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INTRODUCTION

Multiple sclerosis (MS) is traditionally regarded as a T-cell-
mediated autoimmune disorder of the central nervous sys-
tem that is morphologically characterized by inflammatory 
demyelination, astrogliosis, and neuroaxonal degeneration [1]. 
Neurodegeneration occurs during the early stage of MS and is 
a key indicator of disease progression and irreversible neuro-
logical damage in MS patients [2]. The underlying mechanism 
of neurodegeneration in MS remains to be elucidated. Aside 
from inflammatory neurotoxicity, neurodegeneration is asso-
ciated with certain inflammation-independent mechanisms 
such as oxidative stress, axoplasmic Ca2+ accumulation, glu-
tamate excitotoxicity, mitochondrial dysfunction, and protein 
aggregation and carbonylation.

Autophagy, also known as macroautophagy, is a lyso-
some-mediated degradation pathway through which cells 
engulf and transport superfluous or impaired organelles, 
mis/unfolded proteins, and invading microorganisms to the 
lysosomes for degradation. In recent years, both in vivo and 
in vitro findings have shown that autophagy is a critical medi-
ator of inflammation and immunity [3,4]. Autophagy also 
plays an essential role in maintaining the health and homeo-
stasis of neurons [5,6]. Impaired autophagy fails to eliminate 
proteins that are prone to aggregation, thus leading to neuro-
nal cell damage and death [7,8]. A disturbance in autophagy 
can lead to multiple neurodegenerative disorders, including 
Alzheimer’s disease, Huntington’s disease, Parkinson’s dis-
ease, and amyotrophic lateral sclerosis. Given the established 
functions of autophagy in inflammation, immunity, and 
neurodegeneration we hypothesized that autophagy might be 
responsible for the pathological mechanisms of neurodegen-
eration in MS. Thus, intervention of autophagy might affect 
the onset and progress of neurodegeneration in MS.
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ABSTRACT

Neurodegeneration, along with inflammatory demyelination, is an important component of multiple sclerosis (MS) pathogenesis. Autophagy 
is known to play a pivotal role in neuronal homeostasis and is implicated in several neurodegenerative disorders. However, whether autophagy 
is involved in the mechanisms of neuronal damage during MS remains to be investigated. Experimental autoimmune encephalomyelitis (EAE), 
an in vivo model of MS, was induced in female C57BL/6 mice by immunization with myelin oligodendrocyte glycoprotein p35-55. After that, 
autophagic flux in the spinal cord of mice was evaluated by detection of LC3-II and Beclin1 protein expressions. EAE mice were then admin-
istered with rapamycin and 3-methyladenine (3-MA) for 10 days. Afterward, the changes in LC3-II, Beclin1, and p62 expression, number of 
infiltrated inflammatory cells, demyelinated lesion area, and neuronal damage, as well as clinical scores, were assessed. Further, apoptotic cell 
rate and apoptosis-related protein expressions were monitored. We observed an impaired autophagic flux and increased neuronal damage in 
the spinal cords of EAE mice. We also found that rapamycin, an autophagy inducer, mitigated EAE-induced autophagy decrease, inflammation, 
demyelination and neuronal injury, as well as the abnormal clinical score. In addition, rapamycin suppressed cell apoptosis, and decreased 
Bax/Bcl-2 ratio and cleaved caspase-3 expression. Conversely, the effect of autophagy inhibitor 3-MA on EAE mice resulted in completely 
opposite results. These results indicated that autophagy deficiency, at least in part, contributed to EAE-induced neuronal injury and that phar-
macological modulation of autophagy might be a therapeutic strategy for MS.
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To test this hypothesis, we assessed the effects of pharma-
cological induction and inhibition of autophagy on neuronal 
cell injury in experimental autoimmune encephalomyelitis 
(EAE), a well-established animal model of MS suitable for 
studying neurodegeneration. Moreover, we sought to char-
acterize alterations in autophagic activity and to determine 
the possible molecular mechanisms of autophagy during 
neurodegeneration in EAE mice. To date, anti-inflammatory 
and immune modulating therapies are the major forms of MS 
treatment. It is necessary to fully understand the mechanisms 
of neurodegeneration in MS so that more efficient therapeutic 
strategies can be employed.

MATERIALS AND METHODS

Mice

Female C57BL/6 mice (aged 6-8 weeks, weighted 18-20 g) 
were purchased from Vital River Laboratories, Beijing, China. 
Mice were maintained under specific pathogen-free condi-
tions at room temperature (24 ± 2°C), with 12 hours light/
dark alternate cycle, and were given free food and drink. All 
animal experiments performed in this study were approved 
by the Institutional Animal Care and Use Committee of 
Hebei Medical University and the local Experimental Ethics 
Committee.

EAE induction and evaluation

Mice were randomly distributed to control group and 
age-matched EAE group. Each group was divided into three 
subgroups: Premorbid (13  days), fastigium (20  days), and 
paracmastic (30 days). EAE was induced in mice with subcu-
taneous injection of 250 µg myelin oligodendrocyte glycopro-
tein (MOG) p35-55 peptide (Lysine Bio-system, Xian, China), 
as previously described [9]. All peptides were dissolved in 
complete Freund’s adjuvant (CFA; Sigma, MO, USA) con-
taining 4  mg/mL of heat-killed Mycobacterium tuberculosis 
H37Ra (Difco Laboratories, Detroit, MI, USA). On the day of 
immunization and 2 days later, mice received an intraperito-
neal (IP) injection of 500 ng pertussis toxin (Alexis, San Diego, 
CA, USA). Clinical scores were measured daily as follows: 
0 - No paralysis; 1 - Loss of tail tone; 2 - Hindlimb weakness; 
3 - Hindlimb paralysis; 4 - Severe hindlimb and forelimb paral-
ysis; 5 - Moribund or death.

For the analysis of autophagic flux in the spinal cord of EAE 
mice, phosphate buffered saline (PBS) alone (vehicle) or PBS 
combined with 60 mg/kg chloroquine (CQ; Sigma-Aldrich) 
was injected IP once a day for 7 days, starting at EAE onset 
(clinical score = 1.0). Autophagic flux was determined by the 
difference in LC3-II protein levels in the absence or pres-
ence of CQ.

Rapamycin and 3-methyladenine (3-MA) 
treatment

3-MA, an autophagy inhibitor, and rapamycin, an autoph-
agy inducer, were used in this study to suppress and induce auto-
phagy, respectively. Mice were separated randomly into a con-
trol group (mice immunized only with CFA; n = 10), EAE-Veh 
group (EAE mice treated with vehicle; n = 15), EAE-Rapa group 
(EAE mice treated with rapamycin; n  = 15),  and EAE-3-MA 
group (EAE mice treated with 3-MA; n = 15). Rapamycin 
(2  mg/kg; Sigma) or 3-MA (1.5  mg/kg; Sigma) IP injections 
were given once daily for 10 days started from the 10th day of 
EAE induction. EAE-Veh mice received a daily IP injection of 
the same volume of vehicle (distilled water).

Histological evaluation

The intact spinal cords were removed from the sacrificed 
mice in each group  20  days post-immunization. Following 
fixation of the lumbosacral enlargements with 4% (w/v) para-
formaldehyde (Sigma-Aldrich), some of the tissues were pro-
cessed for paraffin embedding. The spinal cords were sliced 
into 5 µm-thick axial sections. These sections were stained 
with Luxol fast blue (LFB), hematoxylin-eosin (H&E), and 
Cresylviolet to assess demyelination, inflammatory lesions, 
and changes in the number of Nissl bodies, respectively. Semi-
quantitative evaluation of inflammation and demyelination 
was assessed and scored as previously described [10]. For 
Nissl staining, motor neurons were counted according to the 
reported criteria [11].

Apoptosis assay

Apoptosis was measured by terminal-deoxynucleoti-
dyl-transferase-mediated deoxyuridine triphosphate bio-
tin nick end-labeling (TUNEL) assay (Roche, Mannheim, 
Germany). Spinal cord tissue slides were stained with TUNEL 
reagents, Alexa fluor 568-conjugated-phalloidin and DAPI, 
according to the manufacturer’s instructions. Tissue sections 
were observed using the Olympus microscope (Olympus 
BX51, Tokyo, Japan). TUNEL-positive nuclei were calculated 
in 15 randomly selected fields, averaged and expressed as a 
percentage of labeled nuclei within the fields.

Western blot analysis

The total protein content of spinal cords was extracted 
and subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to nitrocellulose mem-
branes. The membranes were blocked in 5% (v/v) skim milk 
for 2 hours at room temperature and then incubated at 4°C 
overnight in primary antibody solution. Following a wash 
with 0.1% Tween in PBS for 4  times, the membranes were 
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incubated with the horseradish peroxidase-conjugated sec-
ondary antibody for 2 hours at room temperature. The mem-
branes were washed again to remove the unbound antibodies 
and detected by western blot detection system. The following 
antibodies were used: Anti-Beclin1 (1:1000, Proteintech), anti-
LC3-II (1:1000,  Sigma), anti-p62  (1:500, MBL), anti-cleaved 
caspase 3 (1:1000, CST), anti-Bcl-2 (1:500, Bioworld), anti-Bax 
(1:200, Bioworld), glyceraldehyde 3-phosphate dehydroge-
nase (1:500, Santa Cruz Biotechnology), and secondary anti-
body (1:1000, Santa Cruz Biotechnology). Positive signals were 
developed by EasyBlot ECL Kit (Sangon Biotech, Shanghai, 
China) and analyzed with ImageJ 1.49 (National Institutes of 
Health, Bethesda, MD, USA).

Immunofluorescence

The spinal cords were fixed with 4% (w/v) paraformalde-
hyde (Sigma-Aldrich) for 30  minutes on ice and were satu-
rated in 30% (w/v) sucrose in PBS. After washing in PBS for 
3 times, the tissues were then permeabilized with 0.3% (v/v) 
Triton X-100 in PBS for about 30 minutes at room temperature 
and blocked in 10% (v/v) equine serum (Beyotime, Haimen, 
China) for 30 minutes at 37°C. The tissues were double-stained 
with NeuN (Millipore, 1:200) and Bcl-2 (Bioworld, 1:150), left 
overnight at 4°C with a gentle shake, and then followed by 
incubation with fluorescent secondary antibody (Alexa Flour 
488 or 594, Zhongshan Golden Bridge Biotechnology, Beijing, 
China) for 1 hour in the dark at room temperature. Cell nuclei 
were stained for 5 minutes using Hoechst 33258 (Beyotime). 
The fluorescent images were obtained using a confocal laser 
scanning biological microscope (FV500, Olympus, Japan).

Statistical analysis

Data are presented as mean ± standard deviation. Statistical 
analyses between two groups were analyzed by the Student’s 
t-test, while differences between three or more groups were 
analyzed by one-way analysis of variance followed by the 
Newman-Keuls multiple comparison test. Data were analyzed 
using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). The 
value of p < 0.05 was considered statistically significant.

RESULTS

Autophagic flux is impaired in the spinal cords of 
EAE mice

LC3-II is closely associated with autophagosome num-
ber, and Beclin1 is well known as autophagy-related gene. 
Suppression of LC3-II and Beclin1 expression reflects the 
impaired autophagy [12,13]. Western blotting was performed 
to monitor the levels of LC3-II and Beclin1 in the spinal cord 
of mice at the 13th, 20th, and 30th  day following induction 

of EAE. Downregulation of LC3-II was observed in EAE 
mice compared with the control group at each time point 
(Figure 1A and B). The level of Beclin1 was also downregulated 
in EAE mice but it was reversed to control level at the 30th day, 
as compared with control group (Figure 1C and D).

We further characterized total autophagic flux by com-
paring the difference in LC3-II level between control and 
EAE groups treated with or without CQ. CQ is a lysosomal 
protease inhibitor blocks the fusion of phagosomes and lyso-
somes at the terminal stage of the autophagy pathway [14,15]. 
We found that LC3-II level in control-CQ group was reduced 
compared with control-vehicle group. No remarkable change 
in LC3-II level between EAE-vehicle and EAE-CQ groups was 
observed (Figure 1E and F).

Influence of rapamycin and 3-MA on autophagic 
flux in EAE mice

To explore the effects of autophagy on EAE mice, rapa-
mycin and 3-MA were used to induce and inhibit autoph-
agy, respectively, following the EAE induction (Figure  2A). 
Afterward, autophagic flux was tested by detecting LC3-II, 
Beclin1, and p62 expressions using western blotting. p62 
(SQSTM1/sequestosome 1) is conjugated to LC3, thus serv-
ing as an alternative indicator of autophagic flux [16]. As 
compared with EAE-vehicle mice, rapamycin treatment 
resulted in notable increases in LC3-II, Beclin1, and p62 pro-
tein levels in EAE-Rapa group (Figure  2B-E). On contrary, 
3-MA significantly downregulated the expression of the 
three proteins in EAE-3-MA group, when compared with 
EAE-vehicle group.

These results suggest that autophagy was successfully 
induced by rapamycin, and was suppressed by 3-MA.

Influence of autophagy modulation on neuronal 
injury in EAE mice

To investigate the detailed functions of autophagy in EAE 
mice, histological evaluation was conducted in rapamycin 
and 3-MA treated EAE mice using H&E and LFB staining. 
We found that both, the population of infiltrated inflamma-
tory cells and the area of the demyelinated lesion, were lower 
in EAE-rapamycin mice compared with EAE-vehicle group 
(Figure 3A-C). Nevertheless, significant increases in the num-
ber of infiltrated inflammatory cells and demyelinated lesion 
area were found in EAE-3-MA mice when compared with 
EAE-vehicle mice.

Nissl staining was performed to confirm whether induc-
tion or suppression of autophagy affected the neuronal injury 
in EAE mice. EAE-Rapa group exhibited an increase in the 
number of Nissl-stained cells compared with EAE-vehicle 
mice (Figure  3D and E). Unsurprisingly, the number of 
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Nissl-stained cells was remarkably decreased in EAE-3-MA 
group when compared with EAE-vehicle group.

In addition, compared with EAE-vehicle group, EAE-Rapa 
group showed obvious postponed onset of disease symptoms, 
a declined disease incidence, and an improved clinical score, 
which were in agreement with previous studies [17]. In con-
trast, compared with EAE-vehicle mice, the clinical score of 
EAE-3-MA mice showed almost no difference during the 
early stages but showed higher neurological scores during the 
acute and chronic stages (Figure 3F).

Overall, we inferred that autophagy restoration might 
ameliorate inflammation, demyelination, and neuronal injury, 
as well as improve clinical score in EAE mice.

Autophagy modulation may be associated with the 
apoptotic pathway in EAE mice

To see whether the alteration of autophagy affect EAE-
induced apoptosis, we first conducted TUNEL staining to 
assess apoptotic activity in the spinal cords of EAE mice. 
A marked increase of apoptotic cell number was observed in 
EAE-vehicle group when compared with the control group. 
Rapamycin treatment decreased TUNEL-positive cells num-
ber in EAE-Rapa group, while 3-MA treatment increased 

TUNEL-positive cells in EAE-3-MA group compared to the 
EAE-vehicle group (Figure 4A and B).

Next, we analyzed the expression of apoptosis-asso-
ciated proteins to further clarify the role of autophagy in 
EAE-induced apoptosis. Western blotting showed that rapa-
mycin treatment significantly upregulated Bcl-2, and down-
regulated Bax and cleaved caspase-3 to some extent in EAE-
Rapa group (Figure  4C-E). In contrast, 3-MA exhibited a 
pro-apoptotic effect in EAE-3-MA group.

We conducted immunofluorescent colocalization of Bcl-2 
and NeuN to further confirm the influence of autophagy on 
neuronal apoptosis in EAE mice. The results in Figure  4F 
show an increase in the number of Bcl-2-positive neurons in 
EAE-Rapa group compared with EAE-vehicle group, whereas 
3-MA treatment decreased the number of Bcl-2-positive neu-
rons in EAE-3-MA group.

To summarize, these data indicated that the effects of auto-
phagy regulation on neurons are mediated through interaction 
between autophagy and pro-apoptotic signals in EAE mice.

DISCUSSION

Although axonal-neuronal degeneration was first associ-
ated with MS more than 100 years ago, researchers have been 

FIGURE 1. Autophagy flux is impaired in the spinal cords of experimental autoimmune encephalomyelitis (EAE) mice. (A and B) Western 
blot analysis of LC3-II protein levels in the spinal cords of EAE mice at day 13, 20 and 30 following the induction of EAE. (C and D) Western 
blot analysis of Beclin1 protein levels at 0, 13, 20 and 30 days post-immunization. (E and F) Western blot analysis of LC3-II protein levels 
in Control and EAE mice with or without chloroquine (CQ) treatment. n = 5 mice per group. *p < 0.05 compared with the control group.
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paying little attention to this aspect of the disease [18]. In recent 
years, pharmacological modulation of autophagy has been 
considered as a potential therapy for prevention or treatment 
of neurodegenerative conditions. Therefore, characterization 
of autophagic activity and elucidation of underlying mecha-
nisms of autophagy in MS are necessary. In the current study, 
we found that the autophagy markers LC3-II and Beclin1 were 
decreased in EAE mice while the downregulation of LC3-II 
was recovered when CQ was present. These findings indicate 
that autophagy might be implicated in the pathogenesis of 
neurodegeneration in EAE mice. Furthermore, we found that 
autophagy induced by rapamycin could ameliorate inflamma-
tion, demyelination, and neuronal injury, as well as improve 
clinical score in EAE mice. In addition, rapamycin-induced 
autophagy suppressed cell apoptosis by decreasing Bax/Bcl-2 
ratio and inactivating cleaved caspase-3. Conversely, the effect 
of 3-MA, the autophagy inhibitor, resulted in completely 
opposite results in EAE mice.

Beclin1 is a key component of theVps34/Class  III PtdIns 
3-kinase complex involved in the formation and maturation 
of autophagosome. We found that Beclin1 level was reduced 
in the spinal cords of EAE mice. We hypothesized that the 
reduced Beclin1 level was the result of a negative feedback 

secondary to the blockage of autophagosomal degradation; 
this protected against apoptotic and autophagic cell death [19]. 
A recent study demonstrated that Beclin1-deficient mice were 
resistant to EAE [20], implicating that the suppression of 
Beclin1 is possibly an adaptive or self-protective response to 
EAE-induced injury. Additionally, defective LC3-II was found 
in EAE mice in the current study. The decrease of LC3-II 
might have resulted from decreased autophagosome forma-
tion and increased autophagosome degradation. Altogether, 
these findings were consistence with the previous study [10] 
where impaired autophagic flux was observed in EAE mice.

In this study, we analyzed whether autophagy is func-
tionally relevant to the process of neurodegeneration in EAE 
mouse model, comparing the results between rapamycin- and 
3-MA-treated EAE mice. Previous evidence suggested that 
when etiologic factors of the disease impair the efficacy of 
autophagy, neurodegeneration and neuronal death subse-
quently occur [21]. The present study demonstrated that the 
restoration of autophagy could ameliorate inflammation, 
demyelination, and neuronal injury, as well as the abnormal 
clinical score in EAE mice, which strongly links autophagy 
to neuroprotection. Given that pharmacological modulators 
have complex actions outside autophagy, further studies are 

FIGURE 2. Induction and inhibition of autophagy in experimental autoimmune encephalomyelitis (EAE) mice. (A) EAE injury was 
induced in C57BL/6J mice by immunization with MOG35-55 emulsified in complete Freund’s adjuvant, and administered with rapamy-
cin (1 mg/kg) [EAE-Rapa group], 3-methyladenine (3-MA) (1.5 mg/kg) [EAE-3-MA group], or vehicle [EAE-Veh group] for 10 days from the 
10th day after the EAE induction. (B) Western blot analysis of Beclin1, LC3-II, and p62 in the spinal cords of mice in control, EAE-vehicle, 
EAE-Rapa, and EAE-3-MA groups. Quantitation of (C) Beclin1, (D) LC3-II, and (E) p62 protein expressions. n = 5 mice per group. *p < 0.05 
compared with EAE-vehicle group. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.
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required to investigate the effects of genetic or RNAi-based 
approaches in MOG-induced EAE model.

Bcl-2 family members play a key role in the control of neu-
ronal cell death [22]. The Bcl-2 protein blocks apoptosis by 
interaction with Bax [23], and suppresses autophagic activity 

by binding to Beclin1 [24]. In the current study, rapamycin 
decreased the numbers of TUNEL-positive cells, as well as the 
Bax/Bcl-2 ratio following the EAE induction. The ratio of Bax 
to Bcl-2 decreased, indicating that the cells were less suscep-
tible to apoptotic stimuli, as described in another study [25]. 

FIGURE 3. Effects of autophagy modulation on neuronal injury. (A) The lumbar spinal cords were sampled at the 20th day after exper-
imental autoimmune encephalomyelitis (EAE) induction from control, EAE-vehicle, EAE-rapamycin (Rapa) and EAE-3-methyladenine 
(3-MA) groups. Tissues were made into paraffin sections and stained with H&E and Luxol fast blue. Quantitation of (B) infiltrated inflam-
matory cells, and (C) demyelinated lesion area. (D) Nissl staining was performed in the lumbar spinal cord from the four groups of mice. 
(E) Quantitation of Nissl-stained cells. (F) Comparison of the clinical scores of EAE mice treated with rapamycin or 3-MA. For clinical scores, 
n = 15 mice per group; while all others were n = 5 mice per group. *p < 0.05 compared with the EAE-vehicle group.
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A

FIGURE 4. Induction and inhibition of autophagy affect apoptosis pathway in experimental autoimmune encephalomyelitis (EAE) 
mice. (A) Terminal-deoxynucleotidyl-transferase-mediated deoxyuridine triphosphate-biotin nick end-labeling (TUNEL) staining iden-
tified apoptotic cell death at day 20 post-immunization in control, EAE-vehicle, EAE-rapamycin (Rapa) and EAE-3-methyladenine (3-MA) 
mice. (B) Quantitation of TUNEL positive cells. (C) Western blot analysis of protein levels of Bcl-2, Bax, and cleaved caspase-3 in the 
four groups of mice. Quantitation of (D) Bax/Bcl-2 ratio and (E) cleaved caspase-3. (F) Immunofluorescent colocalization of Bcl-2 and 
NeuN in the four groups. n = 5 mice per group. *p < 0.05 compared with EAE-vehicle group. GAPDH: Glyceraldehyde 3-phosphate 
dehydrogenase.
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In addition, the expression of cleaved caspase-3 proteins was 
downregulated in EAE-Rapa mice. Caspases (cysteine-aspar-
tic proteases) are essential enzymes in apoptosis. As a key 
executioner caspase, caspase-3 was shown to be significantly 
increased in EAE mice [26]. Caspase-3 is also involved in neu-
ronal apoptotic death [27], and suppression of caspase-3 acti-
vation plays a neuroprotective role in various animal models 
of MS [28,29].

Taken together, in this report, we have provided evidence 
about defective autophagy pathways responsible for neuronal 
damage in EAE mice. The study also indicated that rapamycin 
alleviated neurotoxicity, at least partly, through the enhance-
ment of autophagic activity in EAE mice and that pharmaco-
logical activation of autophagy may protect against neuronal 
injury. Current insights suggest that drugs with neuropro-
tective properties should be used in combination with basic 
treatments to prevent chronic neurological disability in MS 
patients [30]. Our results imply that autophagy modulation 
could be an optimal therapeutic strategy.
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