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Abstract
Stroke is the third leading cause of death and disability worldwide. Post-stroke spasticity (PSS) is the most common com-
plication of stroke but represents only one of the many manifestations of upper motor neuron syndrome. As an upper motor 
neuron, the corticospinal tract (CST) is the only direct descending motor pathway that innervates the spinal motor neurons 
and is closely related to the recovery of limb function in patients with PSS. Therefore, promoting axonal remodeling in the 
CST may help identify new therapeutic strategies for PSS. In this review, we outline the pathological mechanisms of PSS, 
specifically their relationship with CST, and therapeutic strategies for axonal regeneration of the CST after stroke. We found 
it to be closely associated with astroglial scarring produced by astrocyte activation and its secretion of neurotrophic factors, 
mainly after the onset of cerebral ischemia. We hope that this review offers insight into the relationship between CST and 
PSS and provides a basis for further studies.
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Introduction

Stroke is the third leading cause of death and disability 
worldwide [1]. Post-stroke spasticity (PSS) is the most com-
mon complication of stroke but is only one of the many man-
ifestations of upper motor neuron syndrome. Over time, PSS 
continues to develop without effective interventions, and the 
disease worsens [2]. Twelve months after stroke, 43.2% of 
survivors develop spasticity [3]. Spasticity is as high as 97% 
among survivors of chronic stroke with moderate-to-severe 

dyskinesia [4]; this places a heavy economic burden on 
patients’ families and wider society. Therefore, more effec-
tive therapies are required to promote recovery from PSS.

Treatment of PSS has largely focused on reducing the 
area of cerebral ischemia and rescuing neurons from dam-
aged areas of the brain; however, the effects of putative 
neuroprotectants are less pronounced in clinical trials [5]. 
Several recent clinical studies report that the degree of cor-
ticospinal tract (CST) damage correlates with the severity 
of spasticity in patients with chronic stroke [6–8] and that 
there is a significant correlation between motor function 
improvement and CST remodeling in patients with PSS 
[9]. A few experimental studies have also observed that by 
destroying the corresponding CST, the upper motor neu-
rons lose control of the spinal cord, causing spasticity of 
the contralateral limb [10]. While the pathogenesis of PSS 
is more complex, the more established mechanism is that 
PSS is a maladaptive manifestation of the loss of supraspi-
nal inhibitory modulation of spinal reflex pathways, which 
occurs through a functional reorganization at different levels, 
involving a physiological mechanism of mutual inactivation 
of motor centers and excitation of peripheral spinal cord seg-
mental neurons; it is one of the syndromes of upper motor 
neurons [2, 11]. The CST, as an upper motor neuron [12], is 
the only direct descending motor pathway and is the main 
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pathway innervating spinal motor neurons closely related to 
the recovery of limb function after stroke [13]. This suggests 
that CST is closely related to the pathological mechanisms 
of PSS. Many studies have demonstrated that motor recovery 
after stroke depends mainly on the plasticity of the damaged 
lateral primary motor area, evident through stroke patients 
and experimental animal studies [14–16], or on the homolo-
gous CST axon integrity [17–20]. Spasticity is a common 
disorder that coexists with dyskinesia after stroke [21–24], 
and it does interfere with motor recovery after stroke as PSS 
and other dyskinesias are essentially clinical manifestations 
of abnormal neuroplasticity and manifestations of common 
processes [25]. Therefore, promoting axonal regeneration 
of the damaged side of the CST may be a novel avenue for 
the treatment of post-stroke spasticity; however, only a few 
studies exist on the specific link between the CST and PSS, 
the remodeling of CST after stroke, and the recovery promo-
tion of PSS.

This review aimed to provide an overview of the patho-
physiological mechanisms of PSS, including the types of 
spastic hemiparesis, the close correlation between CST and 
PSS, and the relationship between PSS and motor recovery. 
We further reviewed the therapeutic strategies to promote 
axonal regeneration of the CST after stroke. We found that 
the astroglial scar and its secreted neurotrophic factors, 
mainly associated with the activation of astrocytes after 
the onset of cerebral ischemia, are important for remod-
eling the CST after stroke. This provides potential novel 
avenues for the treatment of PSS. Finally, we briefly describe 
the clinical treatment of PSS in cases where the cerebral 
cortex is severely damaged, and the cortical inputs are not 
re-established.

The pathophysiological mechanisms 
of post‑stroke spasticity

Spastic paresis

Spastic paresis involves two disorders [26, 27]. The first is a 
muscular disorder promoted by muscle hypo-mobilization 
in a short position in the context of paresis, in the hours 
and days after paresis onset, and this genetically mediated, 
evolving myopathy is called spastic myopathy [28, 29]. The 
second is a neurological disorder promoted by sensorimo-
tor restriction in the context of paresis and by the mus-
cle disorder itself. It comprises two distinct components, 
stretch-sensitive paresis and spastic overactivity. The stretch-
sensitive paresis is a decreased access of the central com-
mand to the agonist, aggravated by antagonist stretch, which 
mainly affects the agonist [30]. Spastic overactivity, includ-
ing spastic dystonia, spastic co-contraction, and spasticity, 
mostly affects antagonists to desired movements [31–33]. 

Spastic dystonia is an unwanted, involuntary muscle activa-
tion at rest in the absence of stretch or voluntary effort; it 
superimposes spastic myopathy to cause visible, gradually 
increasing body deformities [34, 35]. Spastic contraction is 
an unwanted, involuntary antagonist muscle activation dur-
ing voluntary effort directed to the agonist, aggravated by 
antagonist stretch; it is primarily due to misdirection of the 
supraspinal descending drive and contributes to movement 
amplitude reduction [32, 36]. Spasticity is a form of hyperre-
flexia, defined by an enhancement of the velocity-dependent 
responses to phasic stretch, which is detected and measured 
at rest [23, 32]. With such a strict definition, spasticity is 
a useful construct for clinicians as a simple marker of this 
patient population and a clinical parameter quantifiable at 
the bedside, in contrast, to functionally more important 
forms of muscle overactivity, provided that a valid and pre-
cise measure is used [27, 37, 38]. In addition, spasticity may 
be mildly correlated with other forms of spastic muscle over-
activity as they may all partially reflect both motoneuronal 
hyperexcitability and spindle responsiveness [32, 39–42]. 
The three main forms of overactivity share the same motor 
neuron hyperexcitability as a contributing factor, with all 
being predominant in the muscles that are more affected by 
spastic myopathy [26, 27].

PSS generally refers to spasticity as part of the neuro-
logical component of spastic paresis [43]. PSS is a complex 
clinical phenomenon manifested by increased muscle tone 
and hyperactive reflexes, considered a neurologic problem 
and an indication of muscle disorder [44]. The stretch reflex 
consists of afferent nerve fibers, spinal motor neurons, 
and efferent nerve fibers, whose excitability is regulated 
primarily by excitatory and inhibitory signals originating 
downstream from above the spinal cord [45–48]. In healthy 
subjects, the stretch reflex is mediated by excitatory connec-
tions between Ia afferent fibers from muscle spindles and 
alpha-motor neurons innervating the same muscles from 
which they arise. Passive stretching of the muscle excites 
the muscle spindles, causing the Ia fibers to discharge and 
send input to the alpha-motor neurons via a major monosyn-
aptic pathway. The alpha-motor neurons then send efferent 
impulses to the muscle, causing it to contract. The rate of 
muscle tone recorded by surface electromyography (EMG) 
in normal subjects at rest shows that the stretched muscle 
does not produce any reflex contraction when a passive 
muscle stretch is performed. For example, when EMG of 
the elbow flexors is recorded during forced elbow exten-
sion, no stretch reflex is observed in the biceps when pas-
sive displacement occurs at a speed typically used in clinical 
examination of muscle tone (60°–180°/s). The stretch reflex 
is present only at more than 200° per second. Therefore, the 
stretch reflex is not responsible for muscle tone in healthy 
subjects [49]. Muscle tone in healthy subjects is entirely due 
to biomechanical factors [50].
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In contrast to healthy subjects, assessment of the range of 
displacement velocities of muscle tone in spasticity patients 
at rest (fully relaxed) revealed a positive linear relationship 
between EMG activity of the stretched muscle and the speed 
of stretching. When passive stretching is slower, the stretch 
reflex tends to be smaller (lower amplitude), and tension can 
be perceived as relatively normal or simply increased. When 
the muscle is stretched faster, the stretch reflex increases, 
and the examiner can detect an increase in muscle tone [50]. 
Therefore, spasticity is due to an exaggerated stretch reflex 
[50]. Theoretically, the exaggerated stretch reflex in spastic-
ity patients may be produced by two factors [49]. The first is 
the increased excitability of muscle spindles, where passive 
muscle stretching in spastic patients would cause greater 
activation of spindle afferents than that induced in normal 
subjects, taking into account the similar speed and amplitude 
of passive displacement. The second factor is damage to the 
central nervous system and abnormal output signals from the 
downstream conduction bundle, leading to excessive reflex 
activation of alpha-motor neurons [49, 51].

Post‑stroke spasticity and the corticospinal tract

Alpha motor neurons are found primarily in the anterior 
horn cells (ANC) of the spinal cord, and their axons extend 
into the lower part of the spinal cord, connecting with lower 
motor neurons and transmitting motor commands to the 
muscles [52]. The axons of most alpha-motor neurons are 
corticospinal tract fibers that extend from the motor cortex 
of the brain. These fibers pass through various levels of the 
pathway central nervous system and eventually connect to 
the lower motor neurons in the spinal cord. Through this 
connection, alpha-motor neurons transmit motor commands 
and control signals to lower motor neurons, directly or indi-
rectly controlling muscle movement [11]. Thus, alpha-motor 
neurons work closely with CST to process motor control 
[53]. CST is the main descending motor pathway connect-
ing cortical motor areas to spinal cord neurons [12], mainly 
playing an inhibitory role [54]; it is divided into anterior 
and lateral parts and belongs to the upper motor neurons, 
both originating from the cerebral cortex and ending directly 
or indirectly (via interneurons) in the anterior horn of the 
spinal cord [11]. The anterior corticospinal tract begins in 
the ipsilateral hemispheric cortex, and most fibers cross to 
the contralateral side, section by section, via the anterior 
white matter connection and enter the contralateral anterior 
horn. In contrast, a few fibers do not cross the anterior white 
matter connection and end directly in the ipsilateral anterior 
horn. The lateral tracts of the corticospinal cord are located 
in the posterior part of the lateral cord and originate from 
the cortex of the contralateral cerebral hemisphere (a few 
fibers also originate from the ipsilateral cerebral cortex) and 
end in the anterior horn of the local spinal cord. In addition, 

the CST of the lateral tract contains more than 90% of the 
fibers present in the CST, with spinal cortical fibers originat-
ing from the gray matter of the spinal cord [55–57], which 
directly reaches the cerebral cortex and runs the length of 
the spinal cord where it mainly delivers fibers to the limb 
muscles and the cortical innervation is contralateral, i.e., 
the left motor cortex controls the right limb [11]. When the 
stimulus is activated, the cell bodies of the lateral bundle 
CST (in the primary motor cortex, the upper motor neurons) 
send a pulse through the bundle, which eventually passes to 
the anterior horn of the spinal cord, from where it delivers 
the pulse to the muscle fibers through the alpha-motor neu-
rons. Therefore, CST contains fibers from the upper motor 
neurons for the synapses of the lower motor neurons [11].

Stroke-induced brain injury may affect the integrity and 
conduction function of the CST [58–61]. First, cerebral 
ischemia damages the neural axons in the CST. Axons are 
long protrusions extending from neurons that transmit sig-
nals from neurons to target tissues. Ischemic injury may lead 
to changes such as axon disruption, which interferes with 
signaling in the CST. In addition, ischemic injury directly 
affects the upper motor neurons in the CST. These upper 
motor neurons are located in the motor areas of the cerebral 
cortex and are responsible for controlling the transmission 
of motor signals to the spinal cord. Injury to upper motor 
neurons leads to the loss of their function and affects the 
transmission of signals from the lower motor neurons. A 
growing body of experimental evidence supports that the 
pathological mechanism of PSS may be due to damage to 
upper motor neurons in the cerebral cortex after stroke, 
resulting in disinhibition of the CST [11], diminished down-
ward inhibition of upper motor neurons between the cortex 
and spinal cord, which imbalances the excitatory and inhibi-
tory regulation of downward transmission to the spinal tract 
reflex, and lower motor neuron-α motor neurons are hyper-
reflexively activated, exhibiting a hyper-retentive reflex and 
increased muscle tone (Fig. 1) [2, 11].

Post‑stroke spasticity and motor recovery

Motor recovery after a stroke has various definitions, with 
“true” motor recovery implying that undamaged brain 
regions produce commands to the same muscles to produce 
the same motor patterns [62, 63]. This usually requires 
restoring or repairing damaged neural tissue, which may 
occur during a stroke’s acute or subacute phase. However, 
according to the International Classification of Functioning, 
Disability, and Health, the motor recovery after stroke is also 
defined as “improvement in the performance of functional 
tasks,” i.e., functional recovery. This refers to new motor 
patterns (different muscles) controlled by alternative brain 
regions to accomplish the task goals [62–64]. Admittedly, 
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stroke rehabilitation focuses on maximizing and improving 
the ability to perform such functional tasks [25]. As that 
neural injury may result in the loss of skilled motor behav-
ior, motor relearning would depend on the reacquisition 
(recovery) of these basic motor patterns or, in the absence 
of reacquisition, the adaptation (compensation) of remaining 
motor elements, or the integration (replacement) of alterna-
tive motor elements [65–67].

During full motor recovery, whether hemorrhagic or 
ischemic, cortical or subcortical, the motor recovery fol-
lows a relatively predictable pattern [68]. Brunnstrom 
[69] described the stereotypical stages of motor recovery: 
(1) relaxation; (2) appearance of spasticity; (3) increased 
spasticity by coordinated voluntary movements; (4) onset 
of motor patterns due to synergism and spasticity decrease; 
(5) more complex movements and spasticity continue to 
decrease; (6) spasticity disappears; and (7) complete return 
to normal function through coordinated voluntary move-
ments. There are three recovery stages: flaccidity, spastic-
ity (emergence, worsening, and reduction, stages 2–5), and 
recovery (voluntary control without spasticity, stages 6–7). 
During motor recovery, stroke survivors can progress from 
one recovery phase to the next at different rates, always in 
an orderly fashion, without missing any phases. However, 
recovery may stop in either stage [68, 69]. The classification 
of these motor recovery phases is widely accepted and used 
in current clinical practice.

Hyperreflexia and spasticity gradually develop after a 
stroke. For example, in one study, 87% had detectable spas-
ticity 6 weeks after stroke based on the EMG test results. 
Increased spasticity was measured on EMG in 92% of 
patients at 36 weeks post-stroke [70]. It is important to note 
that spontaneous spasticity reduction is rare; it can evolve and 
become more severe over time. One study reported spasticity 
in up to 97% of chronic stroke survivors with moderate and 
severe motor impairment [24]. The appearance of spasticity, 
although highly variable [71], usually occurs between 1 and 
6 weeks after the initial injury [72]. This implies that the 
development of spasticity after stroke is related to changes 
in neuroplasticity within the CNS after the initial injury [31, 
32, 46, 47, 72–74]. In chronic stroke survivors with persis-
tent moderate/severe motor impairment, the prevalence of 
spasticity is increased, and the increased muscle tone signifi-
cantly predicts overall motor impairment [75, 76], suggesting 
that the degree of motor impairment after stroke is closely 
related to the development of spasticity [77–79]. Spasticity is 
a common disorder that coexists with dyskinesia after stroke 
[21–24] and interferes with motor recovery after stroke. 
The development of spasticity is a milestone in the recovery 
process, and different stages of motor recovery in chronic 
stroke may reflect different underlying pathophysiology dur-
ing motor recovery and spasticity [80].

Implications of promoting CST remodeling 
for functional recovery in patients with PSS

The degree of CST damage in post-stroke patients is a signifi-
cant predictor of motor deficits [81], and the integrity of the 
CST is probably the most important factor affecting the clini-
cal function of patients. CST assessment includes transcranial 
magnetic stimulation (TMS) and diffusion tensor imaging 
(DTI) [82, 83]. Motor-evoked potentials (MEP) elicited by 
TMS provide a quantitative method for assessing the func-
tional integrity of the CST [84, 85]. TMS induces a rapidly 
changing magnetic field that stimulates cortical neurons and 
generates induced currents. The induced current depolar-
izes cortical axons and triggers the MEP at suprathreshold 
stimulus intensities. MEP is delivered to peripheral muscles 
via descending pathways, such as the CST and corticobul-
bar motor pathways [84], providing insight into mechanisms 
of motor output control [86], which can be used to monitor 
the clinical progression of stroke recovery [87]. The degree 
of CST involvement directly correlates with the severity 
of functional deficits and is inversely related to the degree 
of neurological recovery [13]. For example, assessing the 
presence of an MEP in the affected upper limb by TMS [7] 
and the structural integrity of the CST after stroke by func-
tional MRI showed that the potential for functional recovery 
in patients with chronic stroke depends on the functional 

Fig. 1  Pathophysiology of post-stroke spasticity (PSS) associated 
with the corticospinal tract, modified from Wang et  al. [44]. The 
stretch reflex arc is mediated by excitatory connections between Ia 
afferent fibers from muscle spindles and the alpha-motor neurons 
innervating the same muscles they arise (indicated by the two gray 
neuron arrow loops in the figure). When damage to superior motor 
neurons in the cerebral cortex occurs after ischemic brain injury, i.e., 
damage to CST axons (red dashed line), resulting in diminished or 
lost inhibitory control of the CST, abnormal excitation of lower motor 
neurons-alpha-motor neurons unbalances the excitatory and inhibi-
tory regulation of the spinal retractor reflex by downstream conduc-
tion, manifesting hyper-retractor reflexes, and increased muscle tone, 
producing PSS. ( +): abnormal excitation
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integrity of the CST [7]. In addition, damage assessment to 
the affected corticospinal tract in patients after stroke by DTI 
3D reconstruction showed that the diameter of the affected 
CST was significantly smaller than that of the healthy side 
and that patients with more severe damage to the affected 
CST were more likely to experience spasticity [8]. Impor-
tantly, there is a significant correlation between improvement 
in motor function and CST remodeling in patients with PSS 
[9], and the recovery of patients with post-stroke dysfunc-
tion is largely dependent on homologous CST axon integrity 
in stroke patients and experimental animals [17–20]. After 
stroke onset, cortical neurons surviving in the peri-infarct 
motor cortex undergo axonal sprouting and can restore con-
nections between different brain regions [88]. For example, 
constraint-induced movement therapy (CIMT), observed by 
DTI, forces the use of the impaired limb by restraining the 
unaffected limb by promoting ipsilateral lesion CST remod-
eling and enhancing the recovery of motor function in rats 
with ischemic stroke [13]. The above findings confirm that 
promoting damaged CST remodeling to ensure its integrity 
positively improves post-stroke spasticity.

Therapeutic strategies to promote axonal 
remodeling of the corticospinal tract

In ischemic brain injury, axonal regeneration of neurons is 
highly inhibited, severely limiting functional recovery. This 
is a possible mechanism by which damaged axons cannot 

grow spontaneously [89], partly because the mature central 
nervous system axons have a reduced capacity for intrinsic 
growth and lack external growth stimuli and supportive fac-
tors. On the other hand, the central microenvironment has 
external inhibitors associated with myelin, fibrotic tissue, 
and astrocyte scars [88, 90]. Thus, targeting axonal remod-
eling in the side affected by stroke using the treatments 
above can increase the capability of neuronal outgrowth and 
reduce the inhibitory factors for axonal outgrowth. None of 
the strategies specifically target the CST axons in the stroke-
impaired spinal gray matter to restore cortical innervation to 
the denervated spinal motor neurons, the final common path-
way of motor control of central nervous system repair after 
trauma, stroke, or degenerative diseases (Fig. 2) [61, 89].

Reduction of inhibitory factors

Recent reports suggest that the main reason for difficulties in 
regeneration after central nervous system injury is that the 
central nervous system microenvironment is not conducive 
to nerve regeneration, and glial cells play a vital role in this 
process. The external inhibitory factor of CST axonal regen-
eration in the central microenvironment is mainly related to 
the inhibitory proteins of the astroglial scar, glial fibrillary 
acidic protein (GFAP), chondroitin sulfate (CSPG), and the 
myelin inhibitors neurite outgrowth inhibitor (Nogo-A) and 
nogo–nogo receptor (NGR).

Fig. 2  Axonal injury and remodeling of the corticospinal tract (CST) 
after post-stroke spasticity (PSS) (based on current clinical and labo-
ratory evidence, modified from Liu et  al. [61]). Following a stroke, 
upper motor neurons are impaired, and the descending inhibitory 
effect of motor neurons (i.e., the CST) between the cortex and spi-
nal cord is attenuated (red and dashed lines represent the CST after 
injury). This causes abnormal excitation of the spinal cord anterior 
horn cells, resulting in PSS. To promote axonal remodeling of the 

CST (indicated by green lines) and restore its function, potential ther-
apeutic strategies include a increasing neurotrophins: brain-derived 
neurotrophic factor (BDNF), glial cell line-derived neurotrophic fac-
tor (GDNF), and ciliary neurotrophic factor (CNTF), and b reducing 
the inhibitory factors: glial fibrillary acidic protein (GFAP), chon-
droitin sulfate (CSPG), myelin inhibitors neurite outgrowth inhibitor 
(Nogo-A), and nogo–nogo receptor (NGR)
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Inhibition of the astroglial scar

Stroke induces tissue damage in the central nervous sys-
tem. It activates astrocytes, leading to reactive gliosis, which 
leads to the formation of astrocytic scars and the produc-
tion of proteoglycans, inhibiting axon growth and resulting 
in a physical and biochemical barrier to axon regeneration 
[91]. Inhibition of astrocyte activation-induced expression of 
GFAP and CSPG has been shown to promote axonal growth 
[92, 93].

Astrocyte scars are mainly caused by reactive astrocyte 
and CSPG constituents, including nerve cancer and phos-
phate [94, 95]. After central nervous system injury, CSPGs 
are rapidly upregulated by reactive astrocytes in glial scar 
tissue [96]. CSPG is also a major inhibitor of axonal regen-
eration [89, 97]. It secretes CSPGs, which are important in 
limiting nerve repair by inhibiting axonal growth around 
the lesion or sprouting spare axonal collateral branches near 
the lesion [94, 98]. Therefore, inhibition of CSPG activ-
ity may be a novel therapeutic strategy to promote axonal 
regeneration and functional recovery after central nervous 
system injury [99]. The downregulation of GFAP and CSPG 
proteins prevents axonal degeneration and improves axonal 
regeneration [100].

GFAP is a marker of AS activation, and the peak timing 
of GFAP in the serum of patients with brain injury is earlier, 
more specific, and more sensitive [101]. It is also a bio-
marker for nerve injury after stroke [1, 97]. Astrocytes vary 
with the severity of the injury or distance from the lesion, 
a dynamic process from swelling and proliferation to glial 
scar formation. Under physiological conditions, astrocytes 
cover the entire central nervous system in a continuous and 
almost non-overlapping manner, and many astrocytes do not 
express detectable GFAP. When a less severe injury occurs, 
the expression of GFAP is upregulated and becomes detect-
able, and the astrocyte cell bodies and processes become 
hypertrophic [102]. However, the boundaries of each astro-
cyte are clear and do not overlap. When the injury is more 
severe, however, the expression of GFAP is upregulated, 
and the cell bodies of the astrocytes become hypertrophic. 
Finally, proliferating astrocytes form glial scars between the 
damaged area and healthy tissue [103]. One study found 
that CST axons do not regenerate outside the diseased scar, 
but rather by reducing the expression of the neurite growth 
inhibitor chondroitin sulfate glycan NG2 and the expres-
sion of reactive astroglial marker GFAP, it promotes axonal 
regeneration of the CST [104].

Inhibition of myelin‑related factors

After cerebral ischemia in adult animals, the inhibitory 
microenvironment around injured axons is one of the main 
reasons for the difficulty in central nervous functional repair, 

resulting in irreversible functional loss [105]. The oligoden-
drocyte production of myelin-associated inhibitors (MAIs) 
is an important component of this inhibitory microenviron-
ment. MAIs inhibit development, plasticity, and regenera-
tion after central nervous system injury [106]. Nogo-a and 
NGR are the major MAI ligands and myelin proteins. After 
cerebral infarction, over-secretion of Nogo-A by oligoden-
drocytes is the main factor that inhibits axonal growth [107]. 
Lindau et al. [108] showed that Nogo-A protein can inhibit 
the recovery of the structure and function of the CST after 
ischemic cerebral infarction, and the fibers crossing the 
midline to half of the denervated spinal cord increased to 
two-to-three times as much as before, effectively promoting 
the recovery of nerve function. NGR is a receptor for Nogo-
A, a glycosyl-alkyl phospholipid-binding protein located 
on the surface of neurons. NGR antagonists also contribute 
to axonal regeneration [109]. Inhibiting the expression of 
Nogo-A and NGR could maximize functional remodeling 
of the CST and promote the recovery of neural function [89, 
110].

Increase in neurotrophic factors

Neurotrophins support neuron survival during nerve regen-
eration, stimulate axon growth, and build lost synapses 
[111]. Brain-derived neurotrophic factor (BDNF), glial cell 
line-derived neurotrophic factor (GDNF), and ciliary neu-
rotrophic factor (CNTF) are closely related to CST axon 
regeneration [112–117].

BDNF

BDNF is a member of the neurotrophin family of growth 
factors that play a crucial role in the development of the 
nervous system while supporting the survival of existing 
neurons and instigating neurogenesis [118]. Ueno et al. 
[119] identified BDNF-TrkB signaling essential for CST 
reorganization. Postsynaptic BDNF triggers morphological 
changes in TrkB-expressing presynaptic axons to reorganize 
the network. BDNF is thought to branch laterally in the tar-
get region but is not an axonal pathway during development 
[120]. Our data show that it functions similarly in the dam-
aged adult central nervous system, because TrkB or BDNF 
knockdown effectively blocks local branching and growth. 
Still, its effects on remigration and pathfinding of specific 
regions are limited. By increasing the expression of KCC2 
and BDNF in the perilesional cortex and enhancing synaptic 
plasticity in the denervated cervical spinal cord after cer-
ebral ischemia, the total length of CST fibers sprouting into 
the denervated cervical spinal cord significantly increased 
after stroke. A recent study [121] reported CST fibers in 
the denervated hemispheres could be linked to increased 
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expression levels of BDNF and reduced expression of Nogo-
A in the perilesional area.

GDNF

GDNF, originally isolated from the supernatant of a rat 
glioma cell line, is a member of the transforming growth 
factor beta superfamily and is a potent neurotrophic factor 
in the central and peripheral nervous systems [122]. GDNF 
expression is upregulated in Ras after stroke [123–127], and 
RAs-derived GDNF plays an important role in neuronal 
protection and brain recovery [127]. Recombinant GDNF 
has a stronger protective effect after middle cerebral artery 
occlusions [128–130]. However, GDNF deficiency may also 
increase brain damage [131]. GDNF and its receptors pro-
mote axonal growth [132], and it can also promote neurogen-
esis in the motor neuron system and neuron maturity [133] 
and mediate neuromuscular connectivity [134]. In the nor-
mal brain, GDNF is mainly associated with neurons and is 
absent or expressed at very low levels in the astrocyte [126, 
135]. Neurotrophins support neuronal survival during nerve 
regeneration, stimulate axonal growth, and establish lost 
synaptic contacts [111]. GDNF has obvious neuroprotective 
effects on dopaminergic and cholinergic spinal motor neu-
rons [136]. This stimulates the growth of neural processes 
[137]. The upregulation of GDNF can promote recovery of 
neural function after ischemic stroke [138]. GDNF and neu-
rotrophin-3 can rescue cortical and spinal cord neurons from 
axonal mutation-induced death [113], and overexpression of 
GDNF and neurotrophin-3 in the sensorimotor cortex near 
the CST neuronal cell body can significantly increase axonal 
sprouting [114].

CNTF

CNTF is a nutrient in the central nervous system astrocytes 
[112]. CNTF can protect the biceps and has a neurotrophic 
effect on spinal motor neurons [115]. Studies report that AS 
provides a bridge for CST axonal regeneration by inhibit-
ing PTEN, a negative regulator of the mammalian target 
of the rapamycin pathway, and promoting the sprouting of 
uninjured CST axons to the denervated spinal cord [116, 
117], triggering CNTF in local spinal neurons. CNTF may 
be the trigger factor for CST axonal regeneration, which 
can transmit cortical signals to the spinal cord to control 
limb movement and result in remarkable recovery of skilled 
movement [116, 139]. It has also been found that blocking 
CNTF can reduce glial scar formation and provide a favora-
ble environment for axonal regeneration [140]. Providing a 
combination of growth factors at the astrocyte scar border 
and in the diseased core of the non-nerve tissue stimulates 
robust regeneration of the proprioceptor spinal axons [141].

Astrocyte regenerates with CST axon

Reactive astrocytes are closely associated with CST axonal 
remodeling following stroke. On the one hand, they can 
improve the central microenvironment to promote the 
growth of CST axons by inhibiting AS scar-related proteins. 
However, reactive astrocytes can also enhance the axonal 
ability to promote the regeneration of CST axons by the 
derived neurotrophin.

Astrocytes are the most abundant neuroglia in the central 
nervous system. They contact and communicate with other 
central nervous system components and are structurally and 
functionally involved in the nervous system’s normal physio-
logical and pathological reactions [97, 103]. One of stroke’s 
most important pathological features is the development of 
reactive astrocytes caused by changes in the central nerv-
ous system environment. Reactive astrocytes’ phenotypic 
and functional characteristics differ in different injury pat-
terns and stages [142]. They repair damaged nerves, inhibit 
axonal regeneration, and protect the blood–brain barrier 
while increasing leakage.

Inhibiting CSPG and GFAP in astroglial scars promotes 
axonal regeneration, and, in more severe cases, reactive 
astrocytes form permanent glial scars that inhibit axonal 
regeneration; it is related to poor nerve recovery after stroke 
[143, 144]. However, numerous studies report that reactive 
astrocytes produce various neurotrophins, including BDNF, 
GDNF, and CNTF, to protect neurons after cerebral ischemia 
[145, 146]. Astrocytes are central to all of these processes.

As mentioned above, the timepoints relating to the devel-
opment and changes in reactive astrocytes after stroke show 
that scar tissue plays a dialectical role in nerve fiber regen-
eration over time and in a specific environment. In the recov-
ery phase after stroke, astrocytic scarring may inhibit axonal 
regeneration and limit functional recovery; however, it may 
also protect cells from harmful substances released from 
the infarct core. Glial scar tissue containing more nutrients 
in the early stage of axonal regeneration is relatively more 
beneficial and promotes nerve regeneration [147, 148]. How-
ever, old glial scars may be important in inhibiting axonal 
regeneration [147–150]. The specific relationship between 
astrocytes and axonal regeneration, including bidirectional 
effects, should be elucidated in future studies, particularly 
the relationship between the site and duration of stroke and 
the degree of astrocyte reaction.

Clinical treatment of post‑stroke spasticity

This review focuses on promoting corticospinal tract axon 
regeneration in PSS and the mechanisms of related thera-
peutic strategies. However, the treatment of PSS is more 
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challenging if corticospinal tract axons are not remodeled 
in the presence of severe cortical damage. Since the CST 
transmits most of the downstream motor signals from the 
cortex to the spinal cord, disruption of cortical input can 
have a major impact on regulating muscle tone and motor 
control. In situations where cortical inputs to the CST are not 
adequately restored, alternative therapeutic approaches may 
be considered to manage spasticity. Many surgical, pharma-
cological, and therapeutic interventions are used to manage 
spasticity in clinical settings, individually or in combina-
tion [151–154]. Pharmacological interventions [154], such 
as muscle relaxants (e.g., baclofen [155]) or anti-spasmodic 
drugs (e.g., botulinum toxin injections [156–158]), may be 
used to relieve muscle spasms. These drugs act directly on 
the spinal cord or muscle fibers to reduce muscle hyperexcit-
ability and promote relaxation. Non-pharmacological inter-
ventions [159] include acupuncture techniques [44, 160], 
which are effective in improving spasticity enhancement and 
motor function; rehabilitation techniques [44, 161], includ-
ing stretching exercises, passive range of motion exercises, 
and functional training, which can help control spastic-
ity and neuromuscular electrical stimulation [162, 163], 
which can reduce spasticity and improve range of motion 
in patients with PSS. Assistive devices [164]: The use of 
assistive devices can provide external support and improve 
functional abilities in individuals with spastic paresis. These 
devices help with mobility, stability, and compensation for 
muscle imbalances caused by spasticity. Neurosurgical pro-
cedures are considered only for severe spasticity following 
the failure of pharmacological and/or non-pharmacological 
management [165].

Conclusion and outlook

The pathogenesis of PSS is complex. Post-stroke affects 
the integrity and conduction function of the CST, induc-
ing an imbalance in the excitatory and inhibitory regulation 
of downward conduction to the spinal tract reflex. Exces-
sive reflex activation of lower motor neurons–alpha-motor 
neurons may be one of the key pathologies. In the future, 
more attention should be paid to the connection between 
the axonal regeneration of the CST, which is responsible for 
inhibition and spasticity, as well as the physiological mecha-
nisms by which the inactivation of motor centers and excita-
tion of the peripheral, spinal segmental neurons are mutually 
restricted. In addition, strategies to promote axonal remod-
eling in the CST include the inhibition of inhibitors in the 
central microenvironment and an increase in neurotrophins; 
however, studies report that all surviving corticospinal neu-
rons in both the ipsilateral and contralateral hemispheres 
are involved in axonal remodeling to compensate for the 
lost function. Axonal remodeling of which hemisphere is 

more beneficial to functional recovery after stroke requires 
further investigation. Finally, this review found that axonal 
regeneration of the CST after stroke is closely related to 
astrocytes. However, the specific effects of astrocyte activa-
tion on the CST after stroke remain unclear.

In summary, a significant correlation exists between CST 
remodeling after a stroke and recovery from spasticity. This 
provides novel avenues to improve PSS and promote axonal 
regeneration of the CST, enhancing the neuronal reconnec-
tion between the motor cortex and spinal cord, releasing 
the inhibition, and restoring the balance of the spinal cord 
stretch reflex pathway.
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