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1 | INTRODUCTION

Abstract

Autophagy, including mitophagy, is critical for neuroprotection in traumatic brain injury
(TBI). Transplantation of mesenchymal stem cells (MSCs) provides neuroprotection and
induces autophagy by increasing anti-inflammatory cytokines, such as interleukin-10
(IL-10). To evaluate these effects of IL10 that are released by MSCs, we genetically
engineered MSCs to overexpress IL10 and compared their effects to unaltered MSCs
following transplantation near the site of induced TBIs in rats. Adult, male Sprague-
Dawley rats were divided into four groups: Sham + vehicle, TBI + vehicle, TBI + MSCs-
IL-10 and TBI + MSCs-GFP. Thirty-six hours post-TBI, the first two groups received
vehicle (Hanks balance salt solution), whereas last two groups were transplanted with
MSCs-1L-10 or MSCs-GFP. Three weeks after transplantation, biomarkers for neurode-
generative changes, autophagy, mitophagy, cell death and survival markers were meas-
ured. We observed a significant increase in the number of dead cells in the cortex and
hippocampus in TBI rats, whereas transplantation of MSCs-1L-10 significantly reduced
their numbers in comparison to MSCs alone. MSCs-1L-10 rats had increased autophagy,
mitophagy and cell survival markers, along with decreased markers for cell death and
neuroinflammation. These results suggest that transplantation of MSCs-IL-10 may be

an effective strategy to protect against TBIl-induced neuronal damage.
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Although several studies have been conducted to investigate the

pathophysiology and molecular events involved in neuronal injury in

Traumatic brain injury (TBI) is a debilitating health problem, affecting
millions of people each year.l'2 Any strong impact to the head can
result in a TBI,%® leading to brain damage, with subsequent motor,
sensory, psychological and cognitive dysfunctions.* Importantly, the
damage may last for months, years or even the rest of the person's
life.>¢

TBI,”? they are still not clearly understood. Inflammation is one of the
main causes of neuronal damage in TBI.1>!! Interestingly, during TBI,
M1-subtype of microglia becomes activated, which releases signifi-
cant amount of pro-inflammatory cytokines, such as tumour necrosis
factor-a (TNF-a), interferon gamma (IFN-y), IL-1p, IL-6, IL-12 12 and re-
active oxygen species (ROS), that disrupt the blood brain barrier (BBB)
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13 and trigger neuronal injury.** In contrast, M2-subtype of microglia
releases anti-inflammatory cytokines, such as IL-10, IL-4, IL-13, tumour
growth factor (TGF) that promotes wound healing and the reduction
in neuroinflammation.’ In addition to being released by M2-microg-
lia, IL-10 is also secreted by mesenchymal stem cells (MSCs), as well
as by neighboring neurons.!” IL-10 inhibits the production and re-
lease of pro-inflammatory cytokines,'” inhibits astrocyte activation
and increases the expression of excitatory amino acid transporter-2
(EAAT2), thus reducing the glutamate excitotoxicity,18 as noted in ani-
mal models of spinal cord injury,19 stroke and TBI.Y

Several research reports suggested that MSC transplantation
plays beneficial roles in the treatment of TBI,?° by releasing anti-
inflammatory chemokines, which can reduce neuronal injury.?* To
augment the MSCs release of anti-inflammatory cytokines,?? the
use of genetically engineered MSCs that overexpress IL-10 (MSCs-
IL-10), delivered to injured brain areas.?®24 Recently, we found that
the transplantation of MSCs-IL-10 promotes conversion of M1 to
M2 macrophages, thereby increasing anti-inflammatory cytokines
and decreasing inflammatory responses in rats given TBI.2* In this
study, we used the Morris water maze (MWM), ladder-rung walking
and rotarod tasks to assess cognitive function, inter-limb coordi-
nation, and locomotor abilities, respectively. Although all rats ac-
quired the MWM task equally, the mean latency to find the hidden
platform was reduced in TBI + MSCs-IL-10 transplanted rats during
the reversal sessions, suggesting an |L-10-induced reduction in TBI-
induced deficits in learning and memory. Similarly, we also found
that both MSCs-IL-10 and MSCs rats had reduced motor deficits on
the ladder-rung walking test, but not on the rotarod test in rats.?*

One of the mechanisms for MSCs-transplantation-induced
neuroprotection could involve the induction of autophagy mech-
anisms.?’> Autophagy is the cellular active clearance mechanism,
which interacts with apoptotic pathways and helps to determine the
cell fate 2628 Importantly, transplantation of MSCs significantly en-
hances autophagy in animal models of AD, which increases neuronal
survival against toxic amyloid proteins.??3!

Inthe present study, we investigated the levels of autophagy, mi-
tophagy, molecular chaperones, neuroinflammation, cell death and
synaptic functioning in rats given TBI and treated with either vehi-
cle, transplanted MSCs or transplanted MSCs which were geneti-
cally modified to overexpress |L-10 (MSCs-IL-10). We observed that
MSCs-1L-10 rats improved neuronal morphology, reduced neurode-
generation and diminished number of DNA-fragmented cells, com-
pared with rats transplanted with unaltered MSCs. Furthermore,
MSCs-1L-10 rats had increased autophagy, markers for mitophagy,
cell survival and pre- and post-synaptic function while reduced lev-

els of cell death markers than rats given unaltered MSCs.

2 | MATERIAL AND METHODS

2.1 | Chemicals

Cresyl violet, polybrene, puromycin, Hank's balanced salt solu-
tion (HBSS) and other accessory chemicals were procured from

Sigma (St. Louis, MQ). Fluoro-Jade B (FJB) stain was purchased
from Millipore (Burlington, MA. Terminal deoxyribonucleic acid
nick end labeling (TUNEL) kit was from Abcam (Cambridge, MA).
Polyvinylidene difluoride (PVDF) membrane was from Molecular
Probe (Grand Island, NY). Hoechst 33342 solution (20 mmol L)
and 293FT cell lines were purchased from ThermoFisher Scientific
(Grand Island, NY). pGEM-T Easy Vector was from Promega
(Fitchburg, WI). The control plasmid, pLenti-CMV-GFP-2A-Puro
and plenti-CMV-GFP-2A-Puro vectors were purchased from
Applied Biological Materials Inc (Richmond, BC, Canada). The in-
formation for different antibodies used for this study is provided
in Table 1.

2.2 | Animals

Thirty-nine male, Sprague-Dawley (SD) rats (Charles River,
Mattawan, MI) approximately 90 days old, were used in this study.
Rats were paired housed in a 12h/12h reverse light cycle with food
and water ad libitum. Rats were randomly divided into four groups:
Sham + HBSS (n = 10), TBI + HBSS (n = 10), TBI + MSCs-IL-10 (CMV-
IL-10-GFP, n = 9) and TBI + MSCs (CMV-GFP, n = 10). All procedures
were approved by the Institutional Animal Care and Use Committee
at Central Michigan University.

2.3 | Rat model of TBI using controlled
cortical impactor

The method for inducing the TBI was described previously.?*%? Briefly,
the rats were anaesthetized using a mixture of 1%-3% isoflurane
(Henry Schein Co.) and 500 mL-L/min oxygen and maintained through-
out the surgery. Body temperature was maintained at 37°C during sur-
geries using a physitemp machine (Physitemp Instruments Inc Clifton,
NJ). Rats were placed on a stereotaxic instrument (Kopf Instruments,
Tujunga, CA) and a midline incision was made to expose bregma. Sham
rats were given an incision which exposed the skull, without causing
the TBI. Rats in the injured groups then underwent a 6-mm craniotomy
at 3 mm anterior to bregma (AP + 3.0, ML 0.0 mm). The impactor tip
was placed over the exposed brain and compressed the cortex at a
depth - 2.5 mm at a velocity of 2.25 m/s with a duration of 0.5 sec-
onds.®? The upper skin of the head was stitched and allowed to recover.

2.4 | Lentivirus construction for il-10

The detailed method for lentivirus construction for IL-10 was de-

scribed by Peruzzaro and coIIeagues.24

2.5 | Isolation of mesenchymal stem cells

The MSCs were isolated and cultured as described previously.?*33

Viral production and their expression were confirmed from puromy-
cin (10 pg/mL)-selected colonies. Flow cytometry and immunocyto-
chemistry (ICC) were performed to confirm MSCs surface markers
and viral transfection.?
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TABLE 1 Sources of different antibodies used in this study
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Antibodies Source Type Company Catalogue no. Address

1L-10 Rabbit Polyclonal Cell signaling Technology 12163 Danvers, MA
Iba-1 Rabbit Polyclonal Wako 019-19741 Richmond, VA
GFAP Rabbit Monoclonal Cell signaling Technology 12389 Danvers, MA
HSP90 Rabbit Monoclonal Cell signaling Technology 4877 Danvers, MA
HSP70 Rabbit Monoclonal Cell signaling Technology 4872 Danvers, MA
HSP60 Rabbit Monoclonal Cell signaling Technology 12165 Danvers, MA
HSC70 Rabbit Monoclonal Cell signaling Technology 8444 Danvers, MA
HSP40 Rabbit Monoclonal Cell signaling Technology 4871 Danvers, MA
CHIP Rabbit Monoclonal Cell signaling Technology 2080 Danvers, MA
Atg5 Rabbit Monoclonal Cell signaling Technology 12994 Danvers, MA
Atg7 Rabbit Monoclonal Cell signaling Technology 8558 Danvers, MA
Beclin-1 Rabbit Polyclonal Cell signaling Technology 3738 Danvers, MA
LC3A/B Rabbit Monoclonal Cell signaling Technology 12741 Danvers, MA
p62 Rabbit Monoclonal Cell signaling Technology 5114S Danvers, MA
mTOR Rabbit Monoclonal Cell signaling Technology 2983 Danvers, MA
p-mTOR Rabbit Polyclonal Cell signaling Technology 2971 Danvers, MA
LAMP2A rat Monoclonal Santa Cruz Biotechnology  sc-8100 Santa Cruz, CA
NIX Rabbit Monoclonal Cell signaling Technology 12396 Danvers, MA
BNIP3 Mouse Monoclonal Santa Cruz Biotechnology  Sc-56167 Santa Cruz, CA
PINK1 Rabbit Monoclonal Cell signaling Technology 6946S Danvers, MA
FUNDC1 Rabbit Polyclonal Abcam ab74834 Cambridge, MA
HIF-1a Rabbit Monoclonal Cell signaling Technology 14179 Danvers, MA
pAkt (Serd73) Rabbit Monoclonal Cell signaling Technology 9271 Danvers, MA
Akt Rabbit Polyclonal Cell signaling Technology 9272 Danvers, MA
PI3K Rabbit Polyclonal Cell signaling Technology 4292S Danvers, MA
PSD95 Rabbit Polyclonal Santa Cruz Biotechnology  sc-71933 Santa Cruz, CA
Synaptophysin Rabbit Mouse Cell signaling Technology 12270S Danvers, MA
p53 Rabbit Polyclonal Cell signaling Technology 9282 Danvers, MA
Bcl2 Mouse Monoclonal Santa Cruz Biotechnology Santa Cruz, CA
Bax Rabbit Polyclonal Cell signaling Technology 2772S Danvers, MA
Cytochrome-C Rabbit Monoclonal Cell signaling Technology 119408 Danvers, MA
Caspase-3 Rabbit Polyclonal Cell signaling Technology 9662S Danvers, MA
B-tubulin Rabbit Monoclonal Cell signaling Technology 15115 Danvers, MA

2.6 | Stem cell transplantation

Transplantation surgery was performed 36 hours after injury, as de-
scribed previously.3¢ Sham + HBSS and TBI + HBSS rats were injected
with HBSS, whereas TBI + MSCs-IL-10 rats were injected with MSCs-
IL-10 and TBI + MSCs-GFP rats were transplanted with MSCs-GFP.

2.7 | Tissue processing

Three weeks after transplantation, all rats were deeply anaesthetized
with an overdose of sodium pentobarbital (intraperitoneally) and tran-
scardially perfused with 0.1 mol L™ cold PBS, followed by 4% para-
formaldehyde (diluted in 0.1 mol L'* PBS at pH 7.4) to fix the brains.
The brains were then removed, suspended in 4% paraformaldehyde

for 24 hour at 4°C and then transferred to the graded sucrose solutions

(10%, 20% and 30%), dissolved in 0.1 mol L'* PBS, and then frozen
using 2-methylbutane and stored in the —-80°C freezer until they were
sectioned coronally (30 um) on a cryostat (Vibratome UltraPro 5000)
set at —20°C. Brains from rats used for Western blot analysis were di-
rectly removed without perfusion and the fresh tissue was flash-frozen
using 2-methylbutane (Sigma) and stored at -80°C until further use.

2.8 | Neuronal morphology by cresyl violet staining

The rat brains from all four groups were sectioned coronally on a cry-
ostat (Leica, Germany) and then they were stained with 0.1% Cresyl
violet (CV) as described previously.*! The sections were then washed,
dehydrated, cleared and mounted by cover slip using DePex mounting
media (BDH, Batavia, IL). The slides were dried and the photomicro-

graphs were taken by compound light microscope (Olympus, Japan)



2
24 | wWiLEy

MAITI ET AL.

using 100xobjectives (total magnification of 1000x). Dark, large dot
stained cells were considered as pyknotic or tangle-like cells were
counted manually using Image-J software (http://imagej.nih.gov/ij)
and expressed as number of pyknotic cells per 1 mm? area. A mini-
mum of 10 serial sections, with 30 different fields was used to count
the number of pyknotic cells in each group (n = 6). Two researchers

counted the cells separately and an average value was reported.

2.9 | Neurodegeneration study by Fluoro-Jade B
(FJB) staining

Ten coronal sections (at equal interval from bregma + 2.20 mm to
0.70 mm for cortex and -2.20 mm to -3.60 mm for hippocampus) were
cut on a cryostat (20 pm) and placed in 0.1 mol L* PBS, mounted on
gelatin-coated (2%) slides and then air dried on a slide warmer at 50°C
for 30 minutes. The protocol used for FJB staining was described pre-
viously.>* The total number of FJB-positive cells were counted using
Image-J software (http://imagej.nih.gov/ij), expressed per 1 mm? area.
A minimum of 10 serial sections, with 20 different fields was used to
count the number of FJB-positive cells in each group (n = 6). All experi-

menters were blinded to the group identity of the specimens analysed.

2.10 | Terminal deoxyribonucleic acid nick end
labeling (tunel)

Coronal brain sections (20 um) from each of the group of rats were
taken in polylysine-coated glass slide and TUNEL staining was per-
formed as described previously.?’ss6 All sections were counterstained
with Hoechst-33342 (20 mmol L) for 5 minutes at room temperature
in the dark and washed thoroughly with distilled water before being
mounted on a glass slide with anti-fading medium (Sigma). The cells
were counted using a fluorescent microscope (Leica, Germany) with
appropriate filters (ex/em: 488/576) so that TUNEL-positive cells flour-
ished red. The number of TUNEL-positive cells was counted manually
using ImageJ software as reference frame (http://imagej.nih.gov/ij)
from three experiments to obtain a mean value of cells per 1 mm? area.

2.11 | Immunohistochemistry of Atg5, Atg7

Immunoperoxidase techniques were used for the levels of Atg5
and Atg7. Briefly, cryosections (40-pum thick) were rinsed with PBS
(0.1 mol L'}, at pH 7.4) three times and then incubated with 0.5%
Triton-X100, along with 3% H,0, solution for 30 minutes at room
temperature, followed by three washes in PBS, for 10 minutes each.
The unmasking was done by treating the sections with 10% normal
goat serum for 1 hour at room temperature. Then the sections were
incubated with rabbit monoclonal anti-Atg5 anti-Atg7 antibodies
(1:200), which were dissolved in PBS, along with 10% goat serum
and placed on the plate on a shaker at low speed and kept at 4°C
overnight. On the next day, the sections were thoroughly washed
with PBS, three times for 10 minutes each. The sections were in-

cubated with biotinylated anti-rabbit secondary antibody (Vector

Laboratory, CA; 1:200) for 4 hour at 37°C. After this incubation, the
sections were washed three times with PBS, 10 minutes each and
then treated with ABC reagent for 30 minutes at room tempera-
ture. This was followed by three washes in PBS for 10 minutes each.
Finally, the sections were incubated with peroxidase substrate so-
lution, supplied with the ABC kit (Vector Laboratory, CA) and the
signal was developed using diaminobenzidine (DAB) until the de-
sired staining intensity emerged. The tissue was then washed, dehy-
drated, cleared, mounted on slides and visualized using a compound

light microscope (Olympus, Japan).

2.12 | Confocal imaging of GFAP, Iba-1, Beclin-1 and
LC-3A/B

Immunofluorescent technique was used for detecting levels of
Beclin-1, LC-3A/B, GFAP and Iba-1, as described previously.39 Briefly,
after blocking with normal goat serum (10%), the sections were in-
cubated overnight with Beclin-1 (1:200), LC-3A/B (1:200), GFAP
(1:1000) and Iba-1 (1:4000) antibodies (1:200, Table 1). On the fol-
lowing day, the tissue was incubated with anti-rabbit secondary anti-
body (1:500), tagged with FITC (for Beclin-1, Molecular Probes, OR)
or Alexa-594 (for LC-3A/B) for 30 minutes at room temperature and
then washed thoroughly with distilled water, dehydrated, cleared and
mounted on slides using anti-fading fluoro-mount aqueous mount-
ing media (Sigma). Using a tabletop Fluoview confocal laser scanning
microscope (FV1oi, Olympus) with appropriate filters to optimize
excitation and emission, the number of GFAP-IR and Iba-1-IR cells
was counted around the lesion site, manually, using Image-J software
from 10 sections in the cortex, CA1 and CA3 subfield of hippocampus
and expressed as number of GFAP-IR or Iba-1-IR/1 mm? area.

2.13 | Western blots

About 100 mg of flash-frozen mixed cortex was lysed with cold radioim-
munoprecipitation assay (RIPA) buffer with protease and phosphatase
inhibitors (Sigma), as described previously.%’ After probing with respec-
tive primary and secondary antibodies (Table 1), the blots were devel-
oped with ImmobilonTM Western Chemiluminescent HRP substrate
(Millipore, Billeria, MA). The relative optical density was measured
using Image-J software (https://imagej.nih.gov/ij/). To ensure equal

protein loading in each lane, the blots were re-probed for p-tubulin.

2.14 | Statistical analysis

All data are expressed as Mean + SEM. All statistics were analysed using
ANOVA, followed by post-hoc Tukey's Honestly Significant Difference
(HSD) test. The probability value P < 0.05 was considered significant.

3 | RESULTS

Using IHC, RT-PCR and Western blot techniques, we previously con-
firmed the overexpression of IL-10 levels in MSCs-I1L-10 cells in vitro
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and in vivo.?* In addition, we have also confirmed an increase in lev-
els of IL-10 in TBI rats transplanted with MSCs-1L-10 over the other
three groups 2* (Figure S1).

3.1 | Transplantation of mscs-il-10 protected
cortical and hippocampal neuronal damage better
than transplantation of mscs alone in tbi rats

To characterize the morphological changes after TBI morphology,
we stained coronal sections with 0.1% Cresyl violet. We observed
that the number of pyknotic or tangle-like cells was significantly
increased (P < 0.01) in the cortex (B), in CA1 (C) (P < 0.01) and CA3
(D) (P < 0.01) subfields of hippocampus of TBI rats (Figure 1A-D)

A Sham + HBSS TBI + HBSS
R 3 BRRE AREIANNE -, °

Cortex

CA1

CA3

. # y. S
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and that these pyknotic cells were significantly decreased
(P < 0.01) in rats which received MSCs-1L-10 cells. Greater reduc-
tion in pyknotic or tangle-like cells was observed in these areas in
the case of MSCs-IL-10-treated rats in comparison of MSCs alone
(P <0.01).

3.2 | Transplantation of mscs-il-10 protected against
tbi-induced than mscs alone

To characterize the neuronal injury in TBI model, the coronal sec-
tions were stained with FJB (Figure 2A), a marker for neurodegener-
ation. The number of FJB-positive cells was significantly increased in
the cortex (B), in the CA1 (C) and CA3 (D) subfields of hippocampus
TBI + MSCs-IL10 TBI + MSCs-GFP
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FIGURE 1 Transplantation of MSCs-IL-10 improved neuronal morphology greater than MSCs alone in the cortex and hippocampus of TBI
rats. Rat brains were sectioned and stained with 0.1% Cresyl violet and images were taken by compound light microscope (Olympus) with

100x objectives (total mag 1000x). (A) Representative photomicrograph of TBI rats showed increase in number of pyknotic or tangle-like cells
in the cortex, in the CA1 and CA3 subfields of hippocampus. (B-D) Number of pyknotic cells were significantly decreased by transplantation

of MSCs-1L-10 in comparison to TBI rats (P < 0.01) and with TBI + MSCs (P < 0.01). The greater reduction in pyknotic cells was observed in the
case of MSCs-IL-10 rats. Arrows indicate pyknotic or tangle-like cells. Scale bar indicates 100 um and is applicable to other images. **P < 0.01 in
comparison to TBI + HBSS, TBI + MSCs-IL-10 and TBI + MSCs; *P < 0.05 in comparison to TBI + MSCs; #P < 0.01 in comparison to TBI + MSCs
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in TBI group (P < 0.01), whereas transplantation of both MSCs-1L-10
and MSCs-GFP significantly (P < 0.05) decreased the number of FJB-
positive cells (B-D), however, MSCs-1L-10 decreased more degener-
ated cells than MSCs-GFP alone (P < 0.05).

3.3 | Number of dna-fragmented cells were reduced
more by transplantation of mscs-il-10 than mscs alone

To examine the mode of cell death in TBI after transplantation with MSCs-
IL-10 or MSCs-GFP, we performed TUNEL staining of the tissue from
the cortex, CA1 and CA3 areas of hippocampus (Figure 3). We observed
that TBI group significantly increased the number of TUNEL-positive

Sham + HBSS TBI + HBSS

A

Cortex

CA1

CA3

cells in the cortex (Figure 3A-B), in the CA1 (Figure 3A and C) and CA3
areas (Figure 3A and D) of hippocampus in comparison to Sham + HBSS
(P < 0.01). Whereas transplantation of MSCs-1L-10 and MSCs alone sig-
nificantly decreased (P < 0.05) their levels. However, MSCs-1L-10 rats had
fewer TUNEL-positive cells than rats receiving MSCs alone (P < 0.05).

3.4 | Transplantation of mscs-il-10 modulated
autophagy markers and pi3k/akt/mtor pathway
greater than unaltered mscs in thi rats

We have observed that autophagy markers Atg5 (Figure 4A-B),
Atg7 (Figure 4A and C), LC3A/B-Il (Figure 44A, D) and pé2
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FIGURE 2 Transplantation of MSCs-IL-10 reduced the number of degenerated neurons in the cortex and hippocampus of TBI rats than
MSCs alone. Rat brains were sectioned (20 um) and stained with Fluoro-Jade B (FJB) solution (0.0004%) and images were taken using
fluorescent microscope (Leica, Germany). (A) Representative images of FJB-stained sections from the cortex, in the CA1 and CA3 area

of hippocampus. (B-D) The number of FJB-positive cells was significantly increased (**P < 0.01) in TBI rats, whereas transplantation of
both MSCs-IL-10 and MSCs alone, significantly decreased the number of FJB-positive cells. The number of FJB cells was significantly less
(#P < 0.05) in the case of TBI + MSCs-IL-10 in comparison to TBI + MSCs. Green signals (red arrows) indicate FJB-positive cells and blue
signal is for DAPI (nuclear) stain. Scale bar indicates 100 um and is applicable to other images. **P < 0.01 in comparison to TBI + HBSS,
TBI + MSCs-1L-10 and TBI + MSCs; *P < 0.05 in comparison to TBI + MSCs; #P < 0.05in comparison to TBI + MSCs
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(Figure 4A and F) were increased greater in TBI rats which received
MSCs-1L-10, than by MSCs alone. Whereas, there was a significant
decrease in levels of PI3K (p85) and p-Akt which were restored by
transplantation of MSCs-1L-10 and not by MSCs (Figure 4 A, G, H
and 1). Although p-PI3K (p85) was unchanged in TBI rats, it was
increased only by MSCs-IL-10 (Figure 4A and H). In contrast, p-
mTOR (ser2448) was significantly increased by TBI and it was re-
stored only after transplantation of MSCs-IL-10, (Figure 4A and K),
whereas there was no meaningful change in total Akt and mTOR

levels (Figure 4A and L) any group.

WILEY-—27

3.5 | Transplantation of mscs-il-10 showed greater
immunoreactivity of autophagy markers in tbi rats
than unaltered mscs

Following TBI, the immunointensity of Atg5 (Fig A) and Atg7 (Fig B) ap-
peared to increase in the cortex and hippocampus of the MSCs-IL10 and
MSCs-GFP rats, but not the TBI + HBSS and Sham + HBSS rats. However,
we did not observe any meaningful changes between Sham + HBSS and
TBI + HBSS rats in these areas. We observed decreased levels of immu-

nofluorescent signal of Beclin-1 in TBI rats, but only transplantation of
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FIGURE 3 Transplantation of MSCs-IL-10 reduced greater number of DNA-fragmented cells in the cortex and in the hippocampus of TBI
rats than MSCs alone. Terminal deoxyribonucleic acid nick end labeling (TUNEL) was performed in coronal sections from cortex, CA1 and
CAZ3 subfields of hippocampus. (A) Representative photomicrographs showed an increase in number of TUNEL-positive cells in the cortex,
as well as in the CA1 and CA3 areas of the hippocampus. (B-D) The number of TUNEL-positive cells was significantly increased (**P < 0.01)
in TBI rats, whereas transplantation of both MSCs-IL-10 and MSCs alone, significantly decreased their numbers. The number of TUNEL-
positive cells was significantly less (*P < 0.05) in the case of TBI + MSCs-IL10 in the cortex and CA3 area of hippocampus in comparison to
TBI + MSCs. Red signals (white arrows) indicate TUNEL-positive cells and blue signal is for DAPI (nuclear) stain. Scale bar indicates 100 um
and is applicable to other images. **P < 0.01 in comparison to TBI + HBSS, TBI + MSCs-IL-10 and TBI + MSCs; *P < 0.05 in comparison to

TBI + HBSS; #p < 0.05in comparison to TBI + MSCs
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MSCs-IL-10, appeared to further increase these levels (Figure 5C). In ad-
dition, immunofluorescent signal for LC3A/B was intensified in MSCs-

IL-10 rats in comparison to all other groups (Figure 5D).

3.6 | Mitophagy markers were increased more in
mscs-il-10 rats than in those with mscs alone

Although alterations of NIX, FUNDC1 and BNIP3 in TBI rats were
minimal, transplantation of MSCs-IL-10, but not MSCs alone signifi-
cantly increased (P < 0.05) their levels (Figure 6A-D). In contrast,
PINK-1 and HIF-1a levels were significantly down-regulated by TBI

#

rats (P < 0.05) and levels of both these proteins were restored by
MSCs-1L-10, whereas transplantation of MSCs restored HIF-1a lev-
els (Figure 6A and F), but not the PINK-1 levels (Figure 6A and E).

3.7 | Transplantation of mscs-il-10, but not mscs
alone, increased cell survival markers and reduced cell
death markers in tbi rats

The levels of PSD95 (Figure 7A-B) and synaptophysin (Figure 7A
and C) were significantly decreased (P < 0.01) in TBI rats and trans-
plantation of MSCs-IL-10, but not MSCs alone restored both the
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FIGURE 4 Transplantation of MSCs-IL-10-modulated autophagy mar
rats. Equal amount of protein from cortical tissue homogenates was elec

kers and PIBK/Akt/mTOR pathway greater than MSCs alone in the TBI
trophoresed, blotted on PVDF membrane and different autophagy

markers were studied. (A) Representative Western blots of Atg5, Atg7, Beclin-1, LC3A/B, p62, PI3K, p-Akt, Akt, p-mTOR, mTOR from mixed
cortical tissue from different animal groups. (B-C) Densitometric data indicating that TBI with MSCs-IL-10 and MSCs groups of rats showed
an increase in Atg5 (B) and Atg7 (C) in comparison to TBI + HBSS or Sham + HBSS rats and greater increase was noted in the case of MSCs-

IL-10 rats in comparison to MSCs alone. (D-E) Western blot data showed
was restored by transplantation of MSCs-IL-10, but not by MSCs alone. (

that there was a decrease in Beclin-1 levels in the TBI rats, which
E-F) Western blot data showed that there was an increase in levels

of in LC-3A/B-Il and p62 in TBI rats transplanted with MSCs-1L-10, but not by MSCs alone. (G-1) PI3K (p85) and p-PI3K (p85) and p-Akt levels
were less in TBI rats and they were restored by MSCs-IL-10, not by MSCs alone. (K) p-mTOR levels were increased by TBI rats and restored by
MSCs-IL-10, not by MSCs alone. *P < 0.05 and **P < 0.01 in comparison to other groups; *P < 0.05, #P < 0.01 in comparison to MSCs alone
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Immunohistochemistry of autophagy markers in TBI rats after transplantation of MSCs-1L-10 and MSCs-GFP cells. Coronal

sections from each group were immunolabelled with Atg5, Atg7, Beclin-1 and LC3A/B antibodies. The images were taken by either light
microscope (Olympus) or by tabletop Fluoview confocal laser scanning microscope (FV1oi, Olympus). Atg5 (A) and Atg7 (B) appeared to
increase their levels in TBI rats after transplantation of MSCs-I1L-10 and MSCs-GFP when compared to TBI and sham controls. Whereas, TBI
section appeared to contain less Beclin-1 immunofluorescent signal in the TBI rats when compared to sham control or the other transplanted
groups (C). Furthermore, TBI rats showed relatively less immunofluorescent puncta of LC3A/B (D) in comparison to TBI rats, whereas its
level was increased after transplantation of MSCs-IL-10 cells and by transplants of MSCs-GFP cells in comparison to sham control and TBI
rats. Arrows indicate LC-3A/B immunoreactivity. Blue colour: Hoechst-3442 and green colour: secondary antibody tagged with Alexa

fluoro-488. Scale bar indicates 50 um and applicable to other images

PSD95 and synaptophysin levels. In addition, cell death markers,
such as Bax, cytochrome-C, caspase-3 and p53 levels were signifi-
cantly increased (P < 0.05) in TBI rats, but transplantation of MSCs-
IL-10 decreased their levels, while transplantation of MSCs alone
only down-regulated caspase-3 and p53 levels (Figure 7A and E-F).
In contrast, Bcl2 levels were significantly increased by MSCs-1L-10
and MSCs alone in comparison to Sham + HBSS and TBI + HBSS
rats, with Bcl2 levels being significantly higher (P < 0.05) in the
case of MSCs-1L-10 in comparison to MSCs alone (Figure 7A and D).

4 | DISCUSSION

Traumatic brain injury (TBI) is one of the leading causes of motor,

sensory, psychological and cognitive dysfunction. It is largely a

consequence of increase in neuroinflammation and neurodegenera-
tion.%” Cell death in TBI is associated with dysregulation of autophagy
mechanisms, including mitophagy dysfunction.38’39 In the present
study, we found mild to moderate neuroprotective effects, increases
in markers for autophagy, mitophagy neuroinflammation cell survival,
pre- and post-synaptic integrity, while decreasing markers of cell death
following transplantation of MSCs-IL-10 and/or MSCs alone in a rat
model of TBI. Furthermore, MSCs-IL-10-transplanted rats displayed
greater neuroprotective effects than rats which received MSCs alone.

Neuroinflammation is one of the key mechanisms associated with
neuronal injury in TBI. Pro-inflammatory cytokines, such as IL-10,
become down-regulated in TBI, which trigger neuronal death.}’:4°
Transplantation of MSCs has been shown beneficial therapeutic ef-
fects in different brain injury models,*' because they secrete many
neurotropic factors, including cytokines, such as IL-4, IL-6, IL-10, IL-11
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FIGURE 6 Transplantation of MSCs-IL-10, but not MSCs alone increased mitophagy markers in TBI rats. Western blot analyses showed
that mitophagy markers, such as NIX, FUNDC1 and BNIP3 were unaltered, whereas PINK-1 and HIF-1a were down-regulated by TBI rats
and transplantation of MSCs-IL-10, but not transplantation of MSCs alone improved their levels. *P < 0.05 and **P < 0.01 in comparison to
TBI + HBSS and Sham + HBSS and TBI + MSCs-GFP rats; #P < 0.05 and #*P < 0.01 in comparison to TBI + MSCs

and 1L-13.2%%24% Among them, IL-10 is the most important because it
exerts neuroprotective effects via suppressing the expression of var-
ious pro-inflammatory cytokines, such as IFN-y, IL-1p, IL-2, IL-6 and
TNF-a, as observed in stroke 23** and in TBI.*243%>% MSCs may se-
crete 1L-10 under specific conditions, such as inflammatory environ-
ments observed after brain injuries.>? Also, they may stimulate the cells
surrounding the injury and trigger the secretion of IL-10 and other neu-
rotrophic factors.>? We genetically modified MSCs to secrete abundant
IL-10 and hypothesized that they may improve MSCs-based cell therapy
for TBI-induced neuronal injury.24 We observed more neuroprotection
exerted by transplants of MSC-IL-10 than by MSCs alone ?* (Figure S1).

We have used the rat-controlled cortical impactor injury model and
characterized the cell death in the cortex and in the hippocampal sub-
fields, using multiple staining methods. A significant decrease in GFAP
and Iba-1 in the cortex after transplantation of both MSCs-IL-10 and
MSCs alonein TBI rats (Figure S2) was observed, suggesting a reduction
in neuroinflammation.?* Transplantation of MSCs alone was unable to
decrease the number of GFAP-IR cells in CA1 and CA3 areas of hippo-
campus. Similarly, transplantation of MSCs-1L-10, but not MSCs alone,
significantly decreased the Iba-I-IR cells in the frontal cortex, (Figure
52),% suggesting that MSCs-IL-10 exert greater anti-inflammatory ef-
fects than MSCs alone, which was a finding supported by Nakajima and
colleagues who used a mouse model of ischaemic stroke.?®

We further investigated the autophagy mechanisms, which can

48-54 as seen in animal models of TBI and

provide cytoprotection,
other neurological diseases.®? 1L-10 may induce autophagy or auto-
phagy can enhance IL-10 production, as reported previously.>> We
have investigated several autophagy markers, such as Atg5, Atg7,
Beclin-1, LC3A/B, mTOR, p-mTOR levels. We observed significant

increases in Atg5 and Atg7 levels after transplantation of MSCs-IL-10

and MSCs-GFP, indicating that MSCs-IL-10 or MSCs-GFP can induce
autophagosome formation (Figure 4), as reported by other investiga-
tors in animal models of AD,%! acute ischaemic stroke 2% and in TBI.>
Beclin-1 levels, which are involved in autophagic cell death and apop-
tosis,>” were less in TBI rats (Figure 4), as also reported by Au and col-
leagues,”® but were restored by transplantation of MSCs-IL-10 and/
or MSCs-GFP indicating that the transplants exerted cytoprotective
effects.> Similarly, conversion of microtubule-associated protein
light chain-3A/B-I (LC-3A/B-1) to LC3A/B-Il, a reliable biomarker for
autophagy,®® was significantly increased by MSCs-IL-10, but not by
MSCs-GFP (Figure 4), indicating that MSCs-IL-10 is a stronger in-
ducer of autophagy. *? Levels of p62, a marker for autophagy flux
57 and which directly binds to LC3, while its degradation causes de-
creased levels of LC—II,59 were increased in TBI-MSCs-IL10 rats, but
not by MSCs alone, suggesting that autophagy mechanisms were in-
duced primarily by the MSCs-1L-10 transplant (Figure 4F). Increased
p62 levels can indicate decreased autophagy, due to blocking the
fusion of autophagy vacuoles with lysosome or by the inhibition of a
later maturation step of autophagosome degradation.

Proteins which regulate autophagy mechanisms, such as phospho-
inositol 3-kinase (PI3K), Akt (protein kinase B) and mammalian target
of rapamycin (mTOR) (PI3K/Akt/mTOR pathway),* reported to be in-
volved in the neuroprotection in cerebral injury,56 increase in the cor-
tex and hippocampus of mice at 24 hours after TBI.>? Increased levels
of p-mTOR are the indicators of decreased autophagic responses.®°-?
In the present study, we observed that the levels of PI3K (p85) and
p-Akt were decreased and p-mTOR was up-regulated by TBI, whereas
transplantation of MSCs-IL-10, but not MSCs alone, increased their
levels (Figure 4G-l), suggesting autophagy was inhibited by TBI and
transplantation of MSCs-IL-10 activated this pathway. Decreased
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FIGURE 7 Transplantation of MSCs-IL-10, but not MSCs-GFP improved synaptic and cell survival markers and decreased cell death
markers in TBI rats. (A-C) Pre-synaptic and post-synaptic markers, such as synaptophysin and PSD95 were down-regulated by TBI and
transplantation of MSCs-IL-10 and MSCs alone improved both, but MSCs-I1L-10 improved greater than MSCs alone. (D) Anti-apoptotic marker
Bcl2 was increased greater by MSCs-IL10, than MSCs alone. (E-H) Whereas cell death markers, such as Bax, cytochrome-C, caspase-3 and
p53 levels were increased by TBI and transplantation of MSCs-IL10, decreased their levels more effectively than by MSCs alone. *P < 0.05
and **P < 0.01 in comparison to Sham + HBSS rats, #p < 0.05 and ¥*P < 0.01 in comparison to TBI + MSCs

levels of p-mTOR correlated with increased levels of LC-3A/B-II
(Figure 4E) and MSCs-IL-10 activated autophagy mechanisms by
inhibiting PIBK/Akt/mTOR pathway but, further experiments are
needed using mTOR inhibitor to confirm these findings.

In addition, mitochondria dysfunction, including reduction in
mitochondrial respiration, increase in the production of ROS has
been observed in TBI, triggers apoptotic cell death,”?which can be
mitigated by the induction of mitophagy. We found a significant in-
crease in mitophagy markers, such as NIX, BNIP3, FUNDC1, PINK-1
and HIF-1a levels following transplantation of MSCs-IL-10 (Figure 6),
but not by MSCs alone, suggesting that the damaged mitochondria
were selectively degraded via mitophagy and that MSCs-1L-10 have
a greater role in controlling mitophagy than by MSCs alone.

Molecular chaperones, or heat shock proteins (HSPs), are involved
in cell death and survival by degrading small, misfolded proteins.®®%
We observed that HSP90 was significantly up-regulated (Figure S3)
by TBI rats. Increased HSP90 has been reported to be involved in
brain injury.®® Decreased levels of HSP90 by MSC-IL-10 was greater
than by MSCs alone, suggesting that MSC-11-10 has greater cytopro-
tective roles by down-regulating its levels. In contrast, loss of HSP40
and HSP70 increases brain injury and death of neurons,®® whereas
they can induce and arrest inflammation and improve neurologi-
cal outcome.®” We found decreased levels of HSP40 and HSP70 in
TBI rats and their levels were restored by MSCs-IL-10, not by MSCs
alone (Figure S3), suggesting that MSCs-IL-10 may induce immuno-
modulatory and neuroprotective roles through HSPs. In addition,



MAITI ET AL.

222
2 | \wiLey

CMA markers, such as HSC70 and LAMP2A, were only modestly de-
creased in the TBI rats (Figure S3), but their levels were increased by
both the transplanted groups, suggesting that CMA was activated to
remove some of the debris generated by the transplanted cells.

There were less pyknotic or tangle-like cells as revealed by CV
stain (Figure 1), along with decreased neurodegeneration as shown
by FJB stain (Figure 2) and reduced number of TUNEL-positive cells
(Figure 3) in MSCs-1L-10 transplanted TBI rats, relative to those in
TBI + MSCs rats, suggesting the neuroprotective effects might be
due to IL-10. We also observed that there were decreased levels of
Bax, caspase-3, and cytochrome-C after transplantation of MSCs-
IL-10, but not by MSCs. Similarly, anti-apoptotic markers Bcl2,
synaptic markers PSD95 and synaptophysin were also restored
by MSCs-IL10, but not by MSCs alone. In addition, increased lev-
els of p53 were also involved in TBI-induced cell death,® which
was decreased by MSCs-1L-10, not by MSCs alone, suggesting that
MSCs-IL-10 showed greater neuroprotective effects than MSCs
alone, as reported previously.?*®? Increased levels of these mark-
ers may be due to a decrease in neuroinflammation, due to an in-
crease in anti-inflammatory cytokines and neurotropic support, as
well as increases in the autophagy mechanisms 77, These find-
ings also indicate that transplanted cells may secrete many other
neurotropic factors,? along with IL-10, as reported by other in-
vestigators in mouse models of TBI 7273, Additional experiments
are required to elucidate mechanisms of MSC-IL-10-induced neu-
roprotection in TBI.

Overall, we found that the controlled cortical impact model of
TBI in rats produced significant neurodegeneration and cell death
in the cortex and in the hippocampus and that transplantation of
MSCs-IL-10 provided greater neuroprotection than MSCs alone.
Transplanted MSCs-IL-10 induced autophagy, mitophagy, molecular
chaperones, regulated PI3K/Akt/mTOR pathway and influenced cell
death and cell survival markers more efficiently than MSCs alone.
Therefore, induction of autophagy mechanisms, using MSCs that
overexpress IL-10, may be an effective strategy for protecting the

brain against TBI-induced cell death.

ACKNOWLEDGEMENTS

Support for this project was provided by the Field Neurosciences
Institute. We are thankful to Dr. Jeffery Smith, Dr. Michael Hoane,
the Brain Research Laboratory, Saginaw Valley State University, for
generously lending their contusion devise and proving a supportive
infrastructure. Also, we would like to thank Olivia Pupiec, Melissa
Resk for their technical help and Dr. Ming Lu for his critical advice on
viral construction.

CONFLICT OF INTEREST

The authors declare that they have no competing interests to publish

this research article.

AUTHOR'S CONTRIBUTIONS

Study designed: PM and SP; PM and Data collection, analysis, in-
terpretation and manuscript writing: PM. Histology and immunohis-
tochemistry: NK. Animal surgery, tissue collection: SP, MA and AG.
Manuscript editing and overall support: GD and JR. All authors ap-
proved the final manuscript.

ORCID

Panchanan Maiti https://orcid.org/0000-0003-3213-8015

REFERENCES

1. Taylor CA, Bell JM, Breiding MJ, Xu L. Traumatic brain injury-related
emergency department visits, hospitalizations, and deaths-United
States, 2007 and 2013. MMWR Surveill Summ. 2017;66:1-16.

2. Blyth BJ, Bazarian JJ. Traumatic alterations in consciousness: trau-
matic brain injury. Emerg Med Clin North Am. 2010;28:571-594.

3. Thurman DJ, Alverson C, Dunn KA, Guerrero J, Sniezek JE.
Traumatic brain injury in the United States: a public health perspec-
tive. J Head Trauma Rehabil. 1999;14:602-615.

4. Mclnnes K, Friesen CL, MacKenzie DE, Westwood DA, Boe SG.
Mild Traumatic Brain Injury (mTBI) and chronic cognitive impair-
ment: a scoping review. PLoS ONE. 2017;12:e0174847.

5. Stocchetti N, Zanier ER. Chronic impact of traumatic brain injury on
outcome and quality of life: a narrative review. Crit Care. 2016;20:148.

6. Adekoya N, Thurman DJ, White DD, Webb KW. Surveillance for
traumatic brain injury deaths-United States, 1989-1998. MMWR
Surveill Summ. 2002;51:1-14.

7. Xiong Y, Mahmood A, Chopp M. Animal models of traumatic brain
injury. Nat Rev Neurosci. 2013;14:128-142.

8. Luo Y, Zou H, Wu Y, Cai F, Zhang S, Song W. Mild traumatic brain
injury induces memory deficits with alteration of gene expression
profile. Sci Rep. 2017;7:10846.

9. RaySK, Dixon CE, Banik NL. Molecular mechanismsin the pathogen-
esis of traumatic brain injury. Histol Histopathol. 2002;17:1137-1152.

10. Corrigan F, Mander KA, Leonard AV, Vink R. Neurogenic inflam-
mation after traumatic brain injury and its potentiation of classical
inflammation. J Neuroinflammation. 2016;13:264.

11. Karve P, Taylor JM, Crack PJ. The contribution of astrocytes and mi-
croglia to traumatic brain injury. Br J Pharmacol. 2016;173:692-702.

12. Feuerstein GZ, Liu T, Barone FC. Cytokines, inflammation, and brain
injury: role of tumor necrosis factor-alpha. Cerebrovasc Brain Metab
Rev. 1994;6:341-360.

13. Patterson ZR, Holahan MR. Understanding the neuroinflammatory
response following concussion to develop treatment strategies.
Front Cell Neurosci. 2012;6:58.

14. Donat CK, Scott G, Gentleman SM, Sastre M. Microglial activation
in traumatic brain injury. Front Aging Neurosci. 2017;9:208.

15. CherryJD, OlschowkaJA, O'Banion MK. Neuroinflammationand M2
microglia: the good, the bad, and the inflamed. J Neuroinflammation.
2014;11:98.

16. MaS, Xie N, Li W, Yuan B, Shi'Y, Wang Y. Immunobiology of mesen-
chymal stem cells. Cell Death Differ. 2014;21:216-225.

17. Garcia JM, Stillings SA, Leclerc JL, et al. Role of interleukin-10 in
acute brain injuries. Front Neurol. 2017;8:244.

18. Karklin Fontana AC, Fox DP, Zoubroulis A, Valente Mortensen O,
Raghupathi R. Neuroprotective effects of the glutamate trans-
porter activator (R)-(-)-5-methyl-1-nicotinoyl-2-pyrazoline (MS-153)
following traumatic brain injury in the adult rat. J Neurotrauma.
2016;33:1073-1083.


https://orcid.org/0000-0003-3213-8015
https://orcid.org/0000-0003-3213-8015

WILEY--22

MAITI ET AL.

19. Brewer KL, Bethea JR, Yezierski RP. Neuroprotective effects of 41. McKee AC, Daneshvar DH. The neuropathology of traumatic brain
interleukin-10 following excitotoxic spinal cord injury. Exp Neurol. injury. Handb Clin Neurol. 2015;127:45-66.
1999;159:484-493. 42. Park Y, Liu C, Luo T, Dietrich WD, Bramlett H, Hu B. Chaperone-

20. Hasan A, Deeb G, Rahal R, et al. Mesenchymal stem cells in the mediated autophagy after traumatic brain injury. J Neurotrauma.
treatment of traumatic brain injury. Front Neurol. 2017;8:28. 2015;32:1449-1457.

21. Zhang R, Liu Y, Yan K, et al. Anti-inflammatory and immunomodula- 43. Sarkar C, Zhao Z, Aungst S, Sabirzhanov B, Faden Al, Lipinski MM.
tory mechanisms of mesenchymal stem cell transplantation in exper- Impaired autophagy flux is associated with neuronal cell death after
imental traumatic brain injury. J Neuroinflammation. 2013;10:106. traumatic brain injury. Autophagy. 2014;10:2208-2222.

22. Phinney DG. Biochemical heterogeneity of mesenchymal stem 44, Csuka E, Morganti-Kossmann MC, Lenzlinger PM, Joller H, Trentz
cell populations: clues to their therapeutic efficacy. Cell Cycle. O, Kossmann T. IL-10 levels in cerebrospinal fluid and serum of pa-
2007;6:2884-2889. tients with severe traumatic brain injury: relationship to IL-6, TNF-

23. Patel DM, Shah J, Srivastava AS. Therapeutic potential of mes- alpha, TGF-betal and blood-brain barrier function. J Neuroimmunol.
enchymal stem cells in regenerative medicine. Stem Cells Int. 1999;101:211-221.

2013;2013:496218. 45. Cunningham CJ, Redondo-Castro E, Allan SM. The therapeutic po-

24. Peruzzaro ST, Andrews M, Al-Gharaibeh A, et al. Transplantation tential of the mesenchymal stem cell secretome in ischaemic stroke.
of mesenchymal stem cells genetically engineered to overexpress J Cereb Blood Flow Metab. 2018;271678X18776802.
interleukin-10 promotes alternative inflammatory response in rat 46. ZhouZ,PengX,InsoleraR,Fink DJ,Mata M. IL-10 promotes neuronal
model of traumatic brain injury. J Neuroinflammation. 2019;16:2. survival following spinal cord injury. Exp Neurol. 2009;220:183-190.

25. Patel DM, Shah J, Srivastava AS. Therapeutic potential of mesenchy- 47. Nomoto T, Okada T, Shimazaki K, et al. Systemic delivery of IL.-10
mal stem cells in regenerative medicine. Stem Cells Int. 2013;496218. by an AAV vector prevents vascular remodeling and end-organ

26. VizosoF,EiroN,CidS, Schneider J, Perez-Fernandez R. Mesenchymal damage in stroke-prone spontaneously hypertensive rat. Gene Ther.
stem cell secretome: toward cell-free therapeutic strategies in regener- 2009;16:383-391.
ative medicine. Int J Mol Sci; 2017:18. 48. Scheibe F, Klein O, Klose J, Priller J. Mesenchymal stromal cells res-

27. Dang S, Yu Z-M, Zhang C-Y, et al. Autophagy promotes apoptosis cue cortical neurons from apoptotic cell death in an in vitro model
of mesenchymal stem cells under inflammatory microenvironment. of cerebral ischemia. Cell Mol Neurobiol. 2012;32:567-576.

Stem Cell Res Ther. 2015;6:247. 49. Lin L, Chen H, Zhang Y, et al. IL-10 Protects neurites in oxygen-

28. Nixon RA. The role of autophagy in neurodegenerative disease. Nat glucose-deprived cortical neurons through the PI3K/Akt pathway.
Med. 2013;19:983-997. PLoS ONE. 2015;10:e0136959.

29. Turk B, Turk V. Lysosomes as "suicide bags" in cell death: myth or 50. Sharma S, Yang B, Xi X, Grotta JC, Aronowski J, Savitz SI. IL-10
reality? J Biol Chem. 2009;284:21783-21787. directly protects cortical neurons by activating PI-3 kinase and

30. Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A. Life and death STAT-3 pathways. Brain Res. 2011;1373:189-194.
partners: apoptosis, autophagy and the cross-talk between them. 51. ChenH, Lin W, Zhang, et al. IL-10 Promotes neurite outgrowth and
Cell Death Differ. 2009;16:966-975. synapse formation in cultured cortical neurons after the oxygen-glu-

31. Amelio I, Melino G, Knight RA. Cell death pathology: cross-talk cose deprivation via JAK1/STAT3 pathway. Sci Rep. 2016;6:30459.
with autophagy and its clinical implications. Biochem Biophys Res 52. Kyurkchiev D, Bochev I, Ivanova-Todorova E, et al. Secretion of im-
Commun. 2011;414:277-281. munoregulatory cytokines by mesenchymal stem cells. World J Stem

32. Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N. Crosstalk Cells. 2014;6:552-570.
between apoptosis, necrosis and autophagy. Biochim Biophys Acta. 53. Das G, Shravage BV, Baehrecke EH. Regulation and function of au-
2013;1833:3448-3459. tophagy during cell survival and cell death. Cold Spring Harb Perspect

33. Shin JY, Park HJ, Kim HN, et al. Mesenchymal stem cells enhance Biol. 2012;4(6):1-14.
autophagy and increase beta-amyloid clearance in Alzheimer dis- 54. Cuervo AM, Bergamini E, Brunk UT, Droge W, Ffrench M, Terman
ease models. Autophagy. 2014;10:32-44. A. Autophagy and aging: the importance of maintaining "clean"

34. Menzies FM, Fleming A, Caricasole A, et al. Autophagy and neuro- cells. Autophagy. 2005;1:131-140.
degeneration: pathogenic mechanisms and therapeutic opportuni- 55. Nixon RA, Wegiel J, Kumar A, et al. Extensive involvement of auto-
ties. Neuron. 2017;93:1015-1034. phagy in Alzheimer disease: an immuno-electron microscopy study.

35. Metaxakis A, Ploumi C, Tavernarakis N. Autophagy in age-associ- J Neuropathol Exp Neurol. 2005;64:113-122.
ated neurodegeneration. Cells. 2018;7. 56. Au AK, Bayir H, Kochanek PM, Clark RS. Evaluation of autoph-

36. Peruzzaro ST, Gallagher J, Dunkerson J, et al. The impact of en- agy using mouse models of brain injury. Biochim Biophys Acta.
riched environment and transplantation of murine cortical em- 2010;1802:918-923.
bryonic stem cells on recovery from controlled cortical contusion 57. Klionsky DJ. The molecular machinery of autophagy: unanswered
injury. Restor Neurol Neurosci. 2013;31:431-450. questions. J Cell Sci. 2005;118(Pt 1):7-18.

37. Matyas JJ, Stewart AN, Goldsmith A, et al. Effects of bone-marrow- 58. Chen W, Sun Y, Liu K, Sun X. Autophagy: a double-edged sword
derived MSC transplantation on functional recovery in a rat model for neuronal survival after cerebral ischemia. Neural Regen Res.
of spinal cord injury: comparisons of transplant locations and cell 2014;9:1210-1216.
concentrations. Cell Transplant. 2017;26:1472-1482. 59. Diskin T, Tal-Or P, Erlich S, et al. Closed head injury induces up-

38. Maiti P, Singh SB, Muthuraju S, Veleri S, llavazhagan G. Hypobaric regulation of Beclin 1 at the cortical site of injury. J Neurotrauma.
hypoxia damages the hippocampal pyramidal neurons in the rat 2005;22:750-762.
brain. Brain Res. 2007;1175:1-9. 60. WuTT,LiWM, Yao YM. Interactions between autophagy and inhib-

39. Maiti P, Al-Gharaibeh A, Kolli N, Dunbar GL. Solid lipid curcumin itory cytokines. Int J Biol Sci. 2016;12:884-897.
particles induce more dna fragmentation and cell death in cultured 61. ZhangL, Wang H. Autophagy in traumatic brain injury: a new target
human glioblastoma cells than does natural curcumin. Oxid Med Cell for therapeutic intervention. Front Mol Neurosci. 2018;11:190.
Longev. 2017;2017:9656719. 62. Erlich S, Shohami E, Pinkas-Kramarski R. Neurodegeneration in-

40. Maiti P, Lomakin A, Benedek GB, Bitan G. Despite its role in as- duces upregulation of Beclin 1. Autophagy. 2006;2:49-51.
sembly, methionine 35 is not necessary for amyloid beta-protein 63.

toxicity. J Neurochem. 2010;113:1252-1262.

Schlafli AM, Berezowska S, Adams O, Langer R, Tschan MP. Reliable
LC3 and p62 autophagy marker detection in formalin fixed paraffin



22
24 | \WiLEy

64.
65.
66.

67.

68.
69.
70.

71.

MAITI ET AL.

embedded human tissue by immunohistochemistry. Eur J Histochem.
2015;59:2481.

Zhu X, Park J, Golinski J, et al. Role of Akt and mammalian target
of rapamycin in functional outcome after concussive brain injury in
mice. J Cereb Blood Flow Metab. 2014;34:1531-1539.

Kapuy O, Vinod PK, Banhegyi G. mTOR inhibition increases cell via-
bility via autophagy induction during endoplasmic reticulum stress -
an experimental and modeling study. FEBS Open Bio. 2014;4:704-713.
Erlich S, Alexandrovich A, Shohami E, Pinkas-Kramarski R.
Rapamycin is a neuroprotective treatment for traumatic brain in-
jury. Neurobiol Dis. 2007;26:86-93.

Heras-Sandoval D, Perez-Rojas JM, Hernandez-Damian J, Pedraza-
Chaverri J. The role of PI3BK/AKT/mTOR pathway in the modulation
of autophagy and the clearance of protein aggregates in neurode-
generation. Cell Signal. 2014;26:2694-2701.

Maiti P, Manna J, Veleri S, Frautschy S. Molecular chaperone dys-
function in neurodegenerative diseases and effects of curcumin.
Biomed Res Int. 2014;2014:495091.

Xu H, Wang Z, Li J, et al. The polarization states of microglia in TBI:
a new paradigm for pharmacological intervention. Neural Plast.
2017;2017:5405104.

Zhang L, Wang H. Autophagy in Traumatic Brain Injury: A
New Target for Therapeutic Intervention. Front Mol Neurosci.
2018;11(190):1-15.

Kim HJ, Lee JH, Kim SH. Therapeutic effects of human mesen-
chymal stem cells on traumatic brain injury in rats: secretion of

72.

73.

neurotrophic factors and inhibition of apoptosis. J Neurotrauma.
2010;27(1):131-138.

Hasan A, Deeb G, Rahal R, et al. Mesenchymal Stem Cells in the
Treatment of Traumatic Brain Injury. Front Neurol. 2017;8(28):1-15.
Hu C, Zhao L, Wu D, Li L. Modulating autophagy in mesenchymal
stem cells effectively protects against hypoxia- or ischemia-in-
duced injuryStem. Cell Res Ther. 2019;10(120):1-13.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Maiti P, Peruzzaro S, Kolli N, et al.
Transplantation of mesenchymal stem cells overexpressing
interleukin-10 induces autophagy response and promotes
neuroprotection in a rat model of TBI. J Cell Mol Med.
2019;23:5211-5224. https://doi.org/10.1111/jcmm.14396



https://doi.org/10.1111/jcmm.14396

