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Autophagy plays an important role in the development and
pathogenesis of various diseases. It can be induced by a
variety of events such as hypoxia, nutrient-starvation, and
mechanical damage. Many neurological disorders such
Parkinson’s disease, Alzheimer’s disease, amyotrophic
lateral sclerosis, Huntington’s disease, cerebral ischemia,
and acute spinal cord injury (ASCI), are closely related to
autophagy. However, therapeutic strategies to manipulate
autophagy have not yet been fully deciphered due to the
limited knowledge of the molecular mechanisms underly-
ing autophagy in these disorders.

ASCI is a severe condition characterized by major
disability and poor prognosis. Due to the fact that
pathological processes of secondary injury in ASCI usually
last for several days or even months, the study and
treatment of this disease have mainly focused on reducing
the progression. Animal studies have shown that rat models
with different degrees of contusion in the lower thoracic

spinal cord have dramatically different prognoses,
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indicating that the proportion of residual spinal cord in
transverse section is positively associated with the recovery
of spontaneous movement of the hindlimb. Ganz et al.
implanted a 3D constructs with embedded oral mucosa-
derived cells to rebuild the connectivity in a spinal
transaction model, and showed that even partial restoration
of connectivity with small-amplitude motor evoked poten-
tials can elicit substantial functional recovery in an animal
[1]. Therefore, it is clinically critical to find an efficient
way to restore the connectivity of more neurons in the
spinal cord for the treatment of secondary injury.

From this insight, we review here the pros and cons of
autophagy in acute spinal cord injury. We also introduce
state-of-the-art techniques resolving the detection and cell
localization of autophagy. Moreover, the signaling path-
ways responsible for initiating autophagy are discussed, in
part to provide a deeper understanding of the mechanism
and treatment of ASCI.

Autophagic Cell Death and Apoptosis

Autophagic cell death is characterized by many autophagic
vacuoles formed with an intact nucleus, while apoptosis
presents with chromatin condensation, DNA degradation,
and apoptotic body formation, which can be morpholog-
ically identified with immunofluorescence or electron
microscopy. The relationship between autophagy and
apoptosis is complicated and has yet to be elucidated.
First, autophagy can inhibit the occurrence of apoptosis by
processing damaged organelles such as mitochondria, thus
suppressing the activation of apoptosis. Second, there is a
complex molecular network of signals between autophagy
and apoptosis, such as bcl-2 (B-cell lymphoma 2), p53, and
PTEN (phosphatase and tensin homologue). These factors

@ Springer


http://orcid.org/0000-0002-4884-2683
http://orcid.org/0000-0003-1293-6765
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-019-00368-7&amp;domain=pdf
https://doi.org/10.1007/s12264-019-00368-7
www.springer.com/12264

942

Neurosci. Bull. October, 2019, 35(5):941-945

have been shown to play an anti-apoptotic role in cells
undergoing autophagy. Moreover, some autophagic pro-
teins such as beclin-1 and atg-5 (autophagy-related 5), are
cleaved by caspases or calpains, and such cleavage further
inhibits autophagy and enhances apoptosis. Of course, the
balance between autophagy and apoptosis signals is
determined by internal or external stress, and eventually
decide the survival or death of a cell.

Three different forms of autophagy have been elucidated
in recent years: macroautophagy, microautophagy, and
chaperone-mediated autophagy. In this review, we mainly
focus on the involvement of macroautophagy in ASCI as it
is the most studied so far. Macroautophagy is initiated by
the ATG (autophagy-related) protein which forms a double
membrane structure known as an autophagosome to
package damaged organelles or unused proteins. After-
wards, the autophagosome fuses with a lysosome, forming
the autolysosome, in which the sequestered contents are
degraded by acidic lysosomal hydrolase (Fig.1).

Autophagy in ASCI
Experimental Model of ASCI

ASCI models commonly use rats, including Sprague-
Dawley and Wistar rats. The main damage segment focuses
on T9-T11 of the spinal cord, where the body surface
location is easy to identify. Three ASCI models are
commonly described: the impact, compression, and hemi-
section models [2]. The impact model is the most used, in
which different impact strengths and different degrees of
ASCI can be induced. The compression model can also set
different strengths of impact, but usually the strength is
relatively fixed. In this model, an aneurysm clip is widely
used to induce both dorsal and ventral spinal injury. The
hemisection model can be used to compare the injured and
healthy parts both at the histological and molecular levels.
Studies have indicated that the hemisection model can also
be used to investigate the influence of ASCI on axonal
degeneration [2]. It should be noted that the features of
autophagy are closely related to the ASCI model used,
since the role of autophagy may be divergent in different
ASCI models. In the impact/contusion model with a 10-g
rod dropping from a height of 2.5 cm, many studies have
confirmed that autophagic death increases neuronal loss,
and inhibition of autophagic activity has a neuroprotective
effect [3]. While in a compression model with a 15-g force
for 1 min, the increase of autophagic activity after spinal
injury has a neuroprotective effect [4], in a compression
model with a 30-g force for 1 min or 20-g force for 2 min,
the disruption by excessive autophagic activity gradually
dominates and leads to neuron loss [5]. The state of

@ Springer

autophagic activity after spinal injury may be closely
related to the degree of injury, and further verification of
this relationship between autophagy and injury under
uniform conditions is needed.

Apart from the animal models, primary spinal cord
neurons acutely dissected from animals have been intro-
duced to study the mechanism of autophagy in ASCI.
Among these cell models, a scratch model has been
established to separately assess the effect of mechanical
damage on autophagy. Although in vivo background
interference can be avoided in ASCI cell models, their
experimental applications are not particularly wide, mainly
because neurons from the spinal cord are difficult to culture
and differences in vivo and in vitro (Fig.1).

Detection and Distribution of Autophagy

Detection of autophagy in spinal cord injury includes the
expression of biomarkers and morphological observations.
LC3, Beclin-1, and P62 are commonly used for autophagy
detection. LC3 and Beclin-1 are thought to play important
roles in the process of double membrane formation [6]. P62
can be used to assay the activation of autophagic flux. The
distribution of LC3, co-localization of activated caspase-3,
and changes in expression levels of bcl-2 and Bax have
been assessed to investigate the potential roles of
autophagy and apoptosis [5]. On the other hand, morpho-
logical methods such as transmission electron microscopy
allow direct observation of the formation of autophago-
somes [7]. Autophagy occurs in neurons, and glia can be
detected by immunofluorescence with double-staining,
which can be combinatorically identified by the autophagy
marker LC3 or Beclin-1 and cell-specific antigens (such as
the neuron-specific antigen MAP-II or NeuN, the micro-
cyte-specific antigen CD-11b, the oligodendrocyte-specific
antigens CC-1 or Olig-2, and the astrocyte-specific antigen
GFAP).

The cellular distribution patterns of autophagy biomark-
ers in different cells are diverse. Autophagic activity in the
spinal cord grey matter is mainly concentrated in neurons,
while autophagosomes accumulate mainly in microglia and
oligodendrocytes in the white matter one day after spinal
cord injury [6]. Tang et al. revealed that the number of
LC3-positive neurons and astrocytes in the spinal cord is
up-regulated with time [8]. Moreover, a recent study has
shown that rapamycin inhibits the proliferation of astro-
cytes but improves neuron survival by phosphorylating
AKT in both astrocytes and neurons [9]. Although
existence of autophagic events in astrocytes remains to
be demonstrated, these studies suggest that cells in the
spinal cord experience a stressful environment after ASCI.
The role and activities of autophagy in different cells may
vary spatially and temporally. In fact, after spinal cord
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Fig. 1 Schematics of acute spinal cord injury.

injury, ischemia, oxidative stress, and inflammation caused
by the primary injury further expand the injured area, i.e.,
secondary injury, and the damage is often more severe
closer to the secondary injury than the primary injury site
[10], so autophagy may respond differently in different
regions. The detection of autophagy in most research
focuses on the region at the center of injury, so the spatial
distribution still needs to be investigated in the same
models. In terms of temporal regulation, since spinal
ischemia, inflammation, and other reactions often last for
days or even weeks, during this period, limitation or
aggravation of injury also affect the expression of
autophagy. This may be one of the reasons why some
anti-inflammatory drugs lead to changes in autophagy. In

terms of treatment, drugs should be used according to the
autophagic response mechanism, whether it is the enhance-
ment, interruption, or overexpression of autophagy.

Drug Intervention and Signal Pathway of ASCI

ASCI has been regarded as an intractable condition,
lacking effective drugs. Even though methylprednisolone
and gangliosides are widely used in the clinic, the curative
rate is far from satisfactory. The use of drug intervention
with autophagy in ASCI research is still at an early stage.
Some drugs, such as methylprednisolone and valproic acid,
have been shown to have protective action via regulating
autophagic activity [11]. However, the role of autophagy in
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ASCI is still uncertain, so the results of drug intervention
are ambiguous.

The principles of spinal cord injury therapy advocate
early intervention (drugs and surgery) to minimize the loss
of neurons in secondary injury [12]. Most of the research
used drug intervention at an early stage to inhibit or
promote autophagy based on the presence of autophagy in
different models, In models with autophagic flux
unblocked in the early stage, promoting autophagy can
undoubtedly result in better neuron survival, while in those
with autophagic flux interruption or excessive autophagy,
the inhibition of autophagy often achieves better functional
recovery. The role of autophagy in the recovery period
from spinal injury has not been reported, and comparison
of drug interventions is lacking. Some reports have pointed
out that autophagic activity tends to reach a peak within a
week and gradually drops to the control level one month
after injury [8]; whether activation or inhibition of
autophagy is beneficial to later functional recovery remains
to be clarified.

To date, several signaling pathways have been suggested
to participate in the autophagy after ASCI. Rapamycin, an
autophagy agonist, inhibits the mTOR pathway and
promotes the activation of autophagy. Zhang et al. showed
that bFGF promotes the clearance of ubiquitinated proteins
by stimulating autophagic activity, and this is mediated by
the activation of PI3K/Akt/mTOR [13]. Another study
demonstrated that metformin stimulates autophagic flux,
which is suppressed by compound C, an AMPK inhibitor
[14]. Moreover, Zhao et al. demonstrated that resveratrol
has a neuroprotective effect by stimulating autophagy and
inhibiting apoptosis via the SIRT1I/AMPK pathway [15].
Nuclear factor kappa B (NF-kB) is a nuclear transcription
factor that regulates the expression of multiple genes
associated with the immune system, inflammation, the
stress response, and apoptosis. Guo et al. revealed that
granulocyte colony-stimulating factor induces the activa-
tion of autophagy via inhibition of the NF-«xB signal
pathway, resulting in reduced neural cell apoptosis and
improved functional recovery after ASCI [16]. Xia et al.
also showed that inhibition of the JAK-2/STAT3 signal
pathway decreases the expression of LC3-II and other
apoptotic proteins in the early stage of ASCI [17]. The
mechanism for regulating autophagy is complicated, and
may vary in different models and at different times.
Besides, multiple disease-associated pathways have also
been shown to be regulated by autophagy. Further studies
on the spatial and temporal regulation of autophagy and
associated pathways in ASCI need to be fully elucidated.
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Neuroprotective Role of Autophagy in ASCI

Initially, studies on neuroprotection mainly focused on the
clinical treatment of brain trauma. However, researchers
found that the early application of rapamycin has neuro-
protective effects and improves the rate of postoperative
functional recovery of the brain after injury. Further studies
demonstrated that this protective effect is closely associ-
ated with the enhancement of autophagic activity [18].
Rapamycin was found to be efficient in increasing the
expression of LC3 and Beclinl, and suppressing apoptosis,
leading to the improvement of functional recovery [19].
Bai et al. suggested that disruption of autophagic flux with
p62 could be enhanced by lysosomal dysfunction after
ASCI, together with the facilitation of lysosomal biogen-
esis by Netrin-1 due to increasing TFEB expression via the
AMPK/m-TOR signal pathway, thus improving functional
recovery after ASCI [20].

Pathogenic Role of Autophagy in ASCI

Kanno et al. first demonstrated that autophagy participates
the pathogenesis in hemisection injury models. Their
research showed that both beclin-1 and LC-3 are expressed
in neurons, astrocytes, and oligodendrocytes in animal
models, while the nuclei in these cells are intact without
fragments, indicating autophagic death of these cells [11].
The mechanism underlying autophagy-induced cell death
in injury is that excessive autophagy may cause pro-
grammed cell death. However, whether autophagy directly
contributes to cell death or has other cofactors needs
further study. Interestingly, a recently study showed that
chloroquine attenuates the degradation of ubiquitinated
I-xBa via inhibition of autophagy, thereby blocking the
translocation of NF-kB p65 and the expression of inflam-
matory factors.

Conclusions and Perspectives

At present, autophagy is increasingly studied in spinal cord
injury. Although macroautophagy is the main topic, of
course the role and possible mechanisms of chaperone-
mediated autophagy and microautophagy in spinal cord
injury cannot be neglected. Second, autophagy may have
different responses in different cells, and the interaction
between different cells, such as neurons-microglia, needs
further study in the regulation of autophagy. Furthermore,
the spatial and temporal expression of autophagy in spinal
cord injury still needs further study, and the different
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patterns presented in different models need to be further
clarified. Besides, the influence of the complications in
organs or tissues after spinal cord injury should not be
ignored. This also suggests that attention should be paid to
changes in other organs as well as spinal cord injury, the
treatment of which requires comprehensive consideration.
ASCI is considered to be a multifactorial condition
involving ischemia/reperfusion, inflammation, oxidative
stress, ionic disorder, neuronal excitotoxicity, apoptosis,
necrosis, and autophagy. Although studies of animal
models have suggested that some drugs improve motor
functions after ASCI by inhibiting or activating autophagy,
other regulatory mechanism and comprehensive treatment
methods should also be taken into account for full
understanding and treatment of spinal cord injury.
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