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Abstract: Objective: To investigate the role of Osteopontin (OPN) in mediating macroautophagy, autophagy, and
neuroplasticity in the ipsilateral hemisphere after stroke. Methods: Focal stroke was induced by photothrombosis
in adult mice. Spatiotemporal expression of endogenous OPN and BECN1 was assessed by immunohistochemistry.
Motor function was determined by the grid-walking and cylinder tasks. We also evaluated markers of neuroplasticity
and autophagy using biochemical and histology analyses. Results: Herein, we showed that endogenous OPN and
beclinl were increased in the peri-infarct area of stroked patients and mice. Intracerebral administration of OPN
(0.1 mg/ml; 3 ml) significantly improved performance in motor behavioral tasks compared with non-OPN-treated
stroke mice. Furthermore, the neural repair was induced in OPN-treated stroke mice. We found that OPN treatment
resulted in a significantly higher density of a presynaptic marker (vesicular glutamate transporter 1, VgluT1) and
synaptic plasticity marker (synaptophysin, SYN) within the peri-infarct region. OPN treatment in stroke mice not only
increased protein levels of integrin B1 but also promoted the expression of beclinl and LC3, two autophagy-related
proteins in the peri-infarct area. Additionally, OPN-induced neuroplasticity and autophagy were blocked by an integ-
rin antagonist. Conclusion: Our findings indicate that OPN may enhance neuroplasticity via autophagy, providing a
new therapeutic strategy for ischemic stroke.
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Introduction mechanisms reactivate sprouting neurons and

induce cellular and molecular processes that

Stroke impacts approximately 795,000 people
in the U.S. alone [1]. Unfortunately, many peo-
ple suffer from motor dysfunction post-stroke
[2], and it has been difficult to identify drug
regimens that promote recovery after stroke.
Over the past few decades, numerous reports
demonstrate the brain’s ability to rewire itself
to rehabilitate lost function in humans and ani-
mals [3, 4]. This modification of neuronal con-
nections involves several neuroplasticity pro-
cesses, such as axonal sprouting, the forma-
tion of new synapses, and synaptic remodeling
[5]. Recent studies suggest that neuroplastic

promote motor function recovery after ischemic
injury [6, 7]. Therefore, revealing the mecha-
nisms underlying ischemic-induced neuroplas-
ticity processes should provide new information
concerning neural repair that can inform both
the prevention and treatment of stroke.

Neuron survival requires a balance between
the synthesis and degeneration of cellular pro-
teins and impaired organelles. Autophagy is a
critical cellular clearance pathway that is essen-
tial for neuronal homeostasis to maintain this
balance under stress [8]. However, whether
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activation of autophagy promotes neuronal
survival or increases the rate of neuron death
after cerebral ischemia is still under debate.
Previously, several studies demonstrated that
activation of autophagy has a destructive role
after ischemic injury [9, 10]. By contrast, grow-
ing evidence suggests that cerebral ischemia
protects neurons from death by activating
autophagy [11, 12]. Some reports also indicate
that neuronal autophagy influences processes
such as synaptic plasticity [13, 14] and neuro-
development [15], demonstrating that autopha-
gy is vital to the regulation of neuronal physiol-
ogy and survival [16]. However, few investiga-
tions have explored the relationship between
autophagy and neuroplasticity within neural
tissue in response to ischemic insults.

Osteopontin (OPN) is a polyfunctional, induc-
ible, and phosphorylated extracellular matrix
glycoprotein that contributes to diverse patho-
logical processes, such as brain injury and can-
cer [17, 18]. Previous studies show that OPN
acts in various cell types via an RGD (arginine-
glycine-aspartic acid) motif that binds different
integrin receptors, including o« and 3 subunits
[19, 20]. Thus, OPN is a prominent feature of
RGD motif-dependent mechanisms. Interes-
tingly, several reports suggest that glycine pro-
motes transcriptional expression of OPN by
activating Runx2 and CBFB [21, 22]. These
phenomena reveal that OPN itself is regulated
by glycine in physiological situations and plays
a unique role in amino acid metabolism [23].
In non-central nervous system (CNS)-related
cells, several reports demonstrate that OPN is
involved in suppressing autophagy [24, 25].
Conversely, others found that OPN elicits
autophagy through integrin receptors [26, 27].
These findings suggest that OPN-integrin sig-
naling is associated with autophagy. OPN is
upregulated in sprouting neurons, with a 12-
fold increase in expression compared with the
expression level of nonsprouting neurons after
stroke [28]. Furthermore, OPN positively medi-
ates the repair of retinal ganglion cells and
propriospinal and corticospinal neurons by
enhancing axon regeneration and synaptogen-
esis after CNS injury [29-32]. Collectively, these
results imply the role of OPN in repairing isch-
emic brain tissue. However, it remains unclear
whether the OPN-integrin signaling pathway
mediates endogenous neuroplasticity through
autophagy in cortical neurons around the
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infarct region and improves neurological defi-
cits after ischemic stroke.

Here, we characterized autophagy profiles in
neurons and their relationship with neuroplasti-
city in the peri-infarct area after ischemic
stroke. Moreover, we examined the spatial ex-
pression patterns of OPN and the integrin 1
subunit (ITGB1), beclinl, and LC3 in the ipsilat-
eral cortex and investigated the potential
involvement of OPN-ITGB1 signaling in neural
autophagy and neuroplasticity, thereby eluci-
dating the intricate mechanisms that mediate
neuron autophagy-neuroplasticity by OPN after
stroke.

Materials and methods
Animals and patients ethical statement

Male mice (C57BL/6) aged 2-4 months and
weighing 20-25 g were used. All procedures
were conducted following U.S. National In-
stitutes of Health guidelines on the care and
use of laboratory animals and were approved
by the University of Guilin Medical Experimen-
tal Animal Ethics Committee (approval ID
GLMC202203165). Efforts were made to
reduce any pain or discomfort, and the mini-
mum number of animals was used. All animals
were housed in a light- and temperature-con-
trolled room with adequate food and water
under a 12-hour light/dark cycle. Patients with
acute ischemic stroke and non-stroke controls
were recruited from Ganzhou People’s Hos-
pital, Ganzhou, Jiangxi, China following a proto-
col approved by the ethics committee at
Ganzhou People’s Hospital (approval ID TY-
ZYK2022-010-01).

Photothrombotic model of ischemic cortical
stroke

To induce chronic focal cerebral ischemia, pho-
tothrombosis was used as previously describ-
ed. Mice were anesthetized with isoflurane
(1.5-3.5% in a 70% N,0/30% 0, mixture) and
placed in a stereotactic surgical frame (RWD,
China). The skull was uncovered by cutting the
skin along the midline. The surface connective
tissue was removed, and the bregma was
cleared. A cold light source (CL60O0OOLED; Zeiss)
attached to a 40x objective provided a 2-mm
diameter illumination positioned 1.5 mm later-
al from bregma. Rose Bengal (0.2 ml, 15 mg/
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ml, G8540, Solarbio, China) was injected intra-
peritoneally. After 5 minutes, the cold light
source was turned on to illuminate the skull for
19 minutes to initiate photothrombosis. After
surgery, the scalp was sutured, and mice were
allowed to recover. Body temperature was kept
at 36.9+0.4°C with a heating pad during the
operation. Mice in the sham group were treat-
ed using the same procedure without light
illumination.

Drug administration

Human recombinant OPN (rOPN, GenePharma,
China) was prepared following the manufactur-
er's instructions. Animals were randomly
assigned to one of the following groups: sham,
stroke, stroke+saline, and stroke+rOPN (0.1
ug/ul; 3 ul). Briefly, OPN was dissolved in
saline (0.1 yg/ul), and a total volume of 3 ul (1
pl/min) was given intracerebrally at 0.3 mg per
animal 7 days post-stroke. Next, the mice were
fixed on a stereotaxic apparatus (RWD, China).
They were continuously anesthetized with iso-
flurane gas, and a microcranial drill perforated
1.5 mm lateral to the bregma. rOPN was admin-
istered with a 10-pl syringe (Hamilton, USA) at
the location of the stroke cavity (A/P, 0.0 mm;
M/L, 1.5 mm; D/V, 1.0 mm). Sham mice were
administered sterile saline. The administration
was finished in 5 minutes, and the needle was
maintained in the injection position for 2 min-
utes. Finally, the needle was withdrawn gently
out of the brain. The wound was sutured, and
mice were allowed to recover. An additional
group was intracerebrally injected with 6 pl (1
pl/min) GRGDSP dissolved in saline (0.1 mg/
ml, Med Chem Express) 30 minutes before
rOPN was administered to evaluate whether
integrin receptors were involved.

Human sample collection

Infarcted tissue confirmed by pathology was
collected from four patients with large-area
cerebral infarction (male, 3; female, 1; age
range, 50-58 years; average age, 52.5 years)
who underwent craniotomy from June to
November 2021 in Ganzhou People’s Hospital.
As a control group, normal brain tissue was
removed during an internal decompression
operation from four patients. These tissues
were prepared for immunohistochemistry (IHC)
to detect the expression of OPN. Infarcted tis-
sue was also collected from another two large-
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area cerebral infarction patients (male, 1;
female, 1; age range, 65-69 years; average
age, 67 years) who underwent an operation
from January to February 2022 in Ganzhou
People’s Hospital. As a control group, normal
brain tissue was removed during internal
decompression operation from two patients.
These tissues were prepared for IHC to deter-
mine the protein levels of beclinl. Exclusion
criteria were as follows: patients with other con-
current malignant tumors, incomplete clinical
information, serious heart disease, kidney dis-
ease, or neurological or psychiatric diseases.
No patients underwent chemoradiotherapy be-
fore surgery. All patients signed an informed
consent form, and the study was approved by
the Ganzhou People’s Hospital Medical Ethics
Committee (TY-ZYK2022-010-01) and com-
plied with the Declaration of Helsinki.

Immunofluorescence staining

Mice were subjected to conventional anesthe-
sia. After deep anesthesia, mice were sacri-
ficed and perfused with 30 ml of normal saline
for 5 minutes until the lungs and liver became
grayish-white. Then, the whole brain was
removed, and brain tissue was placed in para-
formaldehyde and fixed for 48 hours. After
removal, the brain was washed three times
with PBS, placed in 30% sucrose buffer for 72
hours, embedded in OCT (SKURA, US), and fro-
zen in 40-um coronal sections (Thermo Fisher
Scientific CryoStar NX50). Coronal slices of
brain tissue were washed with PBS three times
for 5 minutes each time while being gently
shaken on a shaker (subsequent washes also
employed this method). Blocking buffer (0.1 M
PBS+0.05% Triton X-100+5% BSA) was added
and sealed at room temperature for 60 min-
utes. Then, we used rabbit anti-VgluT1 (1:800,
ab227805, Abcam, UK), goat anti-OPN (1:400,
ab11503, Abcam, UK), mouse anti-NeuN
(1:500, MAB377, Merck, US), rabbit anti-in-
tegrin-f1 (1:800, bs-0486R, Bioss, China), or
ready-to-use DAPI solution (CO065, Solarbio,
China) as primary antibodies. At the same time,
we prepared a negative control with only the
diluent of the primary antibody, which was
placed in the refrigerator at 4°C overnight. Af-
ter removal, brain slices were rinsed with PBST,
and we added fluorescent donkey anti-mouse
IgG AlexaFluor 488 (1:500, A21202, Invitrogen,
US), donkey anti-rabbit 1gG/Cy3 (1:500, bs-
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0295d-Cy3, Bioss, China), donkey anti-goat
1gG/CY3 (1:500, bs-0294d-Cy3, Bioss, China),
or donkey anti-rabbit 1gG/Alexa Fluor 488
(1:500, bs-0295d-af488, Bioss, China) as sec-
ondary antibodies in the dark at room tempera-
ture for 60 minutes. Finally, brain slices were
rinsed with PBST, and slides were incubated
with anti-quenching fluorescence (52110,
Solarbio, China). IHC staining of human brain
tissue after stroke was performed using prima-
ry OPN antibody (1B20, 1:200, NB110-89062,
Novus, USA) or anti-beclinl (1:200, ab210498,
Abcam, UK) primary antibodies. Secondary
antibodies were from a ready-to-use Express
MaxVision HRP Kit (mouse/rabbit; kit-5030,
MXB-Biotechnologies). We observed results by
fluorescence microscopy (Zeiss Axio Vert.Al).
At least three slices from each mouse were
analyzed. These slices were sampled from the
infarct area, and each slice was collected from
the field of view around the infarct area.

Immunoblotting

Normal animals were euthanized at the age of
0, 2, 7, 14, 21, or 28 days (n=3 per group) for
endogenous OPN investigation. To assess
endogenous OPN expression after stroke, male
mice were euthanized 2, 7, 14, 21, or 28 days
post-stroke. To evaluate the plasticity effect of
OPN, synaptophysin (SYN) was measured 24 h
after exogenous OPN delivery. Briefly, mice
were sacrificed by decapitation. Twenty milli-
grams of mouse peri-infarct cortical tissue
samples from the experimental and control
groups were dissolved using 200 ml RIPA buf-
fer (RO020, Solarbio, China) containing PMSF.
After freezing and grinding the tissue, the tis-
sue suspension was centrifuged at 4°C and
12000 r/min for 40 min, and the supernatant
was collected. Using BSA as the standard,
the supernatant was quantified by the BCA
(PO012, Beyotime, China) method. A 20-ug pro-
tein sample was separated using 12% SDS-
PAGE electrophoresis for 120 min and then
transferred to a PVDF membrane for 1 h with
350 mA. The membrane was blocked in block-
ing buffer at 37°C for 1 hour. Then, we used
rabbit anti-SYN (1:1000, bs-8845R, Bioss,
China), goat anti-OPN (1:1000, ab11503,
Abcam, UK), rabbit anti-integrin-p1 (1:1000,
bs-0486R, Bioss, China), rabbit anti-beclinl
(1:1000, bs-1353R, Bioss, China), or rabbit
anti-B-actin (1:1000, bs-0061R, Bioss, China)
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as primary antibodies and incubated the mem-
brane overnight at 4°C. At the same time, the
other group was incubated with TBST solution
without antibodies as a negative control. After
washing the membrane repeatedly, the mem-
brane was incubated with peroxidase-labeled
donkey anti-rabbit (1:2000, bs-0295D-HRP,
Bioss, China) or anti-goat I1gG (1:1000, bs-
0294D-HRP, Bioss, China) secondary antibody.
The membrane was shaken gently at room tem-
perature for 1 hour, and the color was devel-
oped by ECI (PEO010, Solarbio, China). After
washing the membrane, it was observed using
an Amersham Imager 600. We used ImageJ
software (NIH) to determine the absorbance of
each band (A) value, with the expression of
B-actin protein used as a reference and the
gray value of the measured protein band/[3-
actin gray value as the relative expression level
of the measured protein. We repeated the
experiment three times.

Grid-walking task

A baseline test was performed 7 days before
surgery and 1, 3, or 7 days post-stroke. Each
mouse was tested at approximately the same
time during the dark cycle. The grid-walking
apparatus was constructed using a box with a
base made of metal wire mesh with 1x1 cm
openings. The grid volume was 32x20x50 cm
(length x width x height). A camera was posi-
tioned under the apparatus to provide video
footage to count the number of foot faults.
Each animal was placed individually on top of
the high wire grid and allowed to move freely
for 5 minutes. The video footage was subse-
quently analyzed offline to count the total num-
ber of foot faults and non-foot fault steps for
each limb (stroke+saline and OPN treatment
group); evaluators were blinded to the treat-
ment groups. The percentage of foot faults
per total steps was calculated as follows: foot
faults = number of foot faults/(total number of
foot faultstnon-foot fault steps) x100%. Va-
riability in the amount of locomotion between
animals and trials was removed by calculating
the ratio between foot faults and total steps. If
a step did not provide support and the foot
went through the grid hole, this was considered
a fault. If an animal rested on the grid at the
wrist level, this was also defined as a fault. This
protocol has often been used to evaluate treat-
ments that enhance behavioral recovery after
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stroke, with low animal-to-animal differences
and high reproducibility [7, 33, 34].

Forelimb task (cylinder task)

The forelimb test allows the investigation of
forelimb use during mouse exploration of the
upright walls of a cylinder for 5 min as describ-
ed previously [7, 33, 34]. When placed in a
Plexiglas cylinder (15 cm in height with a diam-
eter of 10 cm), a mouse spontaneously stands
up by pressing the cylinder wall with one or
both of its forelimbs. Each mouse was allowed
to explore freely for 5 minutes and was video-
taped. Video footage was played in slow motion
(1/5th real-time speed), and the number of
rears using the right forelimb (ipsilateral to the
lesion), left forelimb (contralateral to the lesion),
or both forelimbs were determined. The num-
ber of times each limb was used was calculat-
ed. These data were used to derive an asym-
metry index as follows: (number of first touches
by the right forelimb minus number of first
touches by the left forelimb)/(number of right
first touches+number of left first touches+
number of both right and left touches at the
same time). The investigator was blinded to the
animal group during quantitative analysis of the
footage to determine forelimb preference.

Immunofluorescence analysis

VgluT1 was used to label presynaptic terminal
sites. A synapse was defined as the common
domain point between the signals generated by
these markers. Pre-synapse immune signals in
the cerebral cortex peri-infarct area were quan-
tified by a Puncta Analyzer plugin (obtained
from c.eroglu@cellbio.duke.edu) using ImageJ
software [35].

Statistical analysis

GraphPad Prism 8.0 software was used for sta-
tistical analysis and graphing. One-way ANOVA
was used for comparison between groups.
Data from behavioral experiments were ana-
lyzed by two-way ANOVA. All data are presented
as mean + standard error of the mean (SEM).
Means of 2 continuous normally distributed
variables were compared by independent sam-
ples Student’s T test. Mann-Whitney U test and
Kruskal-Wallis test were used, respectively, to
compare means of 2 and 3 or more groups of
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variables not normally distributed. To compare
proportions of two nominal variables, Pearson’s
X2 test and Fisher’s exact test of independence
were used. A value of P<0.05 was considered
significant.

Results

Patients with acute ischemic stroke show in-
creased OPN and beclin1 expression

Tissue was collected from acute ischemic
stroke patients with large-area cerebral infarc-
tion who underwent craniotomy surgery (Figure
1A). IHC data confirmed that intracranial
decompression control tissue showed very
weak OPN staining. By contrast, there was
strong OPN staining within the penumbra cor-
tex of acute ischemic stroke patients (Figure
1B).

As autophagy plays a critical role in ischemic
stroke [36], we next asked whether autophagy
occurs within the penumbra cortex of acute
ischemic stroke patients. As shown in Figure
1C, IHC staining indicated a marked elevation
in the expression of beclinl, an autophagy-
related marker, compared with that in the con-
trol group. These data suggest that the expres-
sion of genes involved in the modulation of
autophagy and OPN are augmented in penum-
bra tissue after stroke.

Spatial and temporal expression profiles of
OPN in the ipsilateral and contralateral hemi-
sphere cortex after ischemic stroke

We assessed changes in OPN expression in
the mouse brain after ischemic insult using
immunofluorescence and western blotting
(Figure 2). There was almost no expression of
OPN in the contralateral hemisphere after
stroke (Figures 2B and S3). However, endoge-
nous OPN expression in the ipsilateral hemi-
sphere showed significant elevation starting 2
days post-stroke and gradually increased until
reaching a peak 7 days after stroke (Figure 2C).
To investigate the cell sources and type of OPN
expression, we performed double-staining for
NeuN/OPN, Iba-1/0PN, and glial fibrillary acidic
protein (GFAP)/OPN in ipsilateral brain sections
after stroke or sham operation. Interestingly,
OPN expression colocalized with neurons and
Iba-1 in the peri-infarct cortex in the ipsilateral
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Figure 1. Expression of OPN and beclinl in acute ischemic stroke patient tissue. A. Experimental timeline. B. Immu-
nohistochemistry for OPN in cortical tissue obtained during intracranial decompression operation as normal control
(left) and penumbra cortical tissue (right) (n=4). Original magnification, 4x. Scale bar: 200 um. C. IHC for beclinl in
cortical tissue obtained during intracranial decompression operation as normal control (left) and penumbra cortical
tissue (right) (n=2). Original magnification, 10x. Scale bar: 100 ym.

hemisphere after stroke (Figures 2A and S1), (Figure S2). Moreover, little expression of OPN
but little expression was observed in astrocytes was observed in the sham-operated group.
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Figure 2. Increased OPN in ischemic stroke mice. A. Co-staining for OPN (red) and NeuN (green) in sham mice and
the peri-infarct area of mice 2, 7, 14, 21, or 28 days post-stroke, n=6 per group. B. Inmunoblots of OPN expression
in sham mice and the peri-infarct area of mice 2, 7, 14, 21, or 28 days post-stroke, n=3 per group. C. Quantification
of OPN protein. Data are expressed as mean + SEM. *P<0.01 vs. sham group, **P<0.01 vs. other experimental

groups. Original magnification, 40x%. Scale bar: 20 ym.
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Figure 3. Neuroplasticity and autophagic activation in the ipsilateral cor-
tex after ischemic stroke. A. Immunostaining and quantification of VgluT1
puncta (red) in the penumbra in sham-operated and photothrombotic stroke
groups 7 days after stroke, n=6 per group. Original magnification, 40x. Scale
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VgluT1 and used high-content
image analysis to quantify
VgluT1l immunoreactive punc-
ta in the peri-infarct region
[37]. Immunofluorescence re-
sults showed that expression
of the presynaptic marker
VgluTl was significantly in-
creased in the peri-infarct
area 7 days after photothrom-
botic stroke compared with
that in the sham-operated
group (Figure 3A). This finding
suggests the occurrence of
neuroplasticity in the cortex
after cerebral ischemia. Fur-
thermore, immunoblotting an-
alysis showed that SYN and
beclinl were significantly up-
regulated in the cortex in the
ipsilateral penumbra 7 days
after photothrombotic stroke
relative to the sham-operated
group (Figures 3B and S4),
(Figures 3C and S5). These
results imply an association
between autophagic activa-
tion and neuroplasticity in the
ipsilateral penumbra after an
ischemic stroke.

*%

Sham Stroke

*%
- -

Sham  Stroke

Activating OPN promotes mo-
tor function recovery after
stroke

bar: 20 ym. B. Immunoblotting and quantification showing expression of
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from sham-operated and stroke mice, n=3 per group. C. Immunoblotting
and quantification showing expression of beclinl relative to that of B-actin
in the cortex in the ipsilateral hemisphere from sham-operated and stroke
mice, n=3 per group. Data are expressed as the mean + SEM. **P<0.01 vs.

sham-operated group.

Neuroplasticity and autophagic activation in
the ipsilateral penumbra post-stroke

To evaluate post-stroke changes in neural and
axonal plasticity, we visualized presynaptic ter-
minals by immunostaining with antibodies
against the glutamatergic synapse marker
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To investigate whether OPN
enhances neural repair and
promotes functional recovery,
we tested mice on forelimb
motor tasks using the same
stroke model in which neural
plasticity was measured [37].
The cylinder and grid-walking tasks evaluating
exploratory forelimb use and gait were used. All
behavioral testing of forelimb motor function
was conducted 1-week post-stroke. In addition
to clinical intervention, we intracerebrally
administered rOPN or saline within 3 hours
post-stroke. The cylinder and grid-walking tests
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Data are expressed as the mean + SEM, **P<0.01 vs. stroke+saline group.

n=6 per group.

were carried out 1, 3, or 7 days after OPN treat-
ment. Baseline was established 1 week before
stroke. When comparing stroke+saline and
stroke+rOPN groups, we found that 3 days after
OPN administration, the movement behavior of
mice began to improve. Seven days after injec-
tion of rOPN, there were significant improve-
ments in forelimb movement coordination and
the foot fault rate of mice (Figure 4). Our data
suggest that intracerebral administration of
OPN enhances motor recovery and may pro-
mote neural remodeling, which may represent
the formation of neural circuits that lead to
behavioral improvement after stroke.

OPN facilitates neuroplasticity and neuronal
survival

Underlying neuroplasticity is the primary event
of the subacute phase of stroke that leads to
recovery and rebuilding of motor and sensor
maps (Figure 5A). Therefore, we performed
intracranial administration of rOPN 7 days after
stroke. Immunostaining further confirmed that
the density of VgIuT1 puncta was significantly
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To verify the mechanism of
OPN-induced improvements in
neuroplasticity, we performed
immunofluorescence staining and western
blotting experiments. rOPN treatment signifi-
cantly increased the expression of ITGB1, which
co-located with NeuN in the peri-infarct area
(Figure 6A). On the other hand, after adminis-
tration of GRGDSP, an integrin antagonist,
ITGB1 was significantly downregulated (Figure
6A). Western blotting analysis also showed
that ITGB1 significantly increased after stroke.
Compared with the stroke+saline group, rOPN
injection also significantly upregulated the ex-
pression of ITGB1. By contrast, GRGDSP decre-
ased the expression of ITGB1 (Figures 6B and
S7). To verify whether rOPN can improve axon
plasticity in the peri-infarct area after stroke
through the integrin pathway, we intracerebrally
delivered rOPN in combination with GRGDSP
injection in the peri-infarct area and then mea-
sured the expression of SYN in the peri-infarct
area. We found that SYN significantly increased
after stroke. rOPN treatment increased the pro-
tein level of SYN around the infarct area com-
pared with that in the stroke+saline group.
However, this phenomenon was reversed by
GRGDSP (Figures 6C and S8). These results
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suggest that rOPN promotes SYN expression in
the peri-infarct area through the integrin pro-
tein pathway and improves axon plasticity.

OPN enhances integrin-mediated autophagy

We next investigated whether rOPN can pro-
mote autophagy in the area around the infarct
after stroke through the integrin pathway. After
injection of rOPN, we performed immunofluo-
rescence experiments with autophagic mark-
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ed as the mean + SEM, **P<0.01 vs. stroke+saline group.

ers LC3 and beclinl in the peri-infarct area.
After rOPN injection, immunofluorescence sig-
nals of LC3 and beclinl in the peri-infarct area
were significantly increased and colocalized
with neurons, which was substantially different
from the stroke+saline group (Figure 7A and
7B). However, rOPN was injected after GRGDSP,
which does not induce autophagy in the peri-
infarct area. Western blot results also showed
that the re-injection of rOPN significantly upreg-
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C. Western blot of SYN expression in the peri-infarct area after rOPN, saline, or GRGDSP injection, n=3 per group
(**P<0.01 vs. stroketsaline group, ##P<0.01 vs. sham group, &&P<0.01 vs. stroke+rOPN group). Data are ex-

pressed as the mean + SEM. Original magnification, 40x%. Scale bar: 20 pm.

7736

Am J Transl| Res 2022;14(11):7726-7743



Osteopontin protects against ischemic stroke

A
8-
. >
Stroke+saline = *x
5
=
(&)
Stroke+rOPN &
o
=
(o]
Q . T
Stroke+GRGDSP @*\“‘6 & 0(-99 &
& L <) I
& & & K
o N <
< < %\'\5{- C.,Q'O
&
Stroke+GRGDSP &
+rOPN
B >
L *%
< -
@
. c
Stroke+saline -
[
3
(7]
g
o
Stroke+rOPN 2 2
< "
Q
@ .l mm | B0 [
> Q N
i < 2
Stroke+GRGDSP & 0 & &
g f £
o & & P
&
&
%\’\
Stroke+GRGDSP
+rOPN
C 259 *k
T
%Q G_)Qx - 2.0+
& N @0 (90 3
i O<2 Q7 & T o154
o & & © o"o =
S F F F & = #
@ O O L ) O E=RTY
e‘*c}"%\‘%“éi‘%“dz‘* 5
& [
2] 0.54
Becin 10 M S e o0 0
0.0+ T T
B-actin ——— — — — 73 g & @ @ Q‘é Q .
& O N £ £
¥ &L O
€ & F
v & \43" &
o &
&
GJ\@"

Figure 7. OPN enhances integrin-mediated autophagy. A. Double-labeled immunofluorescence staining of NeuN/LC3
in the peri-infarct area in stroke+saline, stroke+rOPN, stroke+GRGDSP, and stroke+GRGDSP+rOPN groups, n=6 per
group. B. Immunostaining with NeuN/beclinl in the peri-infarct area in stroke+saline, stroke+rOPN, stroke+GRGDSP,
and stroke+GRGDSP+rOPN groups, n=6 per group. C. Western blotting was used to detect the autophagy marker be-
clinlin the peri-infarct area in sham, stroke, stroke+rOPN, stroke+GRGDSP, and stroke+GRGDSP+rOPN groups, n=3
per group. Data are expressed as the mean + SEM. **P<0.01 vs. stroke+saline group, ##P<0.01 vs. stroke+rOPN
group. Original magnification, 40x. Scale bar: 20 ym.

7737 Am J Transl Res 2022;14(11):7726-7743



Osteopontin protects against ischemic stroke

ulated the expression of beclinl in the peri-
infarct region, and this upregulation disap-
peared with administration of GRGDSP (Figures
7C and S9). These results indicate that rOPN
enhanced the autophagy response of neuronal
cells after stroke, and the autophagy response
induced by rOPN may proceed through the inte-
grin pathway.

Discussion

There are three primary results of our study.
First, local administration of rOPN improves
functional recovery after ischemic stroke.
Second, OPN plays a vital role in stimulating
neural plasticity 7 days after stroke instead of
having a neuroprotection effect in acute isch-
emic stroke. We suggest that rOPN greatly
stimulates ipsilateral and contralateral hemi-
sphere neuroplasticity by VgluT1 and SYN
induction, activating pro-survival signals in syn-
apses. Third, OPN-dependent neuroplasticity is
regulated by the OPN/integrin/autophagy sig-
naling pathway. Blockade of integrin receptors
via a competitive ligand binding inhibitor of
GRGDSP abolished the autophagy-activating
and neural plasticity effect of OPN in vivo.

Pathogenic mechanisms following ischemic
stroke are very complex. Many studies demon-
strate that stroke triggers cell injury and death
and leads to neurological dysfunction by induc-
ing excitotoxicity, inflammation, and apoptosis
in the acute phase. However, several reports
show that endogenous plasticity in the peri-
infarct cortex and contralateral hemisphere is
associated with recovery in the subacute pha-
se of stroke [3, 39]. Stroke triggers a transcrip-
tional regrowth scheme during the subacute
phase that stimulates plasticity [28]. This tran-
scriptional scheme is powerful, with hundreds
of neuronal genes with different expressions.
These neuronal genes originate from sprout-
ing neurons in the peri-infarct cortex, which
induces axon guidance, growth factor respons-
es, intracellular growth (e.g., increased expres-
sion of adhesion molecules), and cytoskeletal
remodeling. These induced signaling pathways
in neurons neighboring the infarct result in axo-
nal growth and synapse formation, enabling
projections to adjacent cortical areas after an
ischemic insult. This phenomenon corresponds
to learning and stroke recovery in mouse mod-
els [6, 7, 40]. OPN is an adhesion protein that is
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a remarkably upregulated gene in sprouting
neurons, with a 12-fold increase compared
with the control expression level of nonsprout-
ing neurons. Several studies indicate that OPN
induces neuroprotection via preconditioning or
in the acute phase of stroke [20, 41]. However,
the function of OPN in the remodeling stage
starting several days post-stroke has been
underexplored.

The present study shows that OPN was highly
expressed in neurons 7 days after stroke
(Figure 2). We also observed OPN upregulation
in the patients (Figure 1). To confirm the effect
of the plasticity process in vivo, mice were
intracerebrally injected with rOPN in the ipsilat-
eral hemisphere 7 days after stroke. As expect-
ed, we found that OPN delivery induced a char-
acteristic connection network by increasing
expression of VgIuT1, a presynaptic marker of
most glutamatergic synapses [37, 42]. Fur-
thermore, OPN also increased neural plasticity
in neurons in the sensorimotor cortex of the
contralateral hemisphere. This finding is in
agreement with previous studies showing that
AAV-OPN injected into the unlesioned contralat-
eral cortex induces the projection of corticospi-
nal neurons to the denervated hemisphere
after stroke, promoting functional recovery
from long-term brain injury [32]. Additionally,
SYN is an important synaptic plasticity-relevant
protein that plays a critical role in neurorehabili-
tation after brain injury. We quantitatively mea-
sured SYN protein by western blotting to further
verify the effect of OPN on synaptic plasticity.
The results indicate that OPN upregulated the
expression of SYN, a presynaptic marker. These
data are consistent with previous publications
showing that elevation of SYN is closely related
to enhanced synaptic and protective effects
after stroke. Notably, Li et al. showed SYN
expression downregulation in sprouting neu-
rons [28], which seems paradoxical to the
results of our study. This contradiction may be
interpreted as follows: SYN is a major small
synaptic vesicle protein. It is produced in the
neuronal cell body and anterogradely transport-
ed in the axon to various synapses. During axo-
nal damage, axon transportation is hindered,
and SYN accumulates [43]. When axonal
regrowth occurs, transportation is restored,
leading to a decrease in SYN. In line with our
results, many studies implicate SYN in synapse
regrowth after ischemic stroke, and increased
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SYN expression enhances motor function
recovery [44].

So far, treatment of CNS disease is very difficult
because of the blood-brain barrier. There are
currently three major drug delivery routes to the
CNS: intranasal, intracerebroventricular, and
intracerebral administration. Previous publica-
tions demonstrate that intranasal and intra-
cerebroventricular administration of OPN can
alleviate brain injury [20, 45, 46]. However,
there are several limitations to these delivery
routes. First, the drug is delivered intraventricu-
larly to cerebrospinal fluid, which is separated
from the brain by the ependymal barrier that is
similar to the blood-brain barrier and is difficult
to absorb. Second, intraventricular and intrana-
sal delivery leads to drug diffusing throughout
the whole brain rather than at target areas.
Additionally, intraventricular and intranasal
delivery may elicit neurologic toxicity due to the
wide distribution of the drug in the CNS.
Our study shows that OPN protein was deliv-
ered to the stroke cavity and contributed to
neuronal plasticity in the somatosensory cor-
tex. Furthermore, we showed that rOPN treat-
ment ameliorated functional behavior out-
comes in both cylinder and grid-walking tasks.
Data from the cylinder task showed improved
motor recovery in the rOPN-treated group, and
data from the grid-walking task showed im-
proved coordination and sensory function. In
agreement with a previous study [7], our find-
ings suggest that intracranial delivery of OPN
increased VgluT1 and SYN, which correlated
with functional recovery through upregulated
synaptic density in the functional area of the
cortex and significantly contributed to function-
al improvement.

How could the effect of OPN on morphological
and behavioral outcomes after photothrombo-
sis be regulated? In recent years, accumulating
evidence has focused on the role of autophagy
and its underlying signaling pathway after
stroke [36, 47]. Autophagy is necessary for
neuronal survival and synaptic plasticity [16]. A
previous publication reports that extracellular
matrix molecular dysfunction causes neural
injury and enhances autophagic deficits in neu-
rodegenerative disease, aggravating neuronal
apoptosis [48]. Recent reports demonstrate
that OPN attenuates early brain injury (sub-
arachnoid hemorrhage), possibly by promoting
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autophagy and decreasing apoptosis [49]. On
the other hand, inhibiting neuronal autophagy
is essential for structural recovery and func-
tional activity-dependent synaptic plasticity in
hippocampal neurons [13]. Therefore, we
hypothesize that OPN induces autophagy of
pro-survival neurons and then stimulates neu-
roplasticity in delayed brain injury. Here, we
show that neuroplasticity and neural autopha-
gic activation occur in the ipsilateral penumbra
7 days after ischemic stroke. Intracranial deliv-
ery of OPN promoted neuronal plasticity and
survival and increased the expression of
autophagy-related proteins beclinl and LC3 in
neurons during the subacute phase of stroke.
These results are consistent with previous pub-
lications in which researchers demonstrated
that autophagy was induced in neurons and
downregulated apoptosis in the subacute
phase of stroke [50]. Wang et al. demonstrated
that appropriate autophagy in neurons during
the subacute phase of stroke could cause cell
survival, whereas excessive autophagy exacer-
bates cellular injury following MCAO [51, 52]. It
is probably due to different ischemic stroke
models causing distinct levels of autophagy.
Therefore, our data support the conclusion that
OPN plays a positive role in neuroplasticity,
possibly by activating autophagy in the sub-
acute phase of stroke.

Integrin receptors, including a and 3 subunits,
critically mediate axonal regeneration and syn-
aptic function [53, 54]. Moreover, several
results suggest that the expression and activity
of integrins are associated with a protective
effect of autophagy in brain injury [55, 56]. The
present study shows that OPN can regulate
ITGB1 expression. When OPN and GRGDSP
were co-injected after stroke, neuroplasticity
and autophagy were completely reversed com-
pared with when OPN was injected alone.
Combining the results of earlier publications
with the present results, we suggest that the
ITGB1 receptor may be involved in OPN-integrin-
induced autophagy and neuroplasticity.

Our research has some limitations. First, our
findings indicate that OPN promotes neural
plasticity by activating autophagy. However, we
did not inhibit autophagy via 3-methyladenine
or spautin-1 to investigate morphological and
functional behavior outcomes. Second, many
reports demonstrate that ITGB1 is a major inte-
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grin involved in OPN-integrin signaling. Thus,
our western blotting and immunofluorescence
staining results suggest that ITGB1 is engaged
in OPN-enhanced autophagy and plasticity.
However, we cannot exclude the possibility that
blocking ITGB1 by an integrin antagonist (i.e.,
GRGDSP) may also inhibit other integrin recep-
tors. Moreover, long-term neural repair out-
comes and more precise signaling pathways in
OPN-enhanced autophagy and neuroplasticity
should be investigated in future studies.

Collectively, our research clarifies that OPN
contributes to ischemic stroke by stimulating
neuroplasticity via activating autophagy, possi-
bly through involving ITGB1 in an upstream
modulation pathway. Furthermore, delayed
administration of OPN to enhance autophagy
may be a potential preventive and therapeutic
strategy against ischemic stroke that promotes
neuronal survival and plasticity.
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Figure S1. Co-staining for OPN (green) and IBA1 (red) in sham mice and the peri-infarct area of mice 2, 7, 14, 21,
or 28 days post-stroke, n=6 per group. OPN was localized with IBA1 (microglia marker) (pointed by the white arrow).
Original magnification, 40x. Scale bar: 20 ym.
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Figure S2. Co-staining for OPN (red) and GFAP (green) in sham mice and the peri-infarct area of mice 2, 7, 14, 21,
or 28 days post-stroke, n=6 per group. OPN was not co-localized with GFAP. Original magnification, 40x. Scale bar:
20 ym.
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Figure S3. Additional original western images for relative levels of the OPN protein in the ipsilateral/contralateral
hemisphere.
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Figure S4. Additional original western images for relative levels of the SYN protein in the ipsilateral hemisphere.
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Figure S5. Additional original western images for relative levels of the beclinl protein in the ipsilateral hemisphere.
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Table S1. The statistical data of VgIuT 1 puncta in each biological sample in Ipsilesional cortex for
Figure 5B

Sham Stroke+Saline Stroke+rOPN
N=1 4233 4756 7936
N=2 2511 6952 7802
N=3 2819 5893 7272
N=4 3160 5742 8890
N=5 2132 5021 7268
Mean 2971 5672.8 7833.6
SEM 716.52 768.76 593.76

Table S2. The statistical data of VgIluT 1 puncta in each biological sample in Contralesion cortex for
Figure 5B

Stroke+Saline Stroke+rOPN
N=1 3857 7845
N=2 3825 7632
N=3 4532 7465
N=4 3526 7941
N=5 3632 6958
Mean 3874.4 7568.2
SEM 350.81 347.18
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Figure S6. Additional original western images for relative levels of the SYN protein after OPN treatment.
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Figure S7. Additional original western images for relative levels of the integrin- 31 protein after OPN and GRGDSP
treatment.



Osteopontin protects against ischemic stroke

Stroke  Stroke  Stroke Stroke+GRGDSP
Marker Sham  Stroke  +saline +OPN +GRGDSP +OPN

SYN

Stroke Stroke

Stroke Stroke+GRGDSP

Shamj  Sloke HOPN  +GRGDSP oo

+saline

fack —
. - -

Figure S8. Additional original western images for relative levels of the SYN protein after OPN and GRGDSP treat-
ment.
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Figure S9. Additional original western images for relative levels of the beclinl protein after OPN and GRGDSP treat-
ment.



