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Abstract

Hypoxic-ischemic encephalopathy (HIE) is a serious disease for neonates. However, present
therapeutic strategies are not effective enough for treating HIE. Previous study showed that
mesenchymal stem cells (MSCs) can exert neuroprotective effects for brain damage, but its
mechanism remains elusive. Using in vitro coculture of rat cortical primary neurons and MSCs in
HI conditions, we demonstrated that MSCs help increase brain derived neurotrophic factor
(BDNF) and autophagy markers (LC3I1 and Beclinl) in the cultures and decrease cells death
(lactate dehydrogenase levels). We demonstrated a similar mechanism using an in vivo rat model
of HI in combination with MSCs transplantation. Using a behavioral study, we further showed that
MSCs transplantation into the rat brain after HI injury can attenuate behavioral deficits. Finally,
we found that the increase in BDNF and autophagy related factors after HI injury combined with
MSCs transplantation can be reversed by anti-BDNF treatment and strengthen the point that the
protective effects of BDNF work through inhibition of the mammalin target of rapamycin (mTOR)
pathway. Collectively, we proposed that coculture/transplantation of MSCs after HI injury leads to
increased BDNF expression and a subsequent reduction in mTOR pathway activation that results
in increased autophagy and neuroprotection. This finding gives a hint to explore new strategies for
treating neonates with HIE.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is a common and serious disease with high
mortality and long-term disabilities such as mental retardation, cerebral palsy, seizures, and
learning disabilities [1]. The incidence of HIE is 1-8 per 1,000 live births in the developed
countries and is as high as 26 per 1,000 live births in the underdeveloped countries [2].
However, therapeutic strategies for HIE remain scarce. Hence, developing new treatment
options for neonates that effectively prevent or diminish the development of HIE is
important. To research the pathogenesis and prevention measures of HIE, scientists
established hypoxia-ischemia brain damage (HIBD) animal model to simulate HIE in
clinics.

Autophagy has been reported to participate in the pathogenesis of HIE. Autophagy, a major
intracellular degradation process, is a main pathway for the degradation of abnormal and
aggregated proteins. Autophagy was also acting as a cytoprotective response, especially
under stress or injury conditions such as hypoxia-ischemia [3, 4]. There are many lines of
evidence suggesting that the autophagy pathway is involved in HIBD [5-8]. The induction
of autophagy has been found in both neonatal and adult rodents after HIBD [5, 7, 8]. Ginet
et al. [6] showed increase autophagosomal markers such as LC3 and Beclinl in the dying
neurons of HIE human newborns, which suggests that autophagy might be closely coupled
with HIE pathogenesis. However, whether cellular autophagy could protect neurons and
what are the mechanisms after HIE are not clear.

Previous studies showed that mesenchymal stem cells (MSCs) exert neuroprotective effects
through complex mechanisms, such as secreting neurotrophic factor, angiogenesis,
inhibiting apoptosis, and modulating the immune system [9-12]. MSCs are multipotent stem
cells present in adult bone marrow that are capable of differentiating into various cell types
under the appropriate conditions. Recently, Shin et al. [13] reported that MSCs could exert a
neuroprotective effect by enhancing autophagy in an Alzheimer’s disease model. However,
whether autophagy is regulated in HIBD after MSCs transplantation and the underlying
mechanisms are not clear. Thus, we investigated whether autophagy is involved in the
protective mechanism of MSCs.

Recent studies have reported that one of the protective mechanisms of MSCs was the
secretion of various neurotrophic factors including brain derived neurotrophic factor
(BDNF) and glial cell line-derived neurotrophic factor (GDNF) [14-16]. Furthermore,
BDNF triggers the phosphatidylinositol 3-kinase (P13K)/mammalin target of rapamycin
(mTOR) signaling pathway, which is important in the induction of autophagy [17, 18].
Furthermore, the mTOR signaling pathway is also involved in the regulation of cell death
and survival [18]. Our previous study showed that mTOR induced neuronal apoptosis at 24
hours after HIBD in developing rat brain, suggesting mTOR pathway plays a role in the
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pathogenesis of HIBD [19]. However, whether this pathway exerted its function in HIBD
after MSCs transplantation is not clear. In the present study, we try to evaluate this problem.

Materials and Methods
Culture of MSCs

Bone marrow derived MSCs derived from Sprague-Dawley (SD) rats were purchased from
ScienCell Research Laboratories (Catalog Number: 0133). Fluorescence-activated cell
sorting was performed for the identification of MSCs. MSCs were negative for CD11b,
CD34, CD45 and positive for CD29, CD44, CD90. The MSCs were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(ScienCell, CA, USA) and an antibiotic mixture of penicillin (100 U/ml) and streptomycin
(100 pg/ml). When these cells reached 70%-80% confluence, the cells were trypsinized and
subcultured. Cells were used at passages three to five in the following experiments.

Culture of Primary Neurons

All animal protocols were approved by the Sichuan University Committee on Animal
Research and complied with the ARRIVE guidelines. Primary neurons were prepared from
the cortex of postnatal day 1 SD rats. The whole cerebral cortex was isolated from the
fetuses and cells were dissociated in a trypsin solution (1.25 mg/ml in Hank’s buffered salt
solution) for 10 minutes at 37°C. The cell suspension was centrifuged and resuspended, then
seeded into six-well plates precoated with poly-d-lysine (Sigma, MO, USA, P1149), and
grown in neurobasal medium (Life, CA, USA, 21103-049) with 2% B27 supplement (Life,
17504-044) and 500 pM glutamine (Life, 25030081) in a humidified incubator with 5%
CO, at 37°C.

Cultured cells at day in vitro 7 were exposed to oxygen glucose deprivation (OGD) for 3
hours followed by reoxygenation. To induce OGD, cultured cells were gently washed twice
with phosphate-buffered saline (PBS) and were then placed in DMEM without glucose
(Life, 11966-025). Cells were exposed to hypoxia (95% N2/5% CO2) at 37°C in an airtight
chamber for 3 hours. After 3 hours of OGD treatment, the cell culture medium was changed
back to normal neurobasal medium and the cells were returned to the 5% CO,, 37°C
incubator.

Coculture of Primary Neurons and MSCs

To test the effects of coculturing of primary neurons and MSCs without cell contact, primary
neurons were plated on transwell bottoms at a density of 4.0 x 104 cells/cm? (Corning,
3412) and MSCs were plated in transwell inserts at a density of 1.0 x 10* cells/cm? 24 hours
before OGD. Primary neurons cocultured with MSCs were collected for assays 6, 12, and 24
hours after OGD. To investigate the protective effects of MSC-secreted BDNF on neurons,
20 pg/ml anti-BDNF neutralizing antibody (Millipore, MA, USA, AB1513P) was added to
transwell bottoms 24 hours before OGD. The primary neurons were then collected for
assays 24 hours after OGD. 3-methyladenine (3-MA) (M9281, Sigma) is an autophagy
specific inhibitor. To test whether MSCs induces autophagy, 10 nm 3-MA was added to
transwell bottoms 24 hours before OGD. Bafilomycin Al (B1793, Sigma) is an autophagic
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flux inhibitor blocking the autophagosome-lysosome fusion, which is commonly used in
research of autophagy flux. To test whether MSCs induces autophagic flux, 10 nm
bafilomycin A1 was added to transwell bottoms 24 hours before OGD. The primary neurons
were then collected for assays 24 hours after OGD.

Detection of Lactate Dehydrogenase

Lactate dehydrogenase (LDH) release from primary neurons cocultured with MSCs 0, 24,
48 hours before OGD was determined with an LDH detection kit (Roche, NJ, USA,
04744926001) as an index of cytotoxicity. The primary neurons were then collected for
assay 24 hours after OGD. The assay procedure was performed according to the instructions
included in the kit.

Enzyme-Linked Immunosorbent Assay

To determine the secretion of the BDNF protein by MSCs, BDNF levels in the culture
supernatants of the bottom chamber of the transwell were measured by using a commercial
enzyme-linked immunosorbent assay (ELISA) kit (Millipore, CYT306) according to the
manuscript’s instructions 24 hours after OGD. The absorbance at 450 nm was measured
with a microplate reader (Bio-Rad, CA, USA).

Animal Model of HIBD

Seven-day-old SD rats were purchased from the Medical Animal Center of Sichuan
Province. Neonatal HIBD model was established as described before [20]. Briefly, the rats
were anesthetized by ether and subjected to ischemia with their right common carotid artery
permanently double ligated and sliced in the middle. After recovery for 1 hour, the rats were
exposed to hypoxia (8% O, 92% N5) at 37°C for 2 hours and then returned to their cage.
The sham rats were only subjected to isolation and stringing of the vessels without occlusion
and subsequent ischemia.

MSCs Administration in Animals

Twenty-four hours after HIBD, 2 x 10° MSCs in 5 pl PBS or PBS alone were transplanted
into the ipsilateral hemisphere at 2.0 mm anterior and 2.0 mm lateral to bregma, and 2.0 mm
deep to the dural surface, using a 5 ul Hamilton syringe [21]. The rats were sacrificed 12, 24,
48 hours after MSCs transplantation, and their ipsilateral cortexes were collected for the
following experiments.

MSCs Tracking

Twenty-four hours after HIBD, 2 x 10° MSCs were labeled with PKH-26 red fluorescent
cell linker kit (Sigma-Aldrich) and were transplanted into the ipsilateral hemisphere. The
rats were sacrificed 2, 7 days after MSCs transplantation and perfused intracardially with
PBS followed by 4% paraformaldehyde in 0.1 mol/l PBS (4% paraformaldehyde). The
brains were cut consecutively into 60-um coronal sections. Then, one of every six sections
were collected and stained with 4”,6-diamidino-2-phenylindole (DAPI, 1:500, Sigma,
D9542) for nuclei staining. Images were taken using a confocal laser scanning microscope

Stem Cells. Author manuscript; available in PMC 2019 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zheng et al. Page 5

(Olympus FV1000, Tokyo, Japan). The number of transplanted MSCs was quantified using
average fluorescence intensity by confocal laser scanning microscope.

Anti-BDNF Neutralizing Antibody Administration in Animals

To investigate the protective effects of MSC-secreted BDNF on neurons, 1 pg anti-BDNF
neutralizing antibody (Millipore, AB1513P) or PBS was administered 1 hour after HIBD.
The anti-BDNF neutralizing antibody or PBS alone was transplanted into the ipsilateral
hemisphere at 2.0 mm anterior and 2.0 mm lateral to bregma, and 2.0 mm deep to the dural
surface, using a 5 pl Hamilton syringe. Twenty-four hours after HIBD, 2 x 105 MSCs in 5 l
PBS or PBS alone were transplanted into the ipsilateral hemisphere. Forty-eight hours after
HIBD, the rats were sacrificed, and their ipsilateral cortexes were collected.

Recombinant BDNF Administration in Animals

To investigate whether BDNF enhance autophagy, recombinant BDNF (0.05 ug, 0.25 ug)
(Peprotech, NJ, USA, AF-450-02) was administered into the ipsilateral hemisphere 24 hours
after HIBD [22]. Forty-eight hours after HIBD, the rats were sacrificed and their ipsilateral
cortexes were collected.

Morris Water Maze

The morris water maze was carried out 4 weeks after MSCs transplantation [23]. The morris
water maze was undertaken to investigate the impact of transplantation on HIBD-induced
spatial memory impairment as described previously [24]. Briefly, the spaced training
protocol was performed for five successive days. On each day, the rats received four
consecutive training trials during which the hidden platform was kept in a constant location.
A different starting location was used for each trial, which consisted of a swim followed by a
30 seconds platform sit. Any rat that could not find the platform within 60 seconds was
guided to it by the experimenter. Memory retention was evaluated in a 60 seconds probe trial
performed in the absence of the escape platform 24 hours after the last training session.

Tissue Preparation

The pups were deeply anesthetized at the indicated times. For the Western blot analysis,
their brains were rapidly removed and stored at -70°C. For H&E staining and
immunofluorescence, the brains of the pups were perfusion-fixed with 4% PFA, postfixed
with 4% PFA at 4°C for 24 hours, and then embedded in 3% agarose in ddH»O. The brains
were cut into coronal sections and mounted on poly-L-lysine-coated slides.

H&E Staining

Forty-one days after HIBD, the brains were rapidly removed and used for H&E staining.
After routine deparaffinization, the sections were stained with hematoxylin for 5 minutes
and dyed with eosin for 5 minutes. Alcohol, dimethylbenzene, and neutral gum were
separately used for dehydration, hyalinization, and sealing in sequence. A Leica inverted
optical microscope was used to capture images (Leica, Germany).
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Western Blot

For Western blot, cocultured primary neurons or brains were harvested and extracted using
lysis buffer containing protease inhibitors. Equal amounts of protein (50 ug) were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes (Roche, 03010040001). The membranes were blocked
and incubated overnight with primary antibodies against BDNF (1:1,000, Sigma, AV41970),
p62 (1:1,000, CST, 5114), LC3 (1:1,500, Novus Biological, NB100-2220), Beclinl
(1:1,000, CST, 3738S), mTOR (1:1,000, CST, 2983S), phosphorylated-mTOR (1:1,000,
CST, 2971S), cleaved caspase-3 (CC3, 1:1,000, CST, 9661), or p-actin (1:1,000, CST,
4967), washed and incubated with secondary antibodies (1:3,000, Zymed Laboratories,
sc11427). Immunoreactive bands were visualized using enhanced chemiluminescence
(Millipore, WBKLS0100). The band intensity was analyzed using Photoshop software.

Immunofluorescence Staining

Primary neurons on slides or in brain sections were treated with 0.3% (vol/vol) Triton
X-100, blocked with 10% (vol/vol) serum, incubated with antibodies against LC3 (1:200,
Novus Biological, NB100-2220) and NeuN (1:500, Millipore, MAB377), and then
incubated with secondary antibodies conjugated to DyL ight 488 or Cy3 (1:500, Millipore,
AP124JD, AP132C). After DAPI staining, the slides were observed using a confocal laser
scanning microscope (Olympus FVV1000, Tokyo, Japan). Digital images were captured with
FV10-ASW-3.1 software. The purity of neurons was measured by staining with NeuN using
immunofluorescence staining.

Electron Microscopy

Statistics

The pups were intracardially perfused with 2.5% glutaraldehyde and 2% paraformaldehyde
in cacodylate buffer (0.1 mol/l, pH 7.4). The brains were postfixed overnight at 4°C in the
same fixative. The brains and cultured primary neurons were rinsed in 1% osmium tetroxide,
dehydrated in an acetone series, infiltrated in Epon 812 for a longer period, and embedded.
Ultrathin sections were stained with methylene blue, and ultrathin sections were cut with a
diamond knife and stained with uranyl acetate and lead citrate. The sections were examined
with a transmission electron microscope (HITACHI, H-6001V, Japan). Neuronal autophagy
was quantified by the total number of autophagosomes.

The data are presented as the mean + SEM and were analyzed using SPSS version 17.0.
Student’s ftest was used to compare two groups. An analysis of variance with Fisher’s post
hoc test was used to compare more than two groups. p<.05 was accepted as statistically
significant.
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Results
MSCs Reduced LDH and Increased BDNF in Neurons Following OGD Treatment

NeuN is a specific neuronal marker. We first detected NeuN-positive cells through
immunofluorescent staining. We found that NeuN-positive cells were above 95% in the
culture, suggesting most of the cells in the culture are neurons (Fig. 1A).

To evaluate the effects of MSCs on primary neurons, neurons were cocultured with MSCs
for 0, 24, 48 hours prior to OGD treatment. LDH is used as a marker of cell death. LDH was
significantly reduced in the medium of the MSCs coculture group compared with the non-
coculture group, especially at 24 hours prior to OGD (Fig. 1B). Therefore, we used neurons
cocultured with MSCs 24 hours prior to OGD in the following assays.

To evaluate whether MSCs secret BDNF, BDNF level in the medium was detected by
ELISA. Neurons cultured in vitro on day 7 without OGD treatment nor cocultured with
MSCs were used as control group. The anti-BDNF antibody group is a group that anti-
BDNF neutralizing antibody was added to the medium of the MSCs coculture group 24
hours before OGD. ELISA showed that the BDNF level was higher in the medium of the
OGD group than that in the control group. The BDNF level was also higher in the medium
of the MSCs coculture group than that in the non-coculture group after OGD treatment. The
BDNF level was not different between the MSCs coculture group and the anti-BDNF
antibody group (Fig. 1C).

MSCs Enhanced Autophagy in Neurons Following OGD Treatment

To evaluate whether MSCs enhanced neuronal autophagy after OGD treatment, we detect a
specific autophagy marker LC3-positive neurons by immunofluorescent staining. We found
that LC3-positive neurons were increased in the MSCs coculture group compared with the
non-coculture group at 24 hours after OGD treatment (Fig. 1D, 1E). Then, autophagy
specific proteins such as LC3II and Beclinl were detected by Western blot. It showed that
the expression of LC3I1 and Beclinl was higher in the MSCs coculture group than that in the
non-coculture group at 6, 12, and 24 hours after OGD, especially at 24 hours after OGD
(Fig. 1F). In addition, 3-MA treatment decreased LC3lII level, whereas bafilomycin Al
treatment increased LC3I1 level (Fig. 1G).

MSCs Enhanced Autophagy by Secreting BDNF in Neurons Following OGD Treatment

To clarify the effects of BDNF on neuronal autophagy after OGD treatment, anti-BDNF
antibody was added to the coculture medium. Western blot analysis showed that anti-BDNF
antibody significantly reduced the expression of LC3I1 and Beclinl in neurons. To clarify
the signaling pathway involved in autophagy caused by BDNF, we evaluate roles of mTOR
signaling pathway. We found that p-mTOR/mTOR expression was significantly lower in the
MSCs coculture group than that in the anti-BDNF antibody group (Fig. 2A). In addition, we
also found that p62 and CC3 expression were significantly lower in the MSCs coculture
group than that in the anti-BDNF antibody group (Fig. 2A).
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Immunofluorescence staining showed that LC3-positive neurons were increased in the
MSCs coculture group compared with the non-coculture group or the anti-BDNF antibody
group (Fig. 2B, 2C).

Morphometric ultrastructural analyses also showed that autophagosomes were increased in
the OGD group compared with the control group. Moreover, the autophagosomes were
increased in the MSCs coculture group compared with the OGD group or the anti-BDNF
antibody group (Fig. 2D, 2E).

MSCs Transplantation Has Neuroprotective Effects on Rats with HIBD

Experimental procedural timeline was shown in Figure 3A. Rats were subjected to HI insult
at P7, and then they were received MSCs transplantation at P8. The rats were sacrificed, and
their ipsilateral cortexes were collected for immunofluorescent staining, Western blot and
electron microscopy at P9. PKH26 staining was done at P10 and P15. The morris water
maze was examined at P36. H&E staining was performed at P41.

To explore the neuroprotective effects of MSCs on rats with HIBD, we detect the
distribution and migration of MSCs in the brain area after transplantation. PKH26 is a kind
of red fluorescent general cell linker and it was used for membrane labeling for stem cells in
the present study. MSCs were labeled with PKH-26 and then transplanted into the ipsilateral
hemisphere. Immunofluorescent staining showed that the PKH-26-labeled MSCs (red) were
in the lateral ventricle and migrated out of the ventricle to the hippocampus 2 days after
MSCs transplantation (Fig. 3B). The PKH-26-labeled MSCs were observed in the cortex 7
days after MSCs transplantation. These findings suggest that MSCs have been transplanted
into brain tissues and can migrate to different areas of the brain.

Next, we conducted the morris water maze to evaluate the neuroprotective effects of MSCs
on rats with HIBD. The morris water maze revealed that the MSC-transplanted group
showed a significantly faster latency of swimming over the platform location than the HIBD
group from postnatal day 38 to postnatal day 40. Furthermore, the MSC-transplanted group
showed more platform crossings than the HIBD group (Fig. 3C).

In addition, we used H&E staining to evaluate the neuroprotective effects of MSCs on rats
with HIBD. H&E staining showed that the neurons arrangement was disordered in the HIBD
group, with a large number of neurons appearing shrunken with nuclear pyknosis, whereas
MSCs transplantation markedly ameliorated these pathological changes (Fig. 3D).

MSCs Transplantation Enhanced Neuronal Autophagy in Rats with HIBD

Furthermore, we evaluated whether MSCs increased the induction of autophagy in the HIBD
model. The expression of LC3IIl and Beclinl was significantly higher in the MSC-
transplanted group than that in the HIBD group at 12, 24, 48 hours after MSCs
transplantation (Fig. 4). These data indicate that MSCs enhanced neuronal autophagy
induction in the HIBD model. In addition, the expression of BDNF was significantly higher
in the MSC-transplanted group than that in the HIBD group at 12, 24, 48 hours after MSCs
transplantation (Fig. 4).
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BDNF Enhanced Autophagy in Rats with HIBD

To evaluate whether BNDF enhanced autophagy, we administered recombinant BDNF in the
HIBD model. Western blot showed that BDNF, LC3I1, and Beclinl were significantly higher
in the BDNF-treated group (0.25 ug BDNF) than that in the HIBD group (Fig. 5A).
Immunofluorescent staining showed that LC3-positive neurons were increased in the BDNF-
treated group (0.25 ug BDNF) compared with the HIBD group (Fig. 5B, 5C). These data
showed that BDNF enhanced autophagy in rats with HIBD.

MSCs Enhanced Autophagy by Increasing BDNF in Rats with HIBD

To further prove the neuroprotective mechanism of MSCs is related to BDNF production, we
pretreated rats with anti-BDNF antibody to block BDNF. The expression of LC3I1 and
Beclinl was lower whereas p-mTOR/mTOR was significantly higher in the MSCs with anti-
BDNF antibody pretreatment group than that in the MSCs with PBS pretreatment group
(Fig. 6A). Immunofluorescence staining confirmed that LC3-positive neurons were reduced
in the MSCs with anti-BDNF antibody pretreatment group compared with the MSCs with
PBS pretreatment group (Fig. 6B, 6C). Electron microscopy also revealed that
autophagosomes were reduced in the MSCs with anti-BDNF antibody pretreatment group
compared with the MSCs with PBS pretreatment group (Fig. 6D). These data indicate that
MSCs enhance autophagy induction by increasing BDNF in the HIBD model.

Discussion

In the present study, we found for the first time that MSCs transplantation significantly
attenuates neuronal damage by enhancing neuronal autophagy through BDNF/mTOR
signaling pathway after hypoxia-ischemia.

Autophagy has been found to play roles in many fundamental biological processes including
aging, development, immunity, tumorigenesis, and cell death [25-28]. Autophagy maintains
cellular homeostasis under basal conditions. It also can be activated under conditions such as
hypoxia, excitotoxicity, starvation, stress, and neurodegeneration [29-33]. It has been
suggested that autophagy is an adaptive mechanism that helps maintain cellular homeostasis
during the early stage of disease in response to cellular stress. However, in some cases,
paradoxically, autophagy may be deleterious [34-36]. Therefore, autophagy can function as
both a prosurvival and a pro-death mechanism.

Recent studies suggest that there may be a link between autophagy and brain damage [5-8].
Autophagosomes have been found in HIBD model in the adult and developing rats [5, 7, 8].
LC3, an important autophagy marker, has also been found to be increased in the HIBD
model [5-8]. Consistently, we found that autophagosomes and LC3I1 were increased in the
HIBD model, which suggests that autophagy play an important role in HIBD. Recent studies
have shown that induction of autophagy can produce neuroprotective effects [37-40].
Therefore, a therapeutic strategy to enhance autolysosome induction may be an important
pharmacological target in HIBD.

Currently, MSCs treatment is thought to be a potent therapeutic strategy for some diseases
such as adult stroke, traumatic brain injury, and Alzheimer’s disease [41-43]. The possible
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mechanisms involved including secreting neurotrophic factor, promoting angiogenesis,
inhibiting apoptosis, modulating the immune system and chemoattraction [9-12, 44].
Moreover, MSCs could exert neuroprotective effects by enhancing autophagy in an
Alzheimer’s disease model [13]. However, the mechanism is unclear. Interestingly, our study
showed that LDH release was reduced in neurons cocultured with MSCs after hypoxia-
ischemia in vitro. Consistently, we found that MSCs transplantation significantly reduced
brain damage and improved motor impairment in vivo. These findings indicate that MSCs
can protect neurons from HIBD. In addition, we found that MSCs can migrate out of the
lateral ventricle to other areas of the brain, which is consistent with previous study that the
chemoattraction of MSCs may guide MSCs home to the ischemic lesion site [44]. Further
study showed that MSCs transplantation induced autophagosomes both in vitro and in vivo
after hypoxia-ischemia stimulation. This increasing of autophagosomes is in parallel with
the decreasing of LDH and brain damage. In addition, we found autophagy inhibitor 3-MA
treatment decreased LC3lII level while autophagosome-lysosome inhibitor bafilomycin Al
treatment increased LC3I1 level. These findings suggest that MSCs play a neuroprotective
role by increasing autophagy after HIBD. However, the protective mechanisms need to be
clarified.

Previous reports have demonstrated that one of the protective mechanisms of MSCs is the
secretion of various factors, including neurotrophins such as BDNF and GDNF [14-16].
BDNF is a member of the mammalian neurotrophin family, which has been demonstrated to
be a potent growth factor that is beneficial to adult stroke [45]. In this study, we found that
BDNF levels were higher in the neuronal medium cocultured with MSCs than those without
MSCs. These are in line with previous studies that MSCs could secret BDNF [14, 15].
Moreover, BDNF was also found to be higher in the neurons cocultured with MSCs. Thus,
we think that MSCs could secret BDNF, which may be benefit for neuroprotection in HIBD
model.

It was reported that BDNF can trigger three enzymes, mitogen-activated protein kinase,
PI3K, and phospholipase C-y [17]. The PI3K signaling pathway is upstream of mTOR,
which is important in the induction of autophagy. It has been shown that the activation of the
mTOR signaling pathway may promote necrotic cell death via regulation of apoptosis and
autophagy [18, 19]. Increased mTOR activity is seen in an Alzheimer’s disease model and
related with the abnormal proteins accumulated caused cognitive impairments. Inhibit
mMTOR activity could reverse cognitive impairments in the Alzheimer’s disease model and
decrease abnormal proteins accumulated by inducing autophagy [46]. However, whether the
mTOR signaling pathway is involved in the HIBD model is not clear. In the present study,
we found that BDNF, LC3I1, and Beclinl levels were increased with MSCs treatment and
decreased with anti-BDNF treatment. In addition, recombinant BDNF injection in vivo
showed that recombinant BDNF can enhance autophagy. These findings suggest that MSCs
could enhance autophagy in neurons by increasing BDNF level. We also found that p-
mTOR/MTOR expression was significantly decreased with MSCs treatment. Furthermore,
this decreasing could be reversed by anti-BDNF treatment. These findings suggest that the
mMTOR signaling pathway is involved in BDNF mediated neuronal autophagy after HIBD. In
addition, we found that CC3 expression was significantly decreased with MSCs treatment in
vitro and in vivo, suggesting that the BDNF/mTOR signaling pathway might be also
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involved in regulating neuronal apoptosis after HIBD, the exact mechanism need to be
further examined.

Conclusion

The present study found that MSCs exert neuroprotective effects by enhancing autophagy
through BDNF/mTOR signaling pathway in the rat model of HIBD. This finding gives a hint
to explore new strategies for treating neonates with HIE in clinic.
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Significance Statement

The present study found that mesenchymal stem cells (MSCs) exert neuroprotective
effects by enhancing autophagy through brain-derived neurotrophic factor/mammalin
target of rapamycin signaling pathway in the rat model of hypoxia-ischemia brain
damage. It was built on what is known in the field of HI injury/MSC protective
properties/autophagy and added novelty by filling gaps of missing knowledge about
specific pathways and mechanisms of action in the brain. Result of this study gives a hint
to explore new strategies for treating neonates with hypoxic-ischemic encephalopathy in
clinic.

Stem Cells. Author manuscript; available in PMC 2019 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zheng et al.

Page 15

LOH (mU/mL)
BONF (pg/mi)

o 2

Goés%e“ I a"" o° e" o"‘go"" e Sy
R S SS o
o o i oe" oy RIS

DAPI NeuN Merge

- ----
o DGD----
Neurons+MSCs
+0GD

F 6h 12h 24h

BONF| e —— —— —
e T
Leai| —

Beclin1 - e- e R - O,

'/-LCGONeuN'INnuN' cells

BONF/-actin ratio

-aCHDN | e ———— ——

[ o
L
#E S B S S °"x"° s
o e‘° o o o & 5% o oS <°°@
oo et RS g

&°

6h 12h 24h 6h 12n 28h

LC3Ip-actin ratio
5
Beclini/B-actin ratio

0.

o
o° P P o o o
o 5 ,°° Pt SO P “,0" ~

@ Y & W
& & S (&
«‘@:;(,o‘\ov ‘\.%,0 < xw“‘e@;ewe““p;{,o‘w" Qp;::
G 20
LC3I | i . 4 — &
LCBI | . e —’ 157

Bactin| e e——— —

LC3IUB-actin ratio

Figure 1.
MSCs have neuroprotective effects on neurons following OGD treatment by enhancing

autophagy. (A): Immunofluorescent staining of NeuN (red) and quantitative analyses of
NeuN positive cells. The NeuN-positive neurons were above 95% in the culture. (B): LDH
was detected in the neuronal medium following OGD treatment. LDH was significantly
reduced in the neuronal medium cocultured with MSCs (0, 24, 48 hours prior to OGD
treatment) compared with the non-coculture group. (C): The BDNF level in the neuronal
medium was detected by enzyme-linked immunosorbent assay 24 hours after OGD
treatment. Neurons cultured on day in vitro 7 without OGD treatment nor cocultured with
MSCs were used as control group. The anti-BDNF antibody group is a group that anti-
BDNF neutralizing antibody was added to the medium of the MSCs coculture 24 hours
before OGD. The BDNF level was higher in the medium of the OGD group than that in the
control group. The BDNF level was also higher in the medium of the MSCs coculture group
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than that in the non-coculture group after OGD treatment. The BDNF level was not different
between the MSCs coculture group and the anti-BDNF antibody group. (D, E):
Immunofluorescent staining and quantitative analyses of NeuN (red) and LC3 (green) and
quantitative analyses of LC3 positive neurons. LC3-positive neurons were increased in the
MSCs coculture group compared with the non-coculture group at 24 hours after OGD
treatment. Scale bar = 40 um. (F): Representative Western blot and quantitative analyses of
BDNF, LC3II, and Beclinl. Results are presented as the ratio of BDNF, LC3II, and Beclinl
normalized to B-actin. The expression of BDNF, LC3II, and Beclinl was higher in the MSCs
coculture group than that in the non-coculture group at 6, 12, and 24 hours after OGD
treatment, especially at 24 hours after OGD treatment. (G): Representative Western blot and
quantitative analyses of LC3II in neurons. Results are presented as the ratio of LC3II
normalized to B-actin. The expression of LC3I1 was higher at 24 hours after OGD treatment
when compared the OGD group with the control group, the MSCs coculture group with the
non-coculture group, and 3-MA treatment further decreased LC3II level while bafilomycin
Al treatment increased LC3I1 level. Values are expressed as mean + SEM, n= 8. *, p<.05,
** 0<.01 for the non-coculture group versus the control group; #, p<.05, ##, p<.01 for the
MSCs coculture group versus the non-coculture group; $, p<.05 for the MSCs coculture
group with 3-MA treatment versus the MSCs coculture group; &, p<.05 for the MSCs
coculture group with bafilomycin Al treatment versus the MSCs coculture group.
Abbreviations: BDNF, brain derived neurotrophic factor; DAPI, 4’,6-diamidino-2-
phenylindole; LDH, lactate dehydrogenase; MSCs, mesenchymal stem cells; OGD, oxygen
glucose deprivation.
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Figure 2.
MSCs enhanced neuronal autophagy by secreting BDNF following OGD treatment. (A):

Representative Western blot and quantitative analyses of BDNF, mTOR, p-mTOR, p62,
LC3Il, Beclinl, and CC3 in neurons. Neurons cultured on day 7 without OGD treatment nor
cocultured with MSCs were used as control group. The expression of BDNF, LC3lIl, and
Beclinl was higher in the OGD group than that in the control group at 24 hours after OGD
treatment. The expression of BDNF, LC3II, and Beclinl was higher whereas p-mTOR/
mMTOR, p62, CC3 was lower in the MSCs coculture group than that in the non-coculture
group or the anti-BDNF antibody group. (B, C): Immunofluorescent staining and
quantitative analyses of NeuN (red) and LC3 (green). Neurons cultured on day 7 without
OGD treatment nor cocultured with MSCs were used as control group. LC3-positive
neurons were increased in the OGD group compared with the control group at 24 hours after
OGD treatment. LC3-positive neurons were also increased in the MSCs coculture group
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compared with the non-coculture group or the anti-BDNF antibody group. Scale bar = 40
um. (D, E): Neuronal autophagy observed by electron microscopy was quantified by
counting total number of autophagosomes. Data represent 6 rats per culture and 20 fields/
section. It showed that autophagosomes were increased in the OGD group compared with
the control group at 24 hours after OGD treatment. Autophagosomes were also increased in
the MSCs coculture group compared with the OGD group or the anti-BDNF antibody group.
Scale bar = 1 pm. Values are expressed as mean + SEM, 7= 6. *, p<.05, **, p<.01 for the
non-coculture group versus the control group; #, p<.05, ##, p<.01 for the MSCs coculture
group versus the non-coculture group; $, p<.05 for the anti-BDNF antibody group versus the
MSCs coculture group. Abbreviations: BDNF, brain derived neurotrophic factor; DAPI, 4”,
6-diamidino-2-phenylindole; MSCs, mesenchymal stem cells; mTOR, mammalin target of
rapamycin; OGD, oxygen glucose deprivation; p-mTOR, phosphorylated-mTOR.
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Figure 3.
MSCs transplantation has neuroprotective effects on rats with HIBD. (A): Experimental

procedural timeline was shown. Rats were subjected to HI insult at P7, and then they were
received MSCs transplantation at P8. The rats were sacrificed, and their ipsilateral cortexes
were collected for immunofluorescent staining, Western blot and electron microscopy at P9.
PKH26 staining was done at P10 and P15. The morris water maze was examined at P36.
H&E staining was performed at P41. (B): Immunofluorescent staining showed that the
PKH-26-labeled MSCs were in the lateral ventricle and migrated out of the ventricle to the
hippocampus 2 days after MSCs transplantation. The PKH-26-labeled MSCs were observed
in the cortex 7 days after MSCs transplantation. (C): The morris water maze was tested in
the rats. The sham rats were only subjected to isolation and stringing of the vessels without
occlusion and ischemia. The sham group showed a significantly faster latency of swimming
over the platform location than the HIBD group or the MSC-transplanted group from
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postnatal day 37 to postnatal day 39. The MSC-transplanted group showed a significantly
faster latency of swimming over the platform location than the HIBD group from postnatal
day 38 to postnatal day 40. Furthermore, the HIBD group showed fewer platform crossings
than the sham group or MSC-transplanted group, while there was no difference between the
sham group and the MSC-transplanted group. (D): H&E staining in the rats. H&E staining
showed that neurons in the cortex were arranged orderly with complete cell structures in the
sham group. The neurons arrangement was disordered, and a large number of neurons
appeared shrunken with nuclear pyknosis in the HIBD group. MSCs transplantation
markedly ameliorated these pathological changes. Scale bar = 50 um. Values are expressed
as mean + SEM, n7= 15 for morris water maze, 17 = 8 for H&E staining. *, p<.05, **, p<.01
for the MSC-transplanted group or the HIBD group versus the sham group; #, p<.05 for the
MSC-transplanted group versus the HIBD group. Abbreviations: HIBD, hypoxia-ischemia
brain damage; MSCs, mesenchymal stem cells; PBS, phosphate-buffered saline.
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Figure4.
MSCs enhanced neuronal autophagy in rats with hypoxia-ischemia brain damage (HIBD).

Representative Western blot and quantitative analyses of BDNF, LC3II, and Beclinl. Results
are presented as the ratio of BDNF, LC3II, and Beclinl normalized to p-actin. The
expression of BDNF, LC3lII, and Beclinl protein was significantly higher in the cortex of
HIBD group than that in the sham group at 12, 24, 48 hours after MSCs transplantation. The
expression of BDNF, LC3lII, and Beclinl protein was significantly higher in the cortex of
MSC-transplanted group than that in the HIBD group at 12, 24, 48 hours after MSCs
transplantation. Values are expressed as mean = SEM, n= 6. *, p<.05, **, p<.01 for the
HIBD group versus the sham group; #, p<.05 for the MSC-transplanted group versus the
HIBD group. Abbreviations: BDNF, brain derived neurotrophic factor; MSCs, mesenchymal
stem cells; PBS, phosphate-buffered saline.

Stem Cells. Author manuscript; available in PMC 2019 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zheng et al.

Page 22

A

BONF| o o o o c—
LC3I | e s
|t & ¢ |

BeCN| e e e e s

B-aCHN e w— — — —

BONF/B-actin ratio

Beclini/-actin ratio

] o
& §
& 3
& &
<+

&
& &
S
¥

Figure5.
BDNF enhanced autophagy in rats with hypoxia-ischemia brain damage (HIBD). (A):

Representative Western blot and quantitative analyses of BDNF, LC3I1, and Beclinl. The
expression of BDNF, LC3II, and Beclinl protein was significantly higher in the cortex when
compared the HIBD group with the sham group, BDNF-treated (0.25 ug BDNF) group with
the HIBD group, and the MSC-transplanted group with the HIBD group. (B, C):
Immunofluorescent staining and quantitative analyses of NeuN (red) and LC3 (green). LC3-
positive neurons were increased in the cortex when compared the HIBD group with the
sham group, the BDNF-treated (0.25 pg BDNF) group with the HIBD group, and the MSC-
transplanted group with the HIBD group. Scale bar = 50 um. Values are expressed as mean +
SEM, n=6.*, p<.05 for HIBD group or BDNF-treated group (0.05 pug) versus the sham
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group; #, p<.05 for BDNF-treated group (0.25 g) or the MSC-transplanted group versus the
HIBD group. Abbreviations: BDNF, brain derived neurotrophic factor; DAPI, 4’ ,6-
diamidino-2-phenylindole; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline.
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Figure 6.
MSCs enhanced autophagy by increasing BDNF in rats with hypoxia-ischemia brain

damage (HIBD). (A): Representative Western blot and quantitative analyses of BDNF,
MTOR, p-mTOR, p62, LC3II, Beclinl, and CC3. The expression of BDNF, LC3lII, and
Beclinl was significantly higher whereas p-mTOR/mTOR, p62, and CC3 was lower in the
cortex when compared the HIBD group with the sham group, the MSC-transplanted group
with the HIBD group, the MSCs plus PBS pretreatment group with the MSCs plus anti-
BDNF antibody pretreatment group. (B, C): Immunofluorescence staining and quantitative
analyses of for NeuN (red) and LC3 (green). LC3-positive neurons were increased in the
cortex when compared the HIBD group with the sham group, the MSC-transplanted group
with the HIBD group, the MSCs plus PBS pretreatment group with the MSCs plus anti-
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BDNF antibody pretreatment group. Scale bar = 50 um. (D, E): Neuronal autophagy
observed by electron microscopy was quantified by counting total number of
autophagosomes. Data represent 4 rats per group, 3 section per rats; 20 fields/section. It
showed that autophagosomes were increased in the cortex when compared the HIBD group
with the sham group, the MSC-transplanted group with the HIBD group, the MSC-
transplanted group with the MSCs plus anti-BDNF antibody pretreatment group. Scale bar =
1 um. Values are expressed as mean £ SEM, n=6. *, p<.05 for HIBD group versus the sham
group; #, p<.05 for the MSC-transplanted group versus the HIBD group; $, p<.05 the MSCs
with PBS pretreatment group versus the MSCs with anti-BDNF antibody pretreatment
group. Abbreviations: BDNF, brain derived neurotrophic factor; DAPI, 4’ ,6-diamidino-2-
phenylindole; MSCs, mesenchymal stem cells; mTOR, mammalin target of rapamycin; p-
MTOR, phosphorylated-mTOR; PBS, phosphate-buffered saline.
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