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Autologous Bone Marrow Mononuclear Cells Exert
Broad Effects on Short- and Long-Term Biological
and Functional Outcomes in Rodents
with Intracerebral Hemorrhage
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Autologous bone marrow-derived mononuclear cells (MNCs) are a potential therapy for ischemic stroke.
However, the effect of MNCs in intracerebral hemorrhage (ICH) has not been fully studied. In this study, we
investigated the effects of autologous MNCs in experimental ICH. ICH was induced by infusion of autologous
blood into the left striatum in young and aged male Long Evans rats. Twenty-four hours after ICH, rats were
randomized to receive an intravenous administration of autologous MNCs (1x 107 cells/kg) or saline. We
examined brain water content, various markers related to the integrity of the neurovascular unit and inflam-
mation, neurological deficit, neuroregeneration, and brain atrophy. We found that MNC-treated young rats
showed a reduction in the neurotrophil infiltration, the number of inducible nitric oxide synthase-positive cells,
and the expression of inflammatory-related signalings such as the high-mobility group protein box-1, S100
calcium binding protein B, matrix metalloproteinase-9, and aquaporin 4. Ultimately, MNCs reduced brain
edema in the perihematomal area compared with saline-treated animals at 3 days after ICH. Moreover, MNCs
increased vessel density and migration of doublecortin-positive cells, improved motor functional recovery,
spatial learning, and memory impairment, and reduced brain atrophy compared with saline-treated animals at
28 days after ICH. We also found that MNCs reduced brain edema and brain atrophy and improved spatial
learning and memory in aged rats after ICH. We conclude that autologous MNCs can be safely harvested and
intravenously reinfused in rodent ICH and may improve long-term structural and functional recovery after ICH.
The results of this study may be applicable when considering future clinical trials testing MNCs for ICH.

Introduction

S PONTANEOUS INTRACEREBRAL HEMORRHAGE (ICH) is
one of the most lethal forms of stroke that accounts for
10% of all strokes, resulting in 30%-50% mortality by 1
month; most survivors remain disabled [1,2]. Although
therapies for acute ischemic stroke such as thrombolysis and
mechanical clot removal have been developed, there is no
effective medical therapy for patients with ICH. Treatment is
limited to supportive care or invasive neurosurgical evacua-
tion of the hematoma in selective patients [3].

Cell-based therapy is actively being investigated as a
new potential treatment for neurological disorders, in-
cluding stroke. Various types of cells, including neural
stem cells, embryonic stem cells, mesenchymal stem cells,
and adipose stem cells, have been found to improve
neurological outcome in animal stroke models [4—7]. Bone

marrow-derived mononuclear cells (MNCs) are composed
of diverse cell populations and are attractive as a cell
therapy for the acute stage of stroke because they permit
rapid bone marrow harvest and separation for autologous
transplantation [8]. Previous studies have shown that
MNCs enhance recovery in rodent models of ischemic
stroke. Since other types of cell therapy such as human
neural stem cells or allogenic marrow stromal cells have
protective effects in the ICH model [9-11], we aimed to
determine whether autologous MNCs can ameliorate brain
injury after ICH.

In the present study, we investigated whether autologous
MNC delivery at 24h after ICH in a clinically relevant
manner could attenuate inflammation and brain edema and
improve long-term motor and cognitive function after ex-
perimental ICH. We assessed potential mechanisms of the
protective effects of MNCs.

'Department of Neurological Science, Graduate School of Medicine, Nippon Medical School, Tokyo, Japan.
Department of Neurology, University of Texas Medical School at Houston, Houston, Texas.

*These authors contributed equally to this work.

2756



MNCs IMPROVED RECOVERY IN ICH STROKE MODEL

Materials and Methods
Animals

In this study, 110 young male Long Evans rats weighing
275-325 g were involved in all experiments and 71 aged male
Long Evans retired breeder rats weighing 600-650¢g were
used in selective experiments. All animal experiments and
surgical procedures were approved by the University of Texas
Health Science Center Animal Welfare Committee and fol-
lowed National Institutes of Health guidelines and regulations.

Intracerebral hemorrhage model

Animals were anesthetized with isoflurane (2.0%) in 70%
0,/30% N,O through spontaneous respiration, and core tem-
perature was maintained at 37°C £ 0.5°C throughout all surgi-
cal procedures with the use of a heating pad. Primary ICH
was induced by direct infusion of autologous blood into the
striatum [12,13]. Briefly, a midline scalp incision was made,
and a hole was drilled in the left side of the skull (from bregma:
0.5 mm posterior, 4.5 mm lateral). Fresh (nonheparinized) au-
tologous whole blood was collected from the tail artery. A
26-gauge needle attached to the syringe was inserted stereo-
taxically into the left striatum (with 5.75 or 6.25 mm depth).
The blood (70 pLL) was infused at a rate of 10 pL/min, and the
needle was left in place for another 20 min to minimize back-
flow. The needle was then withdrawn very slowly. The hole in
the skull was sealed with bone wax, and the scalp was sutured.
After the surgery, the animals were placed in a clean cage and
allowed free access to water and food at ambient temperature.
In the sham group, rats underwent the same surgical procedures
as in the ICH group, including the needle insertion into the
striatum but without blood infusion.

Bone marrow harvest

Bone marrow harvest was performed 22h after ICH, as
previously described [14]. Animals were anesthetized with
isoflurane 2% in 70% 0O,/30% N>O. An incision was made
through the skin to the medial aspect of the tibia of the un-
impaired limb. The periosteum was removed, and the surgeon
drilled a burr hole extending into the medullary cavity. A 20-
gauge hypodermic needle was inserted into the medullary
cavity and connected to a heparinized syringe. Bone marrow
(1-1.5mL) was aspirated while rotating and moving the
needle back and forth. In the saline control group, the same
procedure was performed involving a burr hole and needle
insertion of the tibia without bone marrow aspiration. The burr
hole was sealed with bone wax, the skin was closed with a
nylon suture, and 0.25% Marcain was given locally. In the
sham and saline control groups, rats underwent the same
surgical procedures but without the aspiration of bone mar-
row. This limited aspiration of the bone marrow does not
cause impairment of the limbs, and animals are able to par-
ticipate fully in neurological testing [14].

MNC isolation and administration

As described previously [15], the cells from the bone
marrow aspirate were triturated, centrifuged, and washed in
phosphate-buffered saline (PBS) +0.5% bovine serum al-
bumin (BSA). Cells were then suspended in medium 199
and counted using a hemocytometer and Coulter counter.
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The cell suspension was added on top of 20 mL Ficoll-Paque
Plus in a 50-mL conical vial and then centrifuged. The
MNCs were collected, washed with PBS +0.5% BSA, and
then counted. MNC viability was more than 98% by trypan
blue detection. MNCs were then suspended in 1 mL sterile
cold PBS. The overall procedure took 2h to complete. We
previously reported the immunophenotypes of MNCs from
Long Evans rats using this procedure [15]. For intravenous
delivery, the tail vein was isolated under a surgical micro-
scope. One milliliter of MNCs (1x 107 cells/kg) or saline
was infused over 5 min 24 h after ICH. We chose this dosage
based on our previous preclinical and clinical studies on
ischemic stroke [8,16].

Immunophenotypes of MNCs

Since MNCs are a heterogenous population from our previ-
ous studies [14,15], we investigated the subpopulations within
the MNCs. Rats was subjected to ICH (n=5). At 22h after
injury, bone marrow was aspirated and MNCs were isolated.
We performed flow cytometry to characterize the MNC pop-
ulation using a previously published protocol. Briefly, 1 x 106
MNCs were suspended in a 100 puL staining buffer (Hank’s
Balanced Salt Solution+2% FBS), then were incubated with
anti-rat antibodies specific for CD3-FITC, CD45-FITC, CD90-
PE, CD29-APC (1:100; BioLegend); CD11b-FITC, CD45R-
PE, CD71-PE, CD161a-PE (1:100; BD Bioscience); CD34-PE
(1:5; Santa Cruz Biotechnology). The mice IgG isotypes for
PE, FITC, and APC per antibody were tested as controls, re-
spectively. Stained cell were collected using Gallios Flow
Cytometer (Beckman Coulter) and analyzed with Kaluza soft-
ware (Beckman Coulter).

Fluoro-J staining

To detect whether MNCs were able to reduce neuronal cell
death induced by ICH, we quantified dead neurons in the
perihemotomal area with Fluoro-J staining. Briefly, rats were
perfused intracardially with ice-cold PBS at day 3 after MNC
or saline infusion in the ICH model as described above. Fresh
frozen sections were selected from the perihematomal tissue
of the brain at the level of +1 to —1 mm relative to the needle
insertion point. Forty micrometer thick slices were generated
and fixed with cold 2% paraformaldehyde (PFA) (for 20 min),
followed by a staining protocol we reported previously [17].
Four views were randomly selected from the perihemotomal
region in each cryosection, and neuronal death was visualized
and analyzed for the abundance of fluorescent cells under a
fluorescence microscope.

Serum cytokine measurements

To examine the impact of MNCs on the systemic in-
flammatory response after ICH, we collected blood samples
pre-ICH, day 1 after ICH but pre-MNC treatment, and day 3
after ICH. Interleukin (IL)-1f and IL-10 (Thermo Scientific)
were detected by an enzyme-linked immunosorbent assay
according to the manufacturers’ protocols.

Immunohistochemistry slice

At 3 or 28 days after ICH, rats were perfused intracar-
dially with ice-cold PBS. Brains were then harvested and
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snap-frozen. In the cryostat, brains were divided into six
coronal pieces (2mm, I-VI). Three coronal 10um cryo-
sections from section III-V were selected and cut onto slides
and then fixed by 2% PFA for 30 min at room temperature or
treated with acetone for 30 min at —20°C, respectively. After
blocking for 2h in 5% goat serum and 0.01% Triton X-100
in PBS at room temperature, the cryosections were incu-
bated with primary antibodies: rabbit polyclonal anti-rat
myeloperoxidase (MPO; to visualize neutrophils) (1:500;
Dako), mouse monoclonal anti-rat OX-42 (to visualize mi-
croglia) (1:100; Abcam), and rabbit polyclonal anti-rat in-
ducible nitric oxide synthase (iNOS) (1:100; Abcam) for
day 3 assay after ICH; mice monoclonal anti-rat CD31 an-
tibody (1:100; MAB) (to visualize endothelium) and rabbit
polyclonal anti-rat doublecortin (DCX) antibody (1:1,000;
Abcam) (to visualize neuronal precursor cells, cryosection
only from brain section IV) for day 28 assay after ICH.
Then, secondary antibodies conjugated to Alexa Fluor 488
or Alexa Fluor 568 (1:800; Invitrogen) for 2h at room
temperature. The immunofluorescence signal was captured
under the view with 200x magnification using fluorescence
microscope equipped with charge-coupled device camera,
and all immunopositive cells were counted using Imagel
software (NIH) as described previously [17]. For DCX-
positive cell analysis, three views were randomly selected
from the subventricular zone in each cryosection. For other
positive cells or CD31-positive vessel analysis, four views
were randomly selected from the perihemotoma region in
each cryosection.

Western blot analysis

At 3 days after ICH, rats were perfused intracardially with
ice-cold PBS. Brains were harvested. The injured ipsilat-
eral hemisphere was homogenized on ice in a radio-
immunoprecipitation assay buffer (Invitrogen). The protein
concentration of each sample was determined using the Bi-
cinchoninic Acid Assay (Sigma-Aldrich). Fifty micrograms
of protein was separated on a 4%—12% gradient sodium do-
decyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) gel using a Novex Mini Cell system (Invitrogen). The
proteins were transferred onto a polyvinylidene fluoride
membrane (Invitrogen) using the Novex Mini Cell system.
Membranes were blocked (5% nonfat milk, 0.1% TWEEN-20
in Tris-buffered saline, pH 7.6) at room temperature for 2h
and incubated with primary antibodies overnight at 4°C. We
used 1:1,000 rabbit monoclonal anti-rat S100 calcium binding
protein B (S100f; Abcam), 1:1,000 rabbit polyclonal anti-rat
matrix metalloproteinase 9 (MMP9; Abcam), 1:1,000 rab-
bit polyclonal anti-rat high-mobility group protein box-1
(HMGBI1; Santa Cruz Biotechnology), and 1:1,000 rabbit
polyclonal anti-rat aquaporin 4 (AQP4; Abcam) as primary
antibodies. Mouse monoclonal anti-rat B-actin (1:2,000;
Sigma-Aldrich) was used as a normalizing control. Horse-
radish peroxidase-conjugated mouse monoclonal antibodies
(eBioscience, USA) to rabbit and goat were used as secondary
antibodies, respectively, and membranes were incubated for
1 h at room temperature. Immunoreactive bands were visu-
alized using an enhanced chemiluminescence system (GE
Healthcare) according to the manufacturer’s protocol. X-ray
films were scanned and then analyzed with ImageJ for den-
sitometric analyses.
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Morphometric measurement of hemispheric atrophy

At day 28 after ICH, rats were euthanized to analyze
hemispheric atrophy. Animals were anesthetized and intra-
cardially perfused with ice-cold PBS and decapitated. Brains
were harvested and divided into six sections (2 mm, I-VI).
Five coronal 20 um frozen sections from section Il to VI were
stained with cresyl violet. The hemispheric areas of each slide
from each section were traced and measured using ImageJ
software (NIH). The hemispheric atrophy was expressed as a
percentage of contralateral hemispheric area [18].

Measurement of brain water content

At day 3 after ICH, animals were overdosed with iso-
flurane and decapitated and their brains were removed im-
mediately. The cerebellum and brain stem were excised.
The remaining forebrain was divided along the midline, and
wet weights were measured. Dry weights were obtained
after drying for 48 h in an oven at 80°C. Water content was
expressed as a percentage of the wet weight: the formula for
calculation was (wet weight — dry weight)/(wet weight) X
100 [18,19].

Motor test

Young animals underwent long-term behavioral testing
that was performed by an examiner blinded to treatment al-
location. Animals were pretested before ICH and then tested
on days 7, 14, 21, and 28 after ICH. The staircase test was
used to evaluate limb dysfunction in our model. The staircase
test is an efficient test that assesses reaching capacity, dex-
terity, and motor coordination of the impaired forelimb [20].
It evaluates independent forelimb function [21] and has been
reported to be more sensitive to detecting long-lasting deficits
in the ICH model compared with other behavior tests [22-24].
As described previously [20], our apparatus consisted of se-
ven steps on each side. Three pellets were placed in each well
for atotal of 21 pellets on each side. Testing trials consisted of
10min sessions. At the end of each testing trial, the total
number of pellets collected on the impaired side was re-
corded. In addition, the lowest step (numbered 1-7, starting
from the top) reached was that from which at least one pellet
had been displaced. All animals were pretrained for 3 weeks,
and baseline values were recorded before surgery.

Water maze test

To avoid potential interference of demanding training re-
quired for the staircase test, we used separate groups of ani-
mals in the Morris water maze to assess cognitive function.
Both young and aged rats were subjected to water maze tests at
4 weeks after ICH, as previously described [25]. Animals had
to locate a submerged invisible platform located 2 cm below
the surface of the water. The platform remained in a fixed
location within a round black tub (170cm diameter) sur-
rounded by fixed extramaze cues. Each animal was given two
trials a day for 4 consecutive days, with a maximum of 60 s
allowed per trial to locate the platform. Each day, subjects
were placed into the tub at a different quadrant location. Each
animal was allowed 60 s on the platform after each trial to
observe its surroundings. Probe trials were performed by re-
moving the platform on day 5. Each animal was placed into
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the quadrant opposite to the target quadrant. The percentage
of time the animal spent swimming in the former platform
quadrant during a 60s trial was recorded and used for final
analysis (EthoVision; Noldus Information Technology).
Swimming speed was calculated to exclude the possibilities of
motor impairment effect on maze performance, as suggested
by other investigators [26-28].

Biodistribution

MNCs (1x10’ cells/kg) labeled with Qtracker 655 were
administered IV at 24 h after ICH [16]. At 6 and 24 h after
MNC injection, animals were sacrificed and perfused with cold
PBS followed by 4% PFA. The brain, spleen, liver, lung, and
kidney were removed and postfixed in 4% PFA for 24 h and
then immersed in 20% sucrose and stored at 4°C for 248 h.
Twenty micrometer coronal cryosections were then generated
and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) for microscopic analysis. Qtracker-positive MNCs
were quantified with NIH image software (ImageJ) on three
sections of predefined regions of interests (ROIs), involving
randomly chosen four fields per section under 200x magnifi-
cation. The ROIs were in the perihematomal tissue of the brain
at the level of sections from +1 to —1 mm relative to the needle
insertion point. Random ROIs were also selected from the
spleen, liver, lungs, and kidney as described previously [16].

Retired breeder animals

We also examined the effect of MNCs on brain water
content, brain atrophy, and cognitive function after ICH in
aged animals.

Statistical analysis

Data are presented as the mean + standard deviation (SD).
For hemisphere atrophy and number of stained cells, the
Mann-Whitney U-test was used for comparison between
saline-treated and MNC-treated groups. Analysis of vari-
ance (ANOVA) followed by the Tukey—Kramer test was
used to compare differences among sham-operated, saline-
treated, and MNC-treated groups in brain water content,
western blot analysis, and the water maze. For the staircase
test, repeated-measures two-way ANOVA and the Bonfer-
roni post-test were used for comparison between saline-
treated and MNC-treated groups at different days after ICH.
A P-value <0.05 was considered statistically significant.

Results
Mortality

Five young and two retired bleeder animals died within
22h after ICH and were excluded from the experiment.
Three young and two retired bleeder animals treated with
saline died within 72h after ICH. There was no mortality
after sham-operated or MNC-treated groups in both young
and retired bleeder animals.

Immunophenotypes of MNCs

We studied the immunophenotypes of the various cell
subpopulations within MNCs. As previously reported in
ischemic stroke, MNCs in the rat ICH model are composed
of a heterogenous group of different cell types (Table 1).
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TABLE 1. IMMUNO-PHENOTYPE OF MNCs

Cell markers Mean SD
CD3" 6.88 1.29
CD11b* 12.63 1.75
CD45R" 14.57 3.89
CDl161a" 1.33 0.25
CD71* 18.55 3.56
CD34" 0.76 0.14
CD457/CD90"/CD29* 0.66 0.11

SD, standard deviation.

MNCs reduced post-ICH inflammation
and protected the neurovascular unit

Recent studies indicate that immune modulation may be
an important mechanism underlying how certain types of
cell therapies, including MNCs, ameliorate brain injury
[10,14]. Therefore, we first examined the effect of MNCs on
acute inflammation after ICH by using immunohistochem-
istry (n=4 per group). MPO-positive, iNOS-positive, and
0OX-42-positive cells were abundant in the perihematomal
area, as examined at 3 days after ICH. MNC treatment re-
duced the number of MPO-positive (P <0.05; Fig. 1A) and
iNOS-positive cells (P <0.05; Fig. 1B) compared with those
in the saline-treated group. However, there was no signifi-
cant difference in the number of OX-42-positive cells be-
tween MNC and saline treatment groups (P> 0.05; Fig. 1C).
To further characterize the nature of the injury, we also
measured other markers indicative of the neurovascular unit
(NVU) responses to ICH by using western blotting (n=3 per
group). In the hemorrhagic brain, HMBG1, S1003, MMP9,
and AQP4 protein expression was significantly increased
compared with sham-operated animals. Treatment with
MNCs reduced ICH-mediated HMGB1, S1003, MMP9, and
AQP4 expression compared with saline treatment (P <0.05;
Fig. 1D). Given that ICH also triggers a systemic immune
response, we evaluated two representative inflammatory
cytokines in the serum. We found that MNC treatment
significantly decreased IL-1p at day 3 after ICH, but did not
change IL-10, compared to saline control (P <0.05; Fig. 1F).

MNCs reduced posthemorrhagic cerebral edema
and brain atrophy

Since brain edema is one of the most important indices of
tissue damage and is frequently linked with inflammation
and the loss of blood-brain barrier integrity, we hypothe-
sized that MNCs would reduce cerebral edema. We mea-
sured brain water content in adult animals at 3 days after
ICH (n=6 per group). Mean brain water content after ICH
in the ipsilateral hemisphere was 80.71%+0.79% in the
saline-treated group and 79.15%+0.63% in the MNC-
treated group, indicating moderate but significant reduction
(P<0.05; Fig. 2A). Since MNCs reduce cerebral edema and
posthemorrhagic inflammation, we hypothesized that ani-
mals treated with MNCs after ICH would have less neuro-
nal death in perihematomal areas. Using Fluoro-J-stained
neurons, MNC treatment significantly reduced neuronal cell
death, compared with saline controls (P <0.05; Fig. 1E). We
then examined further for tissue protection by examining
brain atrophy. At 28 days after ICH, MNC-treated adult
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FIG.1. Mononuclear cells (MNCs) modulate the inflammatory responses in the local brain after intracerebral hemorrhage

(ICH). (A—C) MNC:s lead to modulation of inflammatory cells that have infiltrated into the perihematomal area at day 3 after
ICH, compared to saline-treated group: representative fluorescent photomicrographs show (A) myeloperoxidase (MPO)-
positive cells (green), (B) inducible nitric oxide synthase (iNOS)-positive cells (red), and (C) OX-42-positive cells (green),
and the right bar graphs illustrate the quantification analysis of MNC modulation, respectively. Data are the mean =+ standard
deviation (SD). 7P <0.05, compared with saline-treated group after ICH. Magnification: 200X. n=4 per group. (D) MNC
treatment significantly ameliorated ICH-induced production of high-mobility group protein box-1 (HMGB1), S100 calcium
binding protein B (S100f), matrix metalloproteinase-9 (MMP9), and aquaporin (AQP4) protein in the ICH-affected brain.
The representative immunoblots and bar graphs show the relative quantitative expression levels of HMGB1, S1008, MMP9,
and AQP4 protein in the hemorrhagic hemisphere at day 3 after ICH. Data are the mean®SD. *P <0.05 compared with
sham-ICH-operated group. P <0.05 compared with saline-treated group after ICH. n=3 per group. (E) Representative
fluorescent photomicrographs and bar graph show that MNC treatment significantly reduces the Fluoro-J-stained neuron
number (yellow arrows) in the perihematomal area at day 3 after ICH, compared to saline control. Data are the mean £ SD.
P <0.05, compared with saline-treated group after ICH. Magnification: 630x. n=4 per group. (F) Bar graphs indicate that
MNC treatment modulates the cytokine level in the serum after ICH. Data are the mean+SD. P <0.05, compared with
saline-treated group after ICH. n=35 per group. Color images available online at www.liebertpub.com/scd

animals showed significantly less hemispheric atrophy
compared with the saline-treated group (n=7 per group;
P<0.05; 7.57% £ 1.72% vs. 11.29% +3.07%; Fig. 2B).

MNCs enhanced neurogenesis and angiogenesis

Since MNCs are known to stimulate various aspects of
repair, we also aimed to investigate neurogenesis, angiogen-
esis, and functional recovery [29]. First, we assessed DCX-

immunohistochemistry in the striatum to detect neuroblasts’
migrating toward the hemorrhagic lesion at 28 days after
ICH (n=4 per group). MNC treatment increased the presence
of DCX-positive cells in the striatum compared with sa-
line treatment (P < 0.05; Fig. 3A). Second, we assessed vessel
density in the perihematomal area by measuring the number
of CD31-labeled vessels at 28 days after ICH (n=4 per
group). MNC treatment led to an increase in vessel density
compared with saline treatment (P <0.05; Fig. 3B).
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MNCs improved motor and cognitive function after ICH

Given that MNCs affect a range of histological endpoints
of recovery, we examined the effects of MNCs on long-term
motor function (n=7 per group) and spatial learning and
memory (sham n=13, saline n=12, MNCs n=11). Young
rats treated with MNCs showed significantly greater neuro-
logical recovery on the staircase test by 21 or 28 days after
ICH (P <0.05; Fig. 4A, B) compared with the saline group.
In the water maze, there was no significant difference in
swimming speed among the three groups (Fig. 4C). Young
rats in the saline-treated group spent significantly less per-
centage of time in the target quadrant during the 60 s probe
trial compared to the sham-operated group (P <0.05;
17.58% £8.61% and 30.53%+9.28%; Fig. 4D). MNC
treatment had a tendency, which was not significant, to im-
prove this cognitive deficit compared with saline treatment
(P=0.071; 25.60% £ 6.78% and 17.58% *+8.61%; Fig. 4D).

Biodistribution

In addition to defining the biological effects of MNCs, we
also sought to determine the biodistribution of injected cells
[30]. Figure 5 shows representative photomicrographs of the
brain, spleen, liver, lung, and kidney sections illustrating
fluorescence-labeled MNCs 6 and 24 h after IV adminis-
tration (n=4 per time point). Among Qtracker-labeled
MNCs that entered the brain, we estimate over 90% mi-
grated in the perihematomal area as early as 6h after IV
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FIG. 3. MNCs improved neurogenesis and angiogenesis at day 28 after ICH. (A) The representative photomicrographs
showing the neuroblasts in the striatum near the subventricular zone. Only cells with the double doublecortin (DCX; green) and
nuclear marker 4’,6-diamidino-2-phenylindole (DAPI) staining were enumerated as DCX-positive cells (arrows). The sub-
ventricular zone is shown as the area between the two broken yellow lines. Bar graph on the right shows the number of DCX-
positive cells in the striatum in saline- and MNC-treated rats. /P < 0.05, compared with the saline-treated group. Magnification:
200x. n=4 per group. (B) Representative photomicrographs showing CD31-labeled blood vessels (red) at day 28 after stroke.
Bar graphs on the right show the vessel numbers in saline- and MNC-treated rats. TP < 0.05, compared with saline-treated group.
Magnification: 200x. n=4 per group. LV, lateral ventricle. Color images available online at www.liebertpub.com/scd
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step reached (B) in the staircase test over time from day 7 to 28 after ICH in rats after ICH treated with saline (control)
or MNC. Data are the mean+SD. P<0.05, compared with the saline-treated group. n=7 per group. Cognitive
dysfunction at 4 weeks after ICH in sham group and in animals after ICH treated with saline or MNC was evaluated by
the Morris water maze test using the percent time spent in the platform quadrant during the probe trial. The swimming
speed was the same for all the groups (C). The bar graph shows time spent in the target quadrant by sham rats and rats
after ICH treated with saline (control) or MNC. (D). Data are the mean*SD. *P <0.05 compared with sham-ICH-

operated group. P=0.071, compared with saline-treated group. Sham n =13, saline n=12, and MNCs n=11.

infusion. MNCs were also observed in the spleen, liver,
lung, and kidney. There was a significant decrease in the
number of labeled MNCs over time at the 24 h time point.

Retired breeder animals

Since ICH affects the elderly population, we sought to
establish whether MNCs may also benefit aged rats. MNC
treatment after ICH (applied in the same manner as young
rats) reduced brain water content at 3 days (n=6 per group;

Brain

FIG. 5. MNC biodistributions at 6 and
24h after IV administration in the ICH
model. The representative fluorescence im-
ages and bar graph show the number of the

P<0.05; 80.15%%+0.93% vs. 78.86% +0.93%; Fig. 6A) and
brain atrophy at 28 days (n=7 per group; P<0.05;
9.08% £ 3.10% vs. 12.72+2.78; Fig. 6B) compared with the
saline-treated group. The staircase test was not performed
on aged rats because of size and performance limitations.
Based on our experience from preliminary experiments,
aged animals will not meet training requirements to perform
modality-specific tasks as complex as reaching tasks. Aged
animals in the saline-treated group spent significantly less
percentage of time in the water maze target quadrant

Spleen

Qtracker-labeled MNCs (red) in the brain, "
spleen, lungs, liver, and kidney. Red: 5 & howre
Qtracker 655; blue: DAPL. Magnification: ‘E 204 824 hours
200x. The y-axis is the mean number of 2 +
cells collected from each section. Data are "
the mean = SD. /P <0.05, compared with 6 h, g 20 -
n=4 per time point. Color images available = T + Kidney
online at www.liebertpub.com/scd b
£ t
ﬂ L
0 ¥ T T
Brain  Spleen  Liver Lung Kidney
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FIG. 6. The effect of MNCs on ICH
outcome in retired bleeder Long Evans rat.

A 2, B ed bleec \
il (A) Bar graph illustrating the brain water
5 ot > 151 content in the hemorrhagic (ipsilateral) and
S 80 s [ + contralateral hemispheres. Data are the
o . £z mean+SD. *P<0.05 compared with the
g 2 A 10 sham-ICH-operated group. P <0.05 com-
2 78 s pared with saline-treated group. n=6 per
£ o 51 group. (B) Bar graph illustrating that MNC
& reduced brain atrophy in animals at day 28
76 . 0 after ICH, compared with saline-treated
Ipsi-hemisphere  Contra-hemisphera Saline MNCs controls. Data are the mean+ SD. P <0.05
compared with saline-treated group. n=7
C 404 D 30 per group. (C, D) The outcomes of Morris
g r t water maze test performed at 4 weeks after
30 4 =% o ICH. Bar graphs illustrate swimming speed
-‘E = I g g G * (C) and the time spent in the target quadrant
$ § 201 o (D) in the sham-ICH group and ICH groups
> ES 101 1 treated with saline or MNC. Data are the
104 a mean £ SD. *P <0.05 compared with sham-
0 £ ICH-operated group. "P<0.05 compared

Sham-ICH ICH-Saline ICH-MNCs

compared to the sham-operated group (sham n=13, saline
n=12, MNCs n=10; P<0.05; 1739%=*6.57% and
39.01%£9.38%; Fig. 6D), as assessed at 4 weeks after ICH.
The time MNC-treated rats swam in the target quadrant was
significantly more than the saline-treated group (P<0.05;
29.88% 1 11.95% and 17.39%=+6.57%; Fig. 6D). There was
no significant difference in the swimming speed among the
groups (Fig. 6C).

Discussion

Cell-based therapy has been proposed as a potential
treatment for various neurological disorders. Bone marrow-
derived MNCs are a promising potential therapy for acute
neurological disorders such as stroke and traumatic brain
injury because they can be rapidly isolated and reinfused for
autologous applications without the need for cell culture [8].
MNC s are a heterogeneous population of cells that include
mesenchymal stem cells, hematopoietic progenitor cells,
endothelial progenitor cells, and several different committed
cells of various lineages. Previous reports have demon-
strated that MNCs conferred beneficial effects against var-
ious types of brain damage, including models of focal
cerebral ischemia, transient global cerebral ischemia,
chronic cerebral ischemia, and traumatic brain injury [9,31-
33]. In this study, we now show that intravenous adminis-
tration of autologous MNCs reduces injury and enhances
recovery in the autologous blood injection ICH model. We
administered the cells at 24 h after injury because our studies
on ischemic stroke suggest that the inflammatory response
may be an important target of MNCs and the time window
appears to be a clinically practical time point to harvest bone
marrow from stroke patients [14].

Because ICH is known to cause robust inflammation [34]
with neutrophil infiltration [35] and MNCs are recognized to
reduce proinflammatory signals in ischemic stroke, we first
assessed the impact of MNCs on inflammation in ICH. We
found that MNCs reduce the number of neutrophils in the
perihematomal area at 3 days after injury. There was no

Sham-ICH ICH-Saline ICH-MNCs

with saline-treated group. Sham n =13, sa-
line n=12, and MNCs n=10.

significant difference in the number of microglia/macro-
phages between MNC or saline treatment groups. Interest-
ingly, the total numbers of iNOS-positive cells were
significantly lower in the perihematomal area in the MNC-
treated group. Furthermore, the levels of serum IL-1 were
decreased at day 3 after ICH by MNC treatment, which
supports the recent report that the administration of MNCs
suppresses various proinflammatory cytokines such as IL-1[
and IL-6 [36]. These results support the hypothesis that
MNCs reduce proinflammatory responses both within the
central nervous system and in the periphery.

Inflammation after ICH is tightly linked with cerebral
edema, disruption of the NVU, and secondary neuronal in-
jury. We therefore assessed brain water content at 3 days
after ICH, a time point when edema is known to peak
[37,38]. We found a modest but significant reduction of
brain water content in the MNC-treated group compared
with the saline-treated group. These results suggest that
MNCs could ameliorate brain edema, even when treatment
is delayed by 24 h. There have been other reports that cell
therapies can reduce cerebral edema following brain injury
[10,39]. To explore potential mechanisms, we investigated
AQP4, a major brain water channel, which is primarily
expressed in perimicrovessel astrocyte foot processes and is
implicated in cerebral edema formation and resolution [40].
We found that MNCs reduced the expression of AQP4 in
perihematomal areas, which is in concert with another study
in which mesenchymal stem cells were found to reduce
brain edema by inhibiting AQP4 upregulation in astrocytes
after cerebral ischemia [41].

We further found that MNCs reduce the expression of other
proteins related to inflammation in ICH, including MMP9,
HMBGI, and S100B, all of which are directly or indirectly
related to disruption of the NVU. MMP9 is activated by brain
injury, which may lead to collapse of the NVU and detach-
ment of astrocyte end feet from the basal lamina [42]. Peri-
hematomal edema is also closely associated with MMP9
levels and neurological worsening. We found that MNC
treatment leads to the reduction of other inflammatory
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mediators. For example, HMGB1, high-mobility group pro-
tein 1, is a protein from the group of alarmins, which is re-
leased by damaged brain cells and activated immune cells.
Upon release, HMGBI1 acts as an early proinflammatory cy-
tokine within the NVU, which leads to exacerbation of
proinflammatory responses, and blood-brain barrier break-
down in the ICH model [43,44]. S100B is released by acti-
vated astrocytes and is associated with enhanced reactive
gliosis and further exacerbation of brain injury [45]. In-
creased S100B levels are also found after acute spontaneous
ICH in patients, in association with acute worsening [46].
Although the roles of these selected proteins in the pathology
of ICH are not entirely clear, our findings suggest that MNCs
may target and prevent various active proinflammatory pro-
cesses that are linked to secondary injury in the acute stages of
ICH. To further corroborate that MNCs confer neurovascular
protection, we also found that MNCs administered at 24 h
after ICH reduced neuronal cell death in perihematomal areas
and brain atrophy compared with saline control.

Many types of cell therapies do not solely target one patho-
logic process in acute neurological injury models. MNCs, in
particular, not only modulate inflammatory and immune-
mediated responses but also upregulate various aspects of repair
in rodents with ischemic stroke. One aspect of brain repair may
be the migration of neuroblasts toward the damaged area, which
has been shown to occur in the blood injection rat ICH model and
possibly in the brains of patients after ICH [47]. There may be
some concordance between neurogenesis and functional im-
provement after brain injury [48]. In our present study, there was
a significant increase in number of DCX-positive neuroblasts in
MNC-treated animals compared with saline treatment at 28 days
after ICH. The regenerated neuroblasts may produce factors that
improve tissue integrity of the damaged brain [49]. We also
examined the effect of MNCs on vessel density. Several studies
have shown that MNCs provide protection in a model of chronic
cerebral ischemia-induced cognitive dysfunction by increasing
angiogenesis [50,51]. Others have demonstrated that MNCs in-
crease vascular density and blood flow in various ischemic dis-
orders such as cardiovascular disease, peripheral arterial disease,
and diabetic foot [52]. We also found a significant increase in the
number of vessels in the perihematomal area in MNC-treated
animals. Thus, our study overall suggests that MNCs may in-
crease two important aspects of brain repair in addition to
modulating the inflammatory response after ICH. However, it is
important to point out that MNCs may be exerting a protective
effect on immature neurons and CD31-positive endothelial cells
and that more studies would be needed to prove more definitively
that MINCs increase angiogenesis and neurogenesis.

To therapeutically characterize the effects of MNCs after
ICH, we also assessed the long-term functional outcome.
Based on the STAIR recommendations, we examined motor
and cognitive functions [53]. We found significantly greater
motor recovery on the staircase test in animals treated with
MNCs. Furthermore, we observed a tendency toward im-
provement in spatial learning in MNC-treated animals
compared with saline controls.

Finally, we performed a biodistribution study to monitor
the migration and fate of injected cells. Labeled MNCs de-
livered by intravenous administration were observed in
perihematomal areas as early as 6h after IV injection.
However, we also found a greater number of MNCs in the
spleen and also detected labeled cells in the liver, lung, and
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kidney. Consistent with other studies, MNCs substantially
decrease in numbers within 24 h of injection [16,17,54,55].
These findings are in line with prior studies that MNCs likely
selectively migrate to injured areas in the brain [15] and that
the injected cells migrate more to other peripheral organs
that may reflect the upregulation of the peripheral immune
response to brain injury. Based on our prior studies, the re-
duction in labeled MNCs likely indicates that the MNCs are
dying over time [16]. However, we did not determine the
different populations of MNCs that migrated to the perihe-
matomal area. Another important issue is that differences in
labeling techniques (eg, Qtracker vs. GFP) might lead to
different biodistribution results [56,57].

The STAIR guidelines also recommend additional studies
in older animals [55]. We therefore repeated some selective
studies using retired bleeder rats. As seen in young rats,
MNC:s in this model reduced brain edema and brain atrophy
and improved spatial learning and memory produced by
ICH. Although we did not repeat the neurogenesis and an-
giogenesis experiments on aged rats in the present study,
recent studies provide evidence that recovery of motor and
spatial memory impairment by cellular therapy was asso-
ciated with the improvement of neurogenesis and angio-
genesis, even in aged rats after stroke [57,58].

In conclusion, MNC treatment, in a clinically relevant
manner, appears to have therapeutic effects on ICH by re-
ducing edema and inflammatory processes in the acute phase
and enhancing endogenous restorative responses in the
chronic phase. These effects might underlie improved long-
term behavioral recovery. A recent clinical study suggests
that autologous intracerebral MNC implantation may im-
prove neurological outcome in patients with ICH [59]. Be-
cause MNCs are a mixture of different cell types, further
studies will be needed to determine which cell populations
may be responsible for their beneficial effects and which cell
subpopulations of the injected MNCs are in the brain. Further
studies will also be needed to better dissect whether MNCs
act at the local regional level within the brain or more directly
on the systemic and peripheral immune responses after I[CH.
Nevertheless, the data from this study lead us to speculate that
MNCs may have the potential to exert broad short- and long-
term effects after ICH. Further studies are also needed to
determine the therapeutic time window; testing in animals
with comorbid conditions should also be considered for
clinical application.
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