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: and changes in different nerve fibers that can greatly impact the quality of life of many people.
Neuroplasticity is a spontaneous mechanism of the nervous system to adapt to different molecular,
physiological, and anatomical changes after SCI.

Methods and Materials/Patients: A literature search of relevant articles was made with a focus
on recent publications.

Results: This narrative review first discusses the definition of neuroplasticity in the nervous system
and cellular processes of neuroplasticity in the synapses and their effects on synaptogenesis
and neuroplasticity. We describe some of the important central and spinal neuronal pathways
and their role in voluntary movements and the regenerative capacity in neuroplasticity and
functional recovery. Then this review focuses on the effects of exercise and training programs
and different neuromodulation techniques using electrical stimulation (ES) on the development
of neuroplasticity. These rehabilitation and neuromodulation techniques accelerate the release
of some neurotrophic factors to enhance neuroplasticity and functional sensorimotor recovery.

Conclusion: This narrative review emphasizes the importance and capability of neuroplasticity
in improving functional recovery and quality of life of the people following SCI. It identifies
that different physical rehabilitation and neuromodulation strategies induce significant
: improvements in sensorimotor recovery and underlines that the combination of rehabilitation and
Spinal cord injury (SCI), : neuromodulation techniques provides greater functional outcomes. There is a need for further
Neuroplasticity, Corticospinal . investigation using preclinical and clinical studies in the future that should concentrate on the basic
tract, Rehabilitation, : molecular and cellular processes of neuroplasticity and investment in enhancing the rehabilitation
Neuromodulation ' and neuromodulation techniques and finding new techniques.
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¢ Neuroplasticity begins spontaneously at the molecular level of synapses after injury.
* Neurotrophic factors have a crucial effect on axonal sprouting and neuroplasticity.
¢ The corticospinal tract (CST) is the major pathway in voluntary movements.

* Rehabilitation approaches were developed to maximize sensorimotor function recovery.

Plain Language Summary

Spinal cord injury (SCI) results in multiple difficulties and influences the quality of life of many people worldwide.
Injuries can happen at any spinal level and are related to the severity of the trauma, causing many problems in
sensation, movement, sex, and independence of their life. These disabilities can also lead to psychosocial disturbances
that put them in vulnerable situations. This review focuses on the basic cellular mechanisms of SCI and adaptations
and changes in the nervous system related to injury. These changes first happen spontaneously at the molecular
level in the nervous system to accelerate the rehabilitation of the body in response to injury. The regeneration
and reorganization of the nervous system after injury is called neuroplasticity. Understanding these adaptations
and mechanisms is the most important part of treatment strategies and improving the quality of life. Then, we
discuss multiple rehabilitation and neuromodulation techniques and their different effects on cellular changes and
functional recovery. Exercise and physical activity are the basic parts of the rehabilitation strategies, and besides
neuromodulation techniques, using electrical stimulation (ES) to different parts of the body significantly improves the
lost functional abilities and the independence of people after spinal cord injury. Overall, this review seeks to consider

the different aspects of neuroplasticity and novel treatments in SCI to guide future studies.

1. Introduction

he spinal cord is a structure responsible for

transmitting and receiving signals between

the brain and the rest of the body. Spinal

cord injury (SCI) is damage to the spinal
cord which can be due to traumatic and non-traumatic
causes. It can be complete or incomplete. SCI gives rise
to severe sensory, motor, and autonomic impairment
by disrupting descending and ascending nerve fibers
connecting the spinal cord and supraspinal structures
[1]. These structures are necessary for various normal
physiological functions, such as autonomic functions,
voluntary movement, and sensation. SCI results in
partial or complete loss of functions of the lower
limbs below the site of injury or all four limbs or
even death, depending on the anatomical level and
severity of the nerve injury [1, 2]. Inability to voluntary
movement, sensory dysfunction, urinary and defecation
incontinence, sexual dysfunction, hyperreflexia,
spasticity, and psychosocial disturbances are the most
important disabilities and consequences following SCI.
Due to the limited regenerative capacity of the central
nervous system (CNS), the resultant motor and sensory

loss in individuals with SCI can severely influence their
quality of life [3].

The nervous system’s adaptations after SCl are mostly
associated with neuroplasticity and spontaneous
regeneration in the brain and spinal cord. Preclinical
and clinical studies have demonstrated different stages
of recovery [4]. Neuroplasticity is the brain and spinal
cord’s capability to undergo changes and reorganizations
to adjust themselves following injury.

These changes can occur in motor cortex structure
and function, corticospinal projection pathways, spinal
excitability and organization, and afferent input at the
cortical and spinal levels [1].

The present narrative review takes account of the
effect of neuroplasticity after SCI and highlights
neuroplastic changes in the molecular and synaptic
level and the major neuronal pathways in the brain and
spinal cord. We also discuss the effect of rehabilitation
and neuromodulation strategies on neuroplasticity and
functional recovery following SCI.
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2. Methods and Materials/Patients

For this narrative review, a literature search for relevant
articles was made with a focus on recent publications.

3. Results and Discussion
Neuroplasticity principles and mechanisms

An important neurophysiological explanation for
nervous system neuroplasticity is the strengthening
or weakening of the synaptic transmission based on
Hebbian learning [5]. High-frequency input at the
synaptic level leads to short-term potentiation (STP)
by increasing presynaptic neurotransmitter release,
however, repetitive high-frequency input results in
long-term potentiation (LTP) by increasing synaptic
efficacy and synaptogenesis [6, 7]. In addition, a low-
frequency input leads to short-term depression (STD)
by decreasing presynaptic neurotransmitter release,
while repetitive low-frequency input results in long-
term depression (LTD) by synaptic pruning [6, 8]. LTP
and LTD are two main parts of the brain and spinal
neuroplasticity. LTP and LTD are regulated by the two
postsynaptic inotropic glutamate receptors, namely
N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors.

NMDA and AMPA receptors play a crucial role at the
molecular level in neural plasticity. NMDA receptor
numbers rarely change across synapses while the
number of AMPA receptors is extremely variable [9].

NMDA and AMPA’s mechanism of action begins with
releasing the glutamate neurotransmitter from the
presynaptic neuron into the synaptic cleft that binds to
postsynaptic AMPA and NMDA receptors. Glutamate
release induces a structural change in postsynaptic
receptors leading to an influx of Na* which depolarizes
postsynaptic neurons. Depolarization resultsin the influx
of Ca" into the postsynaptic neuron. High numbers influx
of Na* and Ca* into postsynaptic neurons increases the
open time of the AMPA and NMDA receptors [10, 11].

LTP gives rise to the potentiation and growth of the
synapses to induce synaptogenesis and neuroplasticity,
while LTD decreases the numbers and activity of synapses
and the resultant removal of inactive synapses. LTP and
LTD are two major components of neuroplasticity and
functional recovery following injury.
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Neuroplasticity in spinal cord injury
Synaptic remodeling

Synapses are dynamic structures that can have
morphological changes in response to injury. The
collateral sprouting of intact afferent fibers following
injury to the dorsal column of the spinal cord results
in notable recovery of lost sensorimotor abilities [12].
Synaptic remodeling in the motor cortex following
SClI appears to be accompanied by time-dependent
structural changes in dendritic spine density and
morphology of postsynaptic connections [13]. Loss of
synapses on motor neurons is one of the reasons for
motor dysfunction. As shown by a preclinical study,
the formation of new synapses has a key role in the
regeneration of motor function following SCI [14].
Preservation and generation of synapses rely on protein
synthesis. Protein synthesis and the resultant new
synapse augmentation lead to functional and structural
neuroplasticity and motor cortex map plasticity. The
protein synthesis and generation of new synapses in
size and number are the fundamental basis of motor
map plasticity and motor skill training [15].

Motor map plasticity

The sensorimotor cortex is a complex part of the
brain in which afferent sensory information from the
environment reaches the primary sensory organs,
then the primary sensory cortex, to be processed and
transferred to the primary motor cortex to induce
action. The brain’s motor cortex processes information
about body movements. This information contains a
topographic map of the different parts of the body
named motor map that can be shown by transcranial
magnetic stimulation (TMS) [16]. The motor map can be
used to show different motor cortex sections and their
roles in body movements and the exact relationship
between them. Motor cortex plasticity is observed
during motor skill learning [17]. Motor skill learning
arises from the primary motor cortex. It is defined as
the repetition-mediated training tasks that increase the
speed and accuracy of motor behavior [18, 19]. This
process greatly depends on the sensorimotor cortex
complex’s ability to act precisely.

Corticospinal tract plasticity

The corticospinal tract (CST) is a major pathway
for skilled voluntary functions in humans and many
mammalians and the most regenerative pathway
following SCI. CST derives from the primary motor
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cortex and then converges in the corpus callosum,
passing through the internal capsule, crossing the
midline, and descending to the spinal cord [1]. The CST
accounts for most of the axons from crossed dorsal parts
and fewer of the axons from uncrossed ventral parts
[20, 21]. The CST axons in the spinal cord connect with
spinal interneurons by lower motor neurons [22]. Spinal
interneurons have an important position in regulating
motor activity by mediating sensory and motor fibers
[23]. Some of the propriospinal interneuron fibers
have long projections that connect different parts of
the spinal cord and are important in the coordination
of the limbs. These propriospinal interneurons take
part in neuroplasticity and spontaneous functional
improvement through their long descending fibers to
bypass the injury site [24].

Although the CST is the most voluntary movement
pathway, some other pathways, such as rubrospinal,
tectospinal, and reticulospinal tract (RST), also
participate in voluntary movements [22]. The RST
seems to induce neuroplasticity and axonal sprouting
by detouring the site of injury following SCI [24].

The CST neuroplasticity and reorganization result in
significant improvements in motor skill actions [1].
Neuroplasticity in the CST leads to axonal sprouting
and increasing connectivity with spinal cord motor
pathways. These changes are necessary for functional
recovery by creating new motor fibers to enhance
voluntary movements.

Rehabilitation in spinal cord injury
Exercise and programmed training in spinal cord injury

Rehabilitation strategies in patients following SCI
improve the quality of life and functional recovery.
Exercise and special training in patients after SCI are the
first components of the rehabilitation techniques. Given
the movement and exercise limitations of SCI patients,
the training programs depend on the level and severity
of the lesion. These planned activity-based therapies
consist of repetitive physical activity on the spinal
pathways and skeletal muscles to induce excitation of
uninjured and injured neuronal fibers [25]. Repetitive
physical activity helps SCI patients prevent muscle
atrophy and increase the performance of the body
muscles to enhance movements independently.
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Exercise and programmed training induced

neuroplasticity in spinal cord injury

Programmed exercise results in considerable molecular
and anatomical changes in the synapses [26]. Exercise
training was shown to induce the expression of synaptic
markers, synaptophysin, and PSD95 in the synaptic field
and has a significant effect on axonal sprouting and
functional improvement [27]. The increase in the level
of these presynaptic proteins leads to strengthening
synaptic connectivity and promoting synaptic formation
[27].

Exercise and training give rise to neuroplasticity by
releasing neurotrophic factors. Neurotrophins are
a group of proteins with numerous functions. The
neurotrophins bind to tropomyosin receptor kinase
(Trk) and pan neurotrophic (P75NRT) to induce their
activity [28].

Neurotrophic proteins bind to the two classes
of receptors, Trk and P75, with higher affinity to
Trk receptors [29]. Brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), and
neurotrophin-3 (NT-3) are among the most important
neurotrophins [30]. BDNF is a growth factor that
enhances neuroplasticity, neuromodulation,
neurodegeneration, and neuronal survival through
rubrospinal, reticulospinal, vestibulospinal tracts, and
proprioceptive neurons in the spinal cord [30]. BDNF
also has a protective effect against glutamate toxicity
and glutamate-induced apoptosis following injury by
increasing the Bcl-2 protein levels [31]. BDNF results in
sprouting and outgrowth of the CST axons in the spinal
cord by increasing the TrkB receptors [32]. The CST is
the most important pathway in regeneration, axonal
growth, and neuroplasticity following SCI [1].

The NGF is another neurotrophic protein with TrkA
and P75 receptors that contribute to neuroregeneration
and axonal sprouting [33]. The NGF mostly promotes
neuroplasticity and axonal growth within the spinal
cord by nociceptive fibers and primary sensory neuron
stimulation [34].

NT-3 is the third member of the neurotrophic family
found in different parts of the body with an important
role in the growth and differentiation of sympathetic
and sensory neurons [35]. The NT-3 mostly binds to the
TrkC receptor with the highest affinity but has a lower
affinity to TrkA, TrkB, and P75 receptors [36]. The CST
neurons express the TrkC receptors, resulting in the
CST’s high responsiveness to NT-3 [37]. According to high
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regenerative, neuroplasticity, and axonal outgrowth
of the CST pathways, the NT-3 plays a key pattern in
neurorehabilitation and functional recovery [38].

Neuromodulation in spinal cord injury

Neuromodulation can improve SClI recovery from
basic to skilled functions. Various neuromodulation
techniques have been studied in SCI.

Electrical stimulation (ES) mechanisms and principles

Brain stimulation and neuromodulation affect CST
structural neuroplasticity, axonal sprouting, and the
organization of more connections with spinal motor
pathways [39].

ES refers to a non-invasive regenerative and
neuromodulation therapy with different modalities.
ES produces an electric field between an anode and
a cathode in the target tissue to induce neuronal
stimulation and excitation. This electric field generates
action potentials in the targeted neurons. ES uses
multiple types of electrodes to deliver electrical
discharge at different locations of the central and
peripheral nervous system, consisting of the brain, spinal
cord, peripheral nerves, and skin above the muscle.

ES and neuroplasticity in SCI

ES augments the expression of neurotrophic factors,
such as BDNF, and its receptor TrkB in spinal cord
neurons and the Schwann cells of peripheral nerves
[40]. ES enhances intracellular calcium levels by
voltage-gated calcium channels and extracellular signal-
regulated kinase (ERK) dependent signaling pathways
to increase the synthesis of neurotrophic factors [40].
ES also enhances the axonal outgrowth in the damaged
nerves by increasing the level of cortical and spinal
cyclic adenosine monophosphate (cAMP) [41]. The
cAMP levels of the cortical and spinal cord decrease
after SCI [42].

The acceleration of the neurotrophic factors and their
receptors on the spinal cord neurons and peripheral
nerves following ES potentiates the regeneration
and neuroplasticity of the sensory and motor neuron
pathways [43].

ES and neuroplasticity in CST

Using ES to focus on the motor cortex induces axonal
regeneration and sprouting on the CST and plasticity
of neuronal pathways [44, 45]. ES applied to the cell

2024, Volume 10, E28

body of the corticospinal axons in the cortex has
revealed axonal regeneration and sprouting through
structural and genetic changes [46]. Considering the
downregulation of the intrinsic regeneration capability
of the CST axons during development, the recovery of
the CST is limited [47]. ES of the motor cortex raises the
level of the mammalian target of rapamycin (mTOR)
and Janus kinase/signal transducer and activator of
transcription proteins (JAK/STAT) signaling activity on
the corticospinal pathways [47]. Upregulation of the
mMTOR and JAK/STAT gene expression and the resultant
increased signaling pathways promote CST axonal
outgrowth and synaptogenesis [47, 48].

Using ES on the spinal cord and the injury site produces
more active signals and connections to neurons. ES
leads to axonal growth and plasticity of the neuronal
pathways below the injury site to repair damaged
neuronal networks and promote functional recovery in
SCl patients [44, 49].

ES techniques in spinal cord injury

TMS, peripheral nerve stimulation (PNS), and
vagus nerve stimulation (VNS) are non-invasive
neuromodulation techniques that use ES at different
anatomical targets [50]. These procedures enhance
neuroplasticity and neuronal regeneration in SCI
patients [50, 51].

TMS and neuroplasticity

TMS is a non-invasive method that uses a wired coil
probe to produce a magnetic field over the skull. The
magneticfield generatesanelectricalimpulse thattravels
through the scalp to induce neuronal depolarization
in the cortical brain area [52]. TMS provides two
modalities, that is to say, high-frequency TMS and low-
frequency TMS. High-frequency TMS is associated with
neuronal and synaptic excitation, resulting in LTP [53].
On the other hand, low-frequency TMS is accompanied
by the inhibition of neuronal synapses, resulting in LTD
[53]. The LTP caused by repetitive high-frequency TMS
has a profound effect on neuroplasticity marker BDNF
[53]. TMS is mostly applied to the motor cortex to
activate the corticospinal neuronal pathways [54].

Given the neurophysiological and neuromodulation
effects of TMS on the motor cortex and CST, using TMS
gives rise to neuroplasticity and functional recovery by
CST neuron excitation [52, 53].
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PNS and neuroplasticity

PNS transfers ES to the peripheral nerves,
neuromuscular junction, and muscles to induce
neuroplastic changes in neuronal synapses and also
improves muscle power and functional recovery, and
prevents muscle atrophy [55]. PNS has mostly been
used for pain management; however, it can be useful
as a neuromodulation method in rehabilitation and
neuroplasticity. PNS is a neuromodulation technique
that enhances muscle power and prevents muscle
atrophy to promote functional recovery [56]. These
electrical impulses turn back to the spinal cord and
the brain to induce synaptic neuroplastic changes
through sensorimotor neuron pathways [57]. Using
PNS in neurorehabilitation programs increases training
capability, muscle health, and functional recovery [58].

VNS and neuroplasticity

VNS is a neuromodulation technique that provokes
ES to the vagus nerve. VNS has invasive and non-
invasive methods. VNS can increase the level of BDNF
in the brain [59]. BDNF has a neuroplastic effect on
synaptic area and neuronal pathways [33]. VNS leads
to synaptic connectivity, neuroplasticity, and functional
motor and sensory recovery after SCI [45]. Using VNS
in combination with rehabilitation results in greater
functional recovery than rehabilitation alone following
SCI [60].

Studies suggest that combining these neuromodulation
techniques with physical rehabilitation may provide
more significant functional recovery and improvements
than using them independently [50, 51].

Suggestions for future directions

There are multiple molecular and cellular changes
such as different molecules, proteins, growth factors,
neurotrophic factors, and receptors in the synapses in
response to SCl. Therefore, there is a need for further
investigation by preclinical and clinical studies in the
future that should concentrate on the basic molecular
and cellular processes of neuroplasticity. Given the
important role in skilled voluntary movements and
high capacity in neuroplasticity of the CST, there is
also a need for future studies focusing on the CST to
elucidate CST’s molecular processes of neuroplasticity
and the effects of rehabilitation and neuromodulation
on the CST’s neuroplasticity. Using rehabilitation and
neuromodulation techniques together have synergistic
effects on accelerating neuroplasticity outcomes.
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However, exploring the best-combined modalities,
time duration, and possible targeted sites for use is
challenging and needs further studies.

4. Conclusion

There have been numerous progresses in the
understanding of the basic molecular mechanisms,
important neuronal pathways, and the capacity of
neuroplasticity in the individuals following SCI. These
cellular and molecular changes are the fundamental
mechanism of synaptic sprouting, synaptogenesis, and
neuroplasticity. The neurotrophic factors and their
receptors are the most important parts of the molecular
level of synaptic regeneration and plasticity. From the
neuronal pathways, the CSTis the most important
voluntary movement pathway and has the greatest
regenerative capacity for neuroplasticity and improving
functional recovery.

Rehabilitation and neuromodulation approaches
enhance the power of neuroplasticity, synaptogenesis,
and sensorimotor recovery. Combining these
techniques results in significant functional recovery and
improvements in the quality of life of people following
SCl.
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