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Abstract

Spinal cord injury (SCI) is a serious central nervous system trauma that leads to loss of motor and sensory
functions in the SCI patients. One of the cell death mechanisms is autophagy, which is ‘self-eating’ of the
damaged and misfolded proteins and nucleic acids, damaged mitochondria, and other impaired organ-
elles for recycling of cellular building blocks. Autophagy is different from all other cell death mechanisms
in one important aspect that it gives the cells an opportunity to survive or demise depending on the cir-
cumstances. Autophagy is a therapeutic target for alleviation of pathogenesis in traumatic SCI. However,
functions of autophagy in traumatic SCI remain controversial. Spatial and temporal patterns of activation
of autophagy after traumatic SCI have been reported to be contradictory. Formation of autophagosomes
following therapeutic activation or inhibition of autophagy flux is ambiguous in traumatic SCI studies.
Both beneficial and harmful outcomes due to enhancement autophagy have been reported in traumatic SCI
studies in preclinical models. Only further studies will make it clear whether therapeutic activation or in-
hibition of autophagy is beneficial in overall outcomes in preclinical models of traumatic SCI. Therapeutic
enhancement of autophagy flux may digest the damaged components of the central nervous system cells for
recycling and thereby facilitating functional recovery. Many studies demonstrated activation of autophagy
flux and inhibition of apoptosis for neuroprotective effects in traumatic SCI. Therapeutic induction of au-
tophagy in traumatic SCI promotes axonal regeneration, supporting another beneficial role of autophagy in
traumatic SCI. In contrast, some other studies demonstrated that disruption of autophagy flux in traumatic
SCI strongly correlated with neuronal death at remote location and impaired functional recovery. This ar-
ticle describes our current understanding of roles of autophagy in acute and chronic traumatic SCI, cross-
talk between autophagy and apoptosis, therapeutic activation or inhibition of autophagy for promoting
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functional recovery, and future of autophagy in traumatic SCI.
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Introduction

Spinal cord injury (SCI), whether non-traumatic or trau-
matic, is always a serious neurological problem that signifi-
cantly impairs locomotion, causes organ dysfunctions and
infections, and reduces the life-span of its victim. Generally,
mortality of patients with SCI is almost three times higher
than normal people (Sabre et al., 2013). Broadly, SCI is clas-
sified into non-traumatic SCI and traumatic SCI based on
the factors that cause their pathogenesis (Gedde et al., 2019).
Non-traumatic injury to the spinal cord is the damage due
to infection, lack of blood supply, compression caused by
cancer, slow degeneration of spinal bones by osteoarthritis,
vascular ischemia, multiple sclerosis, inflammatory disease,
motoneuron disease, or radiation myelopathy (Grassner et
al., 2016). However, most of the SCI patients in the United
States are the victims of traumatic SCI caused by motor vehi-
cle accidents, falls, gunshot wounds, stabbings, and sporting
activities (Ge et al., 2018). Patients with acute traumatic SCI
and chronic traumatic SCI suffer heavily from progressive
pathogenesis and psychological problems (Farhadi et al,,
2018; Mills et al., 2018). So, traumatic SCI is the intense fo-
cus of current research for understating of the cellular and

molecular mechanisms of progressive pathogenesis to find
out the appropriate therapeutic targets for prevention of
neurodegeneration and improvement of neurological func-
tions (Ahuja et al., 2017).

A mechanical or an accidental injury to the spinal cord is
called the primary traumatic SCI that triggers a deleterious
neurochemical cascade of secondary injury for pathogene-
sis and neurodegeneration leading to acute traumatic SCI.
There are about 25 well documented secondary injury mech-
anisms that contribute to pathogenesis in acute traumatic
SCI (Oyinbo, 2011). If acute traumatic SCI is not treated
immediately or within a short period of time (a few hours),
its progressive pathogenesis and neurodegeneration lead to
chronic traumatic SCI. Chronic traumatic SCI at the tho-
racic, lumbar, or sacral spinal cord sections (T1 or below)
causes paraplegia (paralysis from the waist down) while
chronic traumatic SCI in the cervical spinal cord sections (C8
or above) causes quadriplegia or tetraplegia (paralysis from
the shoulders down) (Nas et al., 2015). Unfortunately, there
is still no effective treatment for chronic traumatic SCI. An
interdisciplinary team led by a physiatrist and involvement
of the patient’s family, physiotherapist, occupational thera-
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pist, dietician, psychologist, speech therapist, social worker,
and other specialists is necessary for rehabilitation of patient
with chronic traumatic SCI (Nas et al., 2015). Tetraplegic
individuals with chronic traumatic SCI suffer the most from
paralysis, organ dysfunction, and infection and the estimated
life expectancy of these individuals, compared with general
population, vary from 18.1 to 88.4% based on their ventila-
tor dependency, type of injury, age, and gender (Savic et al.,
2017).

The pathogenesis in traumatic SCI involves three main
programmed cell death (PCD) mechanisms: apoptotic cell
death (type I PCD), autophagic cell death (type II PCD),
and necrotic cell death (type III PCD) (Hotchkiss et al.,
2009; Booth et al., 2014). Apoptosis or apoptotic cell death
(type I PCD) is a delayed cell death mechanism, which oc-
curs due to mild to moderate extracellular or intracellular
stimuli with activation of cysteine proteases (calpains and
caspases), and it is preventable with appropriate therapeutic
interventions in animal models of traumatic SCI (Ray et al.,
2003, 2011). Apoptosis is usually a caspase-dependent cell
death process. But autophagy and autophagic cell death are
not synonymous. Autophagy is the name coined by the Bel-
gian biochemist Christian de Duve in early 1960s (Klionsky,
2008). The discovery of the autophagy-related genes in yeast
in the early 1990s in the laboratory of the Japanese autoph-
agy investigator Yoshinori Ohsumi demonstrated the mech-
anisms of autophagy (Takeshige et al., 1992; Tsukada and
Ohsumi, 1993) and led to his award of the 2016 Nobel Prize
in Physiology or Medicine (Harnett et al., 2017). Autophagy
(also called autophagocytosis), which is caspase-indepen-
dent but cathepsin-dependent process, is still a contentious
cell death mechanism that a cell under hypoxia or nutri-
tional stress uses for lysosomal degradation of its damaged
proteins, organelles, and other cellular materials for recy-
cling and clearing. Currently, there are three well-known
forms of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA) (Glick et al., 2010).
Macroautophagy is simply known as autophagy; however,
it should be clarified at this point that the remainder of this
review article has circumstances where use of one specific
term (macroautophagy or autophagy) is more appropriate
than the other.

The execution of autophagy requires several sequential
steps: (1) ‘nucleation’ starts with membranes of endoplasmic
reticulum, Golgi, and mitochondria for its (2) ‘elongation’ to
form (3) ‘phagophore’ for enclosing the cytosolic cargos (in-
cluding long-lived and misfolded proteins, lipids, glycogen,
ferritin, and damaged organelles) leading to formation of (4)
‘autophagosome’ that goes through (5) ‘maturation’ and then
fusion with lysosome to form (6) ‘autolysosome’ where (7)
‘degradation’ of cargos by lysosomal hydrolases produces the
products for their (8) ‘efflux’ into the cytosol (Figure 1). In
macroautophagy, the autophagosome envelops the cargo and
then fuses with lysosomes. In microautophagy, an invagina-
tion of the lysosomal membrane engulfs the cargo. In CMA,
cognate proteins deliver substrates to the lysosomes. Each ly-
sosome (0.2-0.5 pm) contains about 50 different degradative

1602

acid hydrolases (proteases, glycosidases, lipases, phospha-
tases, sulfatases, phospholipases, and nucleases), which are
active inside the lysosome (pH 5.0) and inactive if released
into the cytosol (pH 7.2). The acidic pH of lysosome is main-
tained because of transport of cytosolic protons across the
lysosomal membrane by conformational changes in proton
pumps (H'-ATPases located on lysosomal membrane) at
the expense of hydrolysis of adenosine triphosphate (ATP)
derived from mitochondria. Autophagy flux is the total dy-
namics of autophagy and thus it is the progression of cargo
sequestration into autophagosomes, delivery to lysosomes,
and degradation by lysosomal enzymes (Zhang et al., 2013).
Autophagy flux is increased in mild mechanical injury (e.g.,
traumatic SCI) or metabolic stress (e.g., starvation) but
decreased in suppression of the process at upstream steps
(e.g., autophagosome formation) or downstream steps (e.g.,
autolysosome formation) (Wong and Holzbaur, 2015). The
autophagic degradation and production of multiple metabo-
lites can support diverse anabolic and biosynthetic pathways
in the cells (Kaur and Debnath, 2015). When the metabolites
or building blocks are back into the cytosol, they can be ei-
ther recycled into metabolic and biosynthetic pathways or
oxidized by the mitochondria to generate ATP for cell sur-
vival. However, autophagy may occur at high amounts due
to high metabolic stress leading to autophagic cell death (type
II PCD). The extent of autophagy and its role and contribu-
tion to cell death mechanism in traumatic SCI still remain
controversial. Necrosis or necrotic cell death (type III PCD)
is not preventable in traumatic SCI as it happens suddenly at
the time of primary injury and probably due to extreme in-
sults such as huge intracellular oxidative stress and cytosolic
Ca’* overload during secondary injury process.

Some earlier studies have suggested that an increase in
expression of Beclin-1, which is a Bcl-2-interacting pro-
tein and promoter of autophagy, activates autophagy as a
novel cell death mechanism to contribute to neural tissue
damage at the lesion site in traumatic SCI in mice (Kanno
et al.,, 2009a, b). More recent investigations indicate that
rapamycin, which is an inhibitor of the mechanistic target of
rapamycin (mTOR) signaling, can promote autophagy and
reduce secondary damage, exert neuroprotective effects, pro-
mote neuroregeneration, and improve locomotor function
in traumatic SCI in mice (Kanno et al., 2012; Sekiguchi et al.,
2012) as well as in rats (Wang et al., 2014). Autophagy uses
lysosome for degradation of the damaged mitochondria and
dysfunctional components in the cell to block apoptosis (type
I PCD) and thus produces cellular building blocks, which
can be used for cell survival and proliferation (Dombi et al.,
2018). Autophagic elimination of the damaged mitochon-
dria is a salvage mechanism that a cell uses to defy apoptosis.
However, autophagy is a double-edged sword as it contrib-
utes to cell proliferation and participates in promotion of cell
death (Das et al., 2018). There is a well-recognized interplay
between autophagy and apoptosis depending on the context
and stimuli (Marifo et al., 2014). Induction of appropriate
amount of autophagy can clean up the damaged organelles
to potentiate the neuroprotective and recovery processes in
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traumatic SCI. On the other hand, inhibition of excessive au-
tophagy appears to be another therapeutic option in treating
traumatic SCI.

Activation and Amount of Autophagy in

Neural Cells in Traumatic Spinal Cord Injury
Activation and amount of autophagy appear to have highly
complicated roles in altering the course of pathogenesis in
traumatic SCI. The functions of autophagy in traumatic SCI
are still controversial and have not yet been completely clar-
ified (Lipinski et al., 2015). Macroautophagy, simply called
autophagy as mentioned earlier, is an important mechanism
under stress for bulk cytosolic degradation of the damaged
organelles, toxic agents, long-lived and unwanted proteins,
fats, carbohydrates, and nucleic acids for efficient turnover,
recycling, and cellular homeostasis through an autophago-
somal-lysosomal pathway. The mechanism of autophagy has
three main phases: formation of autophagosome, fusion of
autophagosome with lysosome, and lysosomal degradation
in the autolysosome (Glick et al., 2010). There are several
well-defined biomarkers such as Beclin-1 (which is encoded
by BECNI gene, an ortholog of the yeast autophagy-related
6 gene or Atg6 gene) (Shravage et al., 2013), microtubule-as-
sociated protein 1 light chain 3B (hereafter called LC3B,
which is encoded by MAP1LC3B gene, an ortholog of the
yeast Atg8 gene) (Tanida et al., 2014), and p62/SQSTM1 (also
called p62/sequestosomel, which is encoded by the SQSTM1
gene, an ortholog of the yeast Atgl9 gene) (Kraft et al,, 2010;
Mao et al., 2013) that can be readily used to monitor auto-
phagy in traumatic SCI in humans (Figure 1). Autophagy
flux may be either increased or decreased depending on the
location and severity of traumatic SCI (Lipinski et al., 2015).
Activation of autophagy in simple terms involves formation
of autophagosomes to sequester cytoplasmic components
such as damaged organelles and toxic protein aggregates, fu-
sion of autophagosomes with lysosomes, and then degrada-
tion of cargo by lysosomal enzymes. The processing of cargo
through the autophagy flux is usually a cytoprotective func-
tion. In course of pathogenesis in traumatic SCI, autophagy
flux may be inhibited causing accumulation of dysfunctional
autophagosomes and induction of cell death (Guo et al,,
2018).

Increases in biomarkers of autophagy (Beclin-1 and LC3B
IT) and accumulation of autophagosomes have been ob-
served in acute phase of secondary injury, which is initiated
within hours after primary traumatic central nervous system
(CNY) injuries in mice (Lai et al., 2008; Kanno et al., 2011)
as well as in human autopsy samples (Sakai et al., 2014). The
animal and human studies also documented that increases
in biomarkers of autophagy were sustained for weeks and
months after the primary traumatic injury (Chen et al,,
2014; Sakai et al., 2014). The prolonged activation of auto-
phagy may reflect its potential functions in the acute phase
of secondary injury for neuroprotection as well as in the
chronic phase of secondary injury for neurodegeneration
and/or neuroregeneration. On the contrary, disruption of

autophagy flux after traumatic SCI has recently been report-
ed to be associated with endoplasmic reticulum (ER) stress
and induction of motoneuron apoptosis (Liu et al., 2015).
Motoneurons with the disrupted autophagy did co-express
the ER-stress-associated initiator caspase-12 and the cleaved
executioner caspase-3, suggesting that traumatic SCI caused
lysosomal dysfunction and contributed to autophagy disrup-
tion and ER stress for induction of motoneuron apoptosis
(Liu et al., 2015). There are no reasonable clarifications yet
to account for the differences in autophagy flux in different
traumatic SCI studies. Preclinical animal models of traumat-
ic SCI have been categorized into mild, moderate, and severe
injury models (Verma et al., 2019). It can be speculated
that different injury severity continuum in different injury
models may differentially modulate activation of autophagy
and autophagy flux (Lipinski et al., 2015). It is plausible that
a relatively mild primary injury may cause upstream acti-
vation of autophagy and maintenance of autophagy flux to
provide neuroprotection (Lipinski et al., 2015), a relatively
moderate primary injury may inhibit autophagy flux leading
to neurodegeneration unless autophagy flux is stimulated
by therapeutic interventions (Zhou et al., 2016; Zhang et
al., 2017), and a relatively severe primary injury may cause
hyper activation of autophagy flux leading to autophagic
neuronal death during secondary injury process in traumat-
ic SCI (Hao et al., 2013; Lipinski et al., 2015). Inhibition of
autophagy flux in the acute phase and hyper activation of
autophagy flux in the chronic phase may be accounted for
progressive neurodegeneration in moderate traumatic SCIL.
Generation of excessive reactive oxygen species due to mito-
chondrial dysfunction, activation of calpain and cleavage of
the chaperone heat shock protein 70 (HSP70), and activity of
the channel forming pro-apoptotic Bax protein are potential
mediators for breakdown of lysosomal membrane permea-
bility leading to lysosomal dysfunction (Azbill et al., 1997;
Yamashima and Oikawa, 2009; Ray et al., 2011), while ER
stress may cause destabilization of autophagosomal mem-
brane (Liu et al., 2015) leading to inhibition of autophagy
flux and neurological deficits in the acute phase of moderate
traumatic SCI in animal model (Figure 2). High levels of re-
active oxygen species can cause oxidative damage to the lyso-
somal membrane and inhibit autophagy (Sarkar et al., 2011).
Increase in Bax can induce channel formation on lysosomes
and prevent non-functional lysosomes from participation
in autophagy (Bové et al., 2014). Calpain is readily activated
due to intracellular Ca**-overload in acute traumatic SCI
(Ray et al., 2003) and calpain mediated cleavage and inhibi-
tion of HSP70 can cause lysosomal rupture and thereby put
a break on autophagy flux (Yamashima and Oikawa, 2009),
leading to increases in neuronal and oligodendrocyte death
and neurological dysfunction in traumatic SCI.

Activation of autophagy is an important event and promo-
tion or inhibition of autophagy can be a promising therapeu-
tic strategy for prevention of pathogenesis in traumatic SCL
Autophagy can be considered a pro-survival mechanism as it
restricts neural cells death and promotes neuroprotection in
traumatic SCI (Lipinski et al., 2015). Among the neural cells,
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neurons are most likely to activate autophagy to eliminate
toxic proteins and damaged mitochondria (mitophagy) and
inhibit apoptosis for promoting neuroprotection in traumat-
ic SCI (Yu et al., 2013; Tang et al., 2014). Other neural cell
types such as astrocytes, oligodendrocytes, and microglia
also upregulate autophagy in traumatic SCI but functions of
autophagy in these glial cells in traumatic SCI still remain
unresolved (Kanno et al., 2009a; Tang et al., 2014; Liu et al.,
2015). Spatial and temporal patterns of activation of auto-
phagy, autophagy flux, and overall functions of autophagy
after traumatic SCI have been found to be contradictory in
various studies (Zhou et al., 2017). Formation of autopha-
gosomes following therapeutic activation or inhibition of
autophagy flux is ambiguous in many traumatic SCI studies.
Both beneficial and harmful outcomes due to enhancement
of autophagy have been reported in traumatic SCI studies
in preclinical models. Only further studies will make it clear
whether therapeutic activation or inhibition of autophagy is
beneficial in overall outcomes in preclinical models of trau-
matic SCI. Initiation of autophagosome biogenesis requires
activity of class III phosphatidylinositol 3-kinase (PI3K), ly-
sosomal biogenesis is dependent on activity of the transcrip-
tion factor EB (TFEB), and both class III PI3K and TFEB are
negatively regulated by mTOR; inhibition of mTOR by rapa-
mycin strongly stimulates class III PI3K and TFEB activities
leading to hyperactivation of autophagy flux (Lipinski et al.,
2015). Too little activation or inhibition of autophagy flux
in acute phase of moderate traumatic SCI may be associated
with too little clearance of the damaged cells and cellular
components. Probably, too much activation of autophagy
flux due to intracellular inhibition of mTOR activity follow-
ing injury (Kanno et al., 2012) causes autophagic cell death
and further enhances neurodegeneration and locomotor
dysfunction in the chronic phase of moderate traumatic SCI
in animal model (Figure 3).

Our current concepts about how autophagy works, as
a neuroprotective mechanism or as a neurodegenerative
mechanism, in traumatic SCI are still evolving. Although
it has initially been heralded as an alternative form of cell
death, autophagy is now known to be not only a homeostatic
mechanism in healthy cells but also a cytoprotective process
in response to metabolic challenges in the CNS diseases and
injuries (Nixon and Yang, 2012). Autophagy acts as a stress
response and quality control mechanism in human diseas-
es and injuries (Murrow and Debnath, 2013). In traumatic
SCI, impairment of autophagy pathway at various steps can
cause accumulation of pathogenic proteins and damaged
organelles, compromising or abolishing the pro-survival
and anti-apoptotic effects of autophagy on neurons and glial
cells. Neurodegenerative disorders are associated with alter-
ations in extents of autophagy and apoptosis for progressive
pathogenesis, which poses enormous challenges and also
provides therapeutic opportunities (Ghavami et al., 2014).
In the CNS, autophagy fights neurodegeneration and plays
an important role in self-digestion by mass clearance of the
damaged proteins, organelles, and cells to maintain the nor-
mal neurological functions (Mizushima et al., 2008). Two
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important intracellular systems for degradation of proteins
are the ubiquitin-proteasome system (UPS) and the auto-
phagy-lysosome system, which are connected and collabo-
rators for neuroprotection (Nedelsky et al., 2008). The UPS
is a highly useful catabolic mechanism for small amounts of
specific regulatory proteins, which are short-lived or dam-
aged for fine-tuning their steady state levels in the cytosol
and nucleus in mammalian cells; while autophagy is an es-
sential and massive degradative mechanism for not only the
damaged long-lived proteins but also for the non-functional
nucleic acids, useless carbohydrates, and the damaged cell
itself for significant clearing and producing cellular building
blocks (e.g., amino acids, nucleic acids, sugars) for recycling.
As autophagy is needed for neuroprotection, impairment or
absence of basal level of autophagy in the CNS may give rise
to neurodegeneration and severely compromise the normal
neurological functions (Radad et al., 2015). Therefore, it is
important that activation of autophagy at the appropriate
level needs to be maintained for clearance of the damaged
cells and cellular components to reduce pathogenesis and
promote neuroprotection in traumatic SCL. Recent findings
show that impairment of autophagy in neurodegenerative
disorders prompts activation of an alternative Golgi-mediat-
ed degradation pathway for expulsion of toxic proteins, nu-
clear breakdown, and neuronal cell death (Barthet and Ryan,
2018).

Interplay between Autophagy and Apoptosis

in Traumatic Spinal Cord Injury

Interplay between autophagy and apoptosis has been ex-
tensively studied (Fimia and Piacentini, 2010). Depending
on circumstance, activation of autophagy is known to help
either cell survival or cell death. Switching from cell survival
to cell death, autophagy can significantly control the patho-
logical process in traumatic SCI. Autophagy is sometimes a
harbinger of apoptosis, which unambiguously causes degen-
eration of neural cells in traumatic SCI. However, complete
spatial and temporal patterns of contradictory or coopera-
tive roles of autophagy and apoptosis in traumatic SCI still
remain unclear (Zhou et al., 2017). Basal level of autophagy
in normal conditions maintains cellular homeostasis, but
an increase in activation of autophagy is a stress response to
make the cell survive in an adverse condition such as trau-
matic SCI. One of the main tasks of autophagy is recycling
of the damaged proteins, aggregates, carbohydrates, nucleic
acids, lipids, and organelles in an attempt to clean up the
mess in the cell to offer it a fighting chance for using new
building blocks to replenish cellular components for survival
under stress and short supply of nutrients (Mizushima et al.,
2008; Yang and Klionsky, 2010). This process thus provides
the cell with a protection from nutrient deprivation and an
opportunity to adjust with the situation of scarcity. However,
autophagy may cause excessive self-degradation leading to
autophagic cell death. Defective or uncontrolled autophagy
may cause cell death either by selective degradation of in-
dispensable cellular components such as catalase and mito-
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chondria or by non-selective degradation of different cellular
components to the extent that makes the cell unable to sur-
vive any more (Yu et al., 2006; Lartigue et al., 2009). There
exists another possibility that autophagy may stop producing
enough amino acids and other cellular building blocks for
cell survival, causing the cell to trigger induction of apop-
tosis. Indeed, there have been reports suggesting that under
certain circumstances autophagy itself is a cell death mech-
anism and activity of autophagy stops to promote apoptotic
cell death (Kroemer and Levine, 2008). Rapidly emerging
evidence strongly suggests several direct molecular connec-
tions between autophagy and apoptosis (Gump and Thor-
burn, 2011). Currently, we know multiple direct and indirect
interactions that strongly suggest mechanistic communica-
tion and collaboration between the autophagy and apoptosis
regulatory proteins to determine cell fate (Thorburn, 2008;
Eisenberg-Lerner et al., 2009). Thus, molecular connections
and interactions between autophagy and apoptosis may
determine occurrence of either neuroprotection or neurode-
generation in traumatic SCI. Beclin-1 and p62/SQSTM1 are
two autophagy regulatory proteins, which are at the core of
interactions between autophagy and apoptosis. Activities of
both Beclin-1 and p62/SQSTM1 after a mild traumatic SCI
may promote autophagy and slow down or inhibit apoptosis
for prevention of neurodegeneration (Figure 4).

Beclin-1, which controls initiation of autophagy, is a
novel BH3-only protein that can directly interact with the
anti-apoptotic Bcl-2 (Sinha and Levin, 2008) and Bcl-xL
(Maiuri et al., 2007) proteins. Autophagy is not activated if
Beclin-1 is bound to its inhibitor Bcl-2 or Bcl-xL. However,
autophagy is initiated with Beclin-1 following its phosphory-
lation on BH3 domain by the death-associated protein kinase
(a Ca**/calmodulin-dependent Ser/Thr kinase) and release
from Bcl-2 (Levin-Salomon et al., 2014) or Bcl-xL (Zalckvar
et al,, 2009). Beclin-1 may also be on the loose for initiating
autophagy following Bcl-2 phosphorylation by c-Jun N-ter-
minal protein kinase 1 (Wei et al., 2008). On the other hand,
overexpression of Bcl-2 or Bcl-xL is known to block acti-
vation of autophagy (Levine et al., 2008). Also, cleavage of
Beclin-1 by caspase-3 produces a truncated protein that does
not activate autophagy, effectively causing inhibition of auto-
phagy to promote apoptosis (Zhu et al., 2010). Thus, various
components of the apoptosis machinery regulate Beclin-1 to
either promote or inhibit autophagy. The above examples of
mutual regulation of autophagy and apoptosis make it clear
that when autophagy is activated, apoptosis is blocked; when
autophagy is inhibited, apoptosis is promoted.

p62/SQSTM1 is an important player in selective autoph-
agy for degradation of many aggregate-prone proteins and
unwanted organelles in the cells (Komatsu and Ichimura,
2010). Although autophagy is widely known for its ability
for non-selective degradation, many recent studies show that
like the UPS, selective autophagy is also essential and linked
to the UPS for regulation of diverse cellular processes and
induction of cell death (Liu et al., 2016; Nam et al., 2017; Fan
et al., 2018). In selective autophagy, cytoplasmic components
are selected and tagged before being sequestered into the

autophagosomes using the selective autophagy receptors
such as p62/SQSTM1 (Lamark et al., 2017). p62/SQSTML1 is
known to interact directly with the apoptotic pathway pro-
tein caspase-8 (Moscat and Diaz-Meco, 2009). p62/SQSTM1
is important for cost-effective activation of caspase-8 (Jin et
al., 2009) but caspase-8 also targets and cleaves p62/SQSTM1
during death receptor activation (Norman et al., 2010).
Interestingly, another study showed that p62/SQSTM1 de-
graded caspase-8 (Hou et al., 2010). These studies suggest
the presence of models where autophagy and apoptosis are
in intricate balancing acts showing that autophagy regulates
the amount of apoptosis whereas apoptosis regulates degra-
dation of p62/SQSTM1 and caspase-8 (Figure 4).

Autophagy may regulate apoptosis via active degradation
of pro-apoptotic proteins and organelles (e.g., caspase-8,
mitochondria), but the implication of these autophagic deg-
radations for changing the amount of apoptotic cell death
in traumatic SCI is currently unknown. Selective autophag-
ic degradation of mitochondria is mitophagy that targets
only a few and not all the mitochondria in a cell (Youle and
Narendra, 2011). Mitophagy may selectively eliminate the
damaged or excessive mitochondria to maintain mitochon-
drial quality and homeostasis after a traumatic SCI. It is still
unclear whether the remaining healthy mitochondria in the
CNS cells experience any apoptotic stimulus to cause release
of cytochrome c into the cytosol to promote formation of
apoptosome and induction of apoptosis in traumatic SCI.
There is a possibility that mitophagy mediated reduction in
the number of mitochondria may change the threshold of
apoptotic stimulus, which is necessary to induce apoptosis.
It thus seems that autophagy may control the threshold of
apoptotic stimulus in the CNS cells for determining activa-
tion or inhibition of apoptosis. Although we have evidence
of interplay and communication between autophagy and
apoptosis, we still lack a clear molecular mechanism to ex-
plain how autophagy can inhibit or activate apoptosis in
traumatic SCI.

The protein networks that control the initiation and the
execution phases of autophagy and apoptosis are highly in-
terconnected (Kang et al., 2011; Wu et al.,, 2014). The cross-
talk between autophagy and apoptosis is generally known to
exist in traumatic SCI (Gordy and He, 2012). Activation of
autophagy following traumatic SCI is an attempt to enable
the CNS cells to cope with stress and protect them from
apoptosis. Interestingly, depending on circumstances and
cell signaling mechanisms, autophagy may often end with
apoptosis and apoptosis may begin with autophagy (Booth
et al., 2014). It is reasonable to think that mutual inhibito-
ry cross-talk between autophagy and apoptosis prevents
simultaneous activation of both cell survival and cell death
pathways in acute traumatic SCI. However, activation of
excessive autophagy may contribute to cell death depending
on the context (Cooper, 2018). In course of progressive and
aggressive pathogenesis in severe traumatic SCI, increase in
autophagy flux may promote cell execution through exces-
sive self-digestion (autophagic cell death) or/and via activa-
tion of apoptosis and other cell death mechanisms (Figure 5).
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Figure 1 Sequential steps in induction of autophagy.

The extracellular stress signals such as nutrient deficiency, hypoxia, and injury trigger intracellular activation of adenosine 5' monophosphate-acti-
vated protein kinase (AMPK) to initiate formation of the Unc-51 like kinase (ULK) complex that in turn leads to generation of the vacuolar protein
sorting 34 (VPS34) complex for bringing about the isolation membrane, which is the first step in induction of autophagy, followed by seven subse-
quent steps. Autolysosome, in addition to macroautophagy, may perform microautophagy and chaperone-mediated autophagy (CMA) and lead to
the next step for lysosomal digestion of all cargos. Efflux, the final step of autophagy, releases the metabolites that are new building blocks (amino
acids, fatty acids, nucleotides, sugars, etc.) into the cytosol for recycling. Recycling of amino acids and fatty acids via the Krebs cycle, also known as
the tricarboxylic acid (TCA) cycle, in the mitochondria generates plenty of adenosine triphosphate (ATP) molecules to fuel biosynthesis of cellular
macromolecules such as proteins (using amino acids), lipids (using fatty acids) and genetic materials (DNA and RNA molecules using nucleotides

and sugars) to support and sustain cell survival.
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Figure 2 Plausible mechanism of inhibition of autophagy flux
in secondary injury process during acute phase of moderate
traumatic SCI and the outcomes.

Several factors such as excessive generation of ROS due to mito-
chondrial dysfunction, cleavage of HSP70 by calpain activity, and
channel-forming Bax are likely to contribute to the damage in
lysosomal membrane leading to lysosomal dysfunction and ER
stress may cause destabilization of autophagosomal membrane
leading to failure in formation of functional autolysosome and
thus inhibition of autophagy flux. Inhibition of autophagy flux
promotes excessive apoptosis in neurons and oligodendrocytes
resulting in neurological dysfunctions. ER: Endoplasmic reticu-
lum; HSP70: heat shock protein 70; ROS: reactive oxygen species;
SCI: spinal cord injury.

Figure 3 Plausible mechanism
of enhancement of autophagy
flux in secondary injury process
during chronic phase of
moderate traumatic SCI and the
outcomes.

Class III PI3K and TFEB (with
no negative regulation by mTOR)
enhance biogenesis of autophago-
some and lysosome, respectively,
causing hyper activation of au-
tophagy flux and autophagic cell
death in neurons and oligoden-
drocytes leading to loss of loco-
motor functions. mTOR: Mecha-
nistic target of rapamycin; PI3K:
phosphatidylinositol 3-kinase;
SCI: spinal cord injury; TFEB:
transcription factor EB.
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Figure 4 The cross-talk between autophagy and apoptosis for
prevention of neurodegeneration in mild traumatic SCI.

Beclin-1 (pro-autophagic protein) and Bcl-2 (anti-apoptotic protein)
after separation from each other cause induction of autophagy and in-
hibition of apoptosis, respectively. Also, p62 participates to promote au-
tophagy and inhibit apoptosis. The end result of the cross-talk between
the molecular components of autophagy and apoptosis is prevention
of neurodegeneration. Dash lines in this diagram indicate the paths of
petty operational. SCI: Spinal cord injury.

Figure 5 The cross-talk between autophagy and apoptosis for
enhancement of neurodegeneration in severe traumatic SCI.

Severe traumatic SCI not only triggers separation of Beclin-1 and Bcl-
2 but also produces excessive ROS for p53 signaling for generation
of free Bax. Beclin-1 and p62 enhance autophagy flux and thus cause
autophagic cell death while presence of pro-apoptotic factors (e.g., Bax,
caspase-8, caspase-3) enhance induction of apoptosis. There is minimal
or no mutual inhibition of two cell death mechanisms. Autophagic cell
death may even augment induction of apoptosis and other cell death
mechanisms for increasing neurodegeneration. Dash lines in this di-
agram indicate the paths of trivial operational. ROS: Reactive oxygen
species; SCI: spinal cord injury.

The general concept is that activation of appropriate
amount of autophagy during acute phase of secondary inju-
ry is helpful for clearing of the damaged cellular components
and damaged cells to limit inflammation and toxic triggers
that otherwise cause neurodegeneration in traumatic SCI.
This concept begets therapeutic activation and maintenance
of appropriate amount of autophagy during acute phase of
secondary injury to promote neuroprotection in traumatic
SCI. Too much hypoxia or nutritional stress may trigger too
much autophagy or lead to activation of apoptosis and other
cell death pathways in traumatic SCI. In this circumstance,
therapeutic inhibition of high amount of autophagy may be
warranted to block apoptosis as well.

Promotion of Autophagy for Neuroprotection
and Functional Recovery in Traumatic Spinal
Cord Injury

Many animal model studies suggest that promotion of au-
tophagy is very essential for protecting the CNS cells and
promoting the recovery of locomotor function in traumatic
SCI (Table 1). Loss of locomotor function occurs due to
demyelination of axons in acute (0—1 week), subacute (1-4
weeks), and chronic (1-6 months) traumatic SCI in adult
Sprague-Dawley rats (James et al., 2011). There is an innate
need in the CNS to activate enough autophagy in acute
phase of secondary injury following a mild traumatic SCI
to promote cell survival. But induction of autophagy flux in
acute phase of secondary injury following a severe traumatic
SCI may fail due to lack of appropriate autophagy stimuli,
accumulation of excessive reactive oxygen species, increased
level of pro-apoptotic Bax protein, and decreased level of
HSP70 (Lipinski et al., 2015). It is unfortunate that autoph-
agy flux fades in the acute phase of secondary injury due to
aggressive and progressive nature of pathogenesis in severe
traumatic SCI lesion and its penumbra.

Fortunately, there are well documented therapeutic strat-
egies to sustain an autophagy flux in acute traumatic SCI
to clear the damaged cellular components, organelles, and
cells and to promote neuroprotection and functional recov-
ery. Rapamycin, an inhibitor of the Ser/Thr kinase mTOR
signaling that negatively regulates autophagy, has recently
been shown to promote autophagy with upregulation of
Beclin-1 and LC3B II, reduce neuronal loss due to apop-
tosis, and cause significant increase in locomotor function
in acute traumatic SCI in rats (Wang et al., 2014) and mice
(Sekiguchi et al., 2012). A single injection of rapamycin can
eliminate p62/SQSTMI indicating induction of an active
autophagy flux, inhibit the mTORC1 downstream effector
p70S6K, reduce macrophage/neutrophil infiltration into the
lesion site, prevent microglia activation and inflammation,
block astrocyte proliferation, increase level of p-Akt (active
Akt), and promote neuronal survival and axonogenesis at the
lesion site following traumatic SCI in mice (Goldshmit et al.,
2015). Vascular endothelial growth factor (VEGF) promotes
angiogenesis and re-vascularization in traumatic SCI. VEGF
is also a potent neurotrophic factor for survival of spinal cord
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Table 1 Induction of autophagy for neuroprotection and functional recovery in traumatic SCI

Inducer of autophagy Type of SCI model

Mechanisms and outcomes

Reference(s)

Inhibition of mTOR signaling promoted autophagy with upregulation
of Beclin-1 and LC3B II, reduced neuronal apoptosis, and significantly

Activation of autophagy flux (degradation of p62/SQSTM1 and p70S6K),
decreases in macrophage/neutrophil infiltration and microglia activation,
inflammation, astrocyte proliferation, and increase in p-Akt promoted

Sekiguchi et al., 2012;
Wang et al., 2014

Goldshmit et al., 2015

Rapamycin Acute traumatic SCI
in mice and rats
increased locomotor function.
Rapamycin Acute traumatic SCI
in mice
neuronal survival and axonogenesis.
VEGF165 Acute and subacute

Increases in the autophagy biomarkers Beclin-1 and LC3B II and decreases

Wang et al., 2015

traumatic SCI in rats in inflammatory factors (IL-1p, TNF-a, and IL-10) and loss of motoneurons
promoted locomotor function.

Subacute traumatic
SCI in rats

Retinoic acid

Activation of autophagy flux with increase in LC3B II and decrease in p62,
reduction in BSCB permeability and loss of tight junction molecules (p120-

Zhou et al., 2016

catenin, B-catenin, occludin, and claudin5) improved functional recovery.

Stimulation of autophagy flux with increases in Beclin-1 and LC3B IT and

Zhang et al.,, 2017

traumatic SCI in rats decreases in p62 and inhibition of apoptosis promoted functional recovery.

Acute, subacute, and Activation of autophagy (increases in Beclin-1 and LC3B II) and inhibition
of apoptosis (deceases in caspase-9 and caspase-3) promoted recovery of

Activation of AMPK/SIRT1 signaling pathway promoted autophagy

Gao et al., 2016

Zhao et al., 2017

traumatic SCl in rats (increases in Beclin-1 and LC3B II), inhibited apoptosis (decreases
in Bax and active caspase-9 and caspase-3), and provided functional

Increases in autophagy (inhibition of Akt/mTOR signaling pathway),

Lietal., 2019a

traumatic SCI in rats spinal cord integrity, and remyelination, and prevention of apoptosis and
inflammation promoted functional recovery.

Metformin Acute and subacute
Atorvastatin

chronic traumatic

SCI in rats neurological function.
Resveratrol Acute and subacute

neuroprotection.

Curcumin Acute and subacute
FG-4592 or Acute and subacute

Activation of autophagy via HIF-1a/BNIP3 signaling pathway promoted

Wu et al., 2016;

dimethyloxalylglycine traumatic SCI in rats neuroprotection, and axonal regeneration and improved functional recovery. Li et al., 2019b

AMPK: Adenosine 5' monophosphate-activated protein kinase; BNIP3: Bcl-2 and adenovirus E1B 19-kDa interacting protein 3; BSCB: blood-spinal
cord barrier; HIF-1a: hypoxia inducible factor-1a; IL: interleukin; LC3B II: microtubule-associated protein 1 light chain 3B; mTOR: mechanistic
target of rapamycin; SCI: spinal cord injury; SIRT1: Sirtuin 1; TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor.

neurons. A recent study showed that injection of VEGF165
directly into the lesion epicenter in young male Wistar rats
after traumatic SCI increased the Basso, Beattie, and Bres-
nahan (BBB) scores indicating improvement of locomotor
function, reduced the loss of motoneurons, decreased the
inflammatory factors such as interleukin-1p (IL-1f), tumor
necrosis factor alpha, and IL-10, and increased the expression
of the autophagy biomarkers such as Beclin-1 and LC3B 1II
(Wang et al., 2015). The results from this study indicated that
VEGF165 provided neuroprotection and functional recovery
in traumatic SCI in rats though inhibition of inflammation
and activation of autophagy (Wang et al., 2015). More recent
studies also show that therapeutic inhibition of inflammation
is associated with activation of autophagy for neuroprotec-
tion and improvement of neurological outcome in traumatic
SCI (Wang et al., 2016; Yang et al., 2017; Meng et al., 2018).
Traumatic SCI disrupts the blood-spinal cord barrier,
leading to infiltration of blood cells, inflammatory respons-
es, and neuronal cell death for progression of secondary in-
jury. An important role of retinoic acid, which is the active
metabolite of vitamin A, is the generation of the blood-brain
barrier during human and mouse development. A recent
investigation showed that retinoic acid reduced blood-spinal
cord barrier permeability, decreased the loss of tight junction
molecules such as p120-catenin, p-catenin, occludin, and
claudin5, improved functional recovery, and increased the
expression of LC3B II and decreased the expression of p62
indicating the activation of autophagy flux after traumatic
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SCI in rats (Zhou et al., 2016). Metformin is a potent an-
ti-hyperglycemic drug that causes glucose starvation due to
an acute decrease in hepatic glucose production, mostly via
mild and transient inhibition of the mitochondrial respirato-
ry-chain complex 1 leading to activation of the cellular met-
abolic sensor adenosine 5" monophosphate-activated protein
kinase (AMPK), lowering of cAMP, and thus reducing the
expression of gluconeogenic enzymes (Viollet et al., 2012;
Rena et al., 2017). Metformin treatment of traumatic SCI in
rats improved functional recovery, which was paralleled by
a decrease in apoptosis, increases in formation of autopha-
gosomes and expression of the autophagy biomarkers such
as Beclin-1 and LC3B II, and attenuation of accumulation of
the autophagy substrate protein p62 and ubiquitinated pro-
teins, suggesting a stimulation of the autophagy flux (Zhang
et al., 2017). These investigators also detected activation of
AMPK and inhibition of its downstream mTOR signaling
due to metformin treatment in vivo and in vitro (Zhang et
al., 2017). Atorvastatin is a lipid-lowering drug that also
provides neuroprotective effects, although the precise mech-
anisms of its action for neuroprotection remain mostly
unclarified (Patel and Pisklakov, 2012). Atorvastatin activat-
ed autophagy (increased Beclin-1 and LC3B II), inhibited
apoptosis (deceased caspase-9 and caspase-3 expression and
TUNEL positive cells), and thereby promoted recovery of
neurological function (significantly increased BBB scores) in
traumatic SCI in rats (Gao et al., 2016). Resveratrol, which is
a polyphenolic compound, is known to possess neuroprotec-
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tive effects (Rege et al., 2014). Activation of AMPK directly
phosphorylates its downstream target Sirtuin 1 (SIRT1) for
inactivation of SIRT1 deacetylase activity, which essentially
regulates cell energy metabolism, cell stress, cell protein ho-
meostasis, and cell fate (Watroba et al., 2017). A recent study
determined the neuroprotective effects of resveratrol in
traumatic SCI and the potential relationship among AMPK/
SIRT1 signaling pathway, autophagy, and apoptosis (Zhao et
al,, 2017). Resveratrol treatment significantly increased BBB
scores and reduced the loss of motoneurons and lesion size
by promoting expression of p-AMPK, SIRT1, Beclin-1, LC3B
II, and Bcl-2, while inhibiting expression of p62, Bax, and
active caspase-9 and caspase-3. These results revealed that
resveratrol provided functional neuroprotection in traumatic
SCI in vivo via AMPK/SIRT1 signaling pathway promoting
autophagy and inhibiting apoptosis (Zhao et al., 2017).
Promotion of autophagy in traumatic SCI provides an op-
portunity for degradation and recycling of the intracellular
contents for neuronal survival in an environment of trophic
factor deficiency. Therefore, pharmacological activation of
autophagy in traumatic SCI continues to be a promising
avenue for neuroprotection (Zhang et al., 2018; Thellung
et al., 2019). A very recent study reported that treatment of
traumatic SCI in rats with curcumin caused enhancement
of autophagy through inhibition of the Akt/mTOR signaling
pathway and promoted functional recovery due to preven-
tion of neuronal apoptosis, improvement of spinal cord
integrity, occurrence of remyelination, and suppression of
inflammatory response (Li et al., 2019a). After traumatic
SCI, the expression of hypoxia inducible factor-la (HIF-
la) is known to be increased to provide a neuroprotective
effect but this endogenous expression of HIF-1a is not high
enough for promoting functional recovery. Two recent stud-
ies showed that sustained stabilization of expression of HIF-
la by the prolylhydroxylase inhibitor FG-4592 or dimeth-
yloxalylglycine activated autophagy via the HIF-1a/BNIP3
signaling pathway, promoted neuroprotection, and increased
axonal regeneration to improve functional recovery in trau-
matic SCI in animals (Wu et al., 2016; Li et al., 2019b). An-
other very recent investigation examined role of the tectonic
family member 2 (TCTN2) long non-coding RNA (IncRNA)
in apoptosis and autophagy in a rat model of traumatic SCI

(Ren et al., 2019). The results from this investigation showed
that expression of TCTN2 IncRNA was decreased while ex-
pression of microRNA-216b (miR-216b) was increased in
the spinal cord tissues but overexpression of TCTN2 IncRNA
blocked neuronal apoptosis by inducing autophagy through
the miR-216b/Beclin-1 pathway, improving neurological
function in traumatic SCI in rats.

Inhibition of Autophagy for Neuroprotection
and Functional Recovery in Traumatic Spinal
Cord Injury

When autophagy potentiates neurodegeneration in traumat-
ic SCI, therapeutic inhibition of autophagy is arguably an
attractive alternative treatment strategy for neuroprotection
and functional recovery. There have been several studies
in experimental animal models of different traumatic SCI
showing that inhibition of autophagy is beneficial (Table 2)
and supposed to be explored in clinical settings as well.

It should be noted that autophagy flux is different in dif-
ferent traumatic SCI models. Autophagy flux is increased in
hemisection SCI model (Cloud et al., 2012; Tang et al., 2014)
and moderate compression SCI model (a crushing injury via
compression with a vascular clip, 15 g force for 1 minute, to
the exposed spinal cord) (Zhou et al., 2015). But autophagy
flux is blocked in severe contusion SCI model (produced
by dropping a 10g weight from a height of 25 mm onto an
impounder placed on the exposed spinal cord without dis-
rupting the dura) (Liu et al., 2015) and severe compression
SCI model (30 g force for 1 minute) (Zhang et al., 2017).
Autophagy agonists (e.g., rapamycin) and antagonists (e.g.,
valproic acid or VPA, 17B-estradiol or E2) (Hao et al., 2013;
Lin et al.,, 2016) have already been used to target autophagy
for augmentation and attenuation, respectively, of autophagy
flux in experimental animal models of traumatic SCI.

Some investigators argue that autophagy plays an import-
ant role in neurodegeneration and pathogenesis in various
CNS diseases, cerebral ischemia, traumatic brain injury,
and traumatic SCI as well. So, therapeutic intervention for
inhibition of autophagy has been explored for prevention
of neural tissue damage and improvement of neurological
functions in different animal models of traumatic SCI. A

Table 2 Inhibition of autophagy for neuroprotection and functional recovery in traumatic SCI

Inhibitor of autophagy  Type of SCI model

Mechanisms and outcomes

Reference

Decrease in autophagic cell death in ventral horn motoneurons and
prevention of myelin sheath damage promoted recovery of motor function.

Inhibition of excessive autophagy (decreases in expression of Beclin-1 and

Hao et al,, 2013

Lin et al.,, 2016

traumatic SCI in rats LC3B II) decreased loss of motoneurons leading to neuroprotective effects
of E2 and improvement of locomotor function.

Inhibitor of autophagy (blockage of formation of autophagosomes via
inhibition of PI3K) significantly promoted survival of rubrospinal neurons

Bisicchia et al., 2017

at remote regions and improved spontaneous functional recovery.

VPA Chronic traumatic
SCI in rats

E2 Acute and subacute

3-MA Acute hemisection
SCI in rats

Ginsenoside Rb1 Acute and subacute

Inhibition of autophagy (decreases in expression of Beclin-1 and LC3B II)

Wang et al., 2018

traumatic SCI in rats reduced loss of motoneurons and promoted functional recovery.

3-MA: 3-Methyladenine; E2: 17B-Estradiol; LC3B II: microtubule-associated protein 1 light chain 3B; PI3K: class III phosphatidylinositol 3-kinase;

SCI: spinal cord injury; VPA: valproic acid.
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study detected significantly increase in LC3B II level at 2
hours and then its decline at 1 week after contusion SCI in
rats, co-localization of LC3B II positive cells with neuronal
nuclei but not with glial fibrillary acidic protein indicating
existence of autophagic cell death mostly in neurons soon
after contusion SCI, and capability of methylprednisolone
(a synthetic glucocorticoid hormone) in decreasing LC3B II
expression at 2 hours after contusion SCI (Chen et al., 2012).
Thus, this study suggested that autophagic cell death might
play a significant role in neuronal death after traumatic SCL
A subsequent study also speculated that autophagy could
result in cell death and play a key role in the progression of
pathogenesis in contusion SCI (Hao et al., 2013). This study
reported that both the mRNA and protein levels of Beclin-1
and LC3B II were significantly increased at 1, 2, and 6 hours
after contusion SCI and peaked at 2 hours. VPA (a histone
deacetylase inhibitor), a known neuroprotective agent in
certain experimental animal models, markedly decreased the
biomarkers of autophagy at 2 hours post-injury in the ani-
mals (Hao et al., 2013). Besides, post-injury treatment with
VPA improved the BBB scores, increased the number of ven-
tral horn motoneurons, and reduced myelin sheath damage
at 42 days after the traumatic SCI. Together, the results from
this study demonstrated that autophagic cell death occurred
in motoneurons following traumatic SCI; and VPA reduced
autophagic cell death and promoted recovery of motor
function (Hao et al,, 2013). A more recent investigation
employed E2, also a well-known neuroprotective agent in
different CNS diseases, for treatment showing improvement
in locomotor function and decrease in loss of motoneurons
due to decreases in expression of Beclin-1 and LC3B II lead-
ing to the conclusion that neuroprotective effects of E2 in
traumatic SCI were partly related to inhibition of excessive
autophagy (Lin et al.,, 2016).

Neuronal death at the primary injury site and at the
remote regions, which are functionally connected to the
primary injury site, is a major contributor to neurological
deficits following traumatic SCI. A recent study examined
the function and effects of modulation of autophagy on the
fate of axotomized rubrospinal neurons in a rat model of he-
misection SCI at the cervical level (Bisicchia et al., 2017). In-
duction of hemisection SCI caused an accumulation of LC3B
IT positive autophagosomes (APs) in the axotomized neu-
rons at 1 and 5 days after injury and this accumulation was
not due to an increase in initiation of autophagy but due to
decrease in clearance of APs, as demonstrated by an accrual
of p62; and disruption of autophagy flux strongly correlated
with neuronal death at remote regions and worse functional
recovery. 3-Methyladenine is an inhibitor of autophagy as it
blocks formation of APs via inhibition of the class IIT PI3K.
Inhibition of formation of APs by 3-methyladenine signifi-
cantly attenuated neurodegeneration at remote regions and
improved spontaneous functional recovery, indicating the
detrimental effects of autophagy in causing remote damage
after hemisection SCI (Bisicchia et al., 2017). A more recent
study used Ginsenoside Rb1, one of the major active com-
ponents from Panax Ginseng CA Meyer, as an inhibitor of
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autophagy for treatment of traumatic SCI in rats and showed
that Ginsenoside Rbl inhibited autophagy and reduced loss
of motoneurons and thereby helped functional recovery in
traumatic SCI in animals (Wang et al., 2018).

Conclusion and Future Direction

Roles of autophagy in traumatic SCI remain controversial
and further studies are warranted to define consequences of
activation of autophagy in spatial and temporal terms. Both
school of thoughts, activation of autophagy and inhibition
of autophagy, are gathering supports from studies in animal
models of traumatic SCI. So far, there have been more reports
of activation of autophagy than inhibition of autophagy for
functional neuroprotection in preclinical animal models of
traumatic SCI. All in all, it appears that successful therapeutic
strategy for activation or inhibition of autophagy in experi-
mental animal models of different traumatic SCI may depend
on the type of primary injury, location of primary injury, and
acute or choric phase of secondary injury. Further studies
need to be conducted to confirm these proclamations.
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