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Abstract
Surgical decompression after spinal cord injury (SCI) is a conventional treatment. Although it has been proven to
have clinical effects, there are certain limitations, such as the surgical conditions that must be met and the invasive
nature of the treatment. Therefore, there is an urgent need to develop a simple and maneuverable therapy for the
emergency treatment of patients with SCI before surgery. Rapamycin (RAPA) has been reported to have potential
as a therapeutic agent for SCI. In this study, we observed the therapeutic effects of rapamycin and surgical
decompression, in combination or separately, on the histopathology in rabbits with SCI. After combination
therapy, intramedullary pressure (IMP) decreased significantly, autophagic flux increased, and apoptosis and
demyelination were significantly reduced. Compared with RAPA/surgical decompression alone, the combination
therapy had a significantly better effect. In addition, we evaluated the effects of mechanical pressure on autophagy
after SCI by assessing changes in autophagic initiation, degradation, and flux. Increased IMP after SCI inhibited
autophagic degradation and impaired autophagic flux. Decompression improved autophagic flux after SCI. Our
findings provide novel evidence of a promising strategy for the treatment of SCI in the future. The combination
therapy may effectively improve emergency treatment after SCI and promote the therapeutic effect of
decompression. This study also contributes to a better understanding of the effects of mechanical pressure on
autophagy after neurotrauma.

Introduction
Spinal cord injury (SCI) has become a major health

issue of global concern. The global age-standardized
prevalence of SCI in 2016 was 368 cases per million
individuals, and the years of life lived with disability (YLD)
was 9.5 million, which accounted for a considerable
proportion of the global injury burden1. Even with the
current major clinical interventions for patients, such as
surgical decompression, stem cell therapy, neurotrophic
factor treatment, and platelet-rich plasma treatment,
nerve damage is difficult to repair.

Decompression after SCI is a conventional treatment
method2 and has been proven to have significant bene-
ficial effects. This method releases pressure on the swollen
spinal cord, increases spinal blood perfusion, reduces
secondary injuries, and improves nerve function3–7.
However, due to limitations, not all patients can be
treated correctly and in a timely manner after injury8, and
invasive surgery can have certain side effects9. Therefore,
there is an urgent need to develop a simple and feasible
therapy for the emergency treatment of patients with SCI
before surgery.
Rapamycin (RAPA) increases autophagy by inhibiting

mTOR in mammals10,11. After SCI, RAPA intervention
upregulates autophagy, inhibits apoptosis and the inflam-
matory response, and improves motor function12–17. This
suggests that RAPA may have potential as a therapeutic
agent in SCI. Therefore, we hypothesized that surgical
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decompression combined with RAPA may contribute to
the treatment of SCI.
At present, it has been shown that stress-induced

autophagy leads to increased Beclin-1 and LC3 expres-
sion18,19. Multiple studies have observed stress-related
autophagy responses. For example, mechanical stress
(strain, compression, shear stress, etc.) that induces autop-
hagy20,21, compression forces that rapidly increases autop-
hagosome numbers in cells22, and arteriovenous shear
stress that causes excessive vascular endothelial cells
autophagy and apoptosis23. Despite these findings, the role
of intramedullary pressure (IMP) in autophagy after SCI is
not known. Deeply understanding its potential mechanisms
will be of great value for future attempts to manipulate IMP
and autophagy as a therapeutic strategy.
The aim of this study was to investigate the therapeutic

effects of rapamycin and surgical decompression, in
combination or separately, on the histopathology of the
injured spinal cord in a rabbit model of SCI. Furthermore,
the effects of IMP on autophagy after SCI were explored
in this study.

Results
RAPA combined with surgical decompression significantly
reduced IMP and inhibited apoptosis after SCI
To observe the effects of surgical decompression and

RAPA on IMP after SCI, we monitored the IMP in the
normal (N), SCI, rapamycin (R), surgical decompression
(DE), and rapamycin combined with surgical decom-
pression (R-DE) treatment groups (Fig. 1a). Compared
with the N group, the SCI group exhibited increased IMP,
peaking at 38 h, at which time the DE group showed
significantly decreased IMP (p= 0.0342) and the R-DE
group showed a decreasing trend, although this change
was not significant (p= 0.0706). These results showed
that IMP decreased after decompression. Compared with
the SCI group, there was no significant change in IMP
after the RAPA intervention. There were no significant
changes in the R-DE group compared to DE group,

indicating that RAPA may not have a significant impact
on IMP (Fig. 1b).
To investigate the effect of surgical decompression and

RAPA on apoptosis after SCI, we examined the protein
expression of Bax and Bcl-2 in the 72 h postinjury in the
N, SCI, R, DE, and R-DE groups. Compared with the N
group, Bcl-2 was decreased, Bax was increased and the
Bcl-2/Bax ratio was decreased in the SCI group, indicating
that apoptosis was promoted after injury. Compared with
the SCI group, the R-DE group exhibited significantly
higher Bcl-2 (p= 0.0078), lower Bax (p= 0.0022)
expression levels, and a higher Bcl-2/Bax ratio (p=
0.0002), indicating that apoptosis was inhibited in the
R-DE group (Fig. 2a). Compared with the N group, the
number of TUNEL-positive cells was significantly higher
in the SCI group, indicating that apoptosis increased after
SCI. Compared with the SCI group, the number of posi-
tive cells was slightly decreased in the R and DE groups
and significantly decreased in the R-DE group at 7 h, 38 h,
and 72 h (p= 0.0364, 0.0018, 0.0069 at 7 h, 38 h, and 72 h,
respectively). In addition, the R-DE group showed a
decreasing trend at 1 h, but no significant difference was
observed (p= 0.0721) (Fig. 2b). Taken together, these data
suggest that surgical decompression combined with
RAPA significantly inhibited apoptosis after SCI.

RAPA combined with surgical decompression significantly
improved autophagic flux after SCI
To observe the effect of surgical decompression and

RAPA on autophagic flux after SCI, we measured the
autophagic flux (red/yellow dot ratio) in the N, SCI, R, DE,
and R-DE groups. The results showed that compared with
the N group, the SCI group exhibited a decreased red/
yellow dot ratio, indicating that the autophagic flux was
impaired after SCI. Compared with the SCI group, the R,
DE, and R-DE groups showed increased autophagic flux,
with the most significant increase in the R-DE group (p <
0.0001 at 1 h, 7 h, 38 h, and 72 h) (Fig. 3a–d). Taken
together, these data suggest that surgical decompression

Fig. 1 IMP significantly decreased after surgical decompression. a Illustration of IMP measurement. IMP was measured using a Millar Telemetry
System. b IMP increased after SCI, and IMP significantly decreased after surgical decompression. Individual data points are presented, n= 3. Two-way
repeated measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05.
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Fig. 2 Combination therapy significantly ameliorated apoptosis after SCI. a WB analysis of the levels of Bcl-2 and Bax proteins in spinal cord
lysates obtained from the N, SCI, R, DE, and R-DE groups 72 h after injury. GAPDH was used as the loading control. Bcl-2 and Bax protein levels and
the Bcl-2/Bax ratio were quantified, and the fold change relative to N was calculated. Individual data points and medians are presented, n= 3. One-
way ANOVA followed by Tukey’s multiple comparisons test. **P < 0.01, ***P < 0.001. b Images of apoptotic cells in spinal cord sections obtained from
the N, SCI, R, DE, and R-DE groups assessed using TUNEL staining 1 h, 7 h, 38 h, and 72 h after injury. The red arrows indicate TUNEL-positive cells.
Scale bar= 100 μm. The TUNEL-positive cells% in the spinal cord sections was quantified. Individual data points are presented, n= 3. Two-way
repeated measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 and **P < 0.01 compared to the SCI group.
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combined with RAPA significantly improved autophagic
flux after SCI.

RAPA combined with surgical decompression significantly
improved the number of neurons and inhibited
demyelination after SCI
To investigate the effect of surgical decompression and

RAPA on neurons and myelin sheaths after SCI, we per-
formed Nissl and Luxol fast blue (LFB) staining in the N,
SCI, R, DE, and R-DE groups and quantified the neurons
in the anterior horn of the spinal cord and residual white
matter area. The results showed that the number of
neurons in the anterior horns of the spinal cord and the
area of residual white matter were significantly lower in
the SCI group than in the N group. In addition, sig-
nificantly higher numbers of neurons were observed in
the R-DE group than in the SCI group, indicating that the
combination therapy significantly improved the number
of neurons after SCI (Fig. 4a, b). We also performed
immunofluorescence staining for MBP and NeuN

(Fig. 5a–c). Compared with the N group, the SCI group
showed a significantly decreased integrated optical density
(IOD) of MBP staining and a significantly decreased
number of NeuN+ cells. Compared with the SCI group,
the three intervention groups showed an increased IOD of
MBP staining, with the highest value observed in the R-
DE group (p= 0.1657, 0.0179, 0.0277, 0.0114 at 1 h, 7 h,
38 h, and 72 h, respectively), which suggests that the
combination therapy inhibited demyelination after SCI
(Fig. 5d). Compared with the SCI group, the number of
NeuN+ neurons was increased in the three intervention
groups, with the best effect observed in the R-DE group
(p= 0.0300, 0.0421, 0.0152, 0.0080 at 1 h, 7 h, 38 h, and
72 h, respectively), indicating that the combination ther-
apy significantly improved the number of NeuN+ neurons
(Fig. 5e).

Reduced IMP promotes autophagy
To further evaluate the effect of IMP on autophagy after

SCI, we assessed Beclin-1, LC3, Atg5, and SQSTM1

Fig. 3 Autophagic flux was impaired after SCI and significantly relieved after combination therapy. a Images of spinal cord sections obtained
from rabbits in the N group injected with AAV-mRFP-GFP-LC3. b Images of spinal cord sections obtained from rabbits in the SCI, R, DE, and R-DE
groups injected with AAV-mRFP-GFP-LC3. The arrowheads indicate red dots. The arrows indicate yellow dots. Scale bar= 100 μm (10×). Scale bar=
10 μm (40×). c The autophagic flux (red/yellow dot ratio per cell) was quantified. The data are presented as the means ± SDs, n= 3. More than 10
neurons were quantified for each slide. Two-way repeated measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 and ****P <
0.0001 compared to the SCI group. d The schematic drawing illustrates the selected regions of interest for autophagic flux quantification.
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protein expression. Compared with the N group, the SCI
group exhibited increased SQSTM1 protein expression,
indicating that increased IMP may impair autophagic
degradation. In addition, increased levels of Beclin-1, LC3
II/I, and Atg5 protein expression were observed, indicat-
ing an accumulation of autophagy initiation-related pro-
teins. Compared with the SCI group, the DE group

exhibited significantly lower SQSTM1 protein expression,
indicating that autophagic degradation was promoted. In
addition, significantly lower Beclin-1, LC3 II/I, and Atg5
protein expression was observed, suggesting the autop-
hagy initiation-related proteins that accumulated due to
damage were consumed. However, the levels of Beclin-1,
LC3 II/I, Atg5, and SQSTM1 proteins were higher in the

Fig. 4 Combination therapy significantly improved the neurons and inhibited demyelination after SCI. a Images of neurons in spinal cord
sections obtained from the N, SCI, R, DE, and R-DE groups assessed using Nissl staining 1 h, 7 h, 38 h, and 72 h after injury. The arrows indicate
neurons. Scale bar= 100 μm. The numbers of neurons in the spinal cord sections were quantified. Individual data points are presented, n= 3. Two-
way repeated measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 and **P < 0.01 compared to the SCI group. b Images of
spinal cord sections obtained from the N, SCI, R, DE, and R-DE groups assessed using LFB staining 1 h, 7 h, 38 h, and 72 h after injury. Scale bar=
500 μm. The spared white matter area in the spinal cord sections was quantified. Individual data points are presented, n= 3. Two-way repeated
measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 and **P < 0.01 compared to the SCI group.
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Fig. 5 (See legend on next page.)
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chloroquine (CQ)-DE group compared with that observed
in the control (N-DE) group, indicating that autophagy
was inhibited by CQ. Compared with the DE group, no
significant differences in these proteins were observed in
the N-DE group, indicating that the vehicle solvent did
not exert any effects (Fig. 6a–e). Compared with the SCI
group, the DE group exhibited lower SQSTM1 protein
expression at 1 h, 7 h, 38 h, and 72 h, indicating that
decompression promotes autophagic degradation (Fig. 6g,
h). Because an incorrect interpretation of autophagy could
occur when only the SQSTM1 protein level is measured,
we measured the SQSTM1 mRNA levels. Compared with
the N group, the SCI group exhibited increased SQSTM1
mRNA levels (p < 0.0001), indicating that increased tran-
scription of SQSTM1 may be related to the increased IMP
after SCI. Compared with the SCI group, the DE group
exhibited significantly lower SQSTM1 mRNA levels (p=
0.0025), suggesting that decreased transcription of
SQSTM1 may be related to the decreased IMP. The
SQSTM1 mRNA levels were significantly higher in the
CQ-DE group than those observed in the N-DE group
(p < 0.0001), indicating that CQ may affect SQSTM1
transcription after decompression (Fig. 6f).

Discussion
This study investigated the therapeutic effects of RAPA

and decompression, in combination or separately, on the
histopathology of the injured spinal cord in a rabbit model
of SCI. The combination therapy achieved a better effect
compared with RAPA/surgical decompression alone. Fur-
thermore, our data indicate that increased IMP after SCI
inhibited autophagic degradation and impaired autophagic
flux. Decompression improved autophagic flux after SCI.
Tissue hemorrhage, edema, the inflammatory response,

and other factors after SCI cause increased IMP, thereby
exacerbating secondary injury and affecting neurological
function24–28. In this study, IMP was significantly reduced

after dural incision in a rabbit model of SCI. Although
RAPA inhibits inflammatory cell infiltration and proin-
flammatory factor production and improves the micro-
environment after SCI17,29, this study shows that compared
with decompression alone, combination therapy within 72 h
after SCI led to no significant difference in IMP. Longer
monitoring may yield different results. In this study, after
RAPA/surgical decompression alone, Bcl-2 expression
increased slightly and Bax expression decreased slightly. In
the combination group, Bcl-2 expression was significantly
increased, while Bax expression was significantly reduced.
Increased Bcl-2 and decreased Bax expression indicate
increased resistance to apoptosis30. The number of
TUNEL-positive cells decreased and the number of residual
neurons in the anterior horns of the spinal cord increased
after combination therapy more than after the other
therapies. These results indicate that combination therapy
after SCI significantly inhibits apoptosis and protects resi-
dual neurons. The residual white matter area and MBP
expression in the combination group were significantly
higher than those in the other groups, indicating that the
combination therapy significantly inhibits demyelination.
Autophagy is a dynamic process that includes autophago-
some assembly, the delivery of autophagic substrates to
lysosomes, and autolysosomal degradation. The entire
process is usually described as “autophagic flux”31. In this
study, autophagic flux decreased after SCI. Compared with
SCI, RAPA treatment alone induced autophagy and alle-
viated autophagic flux obstruction caused by injury. These
results are consistent with the results of a study by Castillo
et al.31. At the same time point after injury, autophagic flux
was significantly higher in the combination therapy group
than in the other groups. These results indicate that com-
bination therapy significantly enhanced autophagic flux.
Autophagic flux also increased after decompression alone,
indicating that IMP may has some effects on autophagy
after SCI.

Fig. 5 Spinal cord neurons and myelin sheaths were significantly improved after combination therapy. a Images of sections of injured spinal
cords from rabbits in the N group. The sections were stained with antibodies against MBP and NeuN. Scale bars= 20 μm, 500 μm, and 20 μm (from left to
right). b The schematic drawing illustrates the selected regions of interest for quantification of the number of NeuN+ neurons. c Images of sections of
injured spinal cords from rabbits in the SCI, R, DE, and R-DE groups 1 h, 7 h, 38 h, and 72 h after injury. d The IOD of MBP staining in the spinal cord
sections was quantified. Individual data points are presented, n= 3. Two-way repeated measures ANOVA followed by Sidak’s multiple comparisons test.
*P < 0.05 compared to the SCI group. e The number of NeuN+ neurons in the spinal cord sections was quantified. Individual data points are presented,
n= 3. Two-way repeated measures ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 and **P < 0.01 compared to the SCI group.
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The effects of IMP on autophagy after SCI was explored
in this study. The conversion of LC3 I to LC3 II is con-
sidered to be a marker of autophagic activity32. Atg5 is
involved in autophagy induction and autophagosome
formation and is an essential protein for autophagic
flux33. The Beclin-1 complex is involved in

autophagosome formation during the initiation of
autophagy34,35. The expression of these three autophagy
initiation-related proteins increased after SCI in this
study, which is consistent with the results of previous
studies12,36–38. The level of SQSTM1 is an indicator of
autophagic degradation39,40. We found that SQSTM1

Fig. 6 Altered autophagy-related protein expression after SCI and decompression. a WB analysis of the levels of the autophagy-related
proteins LC3, Beclin-1, Atg5, and SQSTM1 in spinal cord lysates obtained from the N, SCI, DE, CQ-DE, and N-DE groups. β-actin or GAPDH was used as
the loading control. b–e Atg5, Beclin-1, LC3 II/I, and SQSTM1 protein levels were quantified, and fold change to N was calculated. Individual data
points and medians are presented, n= 3. One-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001; #P <
0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 compared to the N group. f qPCR of the levels of SQSTM1 mRNA in spinal cord lysates obtained from
the N, SCI, DE, CQ-DE, and N-DE groups. Individual data points and medians are presented, n= 3. One-way ANOVA followed by Tukey’s multiple
comparisons test. **P < 0.01, ***P < 0.001, and ****P < 0.0001; #P < 0.05, ##P < 0.01, and ####P < 0.0001 compared to the N group. g WB analysis of the
levels of SQSTM1 protein in spinal cord lysates obtained from the N, SCI, and DE groups 1 h, 7 h, 38 h, and 72 h after injury. GAPDH was used as
the loading control. h SQSTM1 protein levels were quantified, and the fold change relative to N was calculated. Individual data points and medians
are presented, n= 3. Two-way repeated measures ANOVA followed by Sidak’s multiple comparisons test. **P < 0.01.
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expression increased and autophagic flux decreased after
SCI, which is consistent with the results of previous stu-
dies41,42. Considering that autophagy initiation-related
protein levels increased, whereas autophagic flux
decreased after SCI, autophagic degradation could be
impaired. This means that the increased IMP may impair
autophagic degradation. However, the mRNA level of
SQSTM1 also increased after SCI. It is likely that the
elevation of SQSTM1 levels was also partly caused by the
induction of its transcription. LC3 transport blockade
caused by injury prevents accumulated autophagosomes
from being effectively degraded31. After decompression,
the expression of all three autophagy initiation-related
proteins decreased, whereas autophagic flux increased.
This may have occurred because decompression pro-
motes autophagic degradation, thereby consuming the
autophagosomes that accumulated due to damage. The
decrease in SQSTM1 protein expression may be affected
by the simultaneous enhancement of autophagic degra-
dation and the reduction of transcription. Compared with
the N-DE group, the expression of all three autophagy
initiation-related proteins was increased in the CQ-DE
group, indicating that lysosomes and proteasomes were
inhibited by CQ and the accumulation of autophago-
somes. Compared with the N-DE group, the accumulation
of SQSTM1 protein in the CQ-DE group may be affected
by the simultaneous decrease in autophagic degradation
and increase in protein synthesis. In this study, changes in
SQSTM1 mRNA and protein levels occurred in the same
direction in groups. Decompression reversed the
increased SQSTM1 mRNA levels caused by SCI, indi-
cating that transcription of SQSTM1 may be affected by
IMP. CQ may affect SQSTM1 transcription after
decompression, and the mechanism requires further
study. In this study, considering that SQSTM1 partici-
pates in a variety of processes43–45, changes in SQSTM1
protein levels after decompression may not only represent
changes in autophagic degradation, but may also be
involved in other processes (such as mechanical signaling)
to affect pathological changes of the spinal cord after SCI,
which requires intensive study in the future.
The results of this study showed that RAPA treatment

combined with surgical decompression therapy had
better histopathological effects in rabbits with SCI
compared with RAPA/surgical decompression alone,
and it is expected to become a new treatment for SCI.
This study did have some limitations. For example, IMP
measurements would be more accurate in large animals
(such as rabbits), but the sample size would be smaller.
This combination therapy should be further studied to
evaluate its therapeutic potential as a method for
treating SCI. In addition, the effects of IMP on autop-
hagy after SCI was explored in this study for the first
time. Studies have reported that autophagic flux

increases with injury severity and plays different roles in
mild and severe injury18. Early autophagy induction in
rats with spinal cord ischemia/reperfusion injury
inhibited apoptosis and inflammation, while autophagy
induction led to cell death and aggravated injury 72 h
after the initial injury46. Part of the reason for these
phenomena may be the different degrees of injury
associated with a variety of IMPs, but further research is
needed to evaluate this possibility.
In summary, the results of this study revealed that

RAPA combined with surgical decompression therapy has
a better effect on the histopathology of rabbits with SCI
compared with RAPA/surgical decompression alone.
Increased IMP after SCI inhibited autophagic degradation
and impaired autophagic flux. Decompression improved
autophagic flux after SCI.

Materials and methods
Animals
Healthy female Japanese white rabbits weighing 2.0 ±

2.5 kg and aged 2.5 ± 3.0 months were used in the study
(Beijing Jinmuyang Experimental Animal Breeding Co.,
Ltd., Beijing, China). All animals were allowed free access
to food and water. All experimental procedures were
approved by the local ethics committee and were in
accordance with the guidelines for animal use and care.
The study was conducted according to the ethical rules of
the Animal Experiments and Experimental Animal Wel-
fare Committee (AEEI-2018-008).

Reagent preparation and injection
RAPA was used to induce autophagy. DMSO (D4540,

Sigma-Aldrich), PEG (202371, Sigma-Aldrich), and
Tween 80 (P1754, Sigma-Aldrich) were added to RAPA
(S1039, Selleck Chemicals, US) (2% DMSO+ 30% PEG
300+ 5% Tween 80+ ddH2O). Two hours before surgery,
RAPA (2mg/kg) was injected into the marginal ear vein of
rabbits in the R and R-DE groups. To maintain efficacy,
the same dose of drug was injected again 36 h after sur-
gery. CQ was given as an autophagy-lysosomal pathway
inhibitor to inhibit autophagy after surgery in the CQ-DE
group. CQ (c6628, Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 150mg/ml physiological saline and
administered intraperitoneally at 60 mg/kg/d47. The N-
DE group was injected with the same volume of vehicle
solvent.

Surgery
The animals were fasted for 12 h before surgery, and

sodium pentobarbital (3%, 30 mg/kg) was injected into
the ear vein for anesthesia. In each rabbit, a spinal
contusion at the T10 level was created using an
aneurysm clip (REBSTOCK, Dürbheim, Tuttlingen,
Germany) at an intensity of 90 g and with a retention
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time of 1 min. Tail-spasm swings and strong lower limb
contractions were used as indicators for evaluating
successful establishment of the SCI rabbit model. Ani-
mals in the N group underwent laminotomy only. Dural
incisions were made in the DE group immediately after
injury. The dura mater was cut with a number 11 scalpel
and rinsed with saline. The length of the incision was
~2 mm. The cavity created by the removed spine was
filled with a gelatin sponge, and the muscles, fascia, and
skin were sutured. Sodium Lactate Ringer’s Injection
(Shandong Qidu Pharmaceutical Co., Ltd., China) was
injected into the marginal vein during the operation
until the animal fully recovered. Subcutaneous injec-
tions of penicillin sodium (North China Pharmaceutical
Co., Ltd., China) and gabapentin (Hainan Selection
Pharmaceutical Co., Ltd., China) were administered
intragastrically for 3 days postoperatively, and urination
was artificially assisted 3–4 times a day. All surgeries are
performed by one surgeon. After SCI, all rabbits were
assigned to a treatment group according to a rando-
mized block experimental design. The number of rab-
bits at various time points in each study is indicated in
the figure legends.

IMP monitoring
IMP was measured using a Millar Telemetry System

(MKT0002/D, Millar, Houston, TX), as previously
described48. IMP was recorded at 1 h, 7 h, 38 h, and 72 h
after SCI in the N, SCI, R, DE, and R-DE groups (n= 3 per
group). All animals were continuously monitored for 1 h
at the corresponding time points, and the results were
averaged.

Autophagic flux measurement
Two weeks before SCI modeling, animals were intra-

thecally injected with AAV-mRFP-GFP-LC3 (purchased
from Hanbio, Shanghai, China) for subsequent autop-
hagic flux measurement. Using a stereotactic device
(51750, Stoelting, Wood Dale, USA) and a microinjec-
tion pump (53311, Stoelting) equipped with a 25 μl
microinjector (Hamilton, Reno, NV, USA) and a 33 G
needle, the animals were internally injected with 20 µl of
construct at a speed of 1 μl/min. After the injection was
completed, the injection needle was left in place for
20 min., and the wound was sutured after the needle was
pulled out. At the corresponding time point, the spinal
cord was removed by the above method and then
dehydrated and embedded in paraffin. For each group,
n= 3, and each sample was cut into coronal sections
(5 μm) at the center of the injury. After the images were
scanned with a Pannoramic 250 system, the two chan-
nels were merged for colocalization analysis (i.e., red
and yellow dot analysis), and the red and yellow dots
were manually counted in a double-blind manner. GFP,

but not mRFP, degrades in an acidic environment49.
Therefore, yellow dots (merged red and green dots)
represent autophagosomes, while red dots represent
autophagolysosomes. If autophagy is activated and
autophagic flux is normal, red dots will dominate over
yellow dots; if autophagic flux is impaired, more yellow
dots than red dots will be observed50,51.

Statistical analysis
GraphPad Prism 8.0 (GraphPad Software, San Diego,

California, USA) was used in this study for statistical
analysis. The number of animals in all studies was
determined by power analysis (power of 0.8 with alpha
value of 0.05). Key experiments were repeated with
independent groups of animals to ensure reproducibility.
Two-way repeated measures ANOVA followed by Sidak’s
multiple comparisons test was used to analyze differences
among the SCI, R, DE, and R-DE groups. One-way
ANOVA followed by Tukey’s multiple comparisons test
was used to analyze differences among the N, SCI, DE,
CQ-DE, and N-DE groups. P < 0.05 was considered to
indicate statistical significance.

Acknowledgements
This study was supported by the Special Fund for Basic Scientific Research of
the Central Public Research Institutes in China (No. 2019CZ-1, 2018CZ-1); the
National Natural Science Foundation of China (No. 81870979); the National Key
R & D Program of China (No. 2018YFF0301104); the Major Science and
Technology Project of Beijing of China (No. D161100002816004); and the
Special Capital Health Research and Development of China (No. 2018-1-6011).

Author details
1School of Rehabilitation Medicine, Capital Medical University, Beijing 100068,
China. 2China Rehabilitation Science Institute, Beijing 100068, China. 3Center of
Neural Injury and Repair, Beijing Institute for Brain Disorders, Beijing 100068,
China. 4Department of Spinal and Neural Functional Reconstruction, China
Rehabilitation Research Center, Beijing 100068, China. 5Beijing Key Laboratory
of Neural Injury and Rehabilitation, Beijing 100068, China. 6Institute of
Rehabilitation Medicine, China Rehabilitation Research Center, Beijing 100068,
China. 7Department of Rehabilitation Medicine, Beijing Tiantan Hospital, Beijing
100050, China

Conflict of interest
The authors declare no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-02767-5).

Received: 10 January 2020 Revised: 7 July 2020 Accepted: 10 July 2020

References
1. GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators. Global,

regional, and national burden of traumatic brain injury and spinal cord injury,
1990-2016: a systematic analysis for the Global Burden of Disease Study 2016.
Lancet Neurol. 18, 56–87 (2019).

Zhang et al. Cell Death and Disease          (2020) 11:567 Page 10 of 11

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-02767-5
https://doi.org/10.1038/s41419-020-02767-5


2. Aarabi, B. et al. Management of acute traumatic central cord syndrome
(ATCCS). Neurosurgery 72, 195–204 (2013).

3. Smith, J. S. et al. Role of early surgical decompression of the intradural space
after cervical spinal cord injury in an animal model. J. Bone Joint Surg. Am. 92,
1206–1214 (2010).

4. Phang, I. et al. Expansion duroplasty improves intraspinal pressure, spinal cord
perfusion pressure, and vascular pressure reactivity index in patients with
traumatic spinal cord injury: injured spinal cord pressure evaluation study. J.
Neurotrauma 32, 865–874 (2015).

5. Qin, C. et al. Myelotomy promotes locomotor recovery in rats subjected to
spinal cord injury: a meta-analysis of six randomized controlled trials. Neural
Regen. Res. 13, 1096–1106 (2018).

6. Hu, A. M. et al. Myelotomy reduces spinal cord edema and inhibits aquaporin-
4 and aquaporin-9 expression in rats with spinal cord injury. Spinal Cord. 53,
98–102 (2015).

7. Gu, R. et al. Protective effect of dorsal longitudinal myelotomy at 72 h after
spinal cord injury in rat model. Neurol. Asia 17, 141–146 (2012).

8. Dvorak, M. F. et al. The influence of time from injury to surgery on
motor recovery and length of hospital stay in acute traumatic spinal
cord injury: an observational Canadian cohort study. J. Neurotrauma 32,
645–654 (2015).

9. Liu, J. M. et al. Is urgent decompression superior to delayed surgery for
traumatic spinal cord injury? A meta-analysis. World Neurosurg. 87, 124–131
(2016).

10. Wei, Y. M. et al. Enhancement of autophagy by simvastatin through inhibition
of Rac1-mTOR signaling pathway in coronary arterial myocytes. Cell. Physiol.
Biochem. 31, 925–937 (2013).

11. Cai, Z. & Yan, L. J. Rapamycin, autophagy, and alzheimer’s disease. J. Biochem.
Pharmacol. Res. 1, 84–90 (2013).

12. Wang, Z. Y., Lin, J. H., Muharram, A. & Liu, W. G. Beclin-1-mediated autophagy
protects spinal cord neurons against mechanical injury-induced apoptosis.
Apoptosis 19, 933–945 (2014).

13. Yamamoto, A., Cremona, M. L. & Rothman, J. E. Autophagy-mediated clear-
ance of huntingtin aggregates triggered by the insulin-signaling pathway. J.
Cell Biol. 172, 719–731 (2006).

14. Sekiguchi, A., Kanno, H., Ozawa, H., Yamaya, S. & Itoi, E. Rapamycin
promotes autophagy and reduces neural tissue damage and locomotor
impairment after spinal cord injury in mice. J. Neurotrauma 29, 946–956
(2012).

15. Tateda, S. et al. Rapamycin suppresses microglial activation and reduces the
development of neuropathic pain after spinal cord injury. J. Orthop. Res. 35,
93–103 (2017).

16. Liu, S. et al. Lysosomal damage after spinal cord injury causes accumulation of
RIPK1 and RIPK3 proteins and potentiation of necroptosis. Cell Death Dis. 9,
476 (2018).

17. Goldshmit, Y. et al. Rapamycin increases neuronal survival, reduces inflam-
mation and astrocyte proliferation after spinal cord injury. Mol. Cell. Neurosci.
68, 82–91 (2015).

18. Lipinski, M. M., Wu, J., Faden, A. I. & Sarkar, C. Function and mechanisms of
autophagy in brain and spinal cord trauma. Antioxid. Redox Signal. 23, 565–577
(2015).

19. Kanno, H., Ozawa, H., Sekiguchi, A. & Itoi, E. The role of autophagy in spinal
cord injury. Autophagy 5, 390–392 (2009).

20. King, J. S. Mechanical stress meets autophagy: potential implications for
physiology and pathology. Trends Mol. Med. 18, 583–588 (2012).

21. Porter, K. M., Jeyabalan, N. & Liton, P. B. MTOR-independent induction of
autophagy in trabecular meshwork cells subjected to biaxial stretch. Biochim.
Biophys. Acta 1843, 1054–1062 (2014).

22. King, J. S., Veltman, D. M. & Insall, R. H. The induction of autophagy by
mechanical stress. Autophagy 7, 1490–1499 (2011).

23. Chang, Y. J. et al. Role of excessive autophagy induced by mechanical over-
load in vein graft neointima formation: prediction and prevention. Sci. Rep. 6,
22147 (2016).

24. Saadoun, S., Bell, B. A., Verkman, A. S. & Papadopoulos, M. C. Greatly improved
neurological outcome after spinal cord compression injury in AQP4-deficient
mice. Brain 131, 1087–1098 (2008).

25. Leonard, A. V., Thornton, E. & Vink, R. The relative contribution of edema and
hemorrhage to raised intrathecal pressure after traumatic spinal cord injury. J.
Neurotrauma 32, 397–402 (2015).

26. Khaing, Z. Z. et al. Temporal and spatial evolution of raised intraspinal pressure
after traumatic spinal cord injury. J. Neurotrauma 34, 645–651 (2017).

27. Dong, X. et al. Intramedullary pressure changes in rats after spinal cord injury.
Spinal Cord. 54, 947–950 (2016).

28. Martirosyan, N. L. et al. Cerebrospinal fluid drainage and induced hypertension
improve spinal cord perfusion after acute spinal cord injury in pigs. Neuro-
surgery 76, 461–468 (2015). discussion 468-469.

29. Song, Y., Xue, H., Liu, T. T., Liu, J. M. & Chen, D. Rapamycin plays a neuro-
protective effect after spinal cord injury via anti-inflammatory effects. J. Bio-
chem. Mol. Toxicol. 29, 29–34 (2015).

30. Liu, D., Lu, C., Wan, R., Auyeung, W. W. & Mattson, M. P. Activation of mito-
chondrial ATP-dependent potassium channels protects neurons against
ischemia-induced death by a mechanism involving suppression of Bax
translocation and cytochrome c release. J. Cereb. Blood Flow. Metab. 22,
431–443 (2002).

31. Castillo, K. et al. Measurement of autophagy flux in the nervous system in vivo.
Cell Death Dis. 4, e917 (2013).

32. Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for
monitoring autophagy. Autophagy 8, 445–544 (2012).

33. Pyo, J. O. et al. Essential roles of Atg5 and FADD in autophagic cell death:
dissection of autophagic cell death into vacuole formation and cell death. J.
Biol. Chem. 280, 20722–20729 (2005).

34. Pattingre, S., Espert, L., Biard-Piechaczyk, M. & Codogno, P. Regulation of
macroautophagy by mTOR and Beclin 1 complexes. Biochimie 90, 313–323
(2008).

35. Simon, H. U., Friis, R., Tait, S. W. & Ryan, K. M. Retrograde signaling from
autophagy modulates stress responses. Sci. Signal 10, eaag2791 (2017).

36. Sun, Y., Liu, D., Su, P., Lin, F. & Tang, Q. Changes in autophagy in rats after spinal
cord injury and the effect of hyperbaric oxygen on autophagy. Neurosci. Lett.
618, 139–145 (2016).

37. Kanno, H., Ozawa, H., Sekiguchi, A., Yamaya, S. & Itoi, E. Induction of autophagy
and autophagic cell death in damaged neural tissue after acute spinal cord
injury in mice. Spine (Philos. Pa 1976) 36, E1427–E1434 (2011).

38. Kanno, H., Ozawa, H., Sekiguchi, A. & Itoi, E. Spinal cord injury induces upre-
gulation of Beclin 1 and promotes autophagic cell death. Neurobiol. Dis. 33,
143–148 (2009).

39. Johansen, T. & Lamark, T. Selective autophagy mediated by autophagic
adapter proteins. Autophagy 7, 279–296 (2011).

40. Haack, T. B. et al. Absence of the autophagy adaptor SQSTM1/p62 causes
childhood-onset neurodegeneration with ataxia, dystonia, and gaze palsy. Am.
J. Hum. Genet. 99, 735–743 (2016).

41. Tong, M. et al. Lithium chloride contributes to blood-spinal cord barrier
integrity and functional recovery from spinal cord injury by stimulating
autophagic flux. Biochem. Biophys. Res. Commun. 495, 2525–2531
(2018).

42. Wang, C. et al. Salidroside attenuates neuroinflammation and improves
functional recovery after spinal cord injury through microglia polarization
regulation. J. Cell. Mol. Med. 22, 1148–1166 (2018).

43. Ishii, T., Warabi, E., Siow, R. C. M. & Mann, G. E. Sequestosome1/p62: a
regulator of redox-sensitive voltage-activated potassium channels,
arterial remodeling, inflammation, and neurite outgrowth. Free Radic.
Biol. Med. 65, 102–116 (2013).

44. Lange, S. et al. The kinase domain of titin controls muscle gene expression
and protein turnover. Science 308, 1599–1603 (2005).

45. Moreno, L. et al. Role of protein kinase Czeta and its adaptor protein p62 in
voltage-gated potassium channel modulation in pulmonary arteries. Mol.
Pharmacol. 72, 1301–1309 (2007).

46. Fang, B. et al. Role of autophagy in the bimodal stage after spinal
cord ischemia reperfusion injury in rats. Neuroscience 328, 107–116
(2016).

47. Gao, L. et al. Chloroquine promotes the anticancer effect of TACE in a rabbit
VX2 liver tumor model. Int. J. Biol. Sci. 9, 322–330 (2013).

48. Zhang, X. et al. Dynamic changes in intramedullary pressure 72 h after spinal
cord injury. Neural Regen. Res. 14, 886–895 (2019).

49. Kimura, S., Noda, T. & Yoshimori, T. Dissection of the autophagosome
maturation process by a novel reporter protein, tandem fluorescent-tagged
LC3. Autophagy 3, 452–460 (2007).

50. Zeng, X. J. et al. Impaired autophagic flux is associated with the severity of
trauma and the role of A2AR in brain cells after traumatic brain injury. Cell
Death Dis. 9, 252 (2018).

51. Klionsky, D. J. et al. Guidelines for the use and interpretation of
assays for monitoring autophagy (3rd edition). Autophagy 12, 1–222
(2016).

Zhang et al. Cell Death and Disease          (2020) 11:567 Page 11 of 11

Official journal of the Cell Death Differentiation Association


	Therapeutic effects of rapamycin and surgical decompression in a rabbit spinal cord injury model
	Introduction
	Results
	RAPA combined with surgical decompression significantly reduced IMP and inhibited apoptosis after SCI
	RAPA combined with surgical decompression significantly improved autophagic flux after SCI
	RAPA combined with surgical decompression significantly improved the number of neurons and inhibited demyelination after SCI
	Reduced IMP promotes autophagy

	Discussion
	Materials and methods
	Animals
	Reagent preparation and injection
	Surgery
	IMP monitoring
	Autophagic flux measurement
	Statistical analysis

	Acknowledgements




