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Recent update on basic mechanisms of spinal cord injury
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Abstract
Spinal cord injury (SCI) is a life-shattering neurological condition that affects between 250,000 and 500,000 individuals each
year with an estimated two to three million people worldwide living with an SCI-related disability. The incidence in the USA and
Canada is more than that in other countries with motor vehicle accidents being the most common cause, while violence being
most common in the developing nations. Its incidence is two- to fivefold higher in males, with a peak in younger adults. Apart
from the economic burden associated with medical care costs, SCI predominantly affects a younger adult population. Therefore,
the psychological impact of adaptation of an average healthy individual as a paraplegic or quadriplegic with bladder, bowel, or
sexual dysfunction in their early life can be devastating. People with SCI are two to five times more likely to die prematurely, with
worse survival rates in low- and middle-income countries. This devastating disorder has a complex and multifaceted mechanism.
Recently, a lot of research has been published on the restoration of locomotor activity and the therapeutic strategies. Therefore, it
is imperative for the treating physicians to understand the complex underlying pathophysiological mechanisms of SCI.

Keywords Spinal cord injury .Mechanism of spinal cord injury . Primary phase . Secondary phase . Chronic phase

Introduction

Traumatic spinal cord injury (SCI) is a life-shattering neuro-
logical disorder, which affects between 250,000 and 500,000
individuals each year [1–4]. Trauma to the spinal cord second-
ary to motor vehicle accidents (MVAs), falls, violence, and

sports injuries are the leading causes with road traffic acci-
dents being the most common etiology [1, 2, 5–10]. The inci-
dence is two- to fivefold higher in males as compared to fe-
males, with a peak in younger adults. Studies have reported
annual economic burden of billions of dollars on the federal
healthcare systems [11–13]. Since it predominantly affects the
younger adult population, the psychological impact of adap-
tation of a healthy individual to a paraplegic or quadriplegic in
their early life can be devastating [14–17]. Moreover, it is
reported that people with an SCI are two to five times more
likely to die prematurely than people without an SCI, with
worse survival rates in low- and middle-income countries [1,
18–20].

Multiple medical specialties are involved in the manage-
ment and treatment of patients with SCI. Such specialties in-
clude neurosurgery, trauma surgery, neurology, psychiatry,
pain management, and rehabilitation [16]. Recently, extensive
research and attention have been focused on the restoration of
locomotor activity and therapeutic strategies for SCI, includ-
ing cell transplantation, surgical neurostimulation, and drug
administration. Therefore, it is essential for physicians inter-
ested in SCI research to understand the underlying mecha-
nisms of injury of this devastating condition [21–25].
Though the subject is quite vast, in this article, the authors
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provide a glance into the complex and multifaceted mecha-
nism of SCI.

Different levels and severity of SCI

SCI is characterized by a wide array of symptoms including
paralysis, paresthesia, spasticity, pain, and cardiovascular,
bowel, bladder, or sexual dysfunction [26]. It has been shown
to cause substantial autonomic dysfunction, with neurogenic
shock being one of the leading causes of death following
traumatic SCI [19, 27–29]. The amount of disability depends
on the severity and the level of spinal cord injury.

The International Standards for Neurological Classification
of Spinal Cord Injury (ISNCSCI) developed by the American
Spinal Injury Association (ASIA) is used commonly to assess
the severity of injury [30, 31]. The severity of the injury is
classified into different grades in the ASIA Impairment Scale
(Table 1).

Various epidemiological studies have demonstrated that
SCI occurs more at the cervical levels, being the most mobile
segment of the spine and limited by two stable segments at its
two ends being the cranium superiorly and the thorax inferi-
orly, although the distribution varies substantially based on the
geographic location of the studies [1, 2, 6].

Mechanism of SCI

It is well established that the pathophysiology of acute SCI
occurs in two stages: the initial, immediate mechanical injury
caused by a permanent or temporary compression [32, 33]

usually causing contusion of the spinal cord, followed by a
secondary phase, characterized by destructive and self-
propagating biochemical changes in neuronal and glial cells
that lead to increased dysfunction and eventual cell death over
hours to weeks after the initial insult [13, 34–38]. The spatial
extent of secondary injury events spread rostrally and caudally
from the site of the impact causing structural and functional
disturbance along the spinal cord [37, 38]. Cell death begins
locally and centrally, ultimately leading to the destruction of
the central gray matter along with the partial or complete loss
of adjacent white matter tracts [39–42]. The primary phase of
the SCI is usually unexpected and could lead to significant
delay in the management. In contrast, the secondary phase of
SCI is subacute and can be manageable [39]. A proper under-
standing of the mechanisms underlying the secondary phase
of SCI may help the physician manage it promptly with a
measure to decrease this secondary reaction and optimize the
treatment, limiting the extent of the spinal cord injury [43].
The mechanism of SCI is summarized in Fig. 1.

Primary SCI phase

The spinal cord can be contused or transected. A contu-
sion is the most frequent finding [44–46]. Persistent com-
pression after the impact triggers a cascade of events lead-
ing to disability after the SCI [47–50]. Primary injury
occurs at the time of the initial impact. An example is
compression from a retropulsed component of a burst
fracture [35, 51, 52]. Hallmarks of primary injury are
local hemorrhage, edema, and ischemia that progress
and initiate the secondary phase [53]. The mechanisms

Table 1 The American Spinal
Injury Association (ASIA)
Impairment Scale

Grade Degree of spinal cord dysfunction

A Full dysfunction

• Complete loss of motor and sensory function below the level of SCI

• Includes S4–S5 loss, leading to perianal numbness (anal area, see Fig. 1)

B Partial dysfunction

• Complete loss of motor function below the level of SCI

• Variable loss of sensory function below the level of SCI, sparing S4–S5 sacral innervation
(anal sensations intact, see Fig. 1)

C Partial dysfunction

• Partial: more than 50% loss of motor function below the level of SCI

• Motor movements cannot be made against the gravity of affected muscles (grade 1/5 or 2/5)

D Partial dysfunction

• Partial: less than 50% loss of motor function below the level of SCI

• Motor movements can be made against the gravity in affected muscles (grade 3 or more out of 5)

E Normal neurologic examination

• Complete neuronal recovery

• No motor or sensory loss
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of injury can be compression, distraction, or translation of
the spinal column [54]. Disruption of local vascular struc-
tures at the site of insult often leads to localized hemor-
rhages within the spinal cord tissue [55–58]. Since the
spinal cord tissues are located within a confined space,
framed by vertebral bodies, clotting and edema shift the
position of the neuronal and glial tissues within its con-
fined area, increasing local pressures on the tissues, thus
enhancing ischemia. All of the blood flow to the injury
site decreases so that local neurons and glial cells are
deprived of oxygen and glucose. The ischemia and mem-
brane damage in surviving cells initiate the secondary
phase of spinal cord injury. Edema is common among
spinal cord injuries and is a significant proponent of the
development of secondary injury. The initial traumatic
impact increases the permeability of the blood-spinal cord
barrier and can induce both vasogenic and cytotoxic fac-
tors, all of which can cause osmotically active substances
to enter and contribute to the injury edema [39, 40, 59,
60]. The initial primary mechanical insult on the spinal
cord instantly injures or destroys resident tissue, and the
bony or disk fragments cause the laceration and transec-
tion of the spinal cord and the surrounding structures. In

theory, the gray matter is irreversibly damaged during the
first hour after the SCI, but the white matter may survive
the insult up to 72 h after the SCI [61].

Secondary SCI phase

The primary injury causes delayed damage and death to adja-
cent cells that survive the original trauma. This biological and
self-propagating response to SCI is known as the secondary
injury phase and is characterized by multiple cascades of bio-
chemical events that cause further tissue loss and dysfunction.
These cascading events [33, 36, 57, 58, 62] can be divided
into three distinct yet often continuous sequences: acute, sub-
acute, and chronic phases.

Acute phase

In the acute phase, the damage is a direct result of the primary
mechanical trauma that, within seconds, disrupts the structural
integrity of the tissue and immediately leads to physical and
biochemical alterations. These local and systemic events in-
clude spinal shock, vascular dysfunction, ischemia, membrane

Fig. 1 The mechanism of spinal
cord injury (SCI). Demonstration
of various phases of SCI after
trauma to the spinal cord
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compromise, ionic dysregulation, and neurotransmitter accu-
mulation. Many of these events overlap into the subacute
phase.

Spinal shock

Spinal shock is a transient physiological disruption in function
and reflexes as a result of the initial insulting injury as ex-
plained in a study on a rat model [63]. Although specific
aspects of shock differ according to the site of cord injury,
the most shock is characterized by sensory deficits, flaccid
paralysis, the absence of deep tendon reflexes, absent reflex
somatic activity, and thermoregulatory dysfunction below the
level of injury. Testing for spinal reflexes in a rectal exam is
one the most reliable methods for lower spinal cord injuries
[27, 59, 64]. The bulbocavernosus reflex, a reflex arc between
the bulbocavernosus muscle of the penis and the external anal
sphincter, is the best clinical indicator of whether a patient is in
spinal shock [64–67]. Various human studies confirmed that
the absence of this reflex indicates the spinal shock in the
patient, whereas the presence of this reflex rules out spinal
shock and validates the accuracy of the clinical exam findings
[65–67]. The neurogenic shock might follow. It is character-
ized by severe arterial hypotension, bradycardia, and hypo-
thermia [63, 68]. It is a direct consequence of autonomic mal-
function caused by the sympathetic disruption, as indicated in
a study on the rat model of vasospasm-related SCI [69].
Descending sympathetic tracts are lost, leading to unopposed
intact parasympathetic tone [28, 39, 40, 59].

Vascular dysfunction

Vascular injury during the acute phase of spinal cord injury
contributes immensely to the progression of secondary injury
as described in various human and animal studies [51, 55]. As
stated prior, traumatic mechanical injury to the spinal cord
elicits severe hemorrhages throughout the gray matter, leading
to hemorrhagic necrosis and subsequent central myelomalacia
[56, 70]. Holtz et al. explain the reversible spinal cord com-
pression injury in a rat model; significant changes and disrup-
tion occur in the local microcirculation, mainly at the capillary
and venule level [71]. Coupled with systemic hypotension and
local hemorrhage, microcirculatory loss causes a major reduc-
tion in blood flow at the lesion. This substantial decrease in
blood flow leads to tissue ischemia that can become progres-
sively worse over the first few hours of insult [71]. The quick
progression of ischemia is somewhat unclear but may be due
to vasospasm or vasoactive amines released during the injury,
as studied in a rat model of SCI [69]. In addition to the dis-
ruption of the microcirculation, the ischemia and subsequent
reperfusion induce pronounced endothelial damage of the in-
jured vessels. This endothelial damage is the consequence of
oxygen-derived free radicals and other toxic by-products

released during the early ischemic and reperfusion period.
Highly reactive oxygen and nitrogen species contribute to
the oxidative stress involved in the endothelial damage, vas-
cular permeability, and edema that are intimately related to
progression and cascading events responsible for secondary
spinal cord injury [39–41, 59, 60].

Membrane and ionic dysregulation

The integrity of the neuronal cell membrane is critical to the
function and protection of the highly controlled intracellular
environment. Traumatic insult to the membrane results in dis-
ruption of the integrity, leading to the hyperpermeability for the
ions. Most important is the calcium influx into the intracellular
space, activating proteases, disrupting mitochondrial function,
and activating apoptotic pathways. Also, surviving cells sur-
rounding the injury may also experience deleterious conse-
quences due to adjacent ionic disruption from plasma mem-
brane compromise [39, 40]. Ouyang et al. studied a guinea pig
model of 80% spinal cord compression, either briefly or con-
tinuously for 30 min; it is interesting to note the role of myelin
disruption and potassium channel dysregulation compression-
mediated conduction block, given the apparent elementary
concept of membrane integrity and the cytoskeletal and struc-
tural distinctness between somal membranes and axonal mem-
branes [72]. One of the most substantial discrepancies in mem-
brane sealing between neurons and other cell types is the time
course. Neuronal membranes have been shown to require mi-
nutes to hours while fibroblast requires seconds to minutes to
properly seal [73]. Perhaps, this longer membrane disruption
exposure has a larger contribution to the secondary spinal cord
injury which is yet to be defined in future studies.

In the event of direct mechanical injury, membrane disrup-
tion permits ions to move down their electrochemical gradient
across the damaged membrane. An essential element in sec-
ondary injury is the rapid influx and excessive intracellular
accumulation of Ca2+. As an essential secondary messenger,
calcium influx results in numerous enzyme activations that
lead to mitochondrial dysfunction, cytoskeleton destruction,
free radical production, axonal degeneration, glutamate dis-
charge, and eventually, apoptotic or necrotic pathways. Also,
some evidence suggests that sodium and potassium also play a
role in the secondary injury process. Although axons in the
white matter lack NMDA receptor-mediated and voltage-
sensitive calcium channels, they do express α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-
mediated sodium channels. This accumulation of sodium can
cause intracellular edema, acidosis, and potentiate calcium
influx through the Na/Ca exchanger [39, 40, 57, 62].

The role of a node of Ranvier in neuronal signal conduction
is studied meticulously during the last decade [74]. The action
potential propagation along myelinated nerve axons requires
intact node of Ranvier, but it has scarcely been mentioned in
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the articles published on the disorders of the central nervous
system (CNS) [74, 75]. Saltatory conduction through myelin-
ated neurons involves Nav1.1, Nav1.6, and KCNQ channels
[75, 76]. The node of Ranvier, paranodal region, and
juxtaparanodal regions have variable densities of these chan-
nels (Fig. 2), which usually get disrupted due to the stretch or
elongation of axons during SCI [72, 77]. This leads to the
ionic dysequilibrium and contributes to the pathophysiology
of the SCI by altering the function of these myelinated neu-
rons by exposing K+ channels [77, 78]. Human and animal
trials are now being performed to remyelinate the nerves dam-
aged during the SCI, aiming at functional restoration of the
myelinated nerves [79].

Neurotransmitter toxicity

Glutamate is a well-studied, abundant excitatory neurotrans-
mitter found throughout the central nervous system. Usually,
glutamate is stored in vesicles inside neurons near the axon
terminals where they are released into the synapse upon cal-
cium influx. Synaptic glutamate is subsequently collected by
surrounding astrocytes, is converted to glutamine by gluta-
mine synthetase, and is transferred back to the neuron for
additional glutamate synthesis. Upon traumatic spinal cord
injury, extracellular levels of glutamate accumulate to neuro-
toxic levels around the injury site due to excessive release and
impaired uptake [80–82]. These toxic levels are well known to

Fig. 2 Diagram demonstrating
the molecular architecture of the
myelinated and demyelinated
spinal cord axons. Myelinated
fibers display a highly organized
molecular structure, in which the
Na+ channels are localized at the
nodes of Ranvier, and the Kv1.1
and Kv1.2 K+ channel subunits
are located under the compact
myelin sheets in the
juxtaparanodal zones. The nodal
and juxtaparanodal regions are
disjointed by the paranode, which
is identified by the presence of
contactin-associated protein.
Myelin loss after injury or
dysmyelination results in marked
changes and disruption in the
molecular organization of axons
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produce direct and indirect damage to the spinal cord by a
massive influx of Ca2+ into the neurons. Intracellular Ca2+

causes glutamate release and activation of a variety of recep-
tors including Ca2+ ion channels which play a role in cell
death after SCI [83–86]. Voltage-gated Ca2+ activation or cal-
cium leakage after an injury to the cell membrane causes fur-
ther elevation of Ca2+ inside the cell and, in turn, increases
release of glutamate [86]. This process is known as excitotoxic
cell death (Fig. 3). The increase in intracellular Ca2+ is caused
not only by the influx of extracellular Ca2+ into the intracel-
lular space but also by the release of intracellular Ca2+ that is
stored within intracellular storages (mitochondria, endoplas-
mic reticulum (ER) [87]), into the cytosol of injured spinal
cord neuron and the entire length of an axon [88, 89].
Axonal degeneration is mediated by the opening of ER-
derived Ca2+ from inositol triphosphate (IP3) receptors and
ryanodine receptors (RyRs), leading to the activation of the
mitochondrial permeability transition pore (mPTP) that

contributes to axonal degeneration, as described in a study
by Villegas et al. in a rat model of SCI [90].

Glutamate, however, must first bind to receptor proteins to
elicit this influx of ions into the neuron. Two classes of gluta-
mate receptors reside on the post-synaptic neuron: metabotro-
pic and inotropic. Metabotropic receptors are coupled to G
proteins and act through secondary messengers. They induce
calcium release from endoplasmic reticulum stores through
the phospholipase C (PLC) pathway and alone are not partic-
ularly neurotoxic. Instead, they appear to potentiate AMPA
current and exacerbate the inotropic receptor-mediated
excitotoxicity. The inotropic receptors include NMDA,
AMPA, and kainate that control channels for the cations,
Na+, Ca2+, and K+ [36, 58, 62, 91].

These glutamate receptors have been shown to be present
on neurons and glial cells, especially on oligodendrocytes and
astrocytes, leaving them particularly vulnerable to this
excitotoxicity. This toxic accumulation of glutamate disrupts

Fig. 3 Diagram illustrating
several mechanisms of axonal
degeneration. The influx of
extracellular Ca2+ into the
cytoplasm leads to the activation
of neuronal cell death processes.
Intracellular calcium stores
release Ca2+ from endoplasmic
reticulum (ER) through inositol
triphosphate (IP3) receptors and
ryanodine receptors (RyRs),
leading to the activation of the
mitochondrial permeability
transition pore (mPTP) that
further adds to the axonal
degeneration of reactive oxygen
species (ROS) and calpain
proteases. Glutamate release also
contributes to the cell injury
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ionic homeostasis and impairs normal mitochondrial function-
ing, which leads to free radical production and subsequent
lipid peroxidation. This noxious cascade results in demyelin-
ation of axons and loss of neurons around the injury site. With
the loss of myelin, axons are directly exposed to the lethal
effects of free radicals and inflammatory cytokines.
Conduction delays or blockage become clinically evident as
the demyelination leads to significant motor and sensory def-
icits [39, 40, 75].

Subacute phase

The secondary phase of spinal cord injury can last up to weeks
or even months. During the subacute phase of injury, the area
of trauma distinctly enlarges and features a continuation of the
acute stages with the addition of more novel mechanisms. The
subacute phase is highlighted by the introduction of free rad-
ical production, lipid peroxidation, and immune-mediated
neurotoxicity [33, 36, 62].

Free radical injury

A well-characterized pathological process is occurring early
after SCI is the formation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS). This is a sequel to in-
creased intracellular calcium levels, mitochondrial dysfunc-
tion, arachidonic acid breakdown, and activation of inducible
nitric oxide synthase. ROS and RNS cause lipid peroxidation
as well as oxidative and nitrative damage to proteins and
nucleic acids. Apart from cell membrane lysis leading to neu-
ronal loss, free radicals invoke other types of damage, partic-
ularly on the cytoskeleton and organelles. Also, oxidative
damage exacerbates mitochondrial dysfunction and contrib-
utes to intracellular calcium overload which activates prote-
ases resulting in the breakdown of cytoskeletal proteins [39,
40].

Oxidative stress or free radical production is a well-
characterized pathological process involved in secondary
spinal cord injury. It is simply defined as an imbalance
between high levels of ROS and reactive nitrogen species
and suboptimal levels of the antioxidative defense. These
toxic molecules are the consequence of oxidation-
reduction reactions that are highly reactive and unstable
due to the odd number of electrons. Under physiological
conditions, these ROS are essential for life and are in-
volved in many roles throughout the cell. However, the
CNS is uniquely vulnerable to free radical injury. The
CNS has only moderate levels of endogenous antioxidants
and antioxidative enzymes. Following acute spinal cord
trauma, these levels decrease dramatically. Additionally,
the CNS also has a very high metabolic rate producing
constant levels of ROS, especially at times during energy
metabolism compromise such as traumatic injury. Lastly,

the CNS contains significant amounts of transition metals
such as copper and manganese that actively participate in
the free radical production. As a consequence, increased
intracellular calcium levels, mitochondrial dysfunction,
and aberrant enzyme activation all lead to a massive surge
of free radical production that damage a wide range of
molecular species including lipids, proteins, and nucleic
acids. Aside from cell lysis and neuronal loss, free radicals
invoke tremendous damage on cytoskeleton and organelles
that are essential for cellular function. Specifically, oxida-
tive damage exacerbates the mitochondrial dysfunction
and contributes precipitously to the intracellular calcium
overload. This overload of calcium can activate a family
of calcium-dependent cysteine proteases known as
calpains. Calpains are a large family of proteases involved
in remodeling, signal transduction, differentiation, devel-
opment, as well as apoptosis and necrosis [39, 40, 42, 92,
93]. Interestingly, known substrates for these proteases are
the remarkable central and axonal cytoskeleton compo-
nents responsible for both anterograde and retrograde
transports, electrical conduction, as well as neurotransmit-
ter release in human and mammalian models of SCI [94,
95].

Lipid peroxidation

ROS have very short half-lives while nitric oxide survives
relatively longer. The reactive nitrogen species such as
peroxynitrite (PN), a metabolite of NO and superoxide, is
involved in one of the most investigated molecular mecha-
nisms responsible for secondary spinal cord injury. It is the
principal initiator of free radical-induced, iron-catalyzed lipid
peroxidation and protein oxidative/nitrative damage in the in-
jured spinal cord. Lipid peroxidation is a highly destructive
reaction that is initiated when ROS attacks membrane poly-
unsaturated fatty acids (PUFAs). These polyunsaturated fatty
acids are quickly converted into lipid alkyl radicals that react
with molecular oxygen to form a highly reactive lipid peroxyl
radical. These lipid peroxyl radicals react with other PUFAs
within the cell or neighboring cells, converting them intomore
lipid alkyls and creating a progressive and continuous chain
reaction. Therefore, this non-enzymatic-mediated lipid perox-
idation pathway is a self-propagating process that can spread
membrane damage to even nearby healthy cells. Of more sig-
nificant concern, because CNS membranes contain compara-
tively large amounts of fatty acids like linoleic acid and ara-
chidonic acid, the CNS is exceptionally vulnerable to gener-
ating large quantities of lipid peroxidation product. This prop-
agation of membrane damage only further deteriorates the
Ca2+ homeostasis and additively contributes to the previously
mentioned neuronal degeneration and massive protease acti-
vation in various mice models of spinal cord contusion and
compression [39, 40, 95].
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Immune-associated neurotoxicity

The role of the immune system following a spinal cord injury
has proven to be quite controversial throughout the literature,
as described in human models of SCI [96]. Although inflam-
mation has been primarily shown to be neurotoxic, there is
plenty of evidence to suggest a neuroprotective role as well
[97]. Therefore, the inflammatory role in spinal cord injury
appears to be two-sided, with no obvious approachable way
to delineate between the two. Mechanical injury to the spinal
cord elicits a robust and highly coordinated inflammatory-
immune response that directly and indirectly contributes to
the progression of secondary injury [96]. This inflammatory
immune response can be further divided into a more spatial
and chronological manner, briefly summarized as immediate
neutrophil invasion, activation of resident microglia, recruit-
ment of blood monocytes, and scar formation [39–41,
98–101].

Immediate release of proinflammatory cytokines and
chemokines from spinal cord cells like microglia near the
primary injury begins the inflammatory responses. Upon in-
jury, neutrophils are the first blood-derived cell to arrive at the
lesion and are primarily restricted to vessels and the hemor-
rhagic area within the first 3–6 h. Upon 24 h, the neutrophil
level peaks and can persist for several months following the
injury. Although imperative to preventing further damage by
phagocytosis and removing harmful cellular debris, they may
also release potentially toxic factors such as free radicals, cy-
tokines, hypochlorous acid, and proteinases. These toxins are
thought to propagate secondary adjacent cellular injury and
lead to degeneration of vital and mostly non-regenerative neu-
ronal and glial elements. Inhibition of neutrophil adhesion to
the endothelial cell surface has been shown to reduce the se-
verity of secondary injury following spinal cord trauma
[39–41, 98–101].

Upon initial mechanical injury, resident macrophages and
recruited monocyte-derived macrophages quickly migrate to
the site of insult. Within 5–10 days, macrophages dominate
the site of injury and can reside for several months following
injury. This rapid activation of microglia leads to a surge of
proinflammatory mediators including IL-1, IL-6, and TNF
which also mediates the glial scar formation, as explained in
mice models of SCI, and is detailed later [102]. Also, they
increase the endothelial expression of chemoattractant and
adhesion molecules, increasing extravasation of circulating
myeloid cells and lymphocytes into the site of injury
[39–41, 98–101]. This massive accumulation of macrophages
can have some implication in the progression of secondary
injury [40]. A large number of macrophages that can accumu-
late have been documented to be as high as 6000 cells/mm2

[103]. This mass effect can be loosely compared to the im-
mune effect caused by a benign tumor in the brain and its
impact on the surrounding uninjured parenchyma [40].

A topic of relatively new research interest and a hallmark of
immune-inflammatory injury in spinal cord trauma is the pop-
ulation of two types of macrophages: resident microglia and
monocyte-derived. They play a critical role in the degenera-
tion and regeneration of tissues following spinal cord injury.
Blood-borne monocytes are directed towards the lesion of SCI
by chemotaxis due to the release of specific cytokines from the
lesion [36, 104]. These inflammatory markers including
monocyte chemoattractant protein 1 (MCP-1), matrix metal-
loproteinase 9 (MMP-9), and stromal cell-derived factor 1
(SCDF-1) synergistically facilitate migration of blood-borne
monocytes into the site of SCI [105]. These different macro-
phages may also have various functions as bone marrow-
derived macrophages migrate to the epicenter of injury while
resident macrophages localize to the edges of the lesion [101].
Additionally, newly classified subsets of macrophages have
been described to appear at the injured site: M1 and M2.
Depending on the microenvironment in which they reside,
their phenotype and activation can change to either initiate
secondary injury or initiate repair [33, 36, 62]. The M1 phe-
notype is considered the proinflammatory subset that secretes
cytokines and chemokines immediately after the injury that
both lead to further progression of secondary injury.
Although M1 and M2 macrophages coexist at the lesion epi-
center during the initial week after injury, it appears that only
the M1 macrophage persists and can reside up to a month post
injury. The M2 phenotype is considered anti-inflammatory
and secretes cytokines and chemokines that appear immune
suppressive and lead to regeneration of injured and surround-
ing spinal tissues [40, 41, 101]. For unknown reasons, expres-
sion of M2 genes is only temporary following SCI and rapidly
returns to pre-injury levels within a week [41]. Although it is
unclear what determines the expression of these macrophage
subsets, it appears the activation is driven by the lesion-related
factors present at the time of injury. Myelin debris, as well as
large TNF-α expression, are just some of the factors described
as preventing M1 to an M2 conversion, resulting in a state of
chronic inflammatory expression [41, 101].

General principles tell us that proper repair and tissue
healing require a coordinated inflammatory response, yet a
prolonged inflammatory state is associated with poor tissue
healing. It is this feature of chronicity that is poorly under-
stood following spinal cord injury. It is well known that clear-
ance of cellular and myelin debris is significantly delayed in
the injured CNS compared to PNS. Oligodendrocytes have
little to no capacity to clear myelin debris and therefore pro-
vide incredibly potent inflammatory signals. It is suggested
that perhaps the immune-privileged sites like the spinal cord
exceed their ability to resolve inflammation following trauma.
However, it is clear that specific cells like B cells, microglia,
and macrophages persist longer and at higher levels well after
the initial insult [41, 98]. This chronic state of spinal inflam-
mation extends the possibility of exposed self-epitopes which
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are usually shielded by the blood-spinal cord barrier. Also,
uncleared apoptotic bodies can also release immunologic
self-antigens, all presenting a risk of developing autoimmu-
nity. As these self-antigens leak into circulation, they eventu-
ally drain into secondary lymphoid organs where specific
mature T and B lymphocytes form and eventually infiltrate
the spinal cord barrier. These activated lymphocytes secrete
numerous inflammatory and stimulatory cytokines.
Additionally, the antibody/antigen complexes formed from
this autoimmunity recruit and activate complement and Fc
receptor-bearing cells, leading to progressive axonal loss
and demyelination [106–108]. Reduced inflammatory accu-
mulation and functional recovery were all seen in mice lack-
ing B cells and C3 complement components, providing a
dynamic role of the innate immune system following traumat-
ic spinal injury [98]. As it appears, the dichotomized view of
inflammation as either good or bad is not only inaccurate but
also likely a reflection of our poor understanding of its spatial
and temporal interactions following SCI.

Astrocytic glial scar formation

After SCI, astrocytes also play a critical role during the
subacute phase of the injury. Astrocytes surround neurons
in the entire CNS and are five times more in number than
neurons [109]. They are specialized supporting cells,
which exert multiple crucial, complex functions in the
CNS [109]. Reactive gliosis occurs after an injury to
CNS, which is a pathological hallmark of CNS structural
lesion [110–112]. Mature astrocytic scar is formed as a
result of reactive gliosis, that is composed of a narrow
zone of astrocytes with elongated processes intermingling
with each other to surround the lesion core [109, 110].
These scar-forming astrocytes are the consequence of
CNS insult, and hence, they are significantly higher in
number and densely packed around the lesion as com-
pared to the regions of healthy tissues [110]. As they
secure the borders of SCI lesion, they play a neuroprotec-
tive role by limiting the spread of inflammatory cells be-
yond the margins of the astrocytic gliotic scar. In the
experimental studies, when astrocytic scar formation was
attenuated, the lesion size increased and demyelination
and neuronal loss were exacerbated which significantly
reduced the functional recovery of neurons after CNS in-
jury [113–115]. These scar-forming astrocytes are also
thought to be a significant impediment to the axonal re-
generation in in vitro studies as they secrete some proteo-
glycans to inhibit axonal elongation [116]. Although some
in vivo studies showed the crucial role of astrocytic brid-
ges in axonal regeneration [111, 117, 118], further studies
on this mechanism may clarify the exact role of this as-
trocytic gliotic scar tissue.

Chronic phase

Glial scar formation

Oligodendrocyte apoptosis plays an important role in glial
scar formation after SCI [42, 93, 119]. Following CNS injury,
the immune-associated microglial response promotes and ac-
tivates astrocytes, glial precursors, microglia, and fibroblasts
to increase GFAP expression, become hypertrophic, prolifer-
ate, and migrate to the epicenter of the lesion to begin the
process of reactive astrogliosis, leading to the formation of
glial scar (Fig. 4) [41, 101, 102, 120, 121]. The role of
astrogliosis as either neuroprotective or neurotoxic remains
to be unclear [42, 97, 102]. Herrmann et al. used a rat model
of SCI and explained that the suppression of this scar forma-
tion after SCI does elicit a decrease in proinflammatory cyto-
kines and functional restoration, suggesting a more prominent
neuroprotective role [102]. However, there are numerous ev-
idences that suggest reactive gliosis plays an essential role in
injury repair [97]. Scar tissues produce some growth-
promoting substances, such as fibronectin and laminin.
Therefore, astrogliosis appears to be a defense response aimed
to limit and repair local damage by isolating the lesion area,
restricting the infiltration of peripheral leukocytes, providing
growth factors, and restoring the blood-spinal cord barrier.
Also, activated microglia promote revascularization and up-
take of excess glutamate, maintaining and promoting a more
favorable environment for surviving neurons [36, 62, 119].
Many genetic studies support this protective role, demonstrat-
ing a lack of scar formation that leads to widespread lesion
induction with increasing neuronal cell death and sensory-
motor deficits [93, 120, 121].

This seemingly favorable role of glial scar formation is
quickly surpassed by overwhelming physical and chemical
barriers inhibiting any possibility of neuronal regeneration
or repair (Fig. 4). The sheer number of astrocytes alone
migrating into and around the lesion site is enough to con-
stitute a physical barrier to axonal regeneration. However, it
is the upregulation of numerous growth inhibitory mole-
cules that contribute to the non-permissive nature of scar
formation. The CNS extracellular matrix (ECM) plays a
significant role in facilitating cellular migration, guidance,
and synaptogenesis during the development of the CNS
[61]. Likewise, the ECM composition and integrity become
detrimental to the regeneration and repair following spinal
cord injury. The ECM composition becomes dramatically
altered as the glial scar upregulates and produces a large
number of molecules that prevent repair and repel axonal
growth. Among them are tenascin, semaphoring 3A, keratin
sulfate proteoglycan (KSPG), myelin-associated glycopro-
tein, Nogo, oligodendrocyte-myelin glycoprotein, and most
importantly, chondroitin sulfate proteoglycan (CSPG).
CSPGs are an increasingly studied family of highly sulfated
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glycosaminoglycan-protein chain molecules that are pre-
dominantly responsible for inhibiting regeneration of sev-
ered axons. CSPGs form numerous connections with other
ECM molecules and form unique structures called
perineuronal nets (PNNs). These structures wrap around
neurons, creating a strong chemical barrier and preventing
elongation. These non-permissive PNNs cause a steric hin-
drance of growth-promoting adhesion molecules like
laminins and integrins, attenuating their activation and sup-
pressing neurite growth. CSPGs also contribute to the func-
tion of chemorepulsive proteins by altering the structure of
axon guidance cues. Upon physical interaction with the
glycosaminoglycans (GAGs) of CSPGs, guidance cues like
Sema5A can convert from an attractive cue to an inhibitory
cue. Additionally, CSPGs can also errantly bind to extra-
cellular calcium or its channels and alter calcium influx
into cells, further affecting neuronal growth [121].

The inhibition of axonal growth by CSPGs appears likely
multifactorial, thus making it a challenging therapeutic target.
However, recent studies indicate a much more potent target
that mediates CSPG inhibitory effects. CSPGs have been
shown to induce growth inhibition by binding and activating
several essential receptor proteins, including common leuko-
cyte antigen-related (LAR) phosphatase, PTPσ, and Nogo re-
ceptor 1 (NgR1) and NgR3. PTPσ and common LAR phos-
phatase are transmembrane protein receptors that modulate
tyrosine phosphorylation within the cell and have been shown
to bind CSPGs with high affinity and mediate CSPG inhibi-
tory effects.

Nogo receptors

Nogo receptors (NgRs) are a family of membrane proteins that
share very similar structures. NgR1 has been known to bind

Fig. 4 Glial scar formation after the spinal cord injury at the site of impact, leading to recruitment of immune cells
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myelin inhibitors like Nogo. Specifically, Nogo-A is a myelin
transmembrane protein responsible for stabilizing axonal con-
nectivity and has been shown to collapse growth cones and
stop neurite elongation [121]. NgR1 and NgR3 bind CSPG
GAGs and mediate inhibition of neuronal growth [121, 122].
All of these receptors act intracellularly and activate the GTP-
binding signaling protein RhoA. RhoA interacts with numer-
ous molecules throughout the cell and regulates neuronal mor-
phogenesis. More importantly, it can bind and activate the
Rho kinase signaling pathway that leads to phosphorylation
of target proteins like Akt and Erk, subsequently inactivating
them, as explained in various human and animal models of
SCI [121]. Nogo-A has two domains, Nogo-66 and amino-
Nogo, each having a distinct mechanism of action. The Nogo-
66 receptor is present on the axonal membrane, and Nogo-66
itself is a neuron-specific inhibitor. In contrast, amino-Nogo is
a non-specific inhibitor. The second messenger activity of
Nogo-66 destabilizes the cellular cytoskeleton and hence im-
pediment to the initial growth [123–126]. Nogo and various
molecules also act non-specifically and simultaneously as a
receptor and ligand by a complex mechanism on neuronal,
oligodendrocytic, and glial surface cells [127]. Nogo antibody
is also a subject of interest recently and shows that progressive
axonal sprouting and reorganization occur, but these antibod-
ies also act non-specifically of other receptors, hence
explaining the diverse role of these molecules in the recovery
from SCI [128, 129]. Recently, a phase I/IIa clinical trial of a
RhoA inhibitor successfully showed beneficial and safe treat-
ment [36, 58, 130].

Current treatment approaches

Keeping in view the basic underlying mechanism of SCI
discussed above, many treatment options are currently being

pursued in SCI patients. Blood pressure control to optimize
the perfusion pressure is vital for the neurologic recovery, and
increased ISP can worsen the ischemia in the neurons after an
acute SCI. Squair et al. presented an interesting finding that
the spinal cord perfusion pressure (SCPP) is a better predictor
of neurologic recovery after an SCI than the traditionally mea-
sured mean arterial pressure (MAP) [131]. Authors recom-
mended that keeping SCPP > 50 mmHg is a good indicator
of improved neurologic outcomes following SCI [131]. Some
critiques debate that as 2013 guidelines recommend the MAP
goal of 85–90 mmHg for up to 7 days, there could be other
factors affecting SCPP so it might not be accurate [132].
However, as the SCPP is derived from MAP, it directly re-
flects the changes in SCPP and can be considered an excellent
tool to predict neurologic recovery. Management focused on
monitoring and controlling the ISP may improve outcomes
and recovery from the acute SCI. Tykocki et al. presented a
systemic review discussing ISPmonitoring and recommended
bony decompression with durotomy or duroplasty over
laminectomy alone to optimize the ISP for the improved re-
covery of injured neurons after an SCI [133].

In general, there are three main strategies for treatment of
chronic SCI: (1) cellular transplantation, in which transplan-
tation takes advantage of plasticity to harness residual circuit-
ry; (2) pharmacological treatment, in which treatment aims at
encouraging active regeneration of injured neurons; and (3)
neurostimulation which aims at using technology to restore
function without restoring neural architecture. The choice of
treatment approach depends on the severity of SCI whether it
is a complete or incomplete spinal cord injury outlined in
Fig. 5 [131].

Neurostimulation strategies such as deep brain stimulation
(DBS), spinal cord stimulation (SCS), motor cortex stimula-
tion (MCS), transcutaneous direct current stimulation (tDCS),
and repetitive transcranial magnetic stimulation (rTMS) in

Fig. 5 Current treatment approaches after complete and incomplete spinal cord injury (SCI), simplified in as a flowchart

Neurosurg Rev



affecting pain, sensorimotor symptoms, and autonomic dys-
regulation, all of which are important sequelae in SCI, are
used in incomplete severely affected chronic SCI (ASIA grade
B/C) [23, 134]. Electrical stimulation to restore the function of
spinal cord injury has been used for quite some time now [64,
135, 136]. Neuroprosthesis that can stimulate the spinal cord
and the muscles is seen to revive the spinal cord circuits con-
trolling the motor functions after the SCI, thus aiding the re-
habilitation of such patients [22, 137]. It has been demonstrat-
ed that epidural spinal cord stimulation can produce walk-like
motion of the lower limbs [136, 138], where the electrodes are
placed on the dorsal surface of the spinal cord at the lumbo-
sacral region [137, 139].

In patients with cervical SCI who are unable to sustain
independent ventilation because of a disruption of diaphragm
innervation, percutaneous stimulation and pacing of the dia-
phragm is done to achieve respiratory functioning [140–143].
This technique relies on intact phrenic nerve function, but
lately, phrenic nerve reconstruction with intercostal nerve
grafting has expanded its indications and helps reduce or elim-
inate ventilator support in high-cervical (C3–C5) SCI patients
[141, 144, 145]. The Brindley procedure consists of implan-
tation of a sacral anterior root stimulator and a rhizotomy of
the dorsal sacral roots to control detrusor function [146–149].
Intermittent stimulation of the device on the skin by an exter-
nal transmitter enabled emptying of bladder, defecation, and
erection [146, 150, 151]. The device is implanted either by
intrathecal or extradural administration in patients with com-
plete SCI to eliminate neurogenic detrusor overactivity [146,
150, 152–154]. However, the current percutaneous implanta-
tion techniques are limited to superficial extrapelvic nerves
that expose patients to various complications like infections
and can lead to migration and dislocation of skin.
Laparoscopic implantation of neuroprosthesis (LION) proce-
dures permit easy access and visibility to all pelvic nerves and
plexuses as well as the diaphragm for the implantation of
neurostimulators [155–157]. This technique allows protection
against abovementioned complications and avoids previously
used arduous and risky open surgical approaches.

Recently, a lot of attention has been directed at therapeutic
strategies for SCI, including cell transplantation and drug ad-
ministration [21, 57, 58, 91, 158–160]. Riluzole, a
benzothiazole anticonvulsant approved for treatment of amyo-
trophic lateral sclerosis (ALS) patients, has neuroprotective
properties based on the inhibition of pathologic glutamatergic
transmission in synapses of neurons via sodium channel
blockade [159]. It has also shown to support the motor and
respiratory recovery by promoting neuronal survival and func-
tion of the neural network below the SCI level following in-
jury in a cervical (C2) spinal cord hemisection model [161].
Clinical trials for the treatment of acute traumatic SCI with
Riluzole are underway [24, 162]. The results of phase II
placebo-controlled randomized trial of minocycline in acute

SCI also showed some encouraging results warranting further
investigations [25].

Stem cell therapy can be considered in the complete (ASIA
grade A) SCI [57, 58, 91]. There is abundant preclinical evi-
dence supporting the regeneration of neurons using stem cell
therapy, while in some cases, conflicting evidence is also pres-
ent [163–165]. The therapeutic potential of olfactory
ensheathing cells andmesenchymal stem cells in SCI has been
established, and clinical trials have been carried out [158, 166,
167]. From the present review of literature, there seem to be a
very strong need for more phase II clinical trials and even
further studies to explore the efficacy and clinical translation
of the existent preclinical data [163, 168].

Conclusion

SCI is a complex and multifaceted mechanism. Increased cy-
tosolic intracellular calcium plays a crucial role. Apart from
the basic neuroscientists, it is imperative for the treating phy-
sicians to understand the complex underlying mechanism of
SCI. The authors have cataloged these fundamental injury
mechanisms that intensify SCI.
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