
940  ｜NEURAL REGENERATION RESEARCH｜Vol 18｜No. 5｜May 2023

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Abstract  
Spinal cord injuries affect nearly five to ten individuals per million every year. Spinal cord injury 
causes damage to the nerves, muscles, and the tissue surrounding the spinal cord. Depending on 
the severity, spinal injuries are linked to degeneration of axons and myelin, resulting in neuronal 
impairment and skeletal muscle weakness and atrophy. The protection of neurons and promotion 
of myelin regeneration during spinal cord injury is important for recovery of function following 
spinal cord injury. Current treatments have little to no effect on spinal cord injury and neurogenic 
muscle loss. Clemastine, an Food and Drug Administration-approved antihistamine drug, reduces 
inflammation, protects cells, promotes remyelination, and preserves myelin integrity. Recent clinical 
evidence suggests that clemastine can decrease the loss of axons after spinal cord injury, stimulating 
the differentiation of oligodendrocyte progenitor cells into mature oligodendrocytes that are capable 
of myelination. While clemastine can aid not only in the remyelination and preservation of myelin 
sheath integrity, it also protects neurons. However, its role in neurogenic muscle loss remains unclear. 
This review discusses the pathophysiology of spinal cord injury, and the role of clemastine in the 
protection of neurons, myelin, and axons as well as attenuation of skeletal muscle loss following spinal 
cord injury.
Key Words: axonal damage; clemastine; myelination; neuronal death; oligodendrocytes; skeletal 
muscle; spinal cord injury

Introduction 
Spinal cord injury (SCI) is a traumatic injury to the spinal cord. The incidents 
of SCI are drastically rising each year. The most recent estimate of the annual 
incidence of SCI is approximately 54 cases per one million people in the 
United States. According to the National Spinal Cord Injury Statistical Center, 
there are approximately 2.5 million individuals worldwide who have been 
afflicted by SCI (National Spinal Cord Injury Statistical Center, 2013). There 
is an economic burden associated with SCI and health-related detriments. 
In the United States alone, it has been estimated that health-related costs 
will exceed 9 billion dollars annually (Devivo, 2012). In Canada, there are 
estimated to be an occurrence of 85,556 persons involved in an SCI (Noonan 
et al., 2012), 51% of these cases are considered traumatic SCI whereas 
49% are non-traumatic SCI. In areas of Western Europe figures reflect 16 
per million cases of SCI. In Australia, it is reported around 15 per million 
incidences related to SCI. North America is associated with the highest rate of 
traumatic-related injuries at 18% percent of cases and 39 per million incident 
rates. In Western Europe, 8% of the incident are related to violent SCI and in 
Australia, the incident percentile is 2% (Chen et al., 2013). 

The pathophysiology of acute SCI involves primary and secondary mechanisms 
of injury (Lasfargues et al., 1995; Anwar et al., 2016; Alizadeh et al., 2019). SCI 
results from damages to the nerves and tissues surrounding the afflicted area 
of the spinal column. SCI is highly correlated with traumatic injury and blunt 
force trauma detriments which can cause impartments to the central nervous 
system (CNS). Dorsal column impairments can drastically reduce sensory and 
motor functions depending on the amount of damage associated with the 
injury (Sekhon and Fehlings, 2001).

While the primary injury is caused by the initial traumatic event, the 

secondary injury is created by a series of biological and functional changes 
that can be debilitating and even life-threatening (Anwar et al., 2016; Ahuja 
et al., 2017). The majority of SCI are due to preventable causes such as road 
traffic crashes, falls, or violence. However, SCI often results in permanent 
disabilities because adult CNS neurons only exhibit limited axon regeneration 
(Lou et al., 2017). Individuals with SCI can sustain nerve damage, muscle 
atrophy, locomotor immobility, as well as autonomic and sensory dysfunction 
(Du et al., 2022; Sutor et al., 2022; Sydney-Smith et al., 2022; Torok et al., 
2022). SCI can lead to the degeneration of myelinated axons in the spinal 
cord and has also been linked to the development of osteoporosis (Sutor et 
al., 2022). It can also diminish the quality of life an individual experiences, as 
it negatively impacts recipients’ abilities to function and accomplish simple 
activities of life (Morgan et al., 2021).  

Myelin regeneration, protection of the damaged neurons, and preservation 
of axons are critical in allowing for recovery from SCI (Huntemer-Silveira et al., 
2020). However, SCI is difficult to treat, and many patients deal with chronic 
pain and permanent damages after experiencing trauma to the spine. Patient 
care often requires long-term and multi-disciplinary treatment, and this 
coincided with societal burdens as well as a socioeconomic impact due to the 
high amount of medications and supplies required for proper upkeep after 
SCI (Peng et al., 2021). Currently, treatment options that promote functional 
recovery are limited for SCI patients and therapies remain unavailable (Du 
et al., 2022), which are significant problems. The remyelination properties 
of Clemastine, an FDA-approved antihistamine drug, have been studied in 
animal models and display promising results for potential treatment uses in SCI 
patient therapy (Turski et al., 2018). Understanding the disordered physiological 
processes associated with SCI can aid in determining the most adequate 
treatment options and how they will interact with the current pathophysiology.  
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As mentioned above, the underlying mechanism of SCI involves a two-step 
process that comprises primary mechanical damage followed by secondary 
injury (Lasfargues et al., 1995; Alizadeh et al., 2019). By utilizing properties 
and treatments that may aid in the prevention of these physiological 
properties will ultimately prevent further injury and neuronal damage. There 
are currently minimal therapy options for individuals suffering from SCI; 
therefore, it is critical to study the effects of Clemastine on remyelination and 
protection of axons and neurons after injury. Diminishing cell death after SCI is 
critical in promoting the recovery of patient’s spinal cord during the treatment 
process. Cell death can induce a cascade of biochemical and biomechanical 
effects (Beattie et al., 2002; Shi et al., 2021). Current animal model research 
suggests that necrotic and apoptotic mechanisms of cell death occur at 
different phases after SCI.  

Glial cells, and astrocytes, in particular, are activated after SCI, and some of 
them rapidly proliferate to form glial scars which are thought to be one of 
the primary impediments to regeneration and repair in the injured spinal 
cord. The heterogeneous composition of the glial scar containing both 
beneficial and detrimental factors (Fehlings and Hawryluk, 2010; Cox et al., 
2021), makes therapeutically targeting the glial scar a difficult task. However, 
recent studies suggest that the glial scar and scar-forming astrocytes may 
also play key roles in the recovery of SCI (Bradbury and Burnside, 2019; 
Yang et al., 2020). While glial scar may prevent recovery, demyelination to 
the axons causes further damage to the neurons surrounding the injury 
site (Xie et al., 2021). Remyelination supports axonal recovery and neuronal 
growth after SCI (Kwiecien, 2022). Therefore, the promotion of remyelination 
is critical during post-injury treatment. Successful SCI treatments require 
therapies that have the capability to permeate the blood-brain barrier of the 
CNS (Sydney-Smith et al., 2022). The use of Clemastine as a treatment can 
enhance oligodendrocyte differentiation and myelination (Liu et al., 2016; Du 
et al., 2022), and promotes remyelination of damaged, but preserved, axons 
(Green et al., 2017). Such remyelination may prevent neuronal as well as 
skeletal muscle loss in SCI. Preclinical data support this idea that Clemastine 
encourages oligodendrocyte precursor differentiation and remyelination 
without suppressing the immune system (Turski et al., 2018). These findings 
are critical in promoting successful treatment options utilizing Clemastine 
for individuals suffering from SCI. Due to motoneuron death after SCI, 
chronic muscle denervation occurs and alterations in muscle use to the 
striking muscle weakness and atrophy seen after human SCI (Giangregorio 
and McCartney, 2006; Thomas and Zijdewind, 2006; Biering-Sorensen et 
al., 2009). However, the clinical outcomes of SCI depend on the severity 
and location of the lesion and may include partial or complete loss of motor 
function below the level of injury. This review discusses gliosis, demyelination 
and axonal damage, neuronal impairment and neurogenic muscle loss after 
severe SCI and remyelination/regeneration after pharmacological intervention 
and protection of motor functions following injuries.

Search Strategy
Details of the strategy used for evidence are shown as follows:

in the spinal cord causes an interruption to the blood flow (Lasfargues et 
al., 1995). Hypoxia and ischemia local infarctions begin to occur due to SCI 
and neurons are at greater risk for irreparable damages (Lasfargues et al., 
1995). The secondary damage begins minutes after the initial trauma and 
continues for hours or days after the primary injury transpires. Ischemia 
causes a lack of mechanical energy which can disrupt many regulatory 
pathophysiological mechanisms (Du et al., 2022). Other changes caused 
by SCI include hemorrhages, demyelination, edema, and the formation of 
cavities with axonal and neuronal necrosis (Yilmaz et al., 2014). Secondary 
injury can also prompt increased levels of inflammation, glutamate, 
excitotoxicity, oxidative damage, ischemia, free radical damage, protease 
and lipase activation, and lipid peroxidation within the cell membrane 
(Yilmaz et al., 2014). Demyelination and axonal degeneration occur during 
the secondary injury phase of SCI (Xie et al., 2021; Du et al., 2022). Studies 
have noted that the spinal cord is highly proficient in healing from injuries 
(Ryan et al., 2022; Verma et al., 2022). Surrounding neurons located within 
the descending pathways connecting the brain and spinal cord can also be 
afflicted by SCI and experience atrophy, apoptosis, or even necrosis (Otzel et 
al., 2021; Zhao et al., 2021). Skeletal muscle atrophy is a hallmark of severe 
SCI (Bigford et al., 2021; Otzel et al., 2021). Both acute and chronic traumatic 
incidents associated with SCI can be linked to the deposition of TAR DNA-
binding protein 43 located in the brain. Over extended periods, neurotrauma 
can have detrimental and possibly irreversible effects on locomotive behavior 
and neurological function. In the post-injury stage, rats displayed an activation 
of pro-apoptotic genes as well as cytochrome-C release. There was also a 
high expression of neurofilaments during the early stage of initiation of the 
inflammatory signaling (Yip and Malaspina, 2012). Changes in the molecular 
signaling cascades that regulate muscle size are distinct after severe SCI, with 
muscle loss being more rapid than in other disuse conditions. SCI is also linked 
with other degenerative and pathological processes such as osteoporosis, 
specifically in women (Lasfargues et al., 1995). Osteoporosis triggers the 
accelerated breakdown of the osteoclasts as well as the hindrance of the 
rebuilding of the bone structure by osteoblasts (Invernizzi et al., 2020b; Peng 
et al., 2021). While osteoporosis and muscle atrophy are frequently cited 
complications occurring after an SCI (Chandrasekaran et al., 2020; Sutor et al., 
2022), this review is focused on the effects of remyelination on the protection 
of neurons and muscle.  

Cell Death Following Spinal Cord Injury
Neurological damages resulting from SCI trauma can be influenced by 
genetic and environmental factors such as the individual’s susceptibility to 
tolerate and heal from the initial incident. Injuries can progressively worsen 
or be permanent depending on the affliction of the trauma. Cell death, 
neurogenesis, and other molecular events hold liability for the formation of 
potentially irreversible damages within the post-injury phase. Atrophy, sensory 
loss, muscle weakening, and in some cases paralysis can all be linked to initial 
trauma stemming from damages to the injury site (Yip and Malaspina, 2012). 
SCI initiates neuronal and glial loss in turn promoting a prolonged period of 
secondary cell death. The deleterious substances produced in response to 
the initial injury stimulate the secondary damages. Reactive oxygen species 
and reactive nitrogen species are key contributors to the secondary cell death 
post-injury. Primary oxygen-free radical production acts as a highly reactive 
superoxide anion within the body. A superoxide anion is typically produced 
via cellular respiration by the mitochondria and is a by-product of oxidase 
enzymes within the cytoplasm. Under normal conditions, the body can employ 
natural antioxidants as a physiological defense system using the endogenous 
and exogenous antioxidants and enzymes. However, the rate of superoxide 
anion formation will exceed the capacity of the antioxidant defense system 
under pathological conditions. The super anions will destroy the antioxidant 
defense system and oxidative stress conditions occur (Bao et al., 2005).

Programmed cell death is a critical process that occurs after SCI (Shi et al., 
2021). Programmed cell death is mediated by gene expression events and 
it is a critical mechanism used to eliminate unnecessary and damaged cells. 
Programmed cell death also acts as a form of defense against cytotoxicity, 
exogenous, and endogenous substances. Apoptosis, necroptosis, autophagy, 
ferroptosis, pyroptosis, and paraptosis are all forms of programmed cell death 
(Shi et al., 2021). Cell death contributes to the body’s maintenance of cellular 
homeostasis. Necrosis is passive cell death resulting from the environmental 
perturbations or large abounds of inflammatory cellular contents. Apoptosis 
is the active form of cell death that is programmed to initiate autonomous cell 
dismantling without the release of cytoplasmic contents in the extracellular 
space (Shi et al., 2021).  

Naturally occurring neuronal death is commonly observed in altricial 
species such as mice, rabbits, rats, as well as humans. Caspase-3 is the main 
convergence of intrinsic and extrinsic apoptotic pathways. Evidence suggests 
that among the variety of neurons and glia within the cerebellum the 
intervention of caspase-3 can aid in the regulation of neuronal death of post-
mitotic cerebellar granule cells and Purkinje neurons. GABAergic interneurons 
also experience a comparable type of secondary cell death, but the 
intervention of caspase-3 is not evident. As a precursor to the pre-migratory 
stage of differentiation, it is observed that cerebellar granule cells undergo 
primary cell death. Glial cells also undergo a process of regulatory cell death, 
however, with the expression of caspase-3, there may be differentiation of 
the cells as opposed to death (Lossi et al., 2018).

Injury-induced apoptosis is observed in neurons, oligodendroglia, microglia, 
and neurons after SCI (Shi et al., 2021). In an animal study using rats with SCI, 

Search terms Database Date Papers 

SCI/myelination Google scholar 2015–2022 29300

SCI/muscle damage PubMed 2010–2022 2277

SCI/cell death Google scholar 2020–2022 140000

Pathophysiology of SCI Google scholar 2020–2022 42400

Glial scar SCI Google scholar 2018–2022 16900

Demyelination and SCI PubMed 2011–2022 3925

Remyelination PubMed 2015–2022 374

Axonal recovery PubMed 2004–2022 1447

Neuronal survival PubMed 1999–2022 57210

Drug treatment SCI Google scholar 2018–2022 955000

Clemastine myelination PubMed 2014–2022 36

Pathophysiology of Spinal Cord Injury
SCI is characterized by the loss of motor, sensory, and autonomic functions 
due to partial or whole damage to the spinal cord (Lasfargues et al., 
1995; Chew and Sengelaub, 2021). SCI such as blunt force trauma can be 
detrimentally damaging to the spinal cord and result in paralysis, permanent 
nerve damage, and other life-long ailments (Legg Ditterline et al., 2020). 
In the United States, there are 30 to 50 SCI cases per million per year 
(Lasfargues et al., 1995; Otzel et al., 2021), and approximately 12,000 new 
SCI cases are reported each year (Lasfargues et al., 1995). SCI research on 
animal pathophysiology has indicated a two-step mechanism that begins 
with primary mechanical damage and is followed by a secondary injury 
composed of many destructive pathways (Lasfargues et al., 1995). These 
pathways are pivotal in degeneration of the injured cord and may be targeted 
for therapy. The primary mechanical damage occurs as a result of spinal 
cord contusion/compression. Flexion, extension, dislocation, or distraction 
forces exert stress on the spinal cord allowing for tears in the neural tissues 
and vascular structures. Gray matter can be permanently damaged if trauma 
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the apoptotic cells were detected and observed in the rim of the surviving 
tissue surrounding the center of the injured spinal cord. Apoptosis was also 
detected in oligodendrocytes in white matter tracts which displayed Wallerian 
degeneration, a substantial marker of chronic phase SCI. Results from various 
studies display that apoptosis contributes to the tissue damage post-SCI. 
Utilizing potential treatments to inhibit apoptosis in SCI may contribute to the 
reduction in tissue damage and lesion area expansion (Shi et al., 2021).  

Recent studies in animal models have displayed multiple events in SCI, 
and their reactions to specific treatments. The initial trauma presented to 
the spinal cord tissue combined with long periods of secondary injury can 
produce a high volume of cellular and biomechanical cascades (Beattie et al., 
2002; Otzel et al., 2021). While necrotic and apoptotic mechanisms of the 
cell death occur after injury, loss of motoneuron can result in the impairment 
of locomotor functioning as well as dendritic atrophy (Scholpa et al., 2019). 
Even surviving motoneurons display signs of functional deficits after injury of 
surrounding neurons (Chew and Sengelaub, 2021). Microglial activation and 
production of tumor necrosis factor-α have significant roles in acute SCI (Zhang 
et al., 2019; Fu et al., 2022). Synaptic stripping will occur after the loss of 
afferent synapses on a motor neuron after damage. This triggers rapid reactive 
responses recruiting activated microglial cells due to disconnect of the motor 
neuron from injury (Salvany et al., 2021). In one model, ninety minutes after a 
moderate contusion lesion, the dying neurons were surrounded by activated 
microglia. The microglial production of tumor necrosis factor-α appears to 
critically potentiate cell death mediated by glutamate receptors in atraumatic 
model of SCI (Beattie et al., 2002).

Glial Scar 
The injury of the spinal cord often severs bulbospinal projections of the motor 
neurons inducing paralysis of the surrounding muscles below the injury site 
of the spinal cord (Allen et al., 2021; Jiang et al., 2021; Proietti et al., 2021). 
After SCI, three primary cell types: activated astrocytes, newly proliferated 
microglia, and oligodendrocyte progenitor cells, surround the lesion core, 
forming a dense borderline. 

Glial scars form after severe damage occurs and reactive glia provide a 
barrier around the injury site to create a non-permissive microenvironment 
halting endogenous regeneration. Glial scars are comprised of two distinct 
cellular components which include the lesion core and the lesion border 
that surrounds the exterior of the core. The lesion core contains astrocytes, 
fibroblasts, pericytes, and ependymal cells as well as phagocytes and 
macrophages. Surrounding the glial scar are reactive astrocytes, NG2 glia, 
microglia, and other immune cells which form a barrier around the core 
preventing the spread of inflammation to healthy tissue. Without glial 
scar formation at the site of injury, there is no initiation of the preparative 
mechanisms associated with anti-inflammatory effects and thus there is a 
hindrance to neuronal growth and repair (Nicaise et al., 2022). 

Scars are predominantly composed of astrocytes in lesions that do not affect 
the dura mater (Figure 1). Astrocytes are the most abundant glial cells in 
the CNS and aid in the regulation of blood flow, maintaining the blood-
brain barrier integrity, modulating the plasticity and function of synapses, as 
well as keeping the balance of the neuronal microenvironment intact. They 
are characterized by a unique star shape and act as essential physiological 
insulation and support to the neurons (Yang et al., 2020). After the injury 
to the spinal cord, the astrocytes will proliferate, hypertrophy, and begin to 
migrate across the edge of the severed tissue. They will intertwine around the 
lesion center to begin the formation of the glial scar. Evidence has also shown 
that glial scars likely promote axonal regeneration. In the early stages of injury, 
glial scars act as a protective mechanism for the damaged tissue (Pang et al., 
2021).

function recovery. The glial scar may be roughly divided into two main 
components - fibrous and glial (Leal-Filho, 2011). The fibrotic scar consists 
of extracellular matrix proteins such as fibronectin, collagen, and laminin 
that are secreted by infiltrating fibroblasts (Shearer and Fawcett, 2001). 
Fibroblasts in the lesion can be activated by a number of pro-fibrotic factors, 
including transforming growth factor-α and connective tissue growth factor. 
However, in severe lesions that lyse the meninges, the astroglia are mixed 
with the invading connective tissue components. The response to initial 
injury is referred to as reactive gliosis when the glial cell division occurs. This 
is typically restricted within the immediate penumbra which surrounds the 
lesions core (Faulkner et al., 2004). An increased production of intermediate 
filaments causes hypertoric reactivity of the astrocytes. Reactive astrocytes 
can become enlarged (thickened processes) and entangled around the 
dystrophic end balls of non-regenerating fibers. Thus, the production of 
reactive glia is often responsible for failed restoration and regeneration. The 
glial scar can develop a rubbery tenacious textured membrane over time (Pang 
et al., 2021; Wang et al., 2021).  

Glial cells are highly plastic and are heavily influenced by their environmental 
surrounds. They can exhibit multiple functions and roles depending on the 
cellular settings (Yang et al., 2020). SCI lesion sites create an ion imbalance, 
free radical production, glutamate accumulation, reactive species, and an 
excessive production of reactive oxygen species. Excessive inflammatory 
responses are induced by the activation of infiltrating peripheral immune cells 
and colonized microglia. With the formation of glial scars in the early stages of 
injury, the scar can confine the inflammatory cells and other toxic molecules 
to control the environment of the damaged tissue area. This mechanism may 
aid in protecting the healthy spinal tissue from the surrounding inflammatory 
response (Pang et al., 2021). 

Inhibition of neuronal and glial cell death after SCI is a fundamental approach 
for reducing glial scars. It is believed that axons with dystrophic endings do 
not lose their ability to regenerate. Even after four weeks of stagnation in the 
lesion environment, chronically injured spinal cord axons have been shown to 
regenerate into implanted peripheral nerve grafts (Houle, 1991). This study 
also showed the extent to which axons will retract after SCI. The hemisection 
of the cervical cord resulted in numerous dystrophic endbulbs forming. The 
persistence of the “growth cones” implies that cytoskeletal and membrane 
plasticity must be occurring in order to maintain the axon viability and stability 
(DeBrot and Yao, 2018; Allen et al., 2021).   

Demyelination and Remyelination after Spinal 
Cord Injury
Myelin is a protective sheath surrounding axons. It facilitates the conduction 
of nerve impulses traveling along neuronal projections and allows for cell 
signaling. A multitude of oligodendrocyte processes covers a single axon to 
form the myelinated segments (Papastefanaki and Matsas, 2015; Hughes and 
Appel, 2019; Kuhn et al., 2019). Oligodendrocytes are the myelin-forming 
cells within the CNS that regulate the mechanical process of myelination and 
are sometimes aided by glial cells like microglia (Pukos et al., 2019; Cunha et 
al., 2020; Kalafatakis and Karagogeos, 2021). The nerve impulses jump from 
one node to another via voltage-gated channels. The myelinated glia is in 
constant communication with the axons and provides protection and support 
for axonal integrity.  

When SCI occurs, the communication between myelinated glia and axons is 
disrupted, and axonal demyelination begins to arise in concurrence with a loss 
of neuronal function (Wu et al., 2021; Xie et al., 2021). Primary mechanical 
damages can occur immediately after the initial trauma, while secondary 
damage will transpire over a period of hours to days (Papastefanaki and 
Matsas, 2015). The initial injury side can induce a cascade of deleterious 
events and spread to surrounding tissues, creating a non-permissive 
regeneration environment leading to permanent loss of function (P Drasites 
et al., 2020).

Remyelination refers to the generation of new myelinating cells through a 
resident stem cell and/or oligodendrocyte progenitor cells that will replace 
lost oligodendrocytes, producing new myelin sheaths around the stripped 
axons (Xie et al., 2021). Remyelination is critical for the restoration of impulse 
condition as well as the formation and proper restoration of nodal and 
internodal regions of the axon (Papastefanaki and Matsas, 2015; Xie et al., 
2021). Oligodendroglial cells promote the production of myelin through cell 
differentiation (Bacmeister et al., 2020; Fessel, 2022). This cell differentiation 
and maturation produces the sheath around the axon (Figure 2). Although 
myelination is predominately driven by oligodendrocytes, the other glial cells 
including astrocytes and microglia, also contribute to this process (Traiffort et 
al., 2020). For example, astrocytes provide lipids for myelin sheath production, 
and microglia-oligodendrocytes communication can help in myelin production. 
While mechanisms underlying astrocytic mediation of myelin sheath 
production and enhanced microglia-induced oligodendrocyte differentiation 
remain unclear, subpopulations of microglia and astrocytes may play roles 
in demyelination and remyelination after SCI. The utilization of a myelinating 
agent, Clemastine, may allow for the promotion of oligodendrocyte cells to 
remyelinate the sheath of the axon as shown in Figure 2. A recent study has 
shown that Clemastine treatment preserves myelin integrity, decreases loss of 
axons, and improves functional recovery in the rat SCI model (Du et al., 2022).

Axonal vulnerability can be avoided with remyelination, as it provides 
protection and metabolic support through oligodendrocytes and myelin 

Figure 1 ｜ Glial scar formation after SCI.  
The figure displays the two injury types, primary and secondary, conceived from a 
sectioning of SCI.  Microglia are activated in the secondary injury process and induce 
inflammation at the lesion site, promoting the production of glial scar formation. 
Astrocytes begin forming astrocytic scar tissue and fibroblasts develop fibroblastic scars. 
Ultimately this leads to axonal damage and neuronal death if left untreated. SCI: Spinal 
cord injury. 

The consequence of scar formation in the CNS is usually considered more 
detrimental than that in the peripheral organs because of impaired neural 
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layering. Spontaneous remyelination does not always guarantee a completely 
functional recovery. It is critical to avoid major amounts of demyelination 
in the early stages of injury to prevent permanent functionality damages. 
Demyelination results in damage and stripping of the protective layering of 
the myelin sheath which surrounds the neuronal axons (Wu et al., 2021). 
Damage to the sheath results in disruption of impulse signaling and can lead 
to neurological issues (Swanson, 2020).

Rodent and human studies on SCI suggest that demyelination of spared axons 
can occur in the surrounding tissues of the injury site. In a study conducted by 
James et al. (2011) rodents suffering from acute SCI experienced a complete 
conduction block in the ascending dorsal column axons in the timeframe of 2–4 
weeks. The conduction becomes partially restored overtime; however, there 
was no evidence of further improvements at the chronic phase between 3–6 
months post injury. The researchers identified a population of chronically 
demyelinated axons that were incapable of conducting any electrical activity 
(Papastefanaki and Matsas, 2015).

Neurogenic Muscle Loss after Spinal Cord Injury
Skeletal muscle makes up roughly 40% of the total human body mass, it is 
an endocrine organ and thus secretes myokines such as peptides, growth 
hormones, and cytokines which regulate the body to maintain homeostasis (P 
Drasites et al., 2020). SCI causes major disruptions to this organ system and 
without proper treatment; it can have lasting and possibly permanent effects 
on an individual’s health. Muscle atrophy is a secondary complication followed 
by initial SCI. It has detrimental effects on an individual and can lead to other 
complications such as immobility and loss in mechanical function. Movement 
occurs through muscle fiber operations, which is initiated by power and force 
to create contraction and relaxation of the muscle with the sliding filament 
theory. After SCI, there is a decrease in joint ability to maintain mechanical 
loading and a disruption in the neuro-muscular junction signaling. Damaged 
nerve endings and neurons can no longer send signaling to allow for muscle 
movements. This lack of mobility causes a decline in physical activity and 
increases muscle atrophy (P Drasites et al., 2020). Post-injury inflammation 
coincides with degradation of muscle fibers and progresses to cause 
immobility. Immobilized patients typically experience a decrease in tension 
and loading on joints and muscles which correlates with a decline in protein 
synthesis. Muscle atrophy can increase alongside inactivity (P Drasites et al., 
2020).

SCI can cause rapid and severe loss of muscle mass below the site of injury. 
This degeneration of muscle tissue can be associated with serious risk factors 
and influence a lower percentage in the recovery rate among individuals 
with SCI (Giangregorio and McCartney, 2006; Jiang et al., 2021). SCI is also 
associated with involuntary movement and spasms in the muscle due to 
excitatory postsynaptic potentials (Jiang et al., 2021; Sangari et al., 2021). The 
development of spasticity is common after damage to the corticospinal axons 
(Sangari et al., 2021). Ubiquitin-proteasome systems relate to the degradation 
of intracellular proteins which contribute to the catabolism of skeletal 
muscles. Ubiquitin-proteasome systems-related biomarkers such as ring 
finger protein 1 (MuRF-1), muscle atrophy F-box protein (MAF-bx/atrogen-1), 
and E3 ubiquitin ligases can express signaling for atrophy in muscle tissues. 
Muscle breakdown and cell death can be identified with increased expression 
and activity of calpain relating to mitochondrial damages after SCI (P Drasites 
et al., 2020). Myopenia is also commonly diagnosed and linked with SCI 
(Invernizzi et al., 2020a; Bigford et al., 2021). Individuals who were six weeks 
post-SCI recovery had an average cross-sectional area of muscle 18% to 46% 

lower than in control subjects (Castro et al., 1999). A prospective study of 
these patients revealed that after twenty-four weeks post SCI there were 
further declines in the average gastrocnemius and soleus muscles of cross-
sectional areas of 24% and 12% (Castro et al., 1999). Another prospective 
study employing a dual-energy-X-ray scan reported a 15% drop of lower limb 
lean mass in the first year after SCI (Wilmet et al., 1995).

Aging and the duration of injury are associated with a decrease in lean 
mass. Sublesional areas can experience muscle atrophy and degeneration 
of connective muscle fibers (Otzel et al., 2021; Zhao et al., 2021). A study 
conducted using monozygotic twins showed significantly lower trunk and lean 
leg mass in twins affected with SCI  (Spungen et al., 2000). The neuromuscular 
junction is the source from which signals are received and transmitted to the 
muscles. These signals travel from the brain through the spinal cord to the 
motor neurons of the muscle to produce movement and motor function. 
However, after SCI the neuromuscular junction functions are drastically 
compromised. Muscle wasting and degradation occurs after an injury, and 
it can be categorized as denervation or disuse atrophy. Disuse atrophy is 
triggered by a loss in the utilization of the muscles causing shrinkage of the 
muscle fibers, whereas denervation atrophy is induced after damage to 
nerve endings occurs which breaks the communication signaling between 
the muscles and the brain. Studies have shown that without this signaling the 
neuromuscular junction disorders typically decrease nerve cell activity causing 
muscle weakness and withering. Atrophy is onset by a decline in muscle 
protein expression joined with an increase in the intramuscular proteolytic 
enzyme activity (P Drasites et al., 2020). Changes in muscle tissue combined 
with adaptations to preserved spinal circuitry may contribute to spastic motor 
behaviors and a loss in neuromuscular control after SCI. Musculoskeletal 
atrophy can be linked to central nervous system disruptions (P Drasites et al., 
2020).

Individuals with SCI have 15% less muscle tissue in the fat-free soft tissue 
when compared to control subjects with no injury. A decrease in muscle mass 
can lead to a reduction in metabolic rate combined with an increase in fat 
storage (Monroe et al., 1998). SCI individuals typically have reduced energy 
expenditure due to limitations in mobility and may experience muscle atrophy 
due to this reduction in activity (Invernizzi et al., 2020a). Individuals may also 
experience a reduction in resting metabolic rate due to reduced peripheral 
sympathetic nervous system activity (Monroe et al., 1998).  

Myelination Supports Axonal Recovery and 
Neuronal Survival Following Spinal Cord Injury
The myelin sheath is formed as a multilamellar membrane structure by the 
spiral wrapping and subsequent compaction of the oligodendroglial plasma 
membrane around CNS axons. Dynamic changes to axonal myelination 
occur throughout life or through remodeling of existing myelin sheaths. 
Oligodendrocytes are responsive to neuronal activity, which has been shown 
to induce changes to myelin sheaths, potentially to optimize conduction and 
neural circuit function. However, CNS injuries can induce multiple barriers to 
axonal growth. One barrier group linked to the injured neurons is the myelin-
associated inhibitors (MAIs). MAIs are molecules located in the myelin of 
the CNS that regulate axonal growth (Geoffroy and Zheng, 2014). MAIs are 
correlated with axonal tracts, axon sprouting, and reproducibility presented 
in a variety of injury models. The regeneration of axons is limited by targeting 
these molecules. MAIs are likely to act as a barrier to regeneration and 
extrinsic axon growth modulators. Inhibitory signaling factors significantly 
decrease remyelination of axons (Grinspan, 2020). Bone morphogenetic 
proteins strongly inhibit oligodendrocyte progenitor differentiation as 
well as myelination. These proteins are highly expressed during pre-natal 
development of the dorsal CNS and help in the regulatory process of dorsal 
ventral patterning. In demyelinating diseases such as multiple sclerosis (MS), 
bone morphogenic proteins are expressed by immune cells invading the CNS. 
Bone morphogenic proteins in the CNS are associated with inflammation 
and increased demyelination of axons (Grinspan, 2020). Three prototypical 
inhibitors are Nogo, myelin-associated glycoprotein, and oligodendrocyte-
myelin glycoprotein which signal through multiple neuronal receptors to 
exert growth inhibition (Vourc’h and Andres, 2004; Schwab, 2010; Geoffroy 
and Zheng, 2014). The targeting of myelin inhibition helps to modulate the 
compensatory sprouting of the uninjured axons. However, the effect on 
regeneration of these injured axons may be limited.  

Regeneration and sprouting are separate terms used to define axonal growth. 
Regeneration is repair and axonal growth after an injury has occurred, while 
sprouting is the axonal growth of uninjured neurons (Geoffroy and Zheng, 
2014). Modulating the sprouting and employing its naturally occurring form of 
restoration mechanics can be an additional measure for promoting functional 
repair after injury to the CNS (Geoffroy and Zheng, 2014). MAIs have shown 
potential inhibitory activity on the neurite growth in vitro (Alabed et al., 2007; 
Chen et al., 2020). MAIs utilize signaling through neuronal receptors and co-
receptors to cause cytoskeleton rearrangements and neurite inhibition. The 
signaling pathways involve both Rho and Rho-associated kinase. Many MAIs 
are expressed by myelin and oligodendrocytes (Geoffroy and Zheng, 2014). 
While axonal regeneration in the mature CNS is limited by MAIs, neutralization 
of those inhibitors can help regeneration in vivo. Various treatment strategies 
have been developed overtime to counteract the effects of MAIs, and these 
treatments promote axonal regeneration in the damaged spinal cord and 
promote functional recovery through enhanced plasticity.

Figure 2 ｜ Demyelination and remyelination of a neuron.  
This figure displays the contrast between a demyelinated axon and the breakdown of the 
myelin sheath with a properly remyelinated axon. The first neuron displays a properly 
myelinated axon prior to SCI. After SCI, the neuron is damaged and demyelination occurs 
alongside an increase in astrocyte gliosis and microglial activation, with a decrease in 
oligodendrocyte population. The utilization of clemastine may allow for the promotion of 
oligodendrocyte cells to remyelinate the sheath of the axon. Clemastine treatment may 
reduce gliosis and promote recovery of myelination by oligodendrocytes and survival of 
neurons. SCI: Spinal cord injury.  
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Drugs That Support Myelination in Spinal Cord 
Injury 
The FDA currently approves only two drugs, miconazole and clobetasol, 
which demonstrate the ability to promote oligodendrocyte precursor 
cells maturation as well as enhance remyelination of axons. These drugs 
have been tested and provide evidence of increasing the number of new 
oligodendrocytes in mice brains (Wang et al., 2011; Najm et al., 2015). In 
a mouse model of MS, miconazole and clobetasol were administered and 
promoted the remyelination of the axons. These drugs can cross the blood-
brain barrier and display a striking reversal of demyelination in the animal 
models. Both drugs appear to promote remyelination, also clobetasol works 
to suppress the immune system while miconazole appears to have no side 
effects on the immune system.  

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used in medical practice 
to help relieve pain and reduce inflammation after injury. NSAIDs such as 
ibuprofen subdue intracellular RhoA signal and improve significant axonal 
growth, function, and recovery post CNS injury (Xing et al., 2011). NSAIDs 
have demonstrated the ability to reduce the generation of amyloid-beta42 
peptide via the inactivation of RhoA signal. This in turn supports RhoA-
repressing functions of NSAIDs. Drug treatments such as indomethacin and 
ibuprofen with RhoA-inhibiting NSAIDs drastically reduce oligodendrocyte-
related cell death. The RhoA-inhibiting NSAIDs therapeutic target has 
shown to promote remyelination and assist in the recovery of the CNS 
after SCI. Treatment studies utilizing these drugs resulted in a significant 
increase in axonal myelination as well as white matter tracts after traumatic 
contusions resulting from SCI. Axonal elongation prometon, glial survival, and 
remyelination of axons were all displayed with the NSAID and its inactivation 
of RhoA (Xing et al., 2011). 

Results from a four-week in vivo study on rats with SCI assessed the myelin 
integrity and protein expression using transmission electron microscopy and 
immunofluorescence (Du et al., 2022). Clemastine treatment was shown to 
preserve myelin integrity as well as decrease the loss of axons and to improve 
functional recovery in the SCI rat model. While Clemastine does not fully 
restore all damages to the myelin sheath, it can be utilized as a therapeutic 
in combination with other forms of rehabilitation. This study confirmed 
that clemastine utilization enhanced oligodendrocyte differentiation and 
myelination. This enhancement helps to delay axonal degeneration and 
promote motor function recovery (Chen et al., 2022; Du et al., 2022). This 
therapeutic agent has been shown to work by blocking histamines created by 
the body to combat an allergic reaction. Histamines are an immune response 
used to block foreign pathogens from entering the body. They are produced 
by mast cells and basophils found within connective tissue and create 
inflammation. Antihistamines compete with histamine for cell receptor sites 
on effector cells. CF also blocks acetylcholine which alleviates fluids secreted 
during the initial anaphylactic reaction. Common brands of Clemastine include 
TAVIST and Agasten.  

Clemastine fumarate, also known as (+) -2-[2-[(p-chloro-a-methyl-a-
phenylbenzyl) oxy] ethyl]-1-methylpyrrolidine hydrogen fumarate, is 
categorized as a benzhydryl ether antihistaminic compound. It has a 
molecular weight of 460.0 (molecular formula C25H30CINO5) and is a synthetic 
ethanolamine with anticholinergic, sedative, and histamine H1 antagonistic 
properties. This drug acts as an antihistamine that blocks the H1 histamine 
receptor and prevents the associated symptoms that are caused by histamine 
activities. Specifically, it can reduce inflammation of the capillaries, bronchial 
and gastrointestinal smooth muscles including vasodilation, increased 
capillary permeability, bronchoconstriction, and spasmodic contraction of 
gastrointestinal smooth muscles. This drug has been observed to aid in the 
prevention of histamine-induced pain and itching of mucous membranes 
(Administration). Clemastine fumarate,the fumaric acid salt of Clemastine, 
is also an antihistamine with antimuscarinic and moderate sedative 
properties. Its purpose is to treat allergic conditions such as rhinitis, urticaria, 
conjunctivitis, and in pruritic skin conditions and provide symptomatic relief. 
It has a role as a H1-receptor antagonist, an anti-allergic agent, a muscarinic 
antagonist, and an antipruritic drug as it contains the chemical makeup of 
Clemastine.  

Clemastine Improves Myelination, Recovery of 
Neurons and Muscle 
While Clemastine has antihistamine properties with anticholinergic and 
sedative side effects, it exhibits therapeutic potential in demyelinating 
diseases and SCI (Cree et al., 2018; Du et al., 2022). Patients who received an 
injection of Clemastine were observed to have peak antihistaminic activity 
5 to 7 hours after the initial injection. The antihistaminic effects have been 
shown to persist for 10 to 12 hours after receiving the initial histamine 
injection. In some cases, the activity of the drug has been observed for up to 
24 hours. With oral administration, it is absorbed from the gastrointestinal 
tract rapidly, and the peak plasma concentration can be attained in 2 to 4 
hours. The major mode of excretion is via urinary emission (Administration).

A study (No author listed, 2022) conducted by Cristopher Turski and 
colleagues tested the effect of Clemastine in rat models with a myelination 
disorder (Turski et al., 2018). The rare inherited demyelinating disorder known 
as Pelizaeus Merzbachers diseases (PMD) manipulates the CNS causing 
detrimental neurological symptoms of ataxia, rotary nystagmus, pyramidal 

signs, seizures, extrapyramidal movement disorders, psychomotor delay, 
and intellectual disability. Individuals who inherit this X-linked recessive 
trait typically remain in life-long chronic care (Wilmet et al., 1995). New 
observations in the canine model of PMD suggest that there is a gradual 
spontaneous differentiation of oligodendrocyte progenitor cells in the 
spinal cord, but this is not present in the brain. This data correlates with 
clinical trials in animals, which monitored 2-year-old dogs who displayed 
more myelin microscopically in the spinal cord. These findings suggest 
that drugs such as Clemastine could help to promote differentiation of 
oligodendrocyte precursor cells (OPCs) earlier in the brain and spinal cord 
of PMD patients. Thus, clemastine could advance myelination and result in 
functionally significant neurologic improvement of PMD individuals. Other 
researchers reported that a cluster of antimuscarinic compounds improve 
oligodendrocyte differentiation and remyelination (Cully, 2014; Abiraman 
et al., 2015; Huntemer-Silveira et al., 2020). Clemastine is also one of the 
compounds noted to promote this differentiation, as it is an antihistamine 
and anticholinergic medication licensed in the United States for treatment of 
allergic conditions.  

Clemastine is known to exhibit promotion of remyelination in lysolecithin-
induced demyelination in a mouse model (Wilmet et al., 1995). A recent 
study attempted to determine if remyelination could be achieved through 
drug treatment utilizing clemastine (Green et al., 2017). Patients diagnosed 
with relapsing MS and chronic demyelinating optic neuropathy on stable 
immunomodulatory therapy participated in a double-blind, randomized, 
placebo-controlled crossover trial. Capsules of 5.36 mg clemastine fumarate 
were provided to the active treatment group while the untreated group 
received a placebo. The findings suggested that myelin repair was achievable 
via drug treatment for patients afflicted by chronic demyelinating disease such 
as MS. The evidence suggested in this study is among the first to display the 
remyelination effects of clemastine in chronic neurodegenerative conditions. 
Other preclinical data showed that clemastine encourages oligodendrocyte 
precursor differentiation and remyelination without suppressing the immune 
system (Mei et al., 2016; Kolahdouzan et al., 2019; Huntemer-Silveira et al., 
2020). Myelin repair is demonstrated with clemastine as a drug treatment 
during chronic demyelination induced by MS in patients (Green et al., 2017). 
It also acts as a therapy to treat hypoxic brain injuries derived from white 
matter injury. Failed myelin regeneration during hypoxia can be linked to the 
hindrance of OPCs differentiation as a profound factor. Clemastine not only 
promotes oligodendrocyte differentiation and maturation it also allows for 
remyelination of axons and neuronal survival (Wu et al., 2021).

Clemastine is classified as a histamine H1 receptor blocker, which prevents the 
immune system from prompting an inflammatory reaction due to the onset of 
an injury. Clemastine preserves myelin sheath integrity through the promotion 
of oligodendrocyte development which allows for remyelination (Figure 3). 
Clinical research has proven clemastine treatments offer neurovegetative 
effects by increasing OPCs differentiation and allowing for remyelination of 
the neuronal axon sheath (Gruchot et al., 2019). One possible mechanism 
is that clemastine is known to modulate autophagy in an environment-
dependent manner, as it can enhance autophagy by inhibiting mTOR (Li et al., 
2021). Thus, clemastine could induce the upregulation of mTOR-mediated 
autophagy, which contributes to preventing the cellular senescence of OPCs. 
Examining the relationship between mTOR signaling, autophagy, and cellular 
senescence following SCI and treatment with clemastine would be interesting.

Figure 3 ｜ Muscle atrophy following SCI.  
Before SCI occurs, the spinal cord is intact and the surrounding muscle fibers are 
undamaged. The motor neuron axons are intact and connected to the muscle fiber 
endings via the axon terminal. However, once injury occurs the axons are broken and cut 
due to the impact of the trauma. Neurogenic muscle loss occurs after SCI due to atrophy 
and damage to the motor neuron from demyelination. Clemastine treatment may 
promote remyelination and regeneration will begin to occur after the initial injury. The 
axons will begin remyelinating and muscle fibers are protected, and functionality begins 
to restore. SCI: Spinal cord injury. 

Despite rehabilitative efforts over an extended period, certain neurological 
impairments stimulated by SCI may be irreversible and functionality can 
be permanently lost after injury. Depending on the severity of the injury, 
it is possible for gradual improvements to be made to locomotive function 
with the utilization of drug therapy and other forms of treatment such as 



NEURAL REGENERATION RESEARCH｜Vol 18｜No. 5｜May 2023｜945

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

timely progressive physical therapy coincided with adequate daily care 
(Yip and Malaspina, 2012). After SCI, many patients experience dramatic 
changes in their body composition which can lead to muscle atrophy and 
potentially an increase in fat mass due to cardiometabolic hindrance. Often, 
patients with SCI will become diagnosed with obesity and experience bone 
loss due to immobility and reduction in locomotor function (Fernndez and 
Ribeiro, 2019; McMillan et al., 2021). However, this diagnosis is reversible 
with proper treatment. In a separate study, lower limb muscles showed 
improvement in mobility and composition after SCI with the treatment of 
cardiovascular function with epidural stimulation (Legg Ditterline et al., 
2020). Circuit resistance training was shown to aid in muscle maintenance 
and strengthening which promoted functional agility and mobility (Alves 
Rodrigues et al., 2021). Exercise can positively benefit patients with SCI 
as it allows for an increase in cardiovascular/muscular endurance, muscle 
strength, flexibility, stability, and maintenance of weight. Selective stimulation 
patterns during exercise can promote the workload and power output of 
paralyzed muscles. Overall, exercise-based treatment therapies paired with 
the Clemastine treatment can significantly help reverse the secondary injury 
damages occurring in SCI individuals. Exercise and physical therapy should be 
appropriately diagnosed and introduced to SCI patients overtime based on 
the individuals’ specific needs. While exercise does promote muscle tissue 
regeneration and growth, it should be slowly incorporated as a treatment 
option to deter from further damages to the initial injury of the spinal cord. 
Proper regimented and light exercises customized to the individual can aid in 
the regaining of functional agility and mobility alongside muscle strengthening 
(Alves Rodrigues et al., 2021).  

Conclusions
SCI results in a loss of functional mobility, sensations, and neuromuscular and 
skeletal function. Injury can lead to apoptosis of the neurons and degradation 
of oligodendrocytes causing demyelination of the axon. Paralysis can also be 
an effect of SCI inducing immobility and the development of tetraplegia or 
quadriplegia. Fine motor skills degrade after paralysis therefore protection of 
neurons and skeletal muscle is critical to regain those locomotor functions. 
As the global rate of SCI-related incidents continues to rise, there is an urgent 
need for therapeutic treatment options. This review serves to evaluate 
Clemastine’s clinical relevance in relation to SCI patients and analyze the 
benefits of its use as a potential treatment. Although the detrimental effects 
of SCI can cause irreversible damages through the primary injury, treatment 
can be provided to patients in order to reverse the effects of secondary injury. 
Clemastine has been clinically proven to provide protection of axonal nerve 
endings after SCI as well as inducing remyelination through oligodendrocyte 
promotion and stimulating muscle fiber growth. Clemastine treatments 
negate cell death and the formation of glial scars while protecting further 
damages to the spinal cord and muscle tissue through remyelination and 
promoting the recovery of cognitive function. Clemastine could potentially 
serve as a positive drug treatment reinforcer alongside other clinically proven 
drugs and treatments to aid in the recovery from SCI. Although it has been 
clinically established and shown to support remyelination in damaged axons 
and deter cell death after injury, there are still more to be discovered about 
Clemastine’s potentially beneficial mechanisms. Clemastine is a relatively 
new form of drug treatment for SCI patients and research should continue to 
be conducted to formulate new findings and potential breakthroughs about 
this drug’s clinical relevance and therapeutic properties. With the utilization 
of these treatments, individuals suffering from SCI could potentially regain 
muscle function, and mobility, and have an overall improvement in their 
quality of life.  
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