parameters (e.g., intensity, pulse width, frequency), position, and
geometry of ISMS electrode, multiple spinal structures (e.g., dorsal horn, dorsal column, spinothalamic
tract) may be modulated to induce synergistic pain inhibition. Our hypothesis can be readily tested in
preclinical models of SCI pain by using a combination of in vivo electrophysiological (neuronal activity)
and animal behavioral (pain response) approaches. Since ISMS electrodes stimulate the spinal structures
directly, we expect that the effective stimulus intensity and energy consumption can be lower than that
for epidural spinal cord stimulation. The proposed hypothesis may provide insights and rationales for
developing a novel neurostimulation pain therapy by directly inhibiting the pain generators in the spinal
cord, and ISMS may be an alternative strategy to treat SCI pain.

� 2017 Elsevier Ltd. All rights reserved.

Introduction

Chronic disabling pain often develops after spinal cord injury

Chronic pain is a frequent consequence of spinal cord injury
(SCI) that results from trauma, tumor, infection, or other diseases
[1,2]. More than two-thirds of patients with SCI may experience

chronic pain and nearly one-third report severe pain [3,4]. SCI pain
often has devastating effects on a patient’s quality of life and can
lead to depression and even suicide. The International Association
for the Study of Pain introduced a three-tiered system to define the
affected structure and pathology responsible for SCI pain [5,6]. The
first tier divides SCI pain into two broad categories known as noci-
ceptive and neuropathic pain. Nociceptive pain manifests as dull
aching and cramping in regions of sensory preservation. Neuro-
pathic pain is manifest as sharp, shooting, electric, or burning
symptoms and occurs in a region of sensory disturbance [7]. In tier
two, the neuropathic pain is further divided into above-level, at-
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level, and below-level with respect to the location of the injury [8].
At-level pain, which occurs in dermatomes near the spinal injury,
is often characterized as either stabbing or spontaneous pain that
is accompanied by mechanical and thermal hypersensitivity.
Below-level pain is localized to dermatomes distal to the injury site
and is often described as a stimulus-independent burning pain that
develops more gradually than at-level pain. The incidence of pain is
much higher in the lower extremities than in the upper limbs [9],
and more than half of patients with SCI suffer severe at-level pain
[10].

Dorsal horn neuronal hyperexcitability is an important mechanism of
SCI pain

Several preclinical animal models have been developed to
mimic the clinical manifestation of SCI pain and to examine the eti-
ologies of motor and sensory dysfunctions that follow SCI [11–14].
Although the mechanisms that underlie SCI pain are not yet com-
pletely understood, studies in patients and experimental animal
models have generated some critical insights. The pathogenesis
of SCI pain may involve both peripheral neuronal dysfunction
and a state of central neuronal hyperexcitability [15–18]. In partic-
ular, dorsal horn neurons near the injury become abnormally
active, showing increased spontaneous firing and enhanced
responses and post-discharges to peripheral stimulation [19–21].
The development of dorsal horn neuronal hyperexcitability, which
correlates well with SCI pain behavior, may involve multiple mech-
anisms, including a loss of spinal segmental inhibition (e.g.,
GABAergic), increased gene expression and function modulation
of glutamate receptors and NK-1 receptors in postsynaptic neu-
rons, changes in voltage-gated sodium channel expression, and
glial activation in spinal cord [22–25]. It can also result from
changes in dorsal root ganglion (DRG) neuronal properties after
SCI, such as chronic spontaneous activity and increased excitability
[26,27]. Supraspinal mechanisms may contribute to spinal hyper-
excitability and SCI pain through enhanced net descending pain
facilitation [28–31]. Whether pain signals arise in the brain itself
after SCI remains debatable. Although SCI increases neuronal
excitability in the thalamus, clinical observation argues against
the possibility that pain signals arise in supraspinal sites indepen-
dent of the injured spinal cord. For example, application of spinal
anesthesia and intrathecal lidocaine often induce significant SCI
pain relief [32].

Current treatment of SCI pain remains unsatisfactory

Treatment of central neuropathic pain after SCI remains a sig-
nificant unmet medical need [1]. For example, SCI pain is often
refractory to current pharmacological treatments, including high
doses of opioids [33], antidepressants, and anticonvulsant medica-
tions [1,34,35]. Spinal cord ablative procedures, such as thermal
destruction of the dorsal horn or dorsal root entry zone near the
region of spinal injury, may correct pain in some SCI patients. How-
ever, most SCI patients respond poorly to neurodestructive proce-
dures, and this unsavory approach also causes additional damage
to spinal cord tissue and permanent loss of its function. In some
patients who undergo the ablative procedure, pain may occur or
even become worse in the long term [36,37]. Functional electrical
stimulation has been used for cardiac and diaphragmatic pacing to
improve bone and muscle health, as well as to restore or prevent
the loss of function after SCI [38]. However, neuromodulatory tech-
niques, such as transcutaneous electrical nerve stimulation (TENS)
and spinal cord stimulation (SCS), often show little or no ability to
alleviate SCI pain, particularly with below-level pain [6,39–41].
Other techniques, such as deep-brain stimulation, are very invasive
and have limited evidence of efficacy [42].

TENS and SCS are clinically proven to be effective for managing
a variety of pathological pain conditions, including peripheral neu-
rogenic pain and muscle pain [43–46]. It is unclear why they are
often ineffective for treating SCI pain. We postulate that TENS
and SCS might simply miss the essential targets for inhibiting SCI
pain. Alternatively, the critical substrate and essential machinery
through which TENS and SCS attenuate pain may not be present
under SCI pain conditions. It has been suggested that the gate-
control theory underlies the mechanism of TENS- and SCS-
induced analgesia [47]. This theory suggests that closing the ‘‘gate”
in spinal cord by activating large afferent fibers in peripheral tissue
or in the dorsal column can prevent the ascending pain signal from
reaching the brain, thus blocking recognition of pain [45,48–50].
TENS electrodes are placed over the affected peripheral tissue,
and epidural SCS electrodes are often placed overlaying the dorsal
column structure a few levels rostral to the affected spinal seg-
ment. Thus, TENS- and SCS-induced analgesia requires the dorsal
column structure and afferent pathway that conducts signals from
the painful region to be intact. Interestingly, SCS was shown to
induce better pain relief in patients with incomplete cord lesion
than in those with complete cord transection. Importantly, SCI pain
likely involves etiologies and mechanisms that differ from those of
other pathological pain states. In particular, direct spinal tissue
damage and the subsequent anatomical and pathological changes
in the surrounding uninjured region after SCI may interrupt this
anatomical and functional connection [51,52]. Therefore, a radi-
cally different neuromodulatory approach to preventing the pain
signal from reaching brain is needed to treat SCI pain.

The hypothesis

Intraspinal microstimulation near the spinal cord injury site may
alleviate SCI pain

The dorsal horn is an important site for integration and modu-
lation of nociceptive information. When SCI involves a complete
cord transection, the dorsal horn region just above the SCI still
has connections with peripheral nerve inputs and can transmit
ascending pain signals to supraspinal structures. We hypothesize
that the hyperexcitability that occurs in dorsal horn cells rostral
to the injury site may be a central cellular mechanism that under-
lies ongoing pain. This hyperexcitability would account for at-level
and above-level hyperalgesia and allodynia, because the signals
below the level of injury cannot reach the brain. In patients who
have incomplete cord transection, the neuronal structure responsi-
ble for spinal pain signaling could also involve regions at or below
the injury. Pain may also develop in distal body regions (below-
level pain) because of abnormal spontaneous activity in pain-
generating neurons in the dorsal horn of the spinal cord at the level
of injury. Below-level pain may also arise because these cells have
acquired the capacity to activate neurons in the brainstem/thala-
mus/cortex that signal sensation in the body regions that have lost
input to the brain as a result of the SCI. In either case, spinal struc-
tures near the injury site may be a key mechanistic substrate of SCI
pain. They not only serve as a critical relay station of the exagger-
ated spontaneous activity and peripheral noxious inputs from
afferent sensory neurons, but also develop the capacity to generate
pain. This notion is supported by clinical evidence that thermal
destruction of spinal cord or the dorsal root entry zone near the
region of spinal injury may temporarily alleviate pain [53].

We hypothesize that spinal structures near the injury site may
represent an important target through which neuromodulation can
inhibit SCI pain. Specifically, we postulate that intraspinal micros-
timulation (ISMS) of spinal structures at or below the injury level
can inhibit spinal pain transmission and alleviate SCI pain. By
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