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Abstract 

Neuroplasticity is a condition that is present from birth, being found in the 
central and peripheral nervous system, in both physiological and pathological 
terms. Based on the findings, therapeutic and non-therapeutic attempts were 
tested on spinal cord trauma to recover locomotor function below the level of 
the injury. The work defined and showed other forms of the term neuroplas-
ticity, talk about some pathological and non-pathological conditions, and, fi-
nally, show neuroplasticity and some of its treatments in the spinal cord in-
jury process. A narrative literature review from 2000 to 2020 of the PubMed 
platform was conducted and analysis of two books for the elaboration of this 
work. Animal/human studies were included that addressed pathologies, forms 
of treatment for spinal trauma, and qualis from B1 to A1. Pre-2000 articles, 
which addressed neuroplasticity only to understand the molecular mechan-
isms and articles that were not in English, were excluded. As a result, the 
main molecules and structures that inhibit neuroplasticity were found, and, 
based on their knowledge, forms of treatments were developed to inhibit 
these molecules and structures to assist in neuroplasticity and assist in possi-
ble functional recovery. It can be concluded that the physiological barriers are 
already being overcome by the most recent forms of treatment and that soon 
new studies may propose a form of treatment that is protocoled for all pa-
tients. 
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1. Introduction 

1.1. Definition, Forms, and Mechanisms of Neuroplasticity 

Neuroplasticity can be defined as the property of the nervous system to alter its 
function or structure in response to the environmental influences that affect it. 
One of the forms of neuronal plasticity is peripheral, also known as true regene-
ration, where the lost circuit and its function are reconstituted [1] [2]. This is 
perceived when in a surgical procedure there is a loss of sensation in the newly 
operated region, with sensitivity restored in a certain period. Another type of 
neuroplasticity is the functional, which was demonstrated in a study involving 
musicians and non-musicians, where the area of finger representation in these 
two groups was analyzed. This area was shown to be greater for musicians who 
performed their learning early during childhood. In contrast, musicians who 
have focal dystonia (a motor disorder caused by excessive motor practice with 
the fingers), present a fusion of the cortical representation of the fingers, which 
is probably the cause of the disorder, which is the result of poorly adaptive plas-
ticity. Of maladaptive neuroplasticity, it is known as phantom limb syndrome 
where it would be possible to reconstruct an imaginary representation of the 
limb, in the brain [1]-[9]. 

1.2. Plasticity and Axonic Regeneration 

Axonic plasticity is different from axonic regeneration since axons are pre-
served and can be modified without the need for injury, whereas in regenera-
tion, axons are injured and there is a response process to this stimulus. This 
type of plasticity is the way the nervous system uses to consolidate neural cir-
cuits according to environmental influences. An example of axonic plasticity is 
amblyopia, which is the lack of visual acuity involving particularly stereoscopic 
vision [1] [2] [10]. 

1.3. Spinal Cord Injury 

Neuroplasticity and its mechanisms are not only present in physiological situa-
tions but also in pathological ones. One of these forms is neuroplasticity that 
occurs in the CNS in a spinal cord injury. Spinal cord injuries occur between 
250,000 and 500,000 people per year are caused by traumatic events. The com-
plications known caused by spinal cord injury are due to two main pathophysi-
ological events: the initial physical injury and the subsequent secondary injury 
initiated by the initial trauma. The primary injury is acute and caused by me-
chanical forces, such as compression and displacement, which can physically 
disrupt cell membranes and blood vessels and destroy many local neurons and 
glia. The primary mechanical injury induces a cascade of chemical reactions and 
biological events, leading to a secondary injury that occurs in the hours after the 
initial injury. These secondary injury processes cause oxidative damage by acti-
vated radical oxygen, damage mediated by calcium, by the influx of calcium 
ions, immune reactions, apoptosis, hemorrhage, inflammation, and edema, re-
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sulting in axonal degeneration, demyelination, and cavitation at the injury site. 
Also, spinal cord injury causes the death of elevated neurons and oligodendro-
cyte cells that result in positive regulation of axonal growth-inhibitory factors at 
the injury site [11] [12]. 

Spinal cord injury can be classified according to severity. The classification is 
graded as follows: ASIA A (level A), ASIA B (level B), ASIA C (level C), and 
ASIA D (level D). An ASIA A injury is when the patient has a complete loss of 
function below the level of the spinal cord injury, whereas in ASIA B, ASIA C, 
and ASIA D injuries, partial sensory preservation, partial motor preservation 
occurs and both functions are partially preserved. Most of the patients who are 
victims of spinal cord injury have residual edges of white substance spared on 
the peripheral margins of the spinal cord. This spared tissue usually constitutes a 
small proportion of the pre-injury white matter volume, between 1% to 10% of 
the original amount of tissue. The axons that were spared in this limit are hy-
pomyelinated or demyelinated, indicating that both the remyelination of these 
axons and the plastic reorganization of their terminals below the injury site 
would be necessary to achieve functional recovery. When greater proportions of 
white matter are spared after the initial injury, patients may manifest several 
clinical syndromes related to ASIA B, ASIA C, or ASIA D [11]. 

Spontaneous improvement in function occurs in the vast majority of patients 
(60% - 80%), with partial preservation of motricity, supporting the theory that 
the spared projections can undergo spontaneous plasticity and can generate 
functional improvement in patients. Only 20% of ASIA A patients exhibit any 
spontaneous improvement in one year after the injury, indicating the potential 
ability of small edges of spared tissue to mediate functional improvement. How-
ever, patients with spinal cord injury classified as ASIA B, C, or D show very 
high rates of spontaneous improvement in function from the moment of the ini-
tial injury [11]. 

However, some patients have chronic lesion stages. Patients who have this 
type of stage, have little spontaneous improvement in their lost functions and 
drugs that intend to increase spontaneous plasticity may lose an opportunistic 
window that exists for limited periods after an acute injury [11]. 

1.4. Treatments 

Among the pharmacological treatments, we have hydralazine, which has an an-
tihypertensive effect and invades other tissues when administered by IV or oral 
route, abruptly reducing blood pressure, requiring a direct application to the le-
sion site so that it inhibits acrolein, which it is responsible for secondary nerve 
tissue damage, proving to be effective in treating spinal cord injury. The admin-
istration of clonidine was also shown to be efficient in the treatment of the most 
severe spinal injury, and its effects persisted after elimination of the drug. The 
interpretation of results and concluding were impaired after the application of 
doses of 4-aminopyridine, and its effects on the treatment of spinal cord injury 
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are not clear. In contrast, treatment with GM-1 ganglioside was shown to be 
beneficial in patients with chronic spinal cord injury, and quite efficient in in-
creasing motor scores after the application of GM-1 ganglioside. Studies with 
methylprednisolone, a synthetic steroid, showed that this drug reduces inflam-
mation around the injury site by suppressing the immune system [12]-[19]. 

Other approaches consist of non-pharmacological actions that include stem 
cells, nanotechnology, hydrogel nanoparticles, and delivery of drugs by poly-
meric nanoparticles, scaffolding, and IN-1 antibody. For these forms of treat-
ment, it was necessary to understand the molecular mechanisms of these ap-
proaches in some studies [12] [20] [21] [22] [23] [24]. 

Many studies have proven that the treatment involving hydrogel nanoparticles 
is effective for the process of regeneration of neurons, through progenitor cells, 
and of the axons at the injury site, due to the mechanical properties and struc-
tural architecture that make them a good option to present factors endogenous 
to the injured spinal cord. Also, polymeric nanoparticles, such as polylac-
tic-co-glycolic acid (PLGA), have the characteristic of regulating the release of 
drugs from administration systems and at the same time provide an appropriate 
structure for the tissue and can protect anti-degradation drugs, in addition to 
increasing their stability. In addition, they were combined with growth factors or 
hybrid structures that incorporate tissue cells, favoring repair at the spinal cord 
injury site [12] [24]-[38]. 

The application of the IN-1 antibody directly to the lesion site was performed 
to inhibit a part of the central nervous system myelin, which when its substrate 
was activated inhibited the growth of neurites, such as the Nogo protein [39] 
[40] [41]. 

A component of the nanoconjugate, called WGA, was identified in the axons 
descending from the ipsilateral phrenic nerve motor neurons and in the rostral 
ventral respiratory group bilaterally through immunostaining techniques in the 
rats that used this treatment, but it was not possible to identify the theophylline 
in these locations, but it can be inferred that theophylline is present due to the 
recovery of phrenic nerve activity on the 2nd day after application. Malondialde-
hyde and myeloperoxidase levels were lower with treatment and the superoxide 
dismutase enzyme, used by cells to promote antioxidation, was higher. The 
treatment was also able to attenuate local hemorrhages, increase the number of 
neurons, glial cells, and the formation of the glial junction at the injured site, and 
a very significant reduction in inflammatory cells, autophagosomes, and glial 
scar, showing a reduction in the post-injury repair period, confirmed histopa-
thology. In another way of thinking, an experimental study involving gold na-
noparticles wrapped in an extract of Juglans regia and the antiepileptic Zonisa-
mide was carried out to measure the effectiveness of this form of treatment [42] 
[43]. 

It can be inferred based on these findings, that this form of treatment is very 
promising for patients with spinal cord injury. One of these studies associated 
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agarose gel nanoparticles with the hormone 17ß-estradiol, forming the com-
pound PLGA-E2 for the treatment of spinal cord injury and reduction of the 
toxic effects of the hormone in rats. The treatment increased concentrations of 
vascular endothelial growth factor, anti-inflammatory cytokines, and protein le-
vels of axonal neurofilament. Treatment also reduced gliosis/microgliosis forma-
tion, astrocytic hypotrophy, decreased chondroitin sulfate proteoglycan, and 
microglial hyporeactivity in the lesion, in addition to partial functional recovery 
demonstrated by increased function in the hind limbs, increased frequency of 
strides, and partial recovery balance, the latter being assessed by gait symmetry 
[44] [45]. 

Another study involving the PLGA was also carried out for the treatment of 
spinal cord injury to propose a new method of delivery of antioxidant nanopar-
ticles involving dogs. The limitations consisted in not carrying out additional 
tests for a more targeted treatment and with more control over the dosage of an-
tioxidants and the complement system. This delivery strategy can also be consi-
dered for other molecules capable of promoting neuroprotective astrocytes, pro-
viding a specific therapeutic treatment for cells to improve SCI and other neu-
rological diseases [46]. 

2. Objective 

The objective of this work was to define the term neuroplasticity and show other 
forms of it, highlight some pathological and non-pathological conditions and, 
finally, demonstrate neuroplasticity and some of its treatments in the spinal cord 
injury process. 

3. Materials and Methods 

To carry out this narrative review work, the PubMed platform was used to 
search review articles and the originals on the subjects of neuroplasticity, central 
and peripheral, neurogenesis, spinal cord injury, as well as the treatments that 
were carried out for the pathology. Only Articles from 2000 to 2020 were ana-
lyzed, articles before this date were removed, as well as articles that were not in 
English. Furthermore articles which addressed neuroplasticity only to under-
stand the molecular mechanisms, but not the clinical effects of the treatments, 
were removed. Studies in animals/humans, which addressed pathologies, the 
forms of treatment for spinal trauma, and with qualis from B1 to A1 were in-
cluded. 

In addition to these means of research, two books were also used as the basis 
for its composition, namely: Neuroscience of Mind and Behavior 1st Edition, 
Rio de Janeiro: Guanabara Koogan, 2008 (Roberto Lent—Coordinator) and 
Neuroscience Third Edition, United States of America: Sinauer Associates 2004, 
in chapters 23 and 24 (Edition by Dale Purves et al.). The descriptors used were: 
Neuroplasticity, Neurogenesis, Spinal Cord Injury, Regeneration, Secondary In-
jury, Nanomaterials, Stem Cell, Nanoparticles, Side Effects, Medicines. 
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4. Results and Discussion 

The studies evaluated by the review show that after spinal cord trauma, several 
molecules are released as a result of the trauma, triggering a secondary spinal 
cord injury, being characterized as a chemical injury arising from oxidative 
stress. An example of a molecule is acrolein, which is released after lipid peroxi-
dation of the myelin sheath after trauma, which is cytotoxic, among others. 
Some structures are also formed at the site and end up preventing neuroplastici-
ty that would culminate in regeneration for functional recovery below the level 
of the injury [41] [14] [12]. Table 1 shows some of the main molecules and 
structures that are neuroinhibitory. 

A greater understanding of the inhibitory mechanisms that occur during the 
neuroplasticity process is also necessary to propose an adequate treatment me-
thod, given the complexity of these mechanisms. However, some main forms 
were studied to seek a functional recovery below the level of the injury. There-
fore, we show below some forms of treatment for spinal cord injury. 

Many drug tests have been carried out to promote adequate neuroplasticity to 
obtain true regeneration in the injured site for a functional recovery below the 
level of the injury. Studies involving clonidine, cyproheptadine, levodopa, 
4-aminopyridine, GM-1 ganglioside, baclofen, and methylprednisolone have 
been carried out and reviewed for this purpose [13] [16] [17] [18] [19] [47]. Hy-
dralazine has an antihypertensive effect and invades other tissues when admi-
nistered via IV or orally, abruptly reducing blood pressure, requiring the direct 
application to the injury site to inhibit acrolein, which is responsible for nervous 
system secondary tissue damage, proving effective in the treatment. The admin-
istration of clonidine has also been shown to be efficient in the treatment  

 
Table 1. Main neuroinhibitory molecules and structures. 

Structure/Molecule Inhibitory Function 

Glial Scar 
Inhibitory structure that acts as an absolute barrier 

for regenerating axons. 

Chondroitin Sulfate Proteoglycans (CSPGs), 
Ephrins, Semaphorins 

Glial scar tissue molecules that inhibit axonal 
growth. 

Neurocan, Versican, NG2 
Proteins present in CSPGs that are regulated 
positively after injury to the Central Nervous 
System in order to block axonal regeneration. 

Sulfated glycosaminoglycan chains Inhibit axon growth, largely by GTPase Rho. 

Meningeal cells in CNS injuries 
Main component of the lesion nucleus that acts as 

a barrier to axonal growth. 

Myelin 
Second largest source of axonal growth inhibitory 

molecules and stimulated by oligodendrocytes. 

NogoA, Myelin-Associated Glycoprotein 
(MAG), CSPG versican, Oligodendrocyte 

myelin glycoprotein (OMgp), Semaphorin 4D 

Molecules identified in myelin that lead to axonal 
inhibition via receptors, such as the Nogo receptor. 

Source: Made by analyzing the study by Fawcett, 2006. 
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of the most severe spinal injury, and its effects persisted after elimination of the 
drug. Cyproheptadine has also benefited patients with more severe spinal cord 
injuries, facilitating locomotor initiation or training by reducing severe spasticity 
and muscle clonus, as well as clonidine. Levodopa treatment associated with lo-
comotor training proved to be efficient in changes in voluntary muscle strength, 
walking function, and activities of daily living, and when compared to placebo, 
which was also associated with locomotor training, there was no difference in 
improvement. The interpretation of results and concluding were impaired after 
the application of doses of 4-aminopyridine, and its effects on the treatment of 
spinal cord injury are not clear. In contrast, treatment with GM-1 ganglioside 
was shown to be beneficial in patients with chronic spinal cord injury, and quite 
efficient in increasing motor scores after the application of GM-1 ganglioside. 
Studies with methylprednisolone, a synthetic steroid, showed that this drug re-
duces inflammation around the injury site by suppressing the immune system, 
in addition to having a neuroprotective effect. Evidence of the efficacy of baclo-
fen treatment is limited, but an increase in the gait scores of the Functional In-
dependence Measure (FIM) after the use of baclofen has been proven, but with 
small changes in walking [12]-[19]. Table 2 shows a summary of the mentioned 
forms of treatment. 

Most pharmacological approaches are efficient in improving motor and sen-
sory capacity below the level of the lesion, but some side effects and limitations 
concerning the use of monoaminergic drugs (Clonidine, Ciproheptadine, and 
Levodopa) and the others mentioned above have been evidenced. Showing that  

 
Table 2. Pharmacological treatments mentioned. 

Authors/Year Treatment Result/Observations 

van der Bruggen et al., 2001 
DeForge et al., 2004 
Domingo et al., 2012 

4-aminopyridine There was not benefit. 

Maric, Zorner and Dietz, 2008 
Domingo et al., 2012 

Levodopa 
No difference between placebo and 

medication. 

Domingo et al., 2012 

Clonidine Improvement in walking scores. 

Cyproheptadine 
Walking speed increased; Improved 

muscle coordination; Decreased clonus. 

Cyproheptadine + 
Clonidine 

Decreased clonus; Muscle activity of the 
lower limbs increased. 

Geisler et al., 2001 
Domingo et al., 2012 

Ganglioside GM-1 
Increased motor scores; Walking 

distance and speed increased. 

Domingo et al., 2012 Baclofen Improves motor scores. 

Qian et al., 2005 
Domingo et al., 2012 

Nejati-Koshki K., et al., 2017 
Methylprednisolone 

Neuroprotective; Anti-inflammatory; 
Attenuation of lipid peroxidation; 

Myopathies and other complications. 

Liu-Snyder, P. et al., 2006 
Hamann K. et al., 2007 

Hamann, K. & Shi, R., 2009 
Hydralazine 

Neuroprotection against acrolein; 
Injury reversal. 
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at times it was more harmful than beneficial to patients [13] [15] [16] [17] [47].  
Side effects of monoaminergic medications ranged from mild to severe, con-

sisting of xerophthalmia, increased urinary frequency, fatigue, dizziness, consti-
pation, decreased urination urgency, increased appetite, numbness, altered sex-
ual function, nausea/vomiting, headache; and subjective decrease in headache, 
strength, skin rash, vertigo and dry mouth in several patients who were treated 
with these drugs. However, these side effects are not only reported when using 
monoaminergic drugs. The use of 4-aminopyridine culminated in the develop-
ment of nausea, dizziness, and difficulty sleeping in 50% of the patients, and, al-
so, there was withdrawal due to severe side effects (dizziness, weakness, and re-
gression in walking ability), intolerance to 40mg doses of the drug and develop-
ment of transient symptoms (dizziness, headache and flu-like symptoms). The 
use of Baclofen demonstrated symptoms of overdose in high doses resulting in 
the hospitalization of patients, however, this side effect was found in the minor-
ity of them. In contrast, no side effects were reported in the use of Ganglioside 
GM-1 [17] [18] [19] [47]. 

Studies involving hydralazine and methylprednisolone have also demonstrat-
ed side effects and limitations that are different from those already mentioned. 
The proper concentration of Hydralazine may not be achieved in vivo, since af-
ter administration of the drug intravenously, a peak concentration equivalent to 
0.5 - 1.0 μM is expected, with a half-life of 30 - 60 minutes. In addition, acrolein 
concentrations are much higher than the peak hydralazine concentration, not 
being sufficient to neutralize acrolein. The drug can also induce vasodilation due 
to its antihypertensive mechanism, a non-beneficial effect in patients with spinal 
cord injury, as they are suffering neurogenic shock, in addition to the drastic de-
crease in blood pressure involving the guanylate cyclase receptor that is coupled 
to protein G, in smooth muscle. Another problem involving Hydralazine is in 
the development of autoimmune disease (Lupus Erythematosus—modification 
in DNA, developing antinuclear antibody) and in the accumulation of acrole-
in-protein adducts captured by hydralazine in the body, which the effects of this 
accumulation are not clear [12] [15] [48]. 

The use of methylprednisolone, despite having positive effects with studies in 
the late twentieth century, proved to be harmful to patients with prolonged use 
and in high doses. Qian and colleagues conducted a study in which they used 
Methylprednisolone as a form of treatment. The study applied the protocol 
recommended by the NASCIS III trial, which recommends specific doses of me-
thylprednisolone over certain periods. After its use, it was evidenced that the pa-
tients developed acute corticosteroid myopathy. Besides, other complications 
have been reported and consisted of gastric bleeding, sepsis, pneumonia, and 
wound infections [12] [13] [16].  

Based on the side effects and limitations previously reported, other approach-
es for the treatment of spinal cord injury have been developed, consisting of 
non-pharmacological actions such as stem cell therapy, nanotechnology, nano-
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particles (mainly hydrogel), polymeric, and others that provide delivery medica-
tion in a controlled/targeted manner and medullary supports. In addition, a 
monoclonal antibody, called IN-1, was found to prevent the inhibitory effects of 
Nogo, being present only in the central nervous system. For these forms of 
treatment, it was necessary to understand the molecular mechanisms of these 
approaches in some studies [12] [20] [21] [22] [23] [24] [39]. 

The treatment with stem cells in the spinal cord regeneration process proved 
to be efficient, since these cells replaced the nerve cells killed as a result of the 
injury, also, they promote the inhibition of defense cells (T lymphocytes, ma-
crophages, and microglia) that contribute to secondary spinal cord injury, se-
crete trophic factors essential for neural growth (such as Brain-derived neuro-
trophic fator (BDNF); Glial cell line-derived neurotrophic fator (GDNF); Insu-
lin-like growth fator (IGF); Vascular endothelial growth fator (VEGF); Fibrob-
last growth factor-2 (FGF-2); and Transforming growth fator (TGF)), increase 
serum IL-10 and decrease TNF tumor necrosis factor-a serum. Also, the associa-
tion of stem cells with superparamagnetic iron oxide nanoparticles (SPIONPs) 
facilitates the homing of stem cells at the injury site. Treatment involving nano-
technology consists of the ability of nanomaterials to increase bioavailability and 
circulation time at the injury site, proven with methylprednisolone and hydrala-
zine. Many studies have proven that the treatment involving hydrogel nanopar-
ticles is effective for the process of regeneration of neurons, through progenitor 
cells, and of the axons at the injury site, due to the mechanical properties and 
structural architecture that make them a good option to present factors endo-
genous to the injured spinal cord. Also, polymeric nanoparticles, such as PLGA, 
have the characteristic of regulating the release of drugs from administration 
systems and at the same time provide an appropriate structure for the tissue and 
can protect drugs against degradation, as well as increase its stability. Other na-
noparticles were studied, such as iron oxide, ferulic acid (FA), and glycolchito-
san (GC), and it was observed that the former favors the homing of mesenchym-
al stem cells at the site of spinal cord injury, in a mouse model with spinal cord 
injury, and that the last two are natural neuroprotectors, favoring useful recov-
ery after spinal cord injury. Treatment with spinal cord supports has been stu-
died in rats and it has been found that these supports can bind to immobilized 
signaling molecules or drugs for controlled administration of therapeutic agents, 
improve axonal regeneration, provide an appropriate site for cell adhesion and 
migration transplanted cells, regulate the local microenvironment and protect 
neural progenitor cells (NPCs) from the inhibitory effects of CNS myelin after 
spinal cord injury. In addition, they were combined with growth factors or hy-
brid structures that incorporate tissue cells, favoring repair at the spinal cord in-
jury site [12] [24]-[38]. 

The monoclonal antibody IN-1 was located only in the central nervous system 
to inhibit a part of the myelin that it has to inhibit Nogo to provide an adequate 
growth of neurites in the injured site in any part of the central nervous system. 
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After performing applications of IN-1 at the spinal cord injury site, in the corti-
cospinal tract, there was an improved regeneration observed, as well as extensive 
sprouting, in addition to anatomical plasticity. Such results were also found in 
spinal axons [39] [40] [41]. Table 3 shows a summary of these forms of treat-
ment that were mentioned above. 

No limitations were reported regarding the use of these products, however, 
concerning spinal supports, some limitations were taken into account. Depend-
ing on the material, the cord support may not be efficient. Nejati-Koshiki and 
colleagues analyzed the most common spinal supports used to treat spinal cord 
injuries, separating them into natural and synthetic materials. The main natural 
products consist of agarose, alginate, chitosan, fibrin, fibronectin, and methyl-
cellulose, while the main synthetics are tubes (PGA/PLA/PLGA/PLCL), Matigrel 
and PEG/PEo [12]. 

 
Table 3. Non-pharmacological treatments mentioned. 

Authors/Year Treatment Result/Observations 

Dasari, V.R. et al., 2014 
Tukmachev, D. et al., 2015 

Nejati-Koshki K. et al., 2017 
Stem Cells 

Reduced defense cell action; 
Decreases apoptosis; Increase in 

growth factors; Secretion of trophic 
factors; Astrocyte proliferation and 

activation. 

Zhang, L. and Webster, T.J. 2009 
Pourhassan-Moghaddam, M. et al., 2014 

Nejati-Koshki K. et al., 2017 
Nanotechnology 

Neuroprotection; Increased drug 
bioavailability; Axonal 

regeneration; Imitation of the 
microenvironment. 

Tsai, E.C. et al., 2006 
Pangestuti, R. & Kim, S.-K., 2010 

Rossi, F. et al., 2013 
Macaya, D.J. et al., 2013 

Wu, W. et al., 2014 
Caron, I. et al., 2016 

Nejati-Koshki K. et al., 2017 

Nanoparticles 

Increased cell rescue; 
Combinations of treatments; 

Localized delivery of medicines; 
Beneficial for local stem cells; 
Provide a place for growth. 

Lowry, N. et al., 2012 
Ren, H. et al., 2014 

Nejati-Koshki K., et al., 2017 

Polymeric 
Nanoparticles 

Regulated drug release; Proper 
structuring of nervous tissue. 

White-Schenk, D. et al., 2013 
Nejati-Koshki K. et al., 2017 

Hydralazine + 
Nanoparticles 

Secondary lesion of acrolein 
decreased; Reduced side effects. 

Chavatal, S.A. et al., 2008 
Kim, Y.-T. et al., 2009 

Nejati-Koshki K., et al., (2017) 

Methylprednisolone 
+ Nanoparticles 

Reduced side effects; Increased 
reported benefits. 

Scott, J.B. et al., 2011 
Li, X. et al., 2013 

Thomas, A.M. et al., 2013 
Pilehvar-Soltanahmadi, Y. et al., 2016 

Nejati-Koshki K. et al., 2017 

Spinal Axonal 
Support 

Axonal regeneration; Control in 
the delivery of drugs or molecules; 
Association with growth factors; 
Incorporation of specific cells of 

the nervous tissue. 

Qiu et al., 2000 
Goldberg and Barres, 2000 

Fawcett, 2006 
IN-1 Antibody 

Neutralizes NogoA; Increased 
neuroplasticity and regeneration. 
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The main limitations of natural products are problems in the biodegradation 
of the material, which may be rapid or nonexistent (Agarose, Fibronectin, and 
Methylcellulose), the fragility of the support itself (Fibrin), and problems with its 
own regeneration/neuroplasticity (Alginate and Chitosan). The limitations of 
synthetic materials are because they are not biodegradable (PEG/PEo) and do 
not provide adequate axonal growth (PGA/PLA/PLGA/PLCL and Matrigel) 
[12]. 

Other synthetic polymers, in addition to those already reported, are being stu-
died to be used to the fullest in the field of biomedicine. Some of them such as 
Poli (α-hydroxy esters), polyanhydride polymers, polycaprolactone, and poly 
(propylene fumarate) is being tested or manufactured because they are good 
candidates for the controlled delivery of medicines in medicine, in addition to 
their possible use for engineering purposes of fabrics, such as polyurethane. 
They have different degradations and compositions, and some have their main 
limitations related to their degradation, such as polycaprolactone which has a 
very slow degradation, and polyvinyl alcohol which presents incomplete degra-
dation, but which has characteristics that make its transformation into hydrogels 
easier. However, some stand out positively in the field of degradation, such as 
polyurethane, which has several patterns of degradation, including hydrolysis, 
oxidation, and enzymatic processes. In addition to degradation, there are other 
obstacles found in some of these polymers, such as the difficult handling of poly 
(propylene fumarate) at room temperature and polyanhydride polymers that 
have limited life, high reactivity, and instabilities as main deficiencies. No other 
limitations were found in handling, degradation, and attributes. Also, no side 
effects of these polymers have been reported [49]. 

More recent studies involving nanotechnology have used more sophisticated 
treatments with other drugs. Rat models were used to demonstrate functional 
recovery of the phrenic nerve after hemisection of the cervical spinal cord using 
nanoconjugates (agglutinin + horseradish peroxidase + gold nanoparticles) as-
sociated with theophylline to aid in the process. A component of the nanocon-
jugate, called WGA, was identified in the axons descending from the ipsilateral 
phrenic nerve motor neurons and in the rostral ventral respiratory group bilate-
rally through immunostaining techniques in the rats that used this treatment, 
but it was not possible to identify the theophylline in these locations, but it can 
be inferred that theophylline is present due to the recovery of phrenic nerve ac-
tivity on the 2nd day after application [42]. 

Another study involving rodent models aimed to inhibit the Nogo protein re-
ceptor in the axons and promote a possible functional recovery using methyl-
prednisolone (MP). To carry out the work, human albumin serum was used to 
form nanoparticles (NPs), which were conjugated to the peptide NEP1-40 (an-
tagonist of the Nogo axonal receptor), thus forming the NEP1-40-MP-NP com-
plex. The levels of malondialdehyde (indicates lipid peroxidation) and myelope-
roxidase (an indicator of the accumulation of polymorphonuclear leukocytes) 
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were lower with the treatment and the superoxide dismutase enzyme, used by 
the cells to promote antioxidation, were higher. The treatment was also able to 
attenuate local hemorrhages, increase the number of neurons, glial cells, and the 
formation of the glial junction at the injured site, and a very significant reduc-
tion in inflammatory cells, autophagosomes, and glial scar, showing a reduction 
in the post-injury repair period, which confirmed histopathology. Also, the use 
of this complex to restore bone microarchitecture and significantly increase lo-
comotor scores was observed [43]. 

In another way of thinking, an experimental study involving gold nanopar-
ticles (AuNPs) wrapped in an extract of Juglans regia and the antiepileptic Zo-
nisamide was carried out to measure the effectiveness of this form of treatment. 
The study showed that the drug release is very controlled and very stable. This 
form of release mediated by gold nanoparticles proved to be more cytotoxic to 
CTX TNA 2 cells (astrocyte type 1, with fibroblast morphology) compared to the 
free drug in the bloodstream. In addition, the AuNPs wrapper does not use any 
form of chemicals that can cause systemic toxicity. Based on these findings, it 
can be inferred that this form of treatment is very promising for patients with 
spinal cord injury [50]. 

In 2020, three studies were published discussing new perspectives. One of 
these studies associated agarose gel nanoparticles (PLGA) with the hormone 
17ß-estradiol (E2), forming the compound PLGA-E2 for the treatment of spinal 
cord injury and reduction of the toxic effects of the hormone in rats. The treat-
ment increased concentrations of vascular endothelial growth factor (VEGF), 
anti-inflammatory cytokines (IL-4, IL-10, and IL-13), and axonal neurofilament 
protein (NFP) levels. In addition, there was an increase in glutamine synthetase, 
reducing the excess of glutamate and ammonia to promote neuroprotection, and 
the glial cell-derived neurotrophic factor (GNDF), also causing neuroprotection 
and sustaining axonal regeneration. The treatment also provided a reduction in 
the formation of gliosis/microgliosis, astrocytic hypotrophy, a decrease in chon-
droitin sulfate proteoglycan (CSPG), and microglial hyporeactivity in the lesion. 
In addition to partial functional recovery demonstrated by increased function in 
the hind limbs, an increase in the frequency of strides, and partial recovery of 
balance, the latter being assessed by gait symmetry [44]. 

Another study involving PLGA was also carried out for the treatment of spinal 
cord injury to propose a new method of delivery of antioxidant nanoparticles 
involving dogs. Instead of using medications, two enzymes were used to decrease 
oxidative stress-mediated by reactive oxygen species (ROS). In the nanoparticles, 
two enzymes have been internalized that are capable of reducing ROS which is 
Superoxide Dismutase (SOD), catalyzing superoxide ( 2O− ) in oxygen (O2) and 
hydrogen peroxide (H2O2), and Catalase, which degrades H2O2. Despite avoiding 
secondary spinal cord injury mediated by ROS and cytokines, many side effects 
were evident and reported in the study, in addition to limitations as well. Side 
effects ranged from mild to severe, affecting various body systems. Such as bra-
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dycardia, severe hypotension, weakness, hyper-salivation, involuntary urination, 
defecation, hyper or systemic hypotension, changes in blood count (leukope-
nia—with subsequent leukocytosis, and thrombocytopenia—anemia and in-
creased RDW), skin flushing, and elevated alanine transferase (ALT). Many of 
these side effects were compatible with complement activation-related pseu-
do-allergy syndrome (CARPA). The limitations consisted in not carrying out 
additional tests for a more targeted treatment and with more control over the 
dosage of antioxidants and the complement system [45]. 

A promising study published in January 2020 demonstrated the selective effi-
cacy of an anti-inflammatory called Rolipram delivered by biodegradable hy-
drogel (NG) nanoparticles in limiting the pro-inflammatory response mediated 
by astrocyte activation in a rat model with spinal cord injury (SCI), but other 
diseases with a glial response based on astrocytes can also gain from this selec-
tive therapeutic approach. This delivery strategy can also be considered for other 
molecules capable of promoting neuroprotective astrocytes (phenotype A2), 
providing a specific therapeutic treatment for cells to improve SCI and other 
neurological diseases. When tested intensively in a rat model with spinal cord 
injury, there was an improvement in motor performance, but only in the initial 
phase after the injury, reducing astrocytosis and preserving neuronal cells [46]. 
Table 4 shows a summary of recent forms of treatment. 

5. Conclusion 

The physiological barriers that prevent neuroplasticity are already being over-
come by advances in the treatment of spinal cord injury. Combined treatment 
(pharmacological and non-pharmacological) is the most appropriate way for the 
functional recovery of patients with spinal cord injury because they act differently  

 
Table 4. Recent treatments mentioned. 

Authors/Year New treatments Result/Observations 

Liu et al., 2019 
Agglutinin + Horseradish peroxidase 
+ Gold nanoparticles + Theophylline 

Functional recovery of the phrenic 
nerve. 

Lin et al., 2019 
Albumin nanoparticle + NEP1-40 

peptide + Methylpredinisolone 

Neuroprotection, anti-inflammation, 
neuroproliferation, antioxidation and 
reversal of damage from the primary 

lesion. 

Fang et al., 2019 AuNP + Juglans regia + Zonisamide 
Selective cytotoxicity, high stability 

and controlled release. 

Cox et al., 2020 Nanoparticles of PLGA + E2 

Reduction of gliosis and 
neuroinhibitory factors and increase 

of growth factors and 
anti-inflammatory cytokines. 

Robinson et al., 2020 
PLGA nanoparticles + SOD + 

Catalase 
Reduction of chemical damage and 

significant systemic side effects. 

Vismara et al., 2020 NG + Rolipram 
Selective cell action (A2) and 

increased motor performance. 
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in different injury sites. In the near future, more studies are expected to be pub-
lished and combined treatment may be filed for patients with spinal cord injury. 
If this occurs, access to treatments should be free and patented for less cost in 
order to improve the quality of life of all patients with spinal cord injuries. 
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