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Graphical Abstract £nriched environment (EE) elicits a neuroprotection against ischemic

stroke by enhancement of autophagy flux
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Abstract

Autophagy is crucial for maintaining cellular homeostasis, and can be

activated after ischemic stroke. It also participates in nerve injury

and repair. The purpose of this study was to investigate whether an enriched environment has neuroprotective effects through affecting
autophagy. A Sprague-Dawley rat model of transient ischemic stroke was prepared by occlusion of the middle cerebral artery followed by
reperfusion. One week after surgery, these rats were raised in either a standard environment or an enriched environment for 4 successive
weeks. The enriched environment increased Beclin-1 expression and the LC3-1I/LC3-I ratio in the autophagy/lysosomal pathway in the
penumbra of middle cerebral artery-occluded rats. Enriched environment-induced elevations in autophagic activity were mainly observed in
neurons. Enriched environment treatment also promoted the fusion of autophagosomes with lysosomes, enhanced the lysosomal activities
of lysosomal-associated membrane protein 1, cathepsin B, and cathepsin D, and reduced the expression of ubiquitin and p62. After 4 weeks
of enriched environment treatment, neurological deficits and neuronal death caused by middle cerebral artery occlusion/reperfusion

were significantly alleviated, and infarct volume was significantly redu
neuroprotective mechanism by which an enriched environment prom

ced. These findings suggest that neuronal autophagy is likely the
otes recovery from ischemic stroke. This study was approved by the

Animal Ethics Committee of the Kunming University of Science and Technology, China (approval No. 5301002013855) on March 1, 2019.
Key Words: autophagy; brain; central nervous system; factor; injury; pathways; protection; regeneration; repair; stroke

Chinese Library Classification No. R459.9; R741; Q142

Introduction

Cerebral stroke, a serious cerebrovascular condition, is the
second leading cause of death and permanent disability
worldwide (Benjamin et al., 2019; Wang et al., 2019; Gao
et al., 2020). Approximately 80% of clinical stroke is caused
by cerebrovascular occlusion resulting in cerebral ischemia
(Wang et al., 2017). Tissue-type plasminogen activator is the
only U.S. Food and Drug Administration-approved drug for the
treatment of ischemic stroke (Montalvan Ayala et al., 2018);
however, only about 5% of patients can receive this treatment
because of its narrow therapeutic time window (less than
4.5 hours) and adverse side effects (e.g., severe hemorrhage)
(Leng and Xiong, 2019). To mitigate neurological deficits and

improve quality of life for stroke survivors, the enhancement
of post-stroke rehabilitation is a viable option (Krueger et al.,
2015). Investigations have shown that post-stroke recovery
can be improved and accelerated by either exercise training
or multisensory stimulation (Hakon et al., 2018). Enriched
environment (EE) is a rehabilitation strategy that can be
used in rodents (Mering and Jolkkonen, 2015). Accumulating
evidence has shown that EE exposure after cerebral stroke
can improve neurological outcomes by reducing neuronal
apoptosis (Chen et al., 2017b), facilitating motor function
recovery (Jeffers and Corbett, 2018), promoting neurogenesis
(Zhang et al., 2018), inducing astrocytic proliferation (Chen
et al., 2017a), and altering gene expression (Goncalves et
al., 2018). One study even showed that prior exposure to EE
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resulted in greater ischemic tolerance in an animal stroke
model (Yu et al., 2013). However, the mechanisms by which
EE treatment affects the pathological development of cerebral
stroke have not been fully elucidated.

Autophagy is a catabolic mechanism by which damaged
organelles, long-lived proteins, and cytoplasmic contents
are delivered to lysosomes for degradation (Wang et al.,
2018). Autophagy is critical for the maintenance of cellular
homeostasis in the brain under physiological conditions.
It also protects cells from injury under pathological
conditions by eliminating pathogens, toxins, and aberrant
cytoplasmic components (Galluzzi et al., 2016). One study
has demonstrated that autophagy enhancement can
alleviate cerebral ischemia-induced neurological injury
(Sun et al., 2018); in contrast, numerous studies have
reported that autophagy activation aggravates ischemic
lesions and even leads to autophagic cell death (Button
et al., 2015). Thus, autophagy has been suggested to be
a double-edged sword in the pathological processes of
cerebral stroke (Wei et al., 2012). The process of autophagy
involves several consecutive processes: autophagosome
formation, fusion of the autophagosome with lysosomes,
and autophagosomal degradation within the lysosomes (Zhi
et al., 2018). The integrity of these autophagic processes,
also known as autophagic flux, is very important for restoring
cellular homeostasis (Lahiri et al., 2019). Thus, autophagic
degradation in the lysosomes is a critical step for the final
elimination of autophagic cargo, and lysosomal function plays
a key role in autophagy (Gatica et al., 2018). Therefore, both
autophagosome biogenesis and lysosomal function need
to be simultaneously assessed when evaluating the roles
of autophagy. The present study aimed to verify whether
EE treatment could boost recovery from ischemic stroke,
and then investigated whether this rehabilitative effect was
induced by modulating the autophagic/lysosomal pathway.

Materials and Methods

Experimental animals

All animal experiments in this study were approved by the
Animal Experiment Committee of Kunming University of
Science and Technology (approval No. 5301002013855)
on March 1, 2019. Specific-pathogen-free male Sprague
Dawley rats (aged 9—10 weeks old, weighing 250-280 g) were
purchased from Hunan Slac Laboratory Animal Corporation
(license No. SCXK (Xiang) 2016-0002). The animals were fed
in accordance with animal welfare practices. The rats were
housed in a 12-hour light/dark cycle (light period from 8:00 to
20:00) in a controlled environment (60 + 5% relative humidity,
21 + 1°C), and were given free access to food and fresh water.
Every effort was made to reduce the number of rats used and
alleviate any pain.

A total of 109 rats were used; of these, 19 rats died during or
after the surgical operation (the mortality rate was 17.43%).
The 90 remaining rats were randomly divided into three equal
groups: middle cerebral artery occlusion (MCAQ) + EE, MCAO,
and sham (sham + EE) groups. In each group, 6 rats were
used for detecting autophagic/lysosomal pathway proteins by
western blot, 6 animals were used for immunofluorescence
staining following the measurement of neurological scores,
and the remaining 6 rats were used to measure infarct volume
via triphenyltetrazolium chloride (TTC) staining.

Establishment of rat cerebral ischemia/reperfusion injury
model

The rat model of cerebral ischemia/reperfusion injury was
prepared according to our previous study (Pengyue et al.,
2017). Briefly, the left common carotid artery, external carotid
artery, and internal carotid artery were isolated from adjacent
tissue in rats under deep anesthesia with 10% chloral hydrate
(400 mg/kg; intraperitoneal injection; Sigma, St. Louis, MO,

USA). A 4-0 nylon monofilament with a poly-L-lysine-coated
head (Beijing Xinong Biotechnology Co., Ltd., Beijing, China)
with a tip diameter of approximately 0.36 mm (similar to
the diameter of the middle cerebral artery of rats weighing
250-280 g) (He et al., 2019) was introduced from the left
common carotid artery into the internal carotid artery through
a small incision on the external carotid artery. The nylon
monofilament was then advanced 20 + 1 mm into the left
MCAO, and a timer was started immediately. At 90 minutes
after MCAQ, the nylon monofilament was gently removed for
reperfusion to occur. The sham surgery rats received the same
operation, but the nylon monofilament was not inserted.

EE procedure

Before MCAQ, the rats were kept in the EE cages for 1 week,
and received daily training to learn to obtain food on the
second floor. One week after reperfusion, the rats were
exposed to the EE. This delayed time point (1 week post-
stroke) was chosen based on indications from reported human
trials and animal experiments (Farrell et al., 2001; Langhorne
et al.,, 2017), which have demonstrated that neural injury is
aggravated if a rehabilitative stimulation is initiated within the
first few days after cerebral stroke. The EE treatment lasted
for 4 weeks. The EE cages were 85 cm x 50 cm x 50 cm, and
each cage contained 10-12 rats to enhance social stimulation.
The cages were equipped with different toys, ladders,
plastic tunnels, colored blocks, tubes, platforms at different
levels, and chains to reinforce cognitive and sensorimotor
stimulations (Figure 1). The contents of the EE cages were
changed every 2 days to increase their novelty and complexity.
The standard cages were 40 cm x 30 cm x 20 cm, and each
cage contained four rats.

Western blot assay for proteins in the autophagic/lysosomal
pathway

After 4 weeks of EE treatment, the rats were sacrificed
under deep anesthesia. Brain tissue from the penumbral
area was rapidly isolated on ice and incubated with
radioimmunoprecipitation assay buffer (Beyotime
Biotechnology, Shanghai, China) for 40 minutes. The
supernatants were obtained after centrifuging for 15 minutes
at 12,000 x g at 4°C. Additionally, the insoluble sequestosome
1 (SQSTM1)/p62 in the lysates was obtained using an inclusion
body solubilization buffer kit (Shanghai Sangon Biotechnology
Co., Ltd., Shanghai, China) according to the manufacturer’s
instructions. The proteins were isolated using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). To block nonspecific reactions, the polyvinylidene
fluoride membranes were treated with 10% nonfat milk for
2 hours, and then washed with phosphate-buffered saline
(PBS) containing 0.1% Tween-20. Rabbit antibodies against
rat Beclin-1 (1:1000; Cell Signaling Technology, Danvers, MA,
USA), light chain 3 (LC3; 1:1000; Cell Signaling Technology),
SQSTM1/p62 (1:1000; Cell Signaling Technology), ubiquitin
(1:1000; Cell Signaling Technology), cathepsin B (a main
lysosomal protease (Kaminskyy and Zhivotovsky, 2012);
1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), cathepsin
D (a main lysosomal protease (Kaminskyy and Zhivotovsky,
2012); 1:1000; Santa Cruz Biotechnology), lysosomal-
associated membrane protein 1 (LAMP-1, a marker of
lysosomal homeostasis (Wu et al., 2019); 1:700; ABclonal
Technology, Wuhan, China) and B-actin (1:1000; Cell Signaling
Technology) were added for incubation at 4°C overnight.
After washing with PBS containing 0.1% Tween-20, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies against rabbit 1gG (1:5000;
Cell Signaling Technology) at room temperature for 1 hour.
After a 2-hour wash, the reaction bands were stained using
electrochemiluminescence. The optical density of the bands
was quantified by Image Lab 4.1 (Bio-Rad, Hercules, CA, USA).
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Band density values were normalized to B-actin.

Immunofluorescence

After 4 weeks of EE treatment, the rats were anesthetized
with 10% chloral hydrate and fixed by transcranial perfusion
with physiological saline followed by 4% paraformaldehyde
(Invitrogen, Shanghai, China). Brains were quickly removed,
dehydrated in 30% sucrose solution for 24 hours, and then
cut into 20 um sections with a freezing microtome (SLEE,
Mainz, Germany). After three 5-minute washes with 0.01 M
PBS, sections were permeabilized for 15 minutes with 0.2%
Triton X-100 in PBS and blocked for 1 hour with 10% bovine
serum albumin (Sigma) in PBS. Sections were then incubated
at room temperature for 1 hour with rabbit antibody against
rat NeuN (a neuron marker (Mo et al., 2019); 1:400; Abcam,
Cambridge, UK), glial fibrillary acidic protein (GFAP; an
astrocyte marker (Han et al., 2020); 1:400; Cell Signaling
Technology), ionized calcium-binding adaptor molecule 1
(Iba-1; a microglia marker (Skowronska et al., 2019); 1:400;
Abcam), p62 (1:300; Cell Signaling Technology) and LAMP-1
(1:200; ABclonal Technology), and mouse antibodies against
rat LC3 (an indicator of autophagy formation (He et al., 2019);
1:300; Cell Signaling Technology) and cathepsin B (1:300;
Santa Cruz Biotechnology). After washing, these antibodies
were then correspondingly labeled with Alexa Fluor-488-
conjugated anti-mouse IgG (1:800; Invitrogen) and Alexa
Fluor-594-conjugated anti-rabbit 1gG (1:800; Invitrogen) for
2 hours at room temperature in the dark. After a wash step,
sections were labeled with 4',6-diamidino-2-phenylindole
(1:1000; Invitrogen) for 5 minutes in the dark. After washing,
reactions were detected using a fluorescent microscope
(Nikon Instruments Co., Ltd., Tokyo, Japan). The percentage
of positive cells were calculated. At a high magnification
(400x), the total number of cells and the number of positive
cells were counted in 10 randomly selected penumbral areas
in each brain section. Five sections were counted from each
rat.

Detection of neuronal survival

Brain tissue was obtained and sectioned as described in
the immunofluorescence methods. The sections were
first incubated with mouse anti-rat NeuN antibody (1:400;
Abcam) for 1 hour at room temperature, and then with Alexa
Fluor-488-conjugated anti-mouse IgG (1:800; Invitrogen)
for 2 hours at room temperature. Next, the sections were
counterstained with 4',6-diamidino-2-phenylindole. The
results are expressed as the percentages of NeuN-positive
cells. At a high magnification (400x), the total number of cells
and the number of NeuN-positive neurons were counted in
10 randomly selected penumbral areas of each section. Five
sections were counted from each sample.

Modified neurological severity score

Neurological deficits were assessed using the modified
neurological severity score (mNSS) (Chen et al., 2017a) at
4 weeks after EE treatment. The mNSS test contained four
parts: motor function, including abnormal movement and
muscle status; sensory function, including proprioceptive,
tactile, and visual deficits; reflex evaluation; and balance
ability. The highest possible score was 18, indicating the most
severe neurological deficit, while a score of 0 indicated no
neurological deficit. That is, a higher score implies a more
serious neurological injury.

Measurement of cerebral infarction volume

After mNSS testing, the rats were sacrificed under deep
anesthesia. The brains were rapidly removed on ice and
immediately frozen for 20 minutes at —20°C before being
sliced into 2 mm slices. These brain slices were immediately
stained with TTC (2% in PBS; Beijing Solarbio Science &
Biotechnology Co., Ltd., Beijing, China) for 45 minutes at

room temperature, and were then fixed for 12 hours in 4%
paraformaldehyde buffer (Shanghai Sangon Biotechnology
Co., Ltd.). Adobe Photoshop 7.0 (Adobe Systems, Dublin,
Ireland) was used to calculate infarct volume, and the results
were evaluated as follows: infarction rate (%) = A°/A' x 100, in
which A’ represents the volume of the ipsilateral hemisphere
and A° represents the infarct volume.

Statistical analysis

Data are expressed as the mean * standard error of the mean
(SEM). Statistical differences were evaluated using one-way
analysis of variance followed by Dunnett’s test, and were
analyzed with SPSS 11.0 software (SPSS, Chicago, IL, USA). P <
0.05 was taken as statistical significance.

Results

EE treatment increases autophagic activity in the penumbra
in an ischemic stroke rat model

After EE treatment, autophagic activity in the penumbra was
detected by western blot using antibodies against Beclin-1
(Figure 2A and B) and LC3 (Figure 2A and C). The ratio of
LC3-1I/LC3-I in the MCAOQO group was increased compared
with the sham group (P < 0.05), but the levels of Beclin-1
expression were similar between these two groups (P > 0.05).
Furthermore, both Beclin-1 expression and the ratio of LC3-
[I/LC3-I were significantly elevated in the MCAO + EE group
compared with the MCAO group (P < 0.05).

EE-induced elevated autophagic activity is mainly observed
in neurons

To investigate the cellular localization of the EE-induced
increase in autophagic activity, double immunofluorescence
was performed using antibodies against NeuN, GFAP, Iba-1,
and LC3-II (Figure 3A-C). The percentage of LC3-II-/NeuN-
positive cells was significantly higher in the MCAQO + EE group
than in the MCAO group (P < 0.01), but was not significantly
different between the MCAO and sham groups (P > 0.05;
Figure 3D). In contrast, the percentages of LC3-1I-/GFAP-
and LC3-1I-/Iba-1-positive cells in the MCAQO + EE group were
similar to those in the MCAO group (P > 0.05; Figure 3E and F).
Together, these results suggest that the EE-induced increase
in autophagic activity occurred mainly in neurons.

EE treatment facilitates autophagic flux after ischemic stroke
To explore the effects of EE on autophagic flux, western blot
was used to detect proteins in the autophagy/lysosomal
pathway. The expression levels of autophagy/lysosome
pathway proteins were similar between the MCAO and sham
groups (P > 0.05). However, both Beclin-1 expression and the
ratio of LC3-Il/LC3-I were significantly higher in the MCAO +
EE group than in the MCAO group (P < 0.05). Furthermore,
the lysosomal activities of LAMP-1, cathepsin B, and cathepsin
D were markedly increased by EE treatment (P < 0.05, vs.
MCAO group; Figure 4A and E=G). In contrast, the autophagic
cargoes of ubiquitin (Figure 4A and D) and p62 (Figure 4A—
C) were reduced in the MCAO + EE group compared with the
MCAO group (P < 0.05).

EE treatment boosts autolysosomal function after stroke
The cells in the penumbra were co-labeled with LC3-II/LAMP-
1 and p62/cathepsin B by double immunofluorescence (Figure
5A and B). The percentages of both LC3-II-/LAMP-1- and p62-/
cathepsin B-positive cells were significantly increased in the
MCAO + EE group compared with the MCAO group. This result
indicates that autolysosomal function may be enhanced by
EE treatment. The percentage of LC3-II-/LAMP-1-positive cells
was also higher in the MCAO group than in the sham group (P
< 0.01), while the ratio of p62-/cathepsin B-positive cells was
only slightly higher in the MCAO group than in the sham group
(P <0.01; Figure 5C and D).
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Figure 1 | Rehabilitation apparatus of the enriched environment (EE) and
experimental timeline.

(A, B) Superior (A) and lateral (B) view of an EE cage. (C) To take food, rats
had to climb up to the highest platform of the EE and grab the food with

two forelimbs; thus, the ischemic stroke-impaired limbs were repeatedly
stimulated during EE treatment. (D) Timeline of the experimental procedure.

Ischemia-induced neurological deficits are alleviated by EE
treatment

The mNSS test was performed to evaluate the effects of
EE treatment on neurological deficits caused by MCAQ/
reperfusion. Neurological deficits were significantly alleviated
by 4 weeks of EE treatment (in the MCAO + EE group)
compared with the MCAO group (P < 0.001). None of the rats
in the sham group had neurological deficits (Figure 6).

MCAO-induced infarction is attenuated by EE treatment
After 4 weeks of EE treatment, the TTC results showed that
infarct volume in the MCAO + EE group was markedly reduced
compared with the MCAO group (P < 0.001). None of the rats
in the sham group had cerebral infarction (Figure 7).

Neuronal survival is improved by EE treatment

Neuronal survival in the penumbra was detected using
immunofluorescence with antibodies against NeuN. The
percentage of NeuN-positive cells in the MCAO group was
significantly reduced compared with the sham group (P <
0.01). However, neuronal survival was markedly improved by
4 weeks of EE treatment (P < 0.01, vs. MCAO group; Figure 8).
This result indicates that EE treatment can attenuate neuronal
death caused by cerebral ischemia.

Discussion

Both clinical trials and animal experiments have demonstrated
that exercise training can ameliorate neurological deficits and
boost post-stroke recovery by enhancing motor stimulation
(Connell et al., 2018; Wright et al., 2018). However, it is not
a satisfactory rehabilitation strategy for stroke survivors,
because social, cognitive, and sensory stimulations are also
necessary to elicit better neurological outcomes. EE not only
provides social stimulation by housing many animals in a
large space, but it also confers sensorimotor stimulations,
with tubes to go through, ladders and platforms to climb,
and roller toys to rotate. Moreover, EE cages also augment
cognitive stimulation by providing different toys and colored
blocks to explore (Gongalves et al., 2018). Thus, EE treatment
is considered an effective rehabilitation treatment for cerebral
stroke, and has been shown to elicit neuroprotection against
ischemic brain injury (Mala and Rasmussen, 2017; Gongalves
et al., 2018). However, few investigations have elucidated
how EE affects the pathological processes of cerebral stroke
to elicit neuroprotection (Zhang et al., 2017). Autophagy
was initially considered a cellular catabolic mechanism to
eliminate injured organelles and residual cellular components
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Figure 2 | Effects of EE treatment on autophagic activity in the penumbra
of ischemic stroke rats as detected by western blot assay.

MCAO + EE group: MCAO animals were housed in EE cages; MCAO group:
MCAO rats were housed in standard cages; sham group: sham surgery rats
were housed in EE cages. (A) Protein bands. (B, C) Quantitative results of
Beclin-1 protein expression and ratio of LC3-1I/LC3-I. Data are expressed as the
mean * SEM of the ratio to the sham group (n = 6). #P < 0.05, ##P < 0.01 (one-
way analysis of variance followed by Dunnett’s test). EE: Enriched environment;
LC3: light chain 3; MCAO: middle cerebral artery occlusion; n.s.: no significance.

for the maintenance of normal cellular functions and
homeostasis. More recently, however, multiple studies have
shown that autophagy is strongly activated and has a vital role
in the promotion of cell survival after cerebral stroke (Wang
et al., 2018). Given that both EE treatment and activated
autophagy are reportedly involved in neuroprotection after
cerebral stroke, we hypothesized that there was likely a close
correlation between them in the facilitation of post-stroke
recovery. In the present study, we therefore investigated
whether EE-elicited neuroprotection after ischemic stroke had
an autophagic mechanism.

Our study demonstrated that EE treatment markedly
attenuated neurological deficits, infarct volume, and neuronal
death after MCAO, suggesting that EE treatment reliably elicits
neuroprotection against cerebral ischemia/reperfusion injury.
These results were consistent with the outcomes of previously
published studies (Chen et al., 2017a; Qian et al., 2018). To
investigate whether EE-induced neuroprotection was elicited
by targeting autophagic flux, we detected key proteins in the
autophagic flux pathway. Western blot results demonstrated
that EE treatment significantly promoted the expression of
Beclin-1 at the penumbra compared with the MCAO group,
indicating that autophagic initiation was enhanced by EE.
We also revealed that EE therapy markedly increased the
ratio of LC3-1I/LC3-1. LC3-I reflects basal autophagy, while
LC3-Il represents autophagosome formation, and the ratio
of LC3-1l/LC3-I indicates the extent of autophagic activation
(Kabeya et al., 2000). Thus, the increased LC3-1I/LC3-I ratio
in the MCAQ + EE group in the present study suggests that
autophagic activity was reinforced by EE treatment. However,
the enhancement of autophagic activity inevitably results in
the increased production of autophagic cargoes, which is an
important cause of neuronal cytotoxicity after cerebral stroke
(Cavaliere et al., 2019). We therefore evaluated the status
of the subsequent steps in the autophagic flux pathway. Our
results illustrated that the autophagic substrates of insoluble
p62 and ubiquitin were significantly reduced in the MCAO
+ EE group compared with the MCAO group. Moreover,
EE treatment also improved lysosomal function, reflected
by the increased expressions of LAMP-1, cathepsin B, and
cathepsin D. These results suggest that EE-induced increases
in autophagic substrates can be effectively digested by the
enhanced lysosomal capacity that occurs with this treatment.
In addition, we simultaneously investigated the efficacy of EE
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Figure 3 | Efficacy of EE treatment to promote autophagic activity in the penumbra of ischemic stroke rats was verified by double immunofluorescence
to investigate cellular localization.

MCAO + EE group: MCAO animals were housed in EE cages; MCAO group: MCAQO rats were housed in standard cages; sham group: the sham surgery rats were
housed in EE cages. (A—C) The percentage of LC3-/NeuN-positive cells was significantly elevated by 4 weeks of EE treatment in the MCAO + EE group compared
with the MCAO group. However, the ratios of LC3-/GFAP- and LC3-/Iba-1-positive cells in the MCAO + EE group were similar to those in the MCAO group. Green
(stained by Alexa Fluor-488) indicates LC3 and GFAP; red (stained by Alexa Fluor-594) indicates LC3, NeuN, and Iba-1; blue indicates total cells; and yellow
indicates LC3-/NeuN-, LC3-/GFAP-, and LC3-/Iba-1-positive cells. Scale bars: 50 um. High-magnification images of the boxed areas are shown in the inserts. (D—F)
Quantitative results of LC3-/NeuN- (neuron), LC3-/GFAP- (astrocyte) and LC3-/Iba-1-positive (microglia) cells. (G) The black square in G represents the selected
penumbra area that was used to count positively stained cells. Data are expressed as the mean + SEM of the ratio to the sham group (n = 6). #P < 0.05, ##P < 0.01
(one-way analysis of variance followed by Dunnett’s test). EE: Enriched environment; GFAP: glial fibrillary acidic protein; Iba-1: ionized calcium-binding adaptor
molecule 1; LC3: light chain 3; MCAO: middle cerebral artery occlusion; n.s.: no significance.
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Figure 5 | Effects of EE treatments on autolysosomal function

in the penumbra of ischemic stroke rats as evaluated by double
immunofluorescence.

MCAO + EE group: MCAO animals were housed in EE cages; MCAO group:
MCAO rats were housed in standard cages; sham group: the sham surgery
rats were housed in EE cages. (A, B) The ratios of LC3-II-/LAMP-1- and p62-/
cathepsin B-positive cells were markedly increased in the MCAO + EE group
compared with the MCAO group. This implied that EE treatment was not only
able to boost the fusion of autophagosomes with lysosomes, but could also
enhance autophagic degradation. Green (stained by Alexa Fluor-488) indicates
LAMP-1 and p62; red (stained by Alexa Fluor-594) indicates LC3 and cathepsin
B; blue indicates total cells; and yellow indicates LC3-Il-/LAMP-1- and p62-/
cathepsin B-positive cells. Scale bars: 50 um. (C, D) Quantitative results of LC3-
II-LAMP-1- and p62-cathepsin B-positive cells. Data are expressed as the mean
+ SEM of the ratio to the sham group (n = 6). ##P < 0.01 (one-way analysis of
variance followed by Dunnett’s test). DAPI: 4',6-Diamidino-2-phenylindole;

EE: enriched environment; LAMP1: lysosomal-associated membrane protein
1; LC3: light chain 3; MCAQ: middle cerebral artery occlusion; n.s.: no
significance.

treatment on autophagic flux using immunofluorescence. Our
results demonstrated that EE-induced increases in autophagic
activity mainly occurred in neurons. The percentages of LC3-
[I-/LAMP-1- and p62-/cathepsin B-positive cells in the MCAO
+ EE group were significantly higher than those in the MCAO
group, indicating that EE treatment facilitates the fusion of
autophagosomes with lysosomes. Thus, our study showed that
EE not only increased autophagic activity, but also enhanced
autophagic degradation.

In conclusion, the present research investigated whether
the neuroprotective efficacy of EE treatment to facilitate
rehabilitation from ischemic stroke was elicited by modulating
the autophagic/lysosomal pathway. The results demonstrated
that EE treatment was not only able to reinforce autophagic
activity, reflected by elevated Beclin-1 and LC3-II expressions,
but was also able to ameliorate cerebral ischemia-induced
lysosomal dysfunction, reflected by enhanced lysosomal
activity and reduced accumulation of autophagic substrates.
We therefore concluded that EE treatment boosts recovery
from ischemic stroke by facilitating autophagic flux.

Figure 6 | Effect of EE treatment on
i neurological deficit in ischemic stroke rats.
The mNSS in the MCAO + EE group was
4 significantly reduced compared with the MCAO
group. Data are expressed as the mean + SEM
of the ratio to the sham group (n = 6). ###P <
0.001 (one-way analysis of variance followed
by Dunnett’s test). EE: Enriched environment;
MCAO: middle cerebral artery occlusion;
mNSS: modified neurological severity score.
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Figure 7 | Effects of EE treatment on infarct volume in ischemic stroke
rats.

MCAO + EE group: MCAO animals were housed in EE cages; MCAO group:
MCAO rats were housed in standard cages; sham group: the sham surgery
rats were housed in EE cages. (A) With TTC staining, normal brain tissue is
red and infarct tissue is pale. Infarct volume was attenuated by 4 weeks of EE
treatment compared with the MCAO group. (B) Quantitative results of the
percentage of infarct volume. Data are expressed as the mean + SEM of the
ratio to the sham group (n = 6). ###P < 0.001 (one-way analysis of variance
followed by Dunnett’s test). EE: Enriched environment; MCAO: middle
cerebral artery occlusion; TTC: triphenyltetrazolium chloride.
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Figure 8 | Effects of EE treatment on neuronal survival in the penumbra of
ischemic stroke rats as assessed by immunofluorescence.

MCAO + EE group: MCAO animals were housed in EE cages; MCAO group:
MCAQO rats were housed in standard cages; sham group: the sham surgery
rats were housed in EE cages. (A) The percentage of NeuN-positive cells in
the MCAO + EE group was significantly higher than in the MCAO group. Green
(stained by Alexa Fluor-488) indicates NeuN-positive cells; blue indicates total
cells. Scale bars: 50 um. (B) Quantitative results of the percentage of NeuN-
positive cells. Data are expressed as the mean + SEM of the ratio to the sham
group (n = 6). ##P < 0.01 (one-way analysis of variance followed by Dunnett’s
test). DAPI: 4',6-Diamidino-2-phenylindole; EE: enriched environment; MCAO:
middle cerebral artery occlusion.

Our study preliminarily explored the neuroprotective efficacy
of EE to alleviate cerebral ischemia/reperfusion injury. Our
results provide new insights into rehabilitation treatments
after ischemic stroke. Moreover, our findings can be applied to
the clinic, because clinical patients can also be treated with an
integrated environment, similar to EE, to boost recovery from
stroke. This combined environment may include early exercise,
close social contact, an interesting natural environment,
appropriately challenging tasks, and certain physical activities.
However, the present study only explored the effects of EE
treatment on whole autophagic flux; thus, further studies are
needed to elucidate its underlying mechanisms. Furthermore,
in this experiment, there may be errors caused by individual
differences in the rats. This error can be reduced by enlarging
the number of animals used in each experiment. In future
research, we will also investigate the specific efficacy of EE
in each step of the autophagic/lysosomal pathway, using
regulators of autophagic flux signaling. Thus, novel therapeutic
clues targeting autophagic flux may be found to facilitate post-
stroke rehabilitation.
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