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Previous studies have shown that bone marrow mesenchymal
stromal cell (MSC) transplantation significantly improves the
recovery of neurological function in a rat model of intracere-
bral hemorrhage. Potential repair mechanisms involve anti-
inflammation, anti-apoptosis and angiogenesis. However,
few studies have focused on the effects of MSCs on inducible
nitric oxide synthase (iINOS) expression and subsequent per-
oxynitrite formation after hypertensive intracerebral hemor-
rhage (HICH). In this study, MSCs were transplanted intracer-
ebrally into rats 6 hours after HICH. The modified neurological
severity score and the modified limb placing test were used to
measure behavioral outcomes. Blood-brain barrier disruption
and neuronal loss were measured by zonula occludens-1 (ZO-
1) and neuronal nucleus (NeuN) expression, respectively.
Concomitant edema formation was evaluated by H&E stain-
ing and brain water content. The effect of MSCs treatment
on neuroinflammation was analyzed by immunohistochemi-
cal analysis or polymerase chain reaction of CD68, Iba1, INOS
expression and subsequent peroxynitrite formation, and by an
enzyme-linked immunosorbent assay of pro-inflammatory
factors (IL-1B and TNF-a)). The MSCs-treated HICH group
showed better performance on behavioral scores and lower
brain water content compared to controls. Moreover, the MSC
injection increased NeuN and ZO-1 expression measured by
immunochemistry/immunofluorescence. Furthermore, MSCs

reduced not only levels of CD68, Iba1 and pro-inflammatory
factors, but it also inhibited iINOS expression and peroxynitrite
formation in perihematomal regions. The results suggest that
intracerebral administration of MSCs accelerates neurological
function recovery in HICH rats. This may result from the ability
of MSCs to suppress inflammation, at least in part, by inhibit-
ing iINOS expression and subseguent peroxynitrite formation.
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INTRODUCTION

The Intracerebral hemorrhage (ICH) is a subtype of stroke,
characterized by high morbidity, high mortality, and poor
clinical outcome (Balami and Buchan, 2012; Qureshi et al.,
2009). Despite the great improvements in patient outcome
following supportive care or surgical evacuation of the he-
matoma (Candelise et al., 2007), there are no specific, vali-
dated treatments available so far for ICH. The inflammatory
response is regarded as an important contributor to ICH-
induced brain injury (Aronowski and Hall, 2005). ICH induc-
es an acute inflammatory response accompanied by leuco-
cytes infiltration and activation of microglia (Gong et al.,
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2000). Anti-inflammatory strategies have been proven to be
especially effective in the treatment of ICH (Jung et al., 2004;
Masada et al., 2001).

Mesenchymal stromal cells (MSCs) have both immunosup-
pressive properties and the capacity for multi-differentia- tion
(Vaguero et al., 2013; Yan et al., 2013). They not only interact
with immune cells, but also inhibit their functions (Di Nicola et
al., 2002; Meirelles et al., 2009; Yan et al., 2013). For example,
Yan et al found that MSCs had the ability to maintain the rest-
ing phenotype of microglia or to control microglial activation
by inhibiting the proliferation and phagocytic capacity of mi-
croglia and inducing apoptosis in microglia (Yan et al., 2013).
Furthermore, the beneficial effects of MSCs have been re-
ported in animal exprimental models of ICH, in which they
suppress the inflammatory response, reduce brain edema
and tissue damage, and improve angiogenesis and function-
al deficits (Fatar et al., 2008; Liang et al., 2013; Liao et al.,
2009; Seyfried et al., 2010; Wang et al., 2012). Beneficial
effects have also been noted in stroke-related clinical trials
(Steinberg et al., 2016). However, the underlying molecular
mechanisms for the effects of MSCs are still unknown.

Peroxynitrite (ONOQ)) is a strong oxidizing and nitrating
agent (Beckman and Koppenol, 1996; Pacher et al., 2007),
which is mainly generated by inducible nitric oxide synthase
(INOS) (Hirabayashi et al., 2000). Research findings have con-
firmed that, levels of INOS and ONOQO™ are consistently in-
creased across different ICH models, such as the collagenase
model (Chen et al., 2015; Kim et al., 2009; Wang and Dore,
2008; Wang et al., 2007), the autologous blood model (Zhao
et al., 2007) and the single hemoglobin model (Ding et al.,
2014; 2015). They also strongly suggest that excessive iNOS
expression and ONOO' formation may be related to secondary
brain injury following ICH. The differences observed in iNOS
expression and ONOQ™ formation in the various ICH models
lies mainly in the differences of their temporal and spatial pro-
files. Release of Hemoglobin (Hb) released from extravasated
erythrocytes plays an important role in blood-brain barrier
(BBB) disruption, edema formation, matrix metalloproteinase
activation, NOS overexpression and excessive nitric oxide (NO)
production after ICH (Huang et al., 2002; Katsu et al., 2010;
Yang et al., 2013). Therefore, in this study, we used a hyper-
tensive intracerebral hemorrhage (HICH) model in which
hemorrhage was induced by Hb injection into the caudate
nucleus of hypertensive rats. A previous study showed that
levels of iINOS and 3-nitrotyrosine (3-NT), a reliable marker
for the presence of ONOQO', were significantly increased after
Hb injection (Ding et al., 2014). iNOS was highly expressed
in the microglia/macrophages, the presence of which typi-
cally indicates neuroinflammation. More importantly, levels
of 3-NT in blood serum and brain tissues correlated with the
severity of neurological deficits and with brain edema con-
tent. In this study, we investigated whether the protective
effect of MSC transplantation involves inhibition of iINOS
expression and ONOO™ formation after HICH.

MATERIALS AND METHODS

Animals
Male spontaneously hypertensive rats, weighing 250-300 g,
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were purchased from the Animal Experiment Center of
Charles River (China). Animals were maintained under a 12h
light/ 12h dark cycle, with standard food and water. Animal
experimental procedures were approved and regulated by
the Institutional Animal Ethics Committee of Southern Medi-
cal University of China. All surgeries were performed under
sodium pentobarbital anesthesia.

Generation, expansion and characterization of MSCs
Mesenchymal stromal cells were obtained from adult male
spontaneously hypertensive rats weighing 80-120 g. Briefly,
the femurs and tibias of the rats were collected under asep-
tic conditions. Then the cells were rinsed from the marrow
cavity of the bones with 5 ml of DMEM/F-12 (1:1) medium
using a 25-gauge needle. The cells were suspended in D-
MEM/F-12 supplemented with 10% fetal bovine serum and
cultured in 25 cm? culture flasks. After 72h of incubation at
37°C in a humidified atmosphere of 5% CO,, non-adherent
cells were removed, and fresh culture medium was added.
When a confluence of 90% was reached, the remaining
adherent cells were trypsinized, harvested and expanded.
Cells from 3-5 generations were harvested for further testing
or transplantation. Expression of the typical MSC markers
CD29 (BD Pharmingen, USA), CD44 (BD Pharmingen, USA)
and CD90 (BD Pharmingen, USA), and the absence of the
hematopoietic markers CD45 (BD Pharmingen, USA), were
assessed by flow cytometry analysis.

Surgical Procedure

All rats were randomly divided into three groups: (1) sham
group; (2) HICH-vehicle group; (3) HICH-MSC group. Induc-
tion of HICH was performed as described previously (Yang et
al., 2013). Briefly, after anesthetized and positioned, an inci-
sion was made along the sagittal midline to expose the skull
using a sterile technique. After the cranial burr hole (1 mm)
was drilled, a microsyringe was inserted stereotactically into
the right caudate nucleus (3.4 mm lateral to the midline, 1
mm anterior to the coronal suture of the bregma, 6 mm
below the surface of the skull), and then withdrawn 0.5 mm.
Using a microinjection pump, 20 ul of hemoglobin (Hb;
Sigma-Aldrich, USA) at a concentration of 150 mg/ml was
injected into the nucleus over 10 min. Rats, in the sham
group, were subjected to only a needle insertion using the
same method. After injection, the needle was left in place
for an additional 10 min to prevent any reflux and then
slowly removed. The burr hole was sealed with bone wax,
and the skin incision was closed. The animals were allowed
to recover with free access to food and water for the dura-
tion of observation.

Labeling of MSCs and transplantation

After being trypsinized and washed with sterile phosphate-
buffered saline (PBS), MSCs were labeled with the red fluo-
rescent cell tracking dye Paul Karl Horan-26 (PKH26; Sigma,
Aldrich) and the blue fluorescent cell tracking dye 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI; Beyotime,
China). Labeling was performed according to the manufac-
turer's instructions. After washing with PBS, MSCs were
diluted to a concentration of 1 x 10° cells/ul with PBS. Six



hours after HICH, 10 ul of this solution were stereotaxically
injected into three hematoma-correlated sites: (1) anterior-
posterior (A-P), +2.5 mm; medial-lateral (M-L), -3.4 mm;
dorsal-ventral (D-V) from the skull, -4.0 mm; (2) A-P, +1.0
mm; M-L, -3.4 mm; D-V from the skull, -4.0 mm; and (3) A-
P, -0.5 mm; M-L, -3.4 mm; D-V from the skull, -4.0 mm, as
previously reported (Liang et al,, 2013). In the HICH-vehicle
group, an equal volume of sterile PBS was administered to
the same sites of rat brain.

Behavioral testing

Behavioral testing was conducted before Hb injection and at
3 and 7 days after Hb injection using the modified neurolog-
ical severity score (mNSS) (Liao et al., 2009; Zhang et al.,
2002) and the modified limb placing test (mLPT) (Hua et al.,
2002). These tests were conducted by investigators who
were blind to group allocation. The mNSS test (including
motor, sensory, reflex and balance tests) is graded on a scale
of 0-18, where a total score of 18 points indicates severe
neurological deficit and a score of 0 indicates normal per-
formance; 13-18 points indicates severe injury, 7-12 indi-
cates moderate injury, and 1-6 indicates mild injury. The
mLPT test was a vibrissae-elicited forelimb placing test. Inde-
pendent testing of each forelimb was induced by brushing
the respective vibrissae on the corner edge of a countertop.
Intact animals place the forelimb ipsilateral to the stimulated
vibrissae quickly onto the countertop. Depending on the
extent of injury, the ability of the rat to place the forelimb
contralateral to the injury in response to contralateral vibris-
sae contact with countertop may be impaired. In the exper-
iments each rat was tested 10 times for each forelimb, and
the percentage of trials in which the rat placed the appropri-
ate forelimb on the edge of the countertop in response to
the vibrissae stimulation was determined.

Imaging of PKH26-DAPI-labeled cells in the rat brain after
HICH

After behavioral testing, animals were anesthetized and
perfused through the heart with cold saline followed by 4%
paraformaldehyde solution. After 24 h of fixation in 4%
paraformaldehyde, the brains were fixed with 30% sucrose
at 4°C for another 24 h and cut on a cryostat (Leica CM
1850UV) into 10-um sections. Images were obtained with a
confocal laser scanning microscope (FV10i-W, OLYMPUS).

Measurements of brain water content

Brain water content was measured 3 days after HICH. After
anesthesia and decapitation, the brains were immediately
extracted and the cerebella and brain stem were removed
and then divided into two hemispheres along the midline.
Ipsilateral and contralateral hemispheres were placed on a
pre-weighed piece of aluminum foil to obtain the wet
weight and then dried in an electric oven at 100°C for 24 h
to obtain the dry weight. The brain water percentage was
calculated using the formula: (wet weight - dry weight)/(wet
weight) x 100.

Real-time quantitative polymerase chain reaction
Briefly, total RNA from rat brain tissue was extracted using
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the GeneJET™ RNA Purification Kit (Thermo Fisher Scientific,
USA). The first strand cDNA was synthesized from RNA us-
ing the Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). The primers for rat iINOS, ZO-1 and B-actin
were designed using the Primer Premier 6.0 software
(PREMIER Biosoft, Canada). The primers were: rat iNOS 5'-
CGGAAGAGACGCACAGGCAGAGGTT-3' (forward primer)
and 5-AAGGCAGCAGGCACACGCAATGATG-3" (reverse
primer); ZO-1 5-GCTCACCAGGGTCAAAATGT-3' (forward
primer) and 5-GGCTTAAAGCTGGCAGTGTC-3' (reverse pri-
mer); B-actin 5-CCACCCGCGAGTACAACCTICTT-3" (for-
ward primer) and 5-GAAGCCGGCCTTGCACATGCC-3' (re-
verse primer). Primers were constructed by Life Technologies
Corporation and polymerase chain reaction (PCR) reactions
were run using the Power SYBR® Green PCR Master Mix
(Life Technologies Corporation). The expression levels of
target genes were calculated using the standard curve
method. Fold changes in gene expression were evaluated
compared to sham levels.

Enzyme-linked immunosorbent assay analysis

Brain tissues around the lesion sites were collected at specific
time points (24 and 72 h after Hb injection, or the corre-
sponding sham operation). Supernatants were extracted by
homogenization and centrifugation (12,000 rom for 15
min), and then stored at -80°C until use. Levels of interleukin
1 beta (IL-1B) and tumor necrosis factor alpha (TNF-a) were
assayed using commercial enzyme-linked immunosorbent
assay kits (Bio-Rad, USA) according to the manufacturer’s
instructions. Color intensities of samples were measured at
450 nm using an automatic microplate reader (Spectramax
M5, Molecular Devices, USA).

Preparation of paraffin sections

After being anesthetized, animals were perfused through
the heart with cold saline followed by 4% paraformaldehyde
solution. Brain tissues were extracted and fixed by immer-
sion in 4% paraformaldehyde solution at 4°C for 24 h. After
being further dehydrated and vitrified, they were embedded
in paraffin and cut into 5-um sections. Before staining for
H&E, immunofluorescence and immunohistochemistry, the
sections were de-waxed and rehydrated in xylene, graded
ethanol and then deionized water.

Immunofluorescence of iINOS, 3-NT and ZO-1

Antigen retrieval was performed by heat treatment in a mi-
crowave oven for 25 min in Tris-EDTA buffer solution (0.05
mol/L Tris, 0.001 mol/L EDTA; pH 8.5). In order to block the
non-specific binding of primary antibodies, sections were
incubated for 20 min in normal 5% bovine serum albumin.
Subsequently, sections were incubated overnight at 4°C with
primary antibody (rabbit polyclonal anti-iNOS, 1:50, Santa
Cruz; mouse monoclonal anti-3-NT, 1:200, Abcam; mouse
monoclonal anti-ZO-1, 1:100, Invitrogen). After being washed
with PBS, sections were then incubated with the secondary
antibody (Alexa Fluor 594 donkey anti-mouse IgG, 1:100,
Invitrogen; Alexa Fluor 488 donkey anti-rabbit 1gG, 1:100,
Invitrogen) for 1 h at 37°C. For double-staining experiments,
primary antibodies were mixed and incubated overnight at
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4°C. Nuclei were stained by Hoechst 33342 (Sigma-Aldrich)
for 10 min at room temperature. Images were obtained with
a fluorescence microscope (Bx51; OLYMPUS). Image pro-
cessing was performed with the use of Photoshop CS5
software (Adobe Systems Incorporated, USA).

Immunohistochemical measurement of CD68, Ibal and
NeuN

For antigen retrieval, slides were boiled in a microwave oven
for 25 min in 0.01 mol/L citrate buffer solution (pH 6.0).
Endogenous peroxidase activity was blocked using 0.3%
H,0; for 10 min followed by washing with PBS. After block-
ing in goat serum for 15 min, sections were incubated over-
night at 4°C with primary antibody (mouse monoclonal anti-
CD68, 1:100, Santa Cruz; goat polyclonal anti-lba1, 1:400,
Abcam; mouse monoclonal anti-NeuN, 1:300, Abcam). Af-
ter washing with PBS, sections were incubated with biotinyl-
ated goat anti-mouse or rabbit anti-goat IgG secondary an-
tibody for 15 min and then incubated with horseradish pe-
roxidase streptavidin reagent for 15 min. Finally, immunore-
activity was detected using 3, 3'-diaminobenzidine (DAB;
Boster), followed by restaining with hematoxylin. Images
were obtained with the use of a microscope (Bx51;
OLYMPUS).

Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick-end labeling (TUNEL) assay

The TUNEL was performed to detect dying cells using the In
Situ Cell Detection Kit (Roche, USA) according to the manu-
facturer’s instructions. Sections from the same brain sites or
areas described above were selected for TUNEL assay. The
number of positive cells near the injured areas was counted
by an experimenter blind to the group assignment of the
samples.

Statistical analysis

All data are presented as mean * standard deviation (SD).
Statistical analysis was performed using the SPSS 13.0 soft-
ware (USA). Comparisons between groups were determined
by Student’s ¢ test or one-way analysis of variance (ANOVA)
and followed by LSD and Dunnett’s T3 tests for the two
groups’ comparison within the multiple groups. Differences
were considered significant for p < 0.05.

RESULTS

Characterization of MSCs

Mesenchymal stromal cells were adherent and bipolar spin-
dle-like in standard culture conditions (Fig. 1A). Flow cy-
tometric analysis demonstrated that MSCs expressed CD90
(100.00%), CD29 (100.00%) and CD44 (99.24%), but did
not express CD45 (0.26%) (Figs. 1B and 1C). This suggests
that a high purity culture of MSCs was obtained.

Survival of transplanted MSCs

MSCs were labeled with the red fluorescent cell tracking dye
PKH26 and the blue fluorescent cell tracking dye DAPI. La-
beled MSCs were transplanted into the perilesional region 6
h after HICH at three hematoma-correlated sites. At 3 days
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Fig. 1. Characterization of MSCs. (A) Morphology of MSCs. Scale
bar: 200 um. (B, C) Analysis of surface marker expression in
MSCs performed by flow cytometry showed high positivity for
CD44 (99.24%), CD90 (99.98%) and CD29 (99.92%), but low
positivity for CD45 (0.26%). (D) Survival of MSCs in the rat brain
after HICH. Cells doubly-labelled with PKH26/DAPI were ob-
served in the lesion site 3 days after HICH. Original magnifica-
tion: x400.

post-HICH, rats were euthanized to analyze the transplanted
MSCs in vivo. There was no tumor formation or uncontrolled
graft growth observed in the brains of the MSC group. We
observed large numbers of PKH26/DAPI-double-positive
cells in the injured hemisphere (Fig. 1D).

Treatment with MSCs improved neurological recovery
after HICH

In order to assess the effects of administration of MSCs after
HICH, the mNSS and mLPT were performed at 24 h and 72
h post-HICH (Fig. 2A). The results of the mNSS test showed
that Hb-injected rats exhibited significant neurological defi-
cits at 24 and 72 h. Treatment with MSCs moderately re-
duced the neurological impairments at 24 h but showed no
significant difference (p = 0.059). At 72 h, the neurological
deficits measured by the mNSS test were significantly ame-
liorated by MSCs treatment (o < 0.01). In the mLPT score,
there was a significant improvement in neurological function
in the MSC-treated group compared with the vehicle group
both at 24 h (v< 0.05) and 72 h (0 < 0.05) post-HICH.

Treatment with MSCs reduced brain water content after
HICH

To investigate whether MSCs could attenuate brain edema,
we monitored brain water content in the experimental
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Fig. 2. Improvement of neurological function and alteration of brain
water content after MSC treatment. (A) Rats receiving MSC trans-
plantation showed significant recovery of neurological function on
the mNSS and mLPT tests compared to the HICH-vehicle group at
24 h and/or 72 h (n = 6). (B) Brain water content was also re-
duced in the lesioned hemisphere in the HICH-MSC group com-
pared to the HICH-vehicle group at 3 days (n = 4). (C) H&E stain-
ing likewise showed that the HICH-MSC group had lower brain
water content at 3 days. * * p< 0.01; * p<0.05. Scale bar: 50 pm.

groups 3 days post-HICH. Brain water content on the ipsilat-
eral side to the injury was significantly lower in HICH-MSC
group than in the HICH-vehicle group (80.41 £ 0.69% vs.
81.99 £ 0.91%, p < 0.05). However, the contralateral brain
water content in both groups did not differ (79.00 + 0.52%
vs. 78.90 = 0.58%, p = 0.805) (Fig. 2B). Staining with H&E
also confirmed that MSCs attenuated brain edema after
HICH (Fig. 20).

Neuroprotection by MSCs

To determine the survival of neurons, immunohistochemistry
was performed to detect the expression of NeuN protein.
The HICH-MSC group exhibited a significantly higher num-
ber of NeuN+ cells (NeuN+: 440.77 + 73.53 cells/mm?)
compared to the HICH-vehicle group (NeuN+: 187.67 +
136.86 cells/mm? p <0.05; Figs. 3A and 30).

Alterations of ZO-1 protein expression after Hb injection

To evaluate the effect of MSCs on endothelial tight junctions
of the BBB after HICH, we examined the expression of ZO-1
using immunofluorescence and PCR. In sham control rats
(Fig. 3B), intact ZO-1 expression was observed to be distrib-
uted in a continuous and linear pattern. Compared with the
HICH-vehicle group, ZO-1 staining in the HICH-MSCs group
was increased but still appeared slightly diffuse and discon-
tinuous. The mRNA level of ZO-1 was also markedly decreased
in the injured region compared to the sham-operated
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Fig. 3. Neural protection and alterations to tight junction expres-
sion after treatment. (A) Transplantation of MSCs increased the
number of NeuN+ cells in the perihematomal region. (B) Brain
sections from the sham group, HICH-vehicle group and HICH-
MSC group were analyzed for ZO-1 by a fluorescence micro-
scope at 3 days following HICH. Increased intensity of ZO-1 ex-
pression was observed in the HICH-MSC group compared with
the HICH-vehicle group. (C) Quantification of cell marker expres-
sion showed a significant increase in the number of NeuN+ cells
(n = 4) and the mRNA expression levels of ZO-1 in the HICH-
MSC group at 3 days (n = 5), compared with the HICH-vehicle
group. ** p<0.01; * p<0.05. Scale bar: 50 pm.

groups (p < 0.01; Fig. 3C). Administration of MSCs signifi-
cantly ameliorated the Hb-mediated decrease in expression
of ZO-1 relative to the HICH-vehicle group (p< 0.05).

Treatment with MSCs decreased I|bal-positive, CD68-
positive and apoptotic cell numbers

Microglial activation is an important feature of the patholog-
ical changes that follow ICH. In MSC-treated rats, microglial
activation, as shown by Iba1 (Figs. 4A and 4C) and CD68
(Figs. 4B and 4D) immunostaining, was substantially attenu-
ated at 3 days post-transplantation compared with the
HICH-vehicle group. The number of Ibal-positive cells
around the hematoma in the HICH-MSC group and HICH-
vehicle group were 552.69 + 87.91 vs. 991.74 + 211.30
cells/mm? (p < 0.05), respectively, whereas CD68-positive cell
number in the two groups were 339.19 + 133.35 vs. 642.22
+ 138.24 cells/mm? (p < 0.05), respectively. To assess the
effects of MSCs on apoptosis, we measured the number of
TUNEL-immunopositive cells (Figs. 6A and 6B). The number
of apoptotic cells was significantly increased at 3 days after
Hb injection compared to sham group (554.41 + 113.81 vs.
26.4 + 14.72 cells/mm?® P <0.01), but MSC administration
significantly reduced apoptotic cell numbers relative to the
HICH-Vehicle group (336.32 £ 127.54 vs. 554.41 + 113.81
cells/mm?; p < 0.05).

Treatment with MSCs reduced the levels of IL-18 and TNF-a.
To investigate the anti-inflammatory effects of MSCs, we
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Fig. 4. Effect of MSCs on the expression of Iba1, CD68, IL-1B8 and
TNF-a. in ipsilateral rat brain post-HICH. (A, B) Photomicrographs
showed decreased expression of Iba-1 and CD68 in the HICH-
MSC group compared to the HICH-vehicle group. The sham
group had few Ibal and CD68 positive cells. In contrast, in-
creased levels of Iba1l and CD68 were detected at 3 days post-
HICH in the HICH-vehicle group, with a significant reduction of
Iba1 and CD68 levels observed after MSC injection. (C, D) Quan-
tification of Iba1l and CD68 levels in the different groups. (E, F)
Levels of the proinflammatory cytokines IL-18 and TNF-o. were
decreased in the MSC-treated group at 1 and 3 days, compared
with the HICH-vehicle group. **p < 0.01; *p < 0.05; n = 4 per
group. Scale bar: 50 um.

measured the levels of pro-inflammatory factors (IL-18 and
TNF-a) in the injured hemisphere. Compared with the HICH-
Vehicle group, the levels of IL-1B were significantly de-
creased after MSCs treatment at 24 h (p < 0.05; 353.35 +

78.80 vs. 252.20 + 66.14 pg/mg protein) and 72 h (p < 0.05,

241.65+82.27 vs. 126.57 = 46.80 pg/mg protein) (Fig. 4E).
Similarly, the level of TNF-a. was evidently reduced at 24 h
after Hb injection compared with the sham-operated group
(p < 0.05; 235.58 + 52.52 vs. 148.12 + 51.25 pg/mg pro-
tein) (Fig. 4F). At 72 h, the level of TNF-a was seemingly
lower in the MSC-treated group than in the HICH-Vehicle
group but showed no significant difference (0 = 0.057;
261.00£65.77 vs. 172.13 £ 37.48 pg/mg protein).

Treatment with MSCs decreased iINOS-positive and
3-NT-positive cell numbers

Due to the instability of peroxynitrite, its detection through
3-NT formation is a marker of the levels of ONOO. By dou-
ble-staining for iINOS and 3-NT, we further identified that
they were colocalized after HICH, suggesting that ONOO
production comes mainly from the expression or activation
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Fig. 5. Effect of MSCs on iNOS and 3-NT expression in the ipsilat-
eral brain hemisphere at 24 hours post-HICH. (A) In the HICH-
vehicle group, enhanced expression of iINOS (green) and 3-NT
(red) was detected in the brain hemisphere ipsilateral to the
injury. Colocalized expression of iINOS and 3-NT as a yellow-red
fluorescence confirms that ONOQO" is mainly produced by iNOS.
(B) Photomicrographs showed enhanced expression of iNOS
(green) in the HICH-vehicle group compared to the HICH-MSC
group. The sham group showed very few iNOS positive cells. (C)
The more intense red fluorescence in HICH-vehicle sections indi-
cated a higher immunoreactivity for 3-NT compared to sham,
while MSC-treated animals had reduced expression of 3-NT
relative to HICH-vehicle. (D) Quantification of iNOS and 3-NT
levels by PCR (n = 5 per group) and immunofluorescence (n = 4
per group) for the different groups. **p < 0.01; *p < 0.05; Scale
bar: 50 um.

of iINOS (Fig. 5A). As is shown in Fig. 5B, iNOS immunoreac-
tivity was increased in peri-ICH regions in the HICH-vehicle
group compared to sham (p < 0.01; 537.19 + 91.88 vs.
18.94 + 11.76 cell/mm?; Fig. 5D), but it was significantly
attenuated in the HICH-MSC group compared to the HICH-
vehicle group (p < 0.05; 304.75 + 88.26 cell/mm?). Similarly,
expression of iNOS mRNA was significantly decreased in the
HICH-MSC group compared to the HICH-vehicle group (o <
0.05; Fig. 5D). Furthermore, in a matching pattern to that
observed for iINOS expression, 3-NT immunoreactivity signifi-
cantly increased in the peri-HICH region in the HICH-vehicle
group compared to sham (o < 0.01; 447.66 + 84.72 vs.
15.50 + 6.60 cell/mm?). Moreover, treatment with MSCs
significantly ameliorated the number of 3-NT-positive cells
relative to the HICH-vehicle group (0 < 0.01; 251.38 + 65.22
cell/mm?) (Figs. 5C and 5D).

DISCUSSION

Inflammation plays an important role in pathological pro-
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Fig. 6. Effect of MSC treatment on cell apoptosis in the ipsilateral
brain hemisphere at 3 days post-HICH. (A) Cell apoptosis was
determined by TUNEL assay. (B) The number of apoptotic cells in
the injured striata at 3 days after Hb injection was significantly
reduced in the HICH-MSC group compared to the HICH-vehicle
group (n =4 per group). *p< 0.05; **p<0.01. Scale bar: 50 um.

cesses following ICH-induced brain injury. Indeed, Gong et al.
confirmed that the inflammatory reaction induced by toxic
blood components contributes to secondary brain injury
after ICH (Gong et al., 2000). Currently, stem cells are be-
coming more and more promising as a therapeutic strategy
for treating nervous system injury. Mesenchymal stromal
cells, which are known to be self-renewing and pluripotent,
are capable of differentiating into osteoblasts, chondrocytes,
adipocytes, muscle cells, neurons and glial cells /n vitro and
/n vivo (Hermann et al., 2004; Jiang et al., 2002; Liang et al.,
2013; Liao et al., 2009; Nagai et al., 2007; Pittenger et al.,
1999), promoting the repair of tissue damage. Moreover,
owing to their limited immunogenicity, MSCs are im-
munoprivileged, thereby allowing them to be used in al-
logenous or xenogenous conditions. Indeed, MSCs are able
to maintain the resting phenotype of microglia and inhibit
microglial activation (Yan et al., 2013). In this study, follow-
ing their administration to treat Hb-induced HICH rats, MSCs
were found to reduce hemispheric water content, perihema-
tomal neuronal death and cell apoptosis. Furthermore, they
decreased infiltration of microglia and pro-inflammatory
cytokines, as well as iNOS expression and ONOO™ formation,
and increased ZO-1 expression in perihematomal regions.
Concomitant with these changes, they also improved the
functional outcome. Our data provide initial evidence that
MSCs modulate inflammation against HICH via inhibition of
iINOS expression and ONOO" formation.

Improvements in both behavior and the number of cells
surviving post-graft are important measures of treatment
efficacy following stem cell-based cell therapy in ICH animal
models (Nagai et al., 2007). To visualize MSCs accurately in
vivo, we used both a red membrane labeling fluorescent dye,
PKH26, and a blue fluorescent cell tracking dye, DAPI, as
tracers. The use of the nontoxic dye PKH26 as a marker for
identifying transplanted cells in vivo is well-established (Jin et
al., 2011; Liang et al., 2013). The fluorescent DNA dye DAPI
has been used extensively for visualizing cell nuclei and is
commonly used in immunocytochemistry applications, with-
out changing cell viability and proliferation of MSCs (Ocarino
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et al., 2008). In the present study, large numbers of
PKH26/DAPI double-positive cells were observed in the in-
jured hemisphere, which indicates that transplanted MSCs
were able to survive in vivo for at least 3 days.

A reduction in blood flow after ICH results in damage to
neuronal networks and the impairment of neural function.
Synaptic and network level plasticity are crucial for functional
compensation during stroke recovery (Murphy and Corbett,
2009). Interestingly, transplantation of bone marrow stromal
cells significantly enhanced neuronal plasticity of the dener-
vated corticospinal tract at bilateral forelimb areas of the
cortex after ICH (Liang et al., 2013). In the present study, our
results also suggest that intracerebral injection of MSCs was
able to improve the survival of neurons and neural function.

Disruption of the BBB is a prominent feature of ICH (Yang
et al., 2013), with reports suggesting that injection of lysed
erythrocytes induces a significant increase in BBB leakage
and brain water content after 24 h (Bhasin et al., 2002; Xi et
al., 1998; 2001). To investigate whether transplanted MSCs
were capable of reducing brain water content and protect
BBB, immunofluorescence and PCR of ZO-1 was performed.
The peripheral tight junction protein ZO-1 is found on epi-
thelial and endothelial cell membranes, and its loss increases
BBB permeability (Yang et al., 2013). In the present study,
both protein and mRNA levels of ZO-1 were significantly
increased in the perihematomal region after MSC treatment.
Meanwhile, brain water content was also significantly re-
duced in the HICH-MSC group. This indicates that MSCs may
have a role in protecting the integrity of the BBB, a finding
that is in agreement with the results of previous studies
(Zhang et al., 2013).

Inflammatory cell infiltration and microglial activation fol-
lowing ICH increases the production of inflammatory sub-
stances, such as proinflammatory cytokines, cyclooxygenase-
2, and iNOS (Nogawa et al., 1998; Pacher et al., 2007). Inhi-
bition of these inflammatory substances contributes to re-
ducing brain edema and cell death, and improves functional
outcome after ICH (Jung et al., 2004). Interestingly, MSCs
have been shown to decrease proinflammatory cytokine
secretion, leukocyte infiltration, and microglial activation.
They also reduce levels of reactive oxygen species (ROS),
production of MMPs, and upregulate IL-6, IL-10 and trans-
forming growth factor beta (TGF-B) expression (Chen et al.,
2015; Di Nicola et al., 2002; Liao et al., 2009; Meirelles et al,
2009; Yan et al,, 2013; Zhang et al., 2013). In the current
study we observed that after MSC treatment, microglial acti-
vation, visualized by CD68 and Iba-1 immunostaining, was
substantially attenuated and levels of pro-inflammatory cy-
tokines (such as IL-1B and TNF- o) were significantly de-
creased, in line with the studies cited above. Moreover, we
noted in particular that MSCs partially inhibited iINOS expres-
sion and ONOO’ formation in HICH.

Increasing iNOS and ONOQ' levels contribute to the in-
flammatory response and accelerate oxidative/nitrative stress
injury in the brain following ICH (Pacher et al., 2007). Under
various pathological statuses associated with inflammation,
such as cerebral ischemia, the expression of INOS causes
large amounts of NO to be produced in the brain, which can
result in a variety of deleterious effects (Moncada and Bo-
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lanos, 2006; Pacher et al., 2007). The iNOS-derived NO can
activate MMP-9, facilitating neuroinflammation and con-
tributing to disruption of the BBB (Pannu and Singh, 2006;
Tejima et al., 2007; Wu et al., 2011). After ICH, iNOS levels

are also dramatically increased (Yang et al., 2013; Zhao et al.,

2007). Notably, Kim et al. found that iINOS knockout mice
had significantly less brain edema than controls (Kim et al,,
2009). Furthermore, there is evidence showing that inhibi-
tion of iINOS contributes to a reduction in the inflammatory
response and improves functional outcomes in experimen-
tally-induced ICH (Jung et al., 2004; Nogawa et al., 1998;
Wu et al., 2011). Similarly, in our experiment, iINOS expres-
sion was decreased in perihematomal regions of HICH rats
following MSC treatment, and accompanied by a subse-
quent partial recovery of neurological function.

Peroxynitrite is a strong oxidizing and nitrating agent
(Beckman and Koppenol, 1996; Pacher et al., 2007a), which
is mainly generated by iNOS (Hirabayashi et al., 2000), as
also demonstrated in this study (Fig. 5A). The production of
ONOQ  is very low under physiological conditions, while
under pathological conditions, the rate of formation of
ONOO from superoxide and NO dramatically increases.
Excessive ONOO™ wiill result in substantial oxidation and de-
struction of cellular constituents, leading to serious conse-
quences, such as the dysfunction of cell signaling pathways,
critical cellular processes, and the induction of cell death or
apoptosis (Pacher et al., 2007; Virag et al., 2003). There is
evidence showing that the decomposition of ONOO de-
creases MMP activation, brain edema and neurovascular
injury in a rat model of experimental stroke (Khan et al.,
2012; Suofu et al, 2010). In our experiment, ONOO™ was
decreased in the perihematomal region following MSC
treatment. Therefore, we speculate that MSCs might atten-
uate neuronal injury, brain edema and apoptopic cell num-
bers in the perihematomal penumbra by reducing the pro-
duction of iNOS and ONOQO'.

In conclusion, we have provided convincing evidence that
MSC transplantation has beneficial effects in hemoglobin-
induced HICH by improving neural function, relieving disrup-
tion of the BBB, reducing brain edema and decreasing cell
apoptosis. The potential mechanism for these effects may
involve the suppression of iINOS expression and subsequent
ONOOQ’ formation. Therefore, increasing our understanding
of the mechanisms underlying the anti-inflammatory and
neuroprotective effects of MSCs may help to bring us new
treatment strategies for HICH.
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