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and endothelial progenitor cells (Rafii and Lyden, 2003).
hUCB contains 10-times more CD34™ mononuclear cells
(MNCs) than does adult peripheral blood (Murohara
et al., 2000). The proportion of CD34% cells in hUCB
ranges from 0.3% (Sun et al., 2010) to 2.4% (de Paula
et al., 2012), which is comparable to bone marrow (Cox
et al., 2011). Because of this feature, hUCB has been
used for hematopoietic stem cell transplantation in
patients with hematological diseases and inherited
metabolic disorders/neurodegenerative diseases, i.e.,
Hurler's syndrome, adrenoleukodystrophy, and Krabbe
disease (Prasad st al., 2008). Apart from their
hematopoietic properties, hUCB cells (hUCBCs) have
myriad effects. Human CD34* cells secrete numerous
cytokines, chemokines, and growth factors, including
vascular endothelial growth factor (VEGF) (Majka et al,,
2001). CD34* cells are less prevalent in the neonatal
peripheral blood immediately after birth than in UCB and
tend to decrease within the first 48 h after delivery (Kim
et al, 2007). The basic concept underlying the
intravenous administration of autologous UCBCs for NE
is to replenish the reduced stem cells in systemic
circulation, which may contribute to neuroprotection and/
or enhance cerebral plasticity.

There are several dozen reports in the literature that
have examined the effects of cell therapies in animal
models of NE. Several cell types have been investigated
(Chicha et al., 2014), including neural stem cells (Comi
et al.,, 2008; Sato et al., 2008), MSCs (van Velthoven
et al, 2010), multipotent adult progenitor cells
(Yasuhara et al,, 2006), and dental pulp-derived stem
cells (Yamagata et al., 2013). Several cell sources have
been investigated as well, i.e., rodent embryo (Comi
et al., 2008; Sato et al., 2008), rodent or human bone
marrow (Yasuhara et al, 2006; van Velthoven et al,,
2010), and hUCB (Meier et al., 2008). Furthermore,
several administration routes have also been
investigated, i.e., intracerebral (Xia et al., 2010),
intraperitoneal (Meier et al, 2006), and intranasal
delivery (van Veithoven et al., 2013). Many studies have
shown the benefits of cell therapy. Among these
different cell therapies, the intravenous administration of
autologous UCB treatment may have the lowest risk for
clinical use in NE (Bennet et al., 2012). A few clinical
trials using an intravenous administration of autologous
ucB for NE are currently in progress (http://
www.clinicaltrials.gov/, NCT00593242, NCT01506258,
NCT01649648). However, little is known about the
optimal protocol and the mechanisms of action of UCBC
treatment. To date, there have been 15 reports in the
literature examining the effects of UCBC treatment in
rodent models of NE. These studies used either whole
of the MNC fraction (Meler et al., 2008; de Paula et al.,
2009, 2012; Pimentel-Coelho et al., 2010; Rosenkranz
et al., 2010, 2012, 2013; Yasuhara et al., 2010; Geiller
et al, 2011, Bae et al, 2012; Dalous et al, 2012
Wasielewski et al., 2012, Wang et al., 2013) or MSCs
derived from hUCB (Xia et al,, 2010; Kim et al,, 2012).
The effects of other cell populations in UCB for NE
remain unknown. In this study, we focused on the
CD34™" cell fraction of hUCB. We have previously

reported the beneficial effects of the systemic
administration of hUCB-CD34* cells in an adult mouse
model of stroke (Taguchi et al., 2004a). The objective of
this study was to examine the effects of the intravenous
administration of hUCB-CD34* cells on post-stroke
recovery in a mouse model of neonatal stroke.

EXPERIMENTAL PROCEDURES
Animals and surgery

All experiments were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
and were approved by the Experimental Animal Care
and Use Committee of the National Cerebral and
Cardiovascular Center.

Ninety-one postnatal day 12 (P12) male and female
mouse pups with severe combined immunodeficiency
(SCID) (CB-17/lcr-scid/scidJcl; CLEA Japan Inc., Tokyo,
Japan) were prepared for the experiments. P8-12 mice
are considered comparable to human full-term (PO)
neonates with regard to brain maturation (Hagberg
et al., 2002); some authors argue that P12 mice are
more representative of human full-term neonates
(Charriaut-Marlangue et al., 2013). The novel model of
neonatal stroke that we recently reported (Tsuji et al.,
2013) uses CB-17 (CB-17[lcr-+/+Jcl) mouse pups,
which are immunocompetent. As human cells were
administered to mice, in the present study, we used
immunocompromized animals to minimize
immunological reactions due to xenotransplantation. The
SCID mice used in the present study were derived from
the same strain with the same genetic background as
CB-17 mice. All efforts were made to minimize the
number of animals used and their suffering.

Permanent middle cerebral artery occlusion (MCAOQ)
was produced according to previously reported methods
(Tsujfi et al,, 2013). Under isoflurane anesthesia (4.0%
for induction and 1.5-2.0% for maintenance), a hole
was made in the left temporal bone. The left middle
cerebral artery (MCA) was electrocauterized and
disconnected distal to crossing the olfactory tract.
Thirteen pups underwent open-skull surgery without
MCA electrocoagulation and served as sham-surgery
controls. Five pups were excluded from the
experimental analysis owing to bleeding during surgery.
All analyses were performed by investigators who were
blinded to the experimental group.

Cerebral blood flow (CBF) measurements

The cortical surface CBF was measured by a laser
speckle flowmetry imaging system (Omegazone,
Omegawave Inc., Tokyo, Japan) 24 h after MCAO, 24 h
after treatment (i.e., 72h after MCAQO), and 1 and
7 weeks after treatment, as described previously, with
one minor modification (Ohshima et al., 2012). We
measured the CBF in two regions of interest (ROIs)
through the intact skull with an open-scalp: the Core
(the ischemic core region of the MCA territory) and the
MCA region (the broader region covering most of the
MCA territory, including the Core). The same grid was
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used to set the two matching regions on the contralateral
side. To analyze the influence of the treatment on the
CBF in the peri-infarct regions, we measured the area in
which the CBF was not attenuated, which we defined as
the “well-perfused area.” By observing the contralateral
CBF visually, the area in which the CBF appeared equal
to the corresponding contralateral side was manually
demarcated using NIH Image software (Imaged, 1.43r,
NIH, Bethesda, MD, USA). For analytical accuracy of
ROIls between animals and serial imaging, we set the
ROl based on a line drawn from bregma to lambda,
rather than basing it on the actual MCA-perfused
territory. The percent of the well-perfused area was
calculated by the ratio of the well-perfused area out of
an area of a square grid, which primarily covered the
MCA-perfused territory (Fig. 1A). All pups exhibited CBF
reduction in the MCA territory after the MCAO.
However, three mice exhibiting a mild CBF reduction,
which was defined as a CBF ratio (ipsilateral/
contralateral MCA region) > 0.80 at 24 h after MCAO,
were removed from the study.

Administration of hUCB-CD34™" cells after stroke

Seventy mice with MCAO were randomly assigned to one
of two groups that received hUCB-CD34 ™" cells (UCBC
group) or phosphate-buffered saline (PBS group).
Human UCB-CD34™" cells were purchased from Lonza

Inc. (Walkersville, MD, USA). The purity was >95%,
and the viability of the cells was >95%. Forty-eight
hours after the stroke, a skin incision was made under
isoflurane anesthesia, and the left femoral vein was
exposed. hUCB-CD34" cells (1 x 10°cells), or the
same volume (40 ) of PBS, were carefully infused into
the femoral vein over 3 min using a 35G needle. We
selected the dose of 1 x 10° hUCB-CD34™* cells in the
present study as the dose of 5x10%cells was
beneficial in our previous study in an adult mouse model
(Taguchi et al., 2004a). We selected the timing of cell
administration at 48 h after the insult on the basis of our
previous studies (Taguchi et al., 2004a; Uemura et al.,
2012).

Behavioral tests

Rotarod and open-field tests were performed as
described previously (Tsuji et al,, 2013). Sensorimotor
skills were evaluated 9 days and 7 weeks after the insult
in the rotarod test. The rotarod accelerated from 4 to
40 rpm over 5 min (Muromachi Kikai Co., Ltd., Tokyo,
Japan). The time until the mouse fell off the rotating
drum was recorded for five consecutive sessions, and
the average time spent on the drum was used for
statistical comparison.

Locomotor and exploratory behaviors were evaluated
5 and 7 weeks after the insult using the open-field test.

after UCBCs

C D
E 40 g 100 Well-Perfused Area
5 5 80
30 b4
2 2 *
g8 \g 60
:*é 20 3 PBS; contralateral & 40
53, @ UCBCs; contralataral oy - PBS
i 10 - PBS; ipsiateral 2 20 o UCBCS
0 4 . . . -O-I UCBCs; ipsitateral R i . . '
s} + 4 o) + + <+
» < < N < A
R i P
) Q,&“ Al & &006. ,L{?.‘(‘ A q¢

v

Fig. 1. Cerebral blood flow. (A, B) Representative images of the cerebral blood flow (CBF) 24 h after treatment (i.e., 72 h after the middle cerebral
artery occlusion (MCAQ)). The CBF was decreased in the MCA region on the ipsilateral side, which is indicated by the bluish color, after the MCAO
insult. (C) There were no significant differences between the PBS-treated and human umbilical cord blood CD34* cell (UCBC)-treated groups with
regard to CBF in the ischemic core. (D) However, with regard to the area of CBF reduction, there was a significant difference in the ratio of the area
in which CBF was maintained (the area delineated by white lines in A, B) out of an area of a square (the square delineated by white dotted lines).
The square was set based on a line drawn from bregma to lambda. We defined the ratio as the “% well-perfused area.” Differences between groups
were tested using a two-way repeated measures ANOVA. A post hoc test showed that the% well-perfused area was significantly larger in the UCBC
group compared with the PBS group at 24 h after the treatment. *P < 0.05 (PBS-treated group n = 10~12 at each time point, except at 7 weeks
after treatment (n = 5); UCBC-treated group n = 11-13 at each time point, except at 7 weeks after treatment (n = 4)). Tx; treatment.
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Animals were allowed to search freely in a box
(30 x 30 cm) for 30 min in a light environment and for
the subsequent 30 min in a dark environment (Taiyo
Electric Co., Ltd., Osaka, Japan). Infrared beams were
mounted at specific intervals on the X-, Y-, and Z-banks
of the open-field. The total number of beam crossings
by the animal was counted and scored as “locomotion”
for the horizontal movement and as “rearing” for the
vertical movement.

Histological analyses

A morphological evaluation of the brain injury was
performed as described previously (Tsuji et al., 2012,
2013). Animals were perfusion-fixed intracardially with
4% paraformaldehyde at 12 days or 7 weeks after the
insult. The brain was removed and sectioned coronally in
1-mm-thick slices. The areas of the ipsilateral and
contralateral hemispheres in each brain section were
measured using ImagedJ. The hemispheric volume was
estimated by integrating the hemispheric areas. The %
stroke volume was calculated as follows: ((contralateral
volume - viable ipsilateral volume)/contralateral volume)
x 100%. This model causes a pure cortical stroke with
mild secondary injury in the thalamus and the corpus
callosum, and the hemispheric volume effectively
represents the histological injury (Tsuji et al,, 2013).

Immunohistochemistry

Coronally sectioned brain slices were covered in tissue
freezing medium (O.C.T. Compound, Sakura Finetek
USA Inc., Torrance, CA, USA). Coronal sections
(10um) were prepared using a cryostat (Leica
Biosystems Inc., Wetzler, Germany). Sections were
subjected to immunohistochemistry with anti-human
nuclei antibody (HuNu) (Merck Millipore, Billerica, MA,
USA, 1:30) and mouse-specific antibody to CD31
antigen expressed by endothelial cells (BD Biosciences,
San Jose, CA, USA, 1:100); the secondary antibodies
included anti-mouse Envision+ system-HRP Labeled
Polymer and biotinylated anti-rat immunoglobulin (Dako
Cytomation, Glostrup, Denmark), respectively. Nuclei
were stained with hematoxylin after the HuNu staining.
When analyzing the CD31-positive blood vessel, we
defined the “peri-infarct area” as the external (non-
ischemic) regions within 200 um of the border of the
post-stroke area, as described previously (Nakano-Doi
et al, 2010). The lengths and diameters of blood
vessels were measured using ImageJ.

Statistics

The mortality rate of the animals was analyzed using the
Fisher's exact test. Differences in body weight were
assessed using a one-way analysis of variance
(ANOVA), followed by the Bonferroni test. The percent
volume loss was assessed using a Student f-test. CBF,
rotarod and open-field test outcomes were assessed
using a two-way repeated measures ANOVA, followed
by the Bonferroni test. Parameters in blood vessels
were assessed using a two-way ANOVA, followed by

the Bonferroni test. Differences were considered
significant at P < 0.05. The results are expressed as
the mean =+ standard deviation (SD), unless otherwise
noted.

RESULTS
Mortality and body weight

Mortality rates did not differ between the PBS and UCBC
groups: 1 out of 35 mice in the PBS group and 2 out of 35
mice in the UCBC group. Body weights at the time of
surgery (P12), and at 7 days (P21) and 7 weeks after
the treatment (P63), did not differ among the three
groups, including the sham-surgery control group
(Table 1).

CBF

With regard to the degree of CBF reduction, there were no
significant differences between the PBS and UCBC
groups, either in the ischemic core (Fig. 1A-C) or in the
MCA region (data not shown). However, with regard to
the area of CBF reduction, a two-way repeated
measures ANOVA showed that there was a significant
group difference in the % well-perfused area: i.e., the
areas where CBF was maintained were different
(Fig. 1A, B, and D). A post hoc test showed that the %
well-perfused area was significantly larger in the UCBC
group compared with the PBS group at 24 h after the
treatment, but not at the other time points measured.

Morphological brain injury

All pups subjected to MCAO exhibited cortical infarct and
consistent hemispheric volume loss when assessed
either 12 days or 7 weeks after the insult (Fig. 2A, B).
Twelve days after MCAO, the mean % stroke volume did
not differ between the PBS and UCBC groups,
20.7 + 3.3% and 21.3 + 2.4%, respectively (Fig. 2A).
Seven weeks after MCAO, the mean% stroke volume in
the UCBC group (21.5 * 1.9%) was significantly
ameliorated compared with the PBS group (25.6 + 5.1%)
(Fig. 2B-D). No sex differences in % stroke volume were
observed in either of the groups (male 26.2 + 3.9 vs.
female 24.8 + 6.5% in the PBS group, male 21.4 + 1.2
vs. female 21.5 + 2.3% in the UCBC group, at 7 weeks
after MCAO).

Table 1. Body weights

P12 P21 P63
Sham-surgery 6.9 £ 0.6 8.6 +£ 0.5 200 + 1.7
MCAO + PBS 6.7 £ 0.7 8.0 £ 0.7 18.2 + 3.6
MCAO + UCBCs 6.7 £ 0.7 7.9 £0.7 18.2 + 3.1

Body weights (g) (mean * SD) at postnatal day 12 (P12, the day of surgery), P21
(7 days after the treatment), and P63 (7 weeks after the treatment) were not
different between groups. MCAO, middle cerebral artery occlusion; PBS,
phosphate-buffered saline; UCBCs, human umbilical cord blood CD34* celis.



152 M. Tsuji et al. /Neuroscience 263 (2014) 148—158

A 12d after MCAO

40+
i
o 304
@ : o
._E:.{ 201 " b
©
> 10
3
4] 1 ¥
PBS UGCBCs

B 7wks after MCAO

*
401 I !
-

2
O 304 .
[} """?i;t"" e ™ _u
g 20+ Cue 2'3
©
= 104
2

Fig. 2. Morphological brain injury. (A) Twelve days after middle cerebral artery occlusion (MCAQ), the mean % stroke volume did not differ between
the PBS-treated and human umbilical cord blood CD34™ cell (UCBC)-treated groups. (B) Seven weeks after MCAO, the mean % stroke volume in
the UCBC group was significantly ameliorated compared with the PBS group. (C) Representative images of brains 7 weeks after MCAO. *P < 0.05.

Localization of hUCB-CD34™ cells

Very few donor cells stained with human antinuclear
antibody were identified in the brain (a few stained cells
per the entire coronal section) 24 h after the intravenous
injection (n = 5), most of which were located around
blood vessels (Fig. 3). The stained cells were hardly
identified 10 days after the injection (n = §) (data not
shown).

Blood vessels

We analyzed blood vessels in the region bordering the
cortical infarct at 7 weeks after MCAO (Fig. 4A). There
were no significant differences in either the number of
vessels or the total length of vessels between the PBS
and UCBC groups (Fig. 4B-E). However, the mean
diameter of vessels was significantly larger in the
UCBC-treated mice compared with the PBS-treated
mice (Fig. 4B, C, and F). These large vessels in the
UCBC-treated mice were observed only in the region
bordering the cortical infarct and not in the other regions
of the ipsilateral side or in the contralateral side.

Rotarod performance

Sensorimotor performance, as assessed by a rotarod
treadmill at 9 days and 6 weeks after the insult, was

Fig. 3. Administered human umbilical cord blood CD34 ™ cells. Very
few donor cells, i.e., human umbilical cord blood CD34 * cells stained
with human antinuclear antibody, were identified in the brain 24 h
after the intravenous injection. Donor cells that were identified were
localized around blood vessels (arrowhead).

analyzed by a two-way repeated measures ANOVA.
There were significant group, but not time, differences.
Compared with the performance in the sham-surgery
group (238 & 46s, at 6 weeks), the performance was

" significanly impaired in mice with MCAO + PBS

(175 + 49s), while no significant impairment was
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Fig. 4. Blood vessels. (A) Blood vessels in the peri-stroke region (small white square) were analyzed 7 weeks after MCAO. (B, C) Representative
images of vessels stained with CD31 antibody (a marker of endothelial cells) in the peri-stroke regions. (D, E) There were no significant differences
in either the number of vessels or the total length of vessels between the PBS-treated and human umbilical cord blood CD34* cell (UCBC)-treated
groups. (F) However, the mean diameter of vessels in the peri-stroke region was significantly larger in the UCBC-treated mice compared with the
PBS-treated mice. These large vessels in the UCBC-treated mice were only observed in the peri-stroke regions of the cortical infarct. ***P < 0.001.

observed in mice with MCAO + UCBCs (203 £ 545s)
(Fig. 5). However, there was no significant difference
between the MCAO + UCBC group and the MCAO +
PBS group. No sex differences in the performance
were observed in either of the groups (male 188 + 32
vs. female 155 + 61s in the PBS group, male 185 +
43 vs. female 220 + 57s in the UCBC group, at
6 weeks).

Open-field activities

We initially analyzed the overall activities during 60-min
sessions at 5 and 7 weeks after the insult using a
two-way repeated measures ANOVA (data not shown).
We then analyzed the temporal changes throughout a
60-min session in 5-min increments using a two-way
repeated measures ANOVA (Fig. 6A, B). Compared
with sham-surgery mice, mice with MCAO did not
exhibit significant behavioral alterations in either
locomotion or rearing at either time point; one exception
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Fig. 5. Rotarod test. Repeated-measures two-way ANOVA showed
significant group differences in sensorimotor performance. Perfor-
mance was significantly impaired in mice with MCAO treated with
PBS compared with sham-surgery mice. In contrast, performance
was not impaired in mice with MCAQ treated with human umbilical
cord blood CD34* cells (UCBCs) compared with sham-surgery mice.
However, there was no significant difference between the
MCAO + UCBCs group and the MCAO + PBS group. *P < 0.05.
(sham n = 10; MCAQ + PBS n = 12; MCAO + UCBCs n = 16,
9 days after the insult, i.e., 1 week after the treatment. n = 10in each
group, 6 weeks after the insult).
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was mice with MCAO treated with either PBS or UCBCs
that exhibited significantly less prominent responses to
the dark environment with respect to locomotion at both
5 and 7 weeks after the insult. Overall, UCBC treatment
did not significantly alter the behaviors in the mice with
necnatal stroke, as assessed with the open-field test.

DISCUSSION

Only two cell types, the whole MNC fraction and MSCs, in
hUCB have been investigated as cell therapies in animal
models of NE to date. In the present study, the
intravenous administration of hUCB-CD34 ™" cells, which
are mostly hematopoietic stem cells and endothelial
progenitor cells, modestly ameliorated histological brain
injury after neonatal stroke in mice. The effects were, at
least in part, due to the improved CBF in the ischemic
penumbra during the subacute phase of stroke, which
may be associated with the increased mean diameter of
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Fig. 6. Open-field test. Temporal changes in activities were analyzed
in 5-min increments by a repeated-measures two-way ANOVA. (A)
With respect to locomotion (horizontal movement), the mice in all
three groups became hyperactive in response to the dark environ-
ment when assessed at 7 weeks after the insult. However, the
response was significantly weaker in the mice with MCAQ treated
with either PBS or human umbilical cord blood CD34™* cells (UCBCs)
compared with the sham-surgery mice. (B) With respect to rearing
(vertical movement), there were no significant group differences at
7 weeks after the insult. UCBC treatment did not significantly alter
behavior in the mice with neonatal stroke. *P < 0,05 compared with
the MCAO + PBS and MCAO + UCBCs groups. Mean + SEM.
(sham n = 13; MCAO + PBS n = 17; MCAO + UCBCs n = 13).

blood vessels observed in the peri-infarct area during
the chronic phase.

The purpose of the present study was to examine the
potential of the CD34 ™" cell fraction in human UCB; SCID
mice, which are deficient in functional B and T
lymphocytes because of a single gene mutation, were
transfused with hUCB-CD34™" cells. Hence, the present
study used xenotransplantation; thus, caution should be
exercised when translating the data obtained in the present
study into the clinic. We used immunocompromized mice to
minimize the undesirable immunological and inflammatory
reactions caused by xenotransplantation as these reactions
are not induced in autologous transfusion, which is the
expected paradigm in the clinical application. To date, no
study has examined the effects of allogeneic transplantation
with UCBCs in rodent models of brain injury. One reason is
because the rodent UCB is different from the human
UCB; unlike in humans, mouse CD34% cells are not
hematopoietic cells (Osawa et al., 1998). In addition,
collecting rodent UCBCs is technically difficult.

We chose the timing of the cell transfusion to be 48 h
after the brain injury for numerous reasons. The optimal
time window of hUCBC therapies in animal models of
NE has not been examined. UCBCs were administered
24 h after the brain injury in most NE studies (Table 2).
Recent data on UCBCs and other types of stem cells in
adult rodent models suggest that a later timing of
transfusion, i.e., 48 or 72h after the insult, is more
beneficial (Newcomb et al., 2008; Rosenblum et al.,
2012; Uemura et al,, 2012).

One of the key features of this study is that it was
performed using a highly reproducible model of NE, in
which the locations of the infarct and peri-infarct areas
were easily distinguishable and consistent between
animals. During the first hours after brain injury, a
defrimental biological cascade begins, and cells are
destined to be damaged. We assumed that the
neuroprotective effects would be limited when animals
were treated 48 h after the insult, even if the cell
treatment was potent. In fact, the hUCB-CD34* cell
treatment achieved a modest, but statistically significant,
amelioration of the brain injury. Similarly, the cell
treatment  exhibited a  statistically  significant
augmentation of the CBF in the peri-infarct region, but
not in other regions. These results suggest that the cell
therapy exerts neuroprotective effects only in the peri-
infarct area and not in the ischemic core. Moreover,
these results suggest that it is crucial to examine the
effects of treatment in a region-specific manner in a
highly reproducible model.

The amelioration rate of cerebral tissue loss by the
UCBC therapy was relatively smali, and none of the
UCBC-treated mice exhibited outstanding improvement;
there may be a limit of the improvement in % stroke
volume, e.g., 17.5% in this study. This implies that the
ischemic core cannot be rescued or restored by cell
treatment. The result is well conceivable as the model
used in the present study is a permanent MCAO model
in mice with a CB-~17 strain background, which has little
anastomoses between MCA and other cerebral arteries
(Taguchi et al., 2010). Even after removing the pup with
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Table 2. Reported studies with umbilical cord blood cells in rodent models of neonatal brain injury

Research Model Cell Cell dose Timing Delivery route  Follow- Improvement Author and reference
ou| e —
grotp P up Morphology Behavior
A 1 P7 rat, HI MNC 1 x 107 24h ip. 2weeks NA + Meier et al. (2006)
2 P7 rat, HI MNC 1% 107 24h  ip. 2weeks NA NA Raosenkranz et al. {2010)
3 P7 rat, HI MNC 1 x 107 24h i.p. 6 weeks NA + Geiler et al. (2011)
4 P7 rat, Hi MNC 1x 107 24h ip., intrathecal 6weeks + + Wasielewski et al, (2012)
5 P7 rat, HI MNC 1x 107 24h ip. 2weeks + NA Rosenkranz et al. {2012)
6 P7 rat, Hi MNC 1x 107 24h  ip. 2weeks NA NA Rosenkranz et al. (2013)
B 7 P7 rat, HI MNC 1x 107 24h v 3weeks — - de Paula et al. (2009)
8  P7rat, HI MNC 1x10% 107, 24h v 8weeks + + de Paula et al. (2012)
108
9 P7 rat, HI MNC 1.5 x 10* 7 days i.v. 3 weeks Yasuhara st al. (2010)
D 10 P7rat HI MNC 2 x 10° 3h i.p. 7 days + Pimentel-Coelho eof al.
{2010
11  P7rat, HI MNC 1x1x107 24h v, 10 weeks + + Bae et al. {(2012)
F 12 P5rat, MNC 1, 3 x 108, 0,24hi.p.,iv. 5days - NA Dalous st al. (2012)
excitotoxicity 1x 107
13 P7rat, Hi MNC 3 x 10° 24h Intraventricular 2weeks + NA Wang et al. (2013)
H 14 P7rat, Hi MSC 5x 10 3 days Intraparenchymal 4 weeks + + Xia et al. (2010)
| 15 P10rat, MCAO MSC 1x 105 6h Intraventricular 4 weeks + Kim et al. (2012}
Present P12 mouse, cD34"  1x10° 48h iwv. 7 weeks + -
study MCAO cell

P, postnatal day; HI, hypoxia—ischemia; MCAO, middle cerebral artery occlusion; MNC, mononuclear cell; MSC, mesenchymal stem cell; i.p., intraperitoneal; i.v., intrave-

nous; NA, not assessed.

the most severe brain damage in the PBS group, the
ameliorating effects of the cell therapy were statistically
significant, confirming the fact that the treatment effect
is modest but significant. '

CD34™ cells as a neuroprotective treatment

The intravenous administration of hUCB-CD34*, but not
CD34~ cells, ameliorates damage in adult mice with
permanent MCAO (Taguchi et al.,, 2004a) and in a rat
model of spinal cord injury (Kao et al., 2008). Boltze
et al. (2012) compared the effects of the intravenous
administration of hUCB-MNCs (which contains a variety
of cells, including CD34" cells), CD34* cells, and
CD34~ cells in adult rats with permanent MCAO. The
MNCs provided the most prominent neuroprotective
effects, with CD34™ cells appearing to be particularly
involved in the protective action of MNCs. A study in a
rat model of myocardial infarction showed that CD34*
cell treatment elicited the greatest attenuation of the
damage with the high-dose MNC group (which
contained the same absolute CD34" cell dose as the
CD34* cell group) exhibiting a moderate attenuation
(Kawamoto et al., 2008). The beneficial effects of the
intravenous administration of hUCB-CD34" cells have
also been reported in adult rat models of transient
MCAO (Chen et al., 2001; Ou et al., 2010), heatstroke
(Chen et al., 2007) and traumatic brain injury (Chen
et al., 2013). Among the variety of cell types in hUCB,
CD34% cells play a crucial, if not absolute, role in the
neuroprotection afforded by hUCBC treatment. In our

clinical studies of adult patients with cerebral ischemic
events, the number of circulating CD34% cells was
inversely correlated with cerebral infarction and
positively correlated with CBF (Taguchi et al., 2004b,
2009). These results suggest that circulating CD34™
cells have a role in the maintenance of the cerebral
circulation in ischemic stress.

The administration of whole nucleated cells or the
MNC fraction isolated by a density gradient separation
is a simple approach for clinical application. Of note, the
“MNC fraction” does not necessarily indicate that the
cells in the fraction are exclusively mononucleate cells.
The hUCB-MNC fraction isolated by gradient separation
using Ficoll-paque (GE Healthcare UK Ltd., Amersham
Place, England) contains 1-20% granulocytes among
the recovered cells. As much as 46% of the MNC
fraction is composed of granulocytes after separation
from child bone marrow (Cox et al., 2011). As some
studies have shown that granulocytes are detrimental
for NE (Palmer et al., 2004), the administration of only
the beneficial cell fraction may be important to improve
the clinical outcome.

Augmentation of CBF and modulation of blood
vessels by UCBC treatment

The present study shows that augmentation of CBF is one
of the beneficial effects of hUCB-CD34 " cell treatment.
Our previous study demonstrated that the degree of
CBF reduction in the subacute phase following neonatal
Hl (24 h after the insult) correlated strongly with the
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subsequent morphological development of brain damage
in mice (Ohshima et al, 2012). This implies that
augmentation of the CBF during this phase may lead to
improvements in brain damage during the chronic
phase. We have previously reported that the
intravenous  administration of hUCB-CD34* cells
enhanced CBF just outside of the penumbra in an adult
mouse model of permanent MCAO (Taguchi et al,
2004a). We have reported that the intravenous
administration of murine bone marrow MNCs markedly
augmented CBF in the early phase after treatment (6 h
after administration) in an adult mouse model of
ischemic white matter damage (Fujita et al., 2010).
Augmentation of CBF induced by CD34™ cell treatment
has also been reported in adult rat models of transient
three-vessel-occlusion (Shyu et al, 2008) and
heatstroke (Chen et al., 2007).

In the present study, we found that the cell therapy can
modulate the morphologies of blood vessels after an
ischemic insult, i.e., an enlarged diameter of blood
vessels, We have previously reported that cell therapies
can modulate the morphologies of blood vessels after
ischemic insults, leading to an increased density of blood
vessels in the adult models (Taguchi et al., 2004a; Fujita
et al., 2010). Angiogenesis facilitated by CD34™" cell
treatment has also been reported in other models of
brain injury (Shyu et al., 2006; Chen et al., 2007, 2013)
and myocardial infarction (Kawamoto et al., 2006). In the
present study, there was no accumulation of hUCB-
CD34* cells in the border area of the infarct; the number
of donor cells in the brain was substantially lower at 24 h
after administration, and the donor cells were virtually
absent by 10 days after administration. Therefore, it is
highly unlikely that the donor cells contributed physically
to the enlargement of the blood vessels after their
incorporation. Although we previously identified that a
few donor cells reside in the vascular walls and express
endothelial markers or features of pericytes, this is not a
prevalent phenomenon in the ischemic brain (Taguchi
et al., 2004a; Fujita et al., 2010). A body of evidence
demonstrates the beneficial effects of cell therapies in
animal models of brain injury in the absence (Boriongan
et al., 2004; Boltze et al,, 2012) or paucity (Yasuhara
et al., 2010) of hUCBCs in brain tissue.

There have been no studies that directly examined
angiogenesis after hUCBC treatment in animal models
of NE. However, one study demonstrated a possible
association  between hUCBC  treatment  and
angiogenesis in an animal model of NE. The study
showed that an intraperitoneal application of hUCB-
MNCs increased the expression of the proteins Tie-2,
occludin, and VEGF in the brain, which are associated
with angiogenesis (Rosenkranz et al., 2012). Increased
levels of VEGF in the central nervous system following
the intravenous administration of hUCB-CD34% cells
have been reported in an adult rat model of spinal cord
injury (Kao et al., 2008). Increases in endothelial nitric
oxide synthase activation by bone marrow-MNC
treatment have been observed in ischemic brains (Fujita
et al, 2010). We suggest that the direct structural
incorporation of donor cells within blood vessels may

not be the main mechanism underlying the modulation
of CBF and blood vessels but rather VEGF, nitric oxide,
or unknown factors that are induced by cell treatment
are responsible.

Other effects of UCBC treatment

Apart from its effects on CBF and blood vessels, the
pluripotent nature of hUCBC treatment has been
reported to be one of the mechanisms responsible for
the beneficial effects of this treatment for NE (Verina
et al., 2013). Although there are no reports of the use of
hUCB-CD34 ™ cells in NE, there are 15 reports of the
use of other types of hUCBCs (Table 2). Systemic (i.e.,
intraperitoneal or intravenous) injection of hUCB-MNCs
in a neonatal rat model of HIE reduced apoptosis
(Pimentel-Coelho et al., 2010; Rosenkranz et al., 2012);
increased the expression of brain-derived neurotrophic
factor (BDNF) (Rosenkranz et al.,, 2012), nerve growth
factor, and glial cell line-derived neurotrophic factor
(GDNF) in the brain (Yasuhara et al., 2010); reduced
the activation of astrocytes (Wasielewski et al.,, 2012)
and microglia (Pimentel-Coelho et al, 2010;
Rosenkranz et al., 2013); reduced the increase in serum
levels of pro-inflammatory cytokines (Rosenkranz et al.,
2013); and restored neural processing in the primary
somatosensory cortex (Geildler et al,, 2011). Studies in
adult rodent models of CNS disorders have shown that
hUCB-CD34* cell treatment increased brain levels of
trophic factors, i.e., GDNF, and decreased serum levels
of systemic inflammatory molecules, i.e., tumor necrosis
factor-o. and intercellular adhesion molecule-1 (Chen
et al., 2007, 2013; Kao et al., 2008; Ou et al., 2010).
Taken together, the major mechanisms responsible
for the beneficial effects of hUCB treatment for
cerebral ischemia appear to be related to either
immunomodulation/anti-inflammation  andfor  trophic
factor/cytokine production, independently of CBF/blood
vessel modulation. Our present study suggests that the
modulation of these immuno-inflammatory responses is
not the single mechanism of action of hUCBC treatment,
as SCID mice (which lack both functional T and B
lymphocytes) exhibited improvement after cell therapy.

CONCLUSIONS

This study shows that the intravenous administration of
hUCB-CD34 ™ cells 48 h after neonatal stroke modestly
ameliorates brain injury in a mouse model.
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Introduction

Transplantation of stem or progenitor cells is an emerging
approach to repair and/or regenerate damaged myocardium
undergoing adverse ventricular remodeling. Unfractionated bone
marrow mononuclear cells (BMCis) contain several kinds of stem/
progenitor cells and are the most frequently used donor cell type in
clinical cell therapy to the heart [1]. The therapeutic effect of
BMC transplantation in not only acute myocardial infarction (MI)
but also post-MI chronic heart failure (ischemic cardiomyopathy)
has been confirmed in animal and human studies [1-3]. Because
injected BMCs do not vigorously differentiate to functioning
cardiomyocytes or vascular cells i vivo, the major mechanism of
the therapeutic effects is proposed to be their secretion of
cytokines, chemokines and growth factors that help repair of the
damaged myocardium suffering post-MI adverse remodeling [1-

PLOS ONE | www.plosone.org

3]. However, the precise mechanism of this “paracrine effect”
remains uncertain.

Interestingly, cardiac function recovery by BMG transplantation
occurs despite of markedly poor donor cell survival [1,3,4]. It has
also been shown that active secretion from BMCs is less extensive
compared to other donor cell types [5,6]. It was also reported that
injection of extract of dead BMCs by freeze-thaw cycles induces
the similar therapeutic effect to injection of living BMCs (7].
These findings led us to hypothesize that dead donor BMCs might
be a supplementary or alternative source of the paracrine
mediators, which could contribute to the repair of the failing
myocardium.

High-mobility group box 1 (HMGBI) was initially identified as
a nuclear protein that regulates transcriptional factors to stabilize
the nucleosome [8]. This molecule is also known to be actively
secreted from activated inflammatory cells and also passively

October 2013 | Volume 8 | Issue 10 | 76908



released from dead cells [9-11]. Extracellular HMGBI1 induces
and intensifies inflammation in most cases, while it can also
operate to attenuate inflammation and enhance the healing of
damaged tissues, according to the form/amount of HMGBI and
nature of the tissues [9-12]. In the heart, there is increasing
evidence that extracellular HMGBI attenuates myocardial dam-
age and induces recovery/regeneration [13-18], though there are
contradicting reports [19,20]. We have demonstrated that
HMGB! administration achieved the similar benefits to the
BMC-mediated paracrine effects, including decreased fibrosis,
increased vascular formation, attenuated cardiomyocyte hypertro-
phy, and attenuated inflammation in a rat ischemic cardiomyop-
athy model [17]. It has also been reported that extracellular
HMGBI augments tissue regeneration through activating endog-
enous progenitor cells [15,21].

Collectively, these data formed a hypothesis that extracellular
HMGB! released from dead donor cells contributes to the
paracrine effect of BMC transplantation to repair the post-MI
failing myocardium and to improve cardiac performance.

Materials and Methods

Ethics Statement

All studies were performed with the approval of the UK Home
Office (Project Licence Number: 70/7254). The investigation
conforms to the Principles of Laboratory Animal Care formulated
by the National Society for Medical Research and the Guide for
the Care and Use of Laboratory Animals (US NIH Publication,
1996). All animal surgery was performed under inhalation
anesthesia of isoflurane and administration of buprenorphine
hydrochloride was made just after surgery to reduce postoperative
pain, and all efforts were made to minimize suffering. Surgical
procedures, cardiac function measurement, and sample analyses
were performed in a blinded manner.

BMC Collection

Bone marrow was isolated from both femurs and tibias of male
Lewis rats (150-200 g; Charles River, UK), from which BMCs
(mononuclear cells) were purified by Ficoll-Paque gradient
centrifugation (GE Healthcare) as previously described [3]. Flow
cytometry analysis (FACSAria, BD Biosciences) using monoclonal
anti-rat CD34 (Santa-Cruz) and anti-rat CD45 (BD Pharmingen)
antibodies showed that 4.61.7% of the BMCs were positive for
CD34 and 75.5%4.3% were positive for CD45 (Figure S1). To
trace the injected cells, BMCs were labeled with CM-Dil
(Molecular Probes) before transplantation according to the
company’s protocol. The viability of donor BMCs just before
injection measured by trypan blue staining was 97.1£0.6% (n=11
animals).

Assessment of Cardiac Function

Cardiac function and dimensions pre and post treatment were
measured by using echocardiography (Vevo—770, VisualSonics)
as previously described [3,17]. Diastolic and systolic LV endocar-
dial areas at the papillary muscle level were measured from
parasternal short-axis views, from which LV fractional area
change (LVFAC) was calculated. Post treatment hemodynamics
parameters were measured by catheterization (SRP—320/
PVANS.2, Millar Instruments and Chart 5 software, ADInstru-
ments) as described previously [22].
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Generation of Ischemic Cardiomyopathy and Cell
Transplantation in Rat

Female Lewis rats (150-200 g, Charles River) underwent left
coronary artery ligation as described previously {3,17,23,24]. Four
weeks later, the animals that showed appropriate cardiac
dysfunction  (LVFAC  22-32%; base line in intact
rats=61.621.7% [n=>5]) by echocardiography were chosen and
randomly assigned to 4 treatment groups; intramyocardial
injection of 1x107 syngeneic male BMCs (BMC: group), injection
of BMCs with 50 pg anti-HHMGBI1 neutralizing antibody (Medical
& Biological Laboratories; AB group), injection of BMCs with
50 pg control IgG (Sigma-Aldrich; IgG group), and injection of
PBS only (CON group). BMCs were suspended in 200 pl of PBS
and intramyocardial injection was performed into 2 sites (100 pl
each) of the LV free wall, targeting the border areas [3].

To optimize the antibody dose, 1 x10” BMCs were injected with
0, 10, 50, or 100 ug of anti-HMGBI antibody in the same model
(n=3). At day 28, LVFAC was 31.5%1.2, 30.3£1.5, 26.6%1.3,
and 26.4%1.8%, respectively. Then, 50 pg antibody was used in
the main study.

Detection of Released HMGB1

Peripheral blood was collected, from which serum was obtained
by centrifugation. HMGBI levels in the serum were determined in
duplicate using a commercial ELISA kit (IBL international
GMBH) according to the manufacture’s instruction.

Histological Analysis

The hearts were excised, fixed with 4% paraformaldehyde,
embedded in OCT compound, and quickly frozen in liquid
nitrogen. Cryosections were cut and incubated with biotin
conjugated Griffonia simplicifolia lectin I-isolectin B4 (1:100,
Vector), monoclonal anti-rat CD68 antibody (1:100, AbD
Serotec), monoclonal anti-rat CD86 antibody (1:50, BD), mono-
clonal anti-rat CD163 antibody (1:100, AbD Serotec), monoclonal
anti-rat Ki-67 antibody (1:50, DakoCytomation), and/or poly-
clonal anti-rat cardiac troponin-T (cTnT) antibody (1:200,
HyTest) followed by visualization using appropriate fluorophore-
conjugated secondary antibodies (Molecular Probes). Samples
were observed by a fluorescence microscopy (BZ8000, Keyence)
with or without nuclear counter-staining using 4, 6-diamidino-2-
phenylindole (DAPI). Ten different fields were randomly selected
in each border area of the samples and assessed. Another set of
sections were stained with 0.1% picrosirius red, which enabled
calculation of extracellular collagen volume fraction in border area
by using NIH image-analysis software [3,17,22].

Quantitative Analysis of Donor Cell Survival

Genomic DNA was extracted from the whole LV samples of
female rats. To detect donor cell (male) survival, expression of the
Y chromosome-specific sry gene in these samples was assessed by
real-time polymerase chain reaction (PCR; Prism 7900HT,
Applied Biosystems). The srp levels were normalized to the DNA
amount using the autosomal single copy gene, oesteopontin. The
number of surviving donor cells was estimated by correcting the
relative s7y expression using a standard curve as previously
described [3,17,22].

Measurements of Myocardial Gene Expression

Total RNA was extracted from the whole LV samples and
assessed for myocardial expression of IL-1f, TNF-o, and IL-10 by
quantitative RT-PCR (Prism 7900HT, Applied Biosystems) as
previously described [22]. TagMan primers and probes were
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purchased from Applied Biosystems. Expression was normalized
using Ubiquitin C.

Statistical Analysis

All values are expressed as mean*SEM. Statistical comparison
of the data was performed using the student’s unpaired #test for
the analysis of circulating HMGBI1 levels. All other data were
analyzed with one-way ANOVA followed by Fisher’s post-hoc
analysis to compare groups. A value of $<<0.05 was considered
statistically significant.

Results

Poor Donor Cell Survival and Increased Extracellular
HMGB1 After BMC Transplantation

Female rats suffering ischemic cardiomyopathy were randomly
assigned to 4 groups; intramyocardial injection of syngeneic male
BMCs (BMC group), intramyocardial injection of male BMCs
with anti-HMGBI neutralizing antibody (AB group), intramyo-
cardial injection of male BMCs with control IgG (IgG group), and
intramyocardial injection of PBS only (CON group). After each
treatment, quantitative PCR for the male-specific sry gene
demonstrated that donor cell survival after BMC transplantation
was poor similarly in the BMC, AB, and IgG groups; below 10%
at day 3, further decreasing to below 1% by day 28 (Figure 1A).
Histological analysis detected islet-like clusters of donor cells at day
3 after BMC transplantation (Figure 1B). ELISA showed that the
circulating extracellular HMGBI level was 2.5-fold elevated one
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Figure 1. Poor donor cell survival and HMGB1 leakage after
BMC transplantation. (A) Quantitative PCR for the male specific sry
gene showed that the survival of male donor cells in female hearts was
poor similarly in the BMC (BMC injection), IgG (BMC+control IgG
injection), and AB (BMC+anti-HMGB1 antibody injection) groups at both
days 3 and 28; n=>5~7 in each point. (B} Clusters of Dil-labeled (red)
donor BMCs were detected in the heart at day 3 after BMC
transplantation. A higher magnification image of the yellow frame is
shown. Green = cardiomyocytes (cTnT); blue=nuclei (DAPI). Scale
bar=300 pm. (C) ELISA showed that the circulating HMGB1 level was
increased at 1 hour in the BMC group compared to the PBS injection
control (CON group). *p<<0.05 versus the CON group, mean=SEM for
n=5 each.

doi:10.1371/journal.pone.0076908.g001
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hour after BMC transplantation, compared to the PBS injection
control (Figure 1C).

Abolished BMC Transplantation-induced Cardiac
Function Recovery by HMGB1-inhibition

Four weeks after BMC transplantation (BMC group), echocar-
diography and cardiac catheterization consistently demonstrated
that both systolic and diastolic LV function, in terms of LV
fractional area change, max and min dP/dt, and systolic pressure,
was improved compared to the control (CON group; Figure 2).
Enlargement of LV systolic endocardial area in the control group
was attenuated by BMC transplantation. Of note, these effects
were largely abolished by HMGBI1-inhibition (AB group), but not
by control IgG administration (IgG group), indicating an
important role of extracellular HMGBI in the therapeutic benefits
of BMC transplantation.

Elimination of BMC Transplantation-induced Tissue.
Recovery by HMGB1-inhibition

To investigate the mechanism by which extracellular HMGBI
released in BMC transplantation improved post-MI cardiac
function, we performed a set of histological studies with a focus
on the paracrine effect. Consistent to previous reports {3}, BMC
transplantation (BMC group) attenuated post-MI pathological
fibrosis, improved neovascular formation, and increased prolifer-
ation activity in the border areas at day 28, compared to the
control (CON group; Figure 3 and Figure S52). All these
paracrine effects were, however, eliminated by HMGB1-inhibition
(AB group), but not by IgG administration (IgG group),
corresponding to the cardiac function change as shown in Figure 2.

Modulation of M2/M1 Macrophage Polarization by BMC
Transplantation through HMGB1

Additional immunolabeling showed that BMC transplantation
increased myocardial accumulation of CD68" pan-macrophages
compared to the control (Figure 4A and Figure S3A, B). Here,
the increase in CD86" classically-activated pro-inflammatory (M1)
macrophages was trivial (Figure 4B and Figure S3D, E), while
the enhancement of CD163" alternatively-activated (M2) macro-
phages was more obvious (Figure 4C and Figure S3G, H). Asa
result, the ratio of M2/M1 macrophage in the BMC group (92.9/
36.9=2.52) was increased from 56.3/28.4=1.98 in the CON
group. Of note, HMGB-inhibition abolished the enhancement of
CD163" M2 macrophages (Figure 4C and Figure S3I) and
exacerbated the increase in GD86* M1 macrophages (Figure 4B
and Figure S3F), thus largely reducing the M2/MI ratio to
67.6/62.9 = 1.07. These results suggest that the HMGBI1-mediat-
ed shift of macrophage polarization towards anti-inflammatory
M2 macrophages might play a role in the BMC transplantation-
induced myocardial recovery.

Quantitative RT-PCR showed that myocardial expression of
the anti-inflammatory cytokine, IL-10, tended to be elevated by
BMC transplantation compared to the control, while this was
totally eliminated by inhibiting HMGBI! (Figure 4D). IL-10 is
known to be secreted by alternatively activated M2 macrophages
and also by Th2 cells that induce M2 macrophage differentiation
[9,25,26]. The expression of IL-1f or TNF-a was not affected by
either BMC transplantation or HMGBl-inhibition (Figure 4E,
F.
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Figure 2. Abolished BMC transplantation-induced cardiac function recovery by HMGB1-inhibition. Cardiac parameters were measured
by echocardiography (A-D) and catheterization (E~H) on day 28 after each treatment. Cardiac function was improved by BMC transplantation (BMC
group) compared to the PBS injection control (CON group), while this effect was eliminated by antibody neutralization of HMGB1 (AB group), but not
by control IgG administration (IgG group). LVFAC, left ventricular fractional area change; ECA, endocardial area. *;p<<0.05 versus the CON group,
:p<0.05 versus the BMC group. ¥;p<<0.05 versus the IgG group, mean:=:SEM for n=8~10 in each group.

doi:10.1371/journal.pone.0076908.9002

Discussion

Using a post-MI ischemic cardiomyopathy model in rat, we
demonstrated that the BMC transplantation-mediated benefits,
including increased neovascular formation, reduced collagen
deposition, increased proliferation activity, favorable modulation
of macrophage polarization, and resultant improvement of cardiac
function, were all eliminated by antibody-neutralization of
HMGBI. These data suggest that extracellular HMGBI plays a
role in the effects of BMC transplantation to recover the failing
myocardium undergoing post-MI adverse remodeling and to
improve global cardiac function. This finding is validated by the
consistency with the previous report demonstrating that admin-
istration of recombinant HMGBI1 protein achieved the same
benefits as the BMC transplantation-mediated effects using the
similar ischemic heart failure model in rats [17].

In view of the origin of extracellular HMGBI occurring after
BMC transplantation into post MI chronic heart failure, there are
4 theoretically possible sources: (i) passive release from dead donor
BMCs, (ii) passive release from dead host (endogenous) cells, (iii)
active secretion from surviving donor BMGs, and (iv) active
secretion from host (endogenous) cells. It is likely that the major
origin may be (i) passive release from dead donor BMCs, given the
following information. [I] Survival of donor BMCs was largely
limited, indicating that there was a considerable amount of donor
cell death; [II] In this model of ischemic cardiomyopathy, death/
damage of host cells in the heart and other organs by BMC
injection is unlikely to be substantial; [I1I] There was an increased
level of circulating HMGB! as early as 1 hour after BMC
injection. This time course is too rapid for inflammatory cells to
actively secrete HMGBI via transcription after stimulation [9,27].
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Having said these, we could not eliminate the possibility that
extracellular HMGB1 from other sources, particularly from
endogenous sources (host cells), might contribute to the paracrine
effect of BMC transplantation. Experiments using HMGBI1-
deficient BMCs, either by knockout or knockdown, as donor
would provide useful information to this point. However, HMGBI
knockout mice die immediately after birth [28], while on the other
hand reproducible and satisfactory knockdown in primary rat
unfractionated BMCs has not been established.

The role of extracellular HMGBI to attenuate myocardial
damage and to induce recovery and/or regeneration remains
controversial [13-20]. This discrepancy may be relevant to
different types of HMGB! and different conditions of the host
myocardium. In the settings of acute MI (without cell transplan-
tation), a large amount of HMGBI is actively secreted from
accumulated inflammatory cells in addition to HMGBI1 passively
released from a large number of dead host cardiac cells. The
dynamics and functions of these different types of HMGBI are
likely to be distinct, due to different phosphorylation, acetylation,
and formation of complexes by binding other pathogenic
molecules [9,11]. Delicate balance between these types of
extracellular HMGB! may affect the overall effect, whether
beneficial or harmful, of HMGBI1. Our study therefore used a
post-MI ischemic cardiomyopathy model to exclude these
contaminating factors. The degree of HMGBI! both from
inflammatory cells and dead host cardiac cells in this model is
presumed to be much less than that in acute MI settings, and the
frequency of host cardiac cell death by BMC injection is also
negligible, compared to donor cell death.
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Figure 3. Eliminated BMC transplantation-induced tissue recovery by HMGB1-inhibition. Reduced extracellular collagen deposition (A-
C; picrosirius red =red), increased capillary density (D-F; Isolectin B4 =red), and increased proliferation (G-I; Ki67 =red; nuclei =blue; cTnT = green)
were observed in the border areas at day 28 after BMC transplantation (BMC group), compared to the PBS control (CON group). These effects were all
abolished by anti-HMGB1 antibody neutralization (AB group), but not by control IgG administration (IgG group). Representative images of only BMC
and AB groups are present (see Figure S2 for additional images). Scale bars=50 um in A, B, G, H and 30 pm in D, E. *:p<<0.05 versus the CON
group, ":p<0.05 versus the BMC group, +:p<0.05 versus the IgG group, mean=SEM for n=>5~7 in each group.
doi:10.1371/journal.pone.0076908.g003

It will be interesting to investigate whether the present results in contradicting to our findings in BMGs at a glance. Ziebart et al.
unfractionated BMCs are applicable to other types of donor cells. have reported that the persistence of donor cells contributes to the
There are published data in other cell types that appear to be therapeutic effect of transplantation of endothelial progenitor cells
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Figure 4. Modulation of innate immunity by BMC transplantation via released HMGB1. Accumulation of CD68* pan-macrophages (A),
CD86" classically-activated pro-inflammatory M1 macrophages (B), and CD163" alternatively-activated anti-inflammatory M2 macrophages (C) in the
border areas at day 3 after each treatment was assessed by immunolabeling. See Figure $3 for representative images. Myocardial expression of IL-10
(D), IL-18 (E)), and TNF-« (F) at day 3 after each treatment was measured by quantitative RT-PCR. *;p<<0.05 versus the CON group, ":p<0.05 versus the
BMC group, mean=SEM for n=5~7 in each group.

doi:10.137 1/journal.pone.0076908.9004
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by using the inducible suicide gene [29]. Laflamme ef al. have
demonstrated that increase of donor cell presence (thus reducing
donor cell death) by the treatment with pro-survival factors
enhances therapeutic effects of transplantation of embryonic stem
cell-derived cardiomyocytes [30]. However, in contrast, in the case
of unfractionated BMCs, Yeghiazarians et al. reported that
ultrasound-guided injection of extract of dead BMUCs by freeze-
thaw cycles achieves the similar therapeutic effect to injection of
living BMCs (7], supporting our findings. This cell type-dependent
controversy may suggest that the impact of HMGBI released from
dead donor cells to recover the damaged myocardium could be
diluted/hidden in the case of transplantation of “more proficient”
cells such as endothelial progenitor cells and embryonic stem cell-
derived cardiomyocytes that have more substantial abilities of
beneficial differentiation, secretion, and/or contraction. In addi-
tion, the extent and/or types of donor cell death after transplan-
tation may vary according to donor cell types, affecting the release
of HMGBI. Differences in the condition of the host heart, i.e.
acute MI zersus post-MI ischemic cardiomyopathy, may also
influence the impact of extracellular HMGBI from donor cells.
Further studies to elucidate the role of extracellular HMGBI in
different donor cell types in the same experimental setting are
warranted.

Macrophages are an important player in the progress and
recovery of post-MI adverse ventricular remodeling [31,32]. It has
also been shown that HMGBI and receptor for advanced
glycation endproducts signaling play a role in the macrophage-
involved tissue repair mechanism in the peripheral nerve [33].
Recent research has shown that macrophages can be functionally
polarized into classically-activated M1 (pro-inflammatory) or
alternatively-activated M2 (anti-inflammation and tissue healing)
phenotypes according to the environmental condition [9,26].
Stimulation with IFN-y or TNF-a drives the macrophages into the
M1 phenotype, which is characterized by a strong pro-inflamma-
tory ability. In contrast, exposure to IL-4 or IL-13 generates M2
macrophages, which attenuate inflammation and enhance tissue
recovery and healing. Importance of this polarization balance in
the repair of damaged organs, including the heart, has been
reported [9,26]. Our results here uncovered that BMC transplan-
tation enhanced “beneficial” M2 macrophages in the heart, for
which extracellular  HMGB1 was responsible. Therefore,
HMGBI-mediated modulation of the macrophage’s polarization
towards the M2 phenotype might be a part of the mechanism by
which BMC transplantation recovers the damaged myocardium
and improves cardiac function. Further study should focus on
elucidation of the molecular mechanism of extracellular HMGB1
to modulate the M1/M2 macrophage polarization, in a simpler
model.

A limitation of this study may be that our conclusion is based on
the antibody neutralization experiments, which might carry a risk
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molecule; blue for nuclei (DAPI). Scale bars =50 pm.
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ARTICLE INFO ABSTRACT

Article history:

To simulate the clinical and pathologic situation in patients with stroke, as well as to evaluate future
potential therapeutic approaches, it is essential to have a highly reproducible model that displays long-
term survival. Though a range of rodent models has been employed in the literature, there are questions
regarding reproducibility, especially in terms of ischemic zone (i.e., degree of ischemia) and long-term
survival. We have developed a highly reproducible stroke model that produces a consistent ischernic zone
as a result of direct transient occlusion of the middle cerebral artery (MCA) in CB-17 (CB-17/lcr-+/+Jcl)
mice. The model employs a thin monofilament to twist the artery resulting in complete interruption
of blood flow. Transient ischemia can be induced for up to 240 min and the survival rate at 7 days
post-ischemnia was more than 60%, even in mice subjected to 240 min of transient ischemia resulting in
hemorrhagic infarction in most animals. Our method can be used to model several pathologic conditions,
such as reversible reperfusion injury, delayed neuronal death, necrotic brain injury and hemorrhagic
infarction. We believe this preclinical model provides a step forward for testing future therapeutic
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approaches applicable to patients with ischemic brain injury.
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1. Introduction

Cerebral reperfusion is known to be associated with serious
brain injury, including enhanced oxidant stress/injury, hemor-
rhagic transformation and fatal edema. Various mechanisms, such
as increased production of free radicals (Chan, 1996), disruption of
the blood-brain barrier (BBB) (del Zoppo and Mabuchi, 2003), over-
load of critical cells with calcium ions, leukocyte accumulation in
ischemic vasculature (del Zoppo et al., 1991), and subsequent infil-
tration of the brain parenchyma (Zhang et al., 1994), are involved
in reperfusion injury. The impact of each process on cerebral injury
often varies with the length and degree of ischemia. In order to
simulate ischemia/reperfusion associated in clinical stroke, a highly
reproducible model with long-term survival is required.

Many rodent stroke models employ an intraluminal suture
for experimental ischemia/reperfusion. The latter model has the
advantage of not requiring a craniotomy. However, insertion of
a suture into the carotid artery interrupts blood flow to a wide

* Corresponding author at: Department of Regenerative Medicine Research,
Institute of Biomedical Research and Innovation, 2-2 Minatojima-Minamimachi,
Chuo-ku, Kobe 650-0047, Japan. Tel.: +81 78 304 5772; fax: +81 78 304 5263.

E-mail address: taguchi@fbri.org (A. Taguchi).

territory including that of the ipsilateral MCA area, and also
reduces blood flow to the ipsilateral posterior cerebral artery (PCA)
and anterior cerebral artery (ACA) area, where the contralateral
artery provides perfusion at a range of levels via the circle of Willis.
These issues probably underlie the diminished reproducibility of
the ischemic area and long-time survival in this model (Kitagawa
et al.,, 1998; Kanemitsu et al., 2002).

Recently, we have found that the cerebral vasculature of CB-
17 mice is identical comparing many animals. We have previously
demonstrated that direct electrocoagulation of the M1 distal
portion of the MCA in CB-17 mice induces highly reproducible and
selective cortical infarction with high survival rates for extended
periods (Taguchi et al., 2010). Transient ischemia can be induced by
amodification of this permanent ischemia protocol (Kasaharaetal.,,
2012). In the current manuscript, we provide detailed methods for
such a new model of transient ischemia in CB-17 mice, allowing
for easy replication of our work, and discuss the advantages and
limitations of our model.

2. Materials and methods
All procedures were performed under auspices of an approved

protocol from the Institute of Biomedical Research and Innovation
Animal Care and Use Committee,

0168-0102/$ - see front matter © 2013 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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2.1. Induction of transient focal cerebral ischemia with
craniotomy

Male CB-17 (CB-17/lcr-+/+]cl) mice were purchased from Clea
Japan (Tokyo, Japan). Mice were used at 7 weeks of age at weights
of 22-26 g. Animals were allowed access to food and tap water ad
libitum. Powdered chow and sterilized water were also provided
during the first 7 days after induction of stroke.

Transient MCA occlusion was induced according to our modi-
fication of the Tamura method as described (Taguchi et al., 2010;
Tamura et al,, 1981). In brief, general anesthesia was induced and
maintained by inhalation of 3% and 1.5% halothane (7025 Rodent
Ventilator, Ugo Basile, Italy), respectively. Mice were placed in a
lateral position, and a skin incision was made at the midpoint
between the left orbit and the external auditory canal (Fig. 1A).
Under an operating microscope (KOM300S, Konan Medical, Nishi-
nomiya, Japan), the upper part of the temporalis muscle was pushed
aside after partial resection of the left zygoma to allow visualiza-
tion of the MCA through the cranial bone. A 1- to 2-mm burr hole
was made using a dental drill (C710, Senko Medical Instrument
Manufacturing, Tokyo, Japan), and the dura matter was opened
and retracted cautiously so as not to damage the surface of the
brain. Then, the MCA was isolated (Fig. 1B, lower magnification;
C, higher magnification) and transiently occluded with a monofil-
ament nylon suture distal to crossing the olfactory tract (distal
M1 portion, Fig. 1D). A 2-mm length of 7-0 monofilament nylon
suture (Tyco, USA), with the tip bent into a hook, was passed
under the distal portion of the MCA. Subsequently, both ends of
the suture were picked up and rotated 180 degrees clockwise hor-
izontally with artery (Fig. 1E). It is notable that 7-0 nylon suture is
stiffer than the artery, thus, rotation of the suture with the artery
does not twist the suture but loops the artery around the suture
resulting in complete interruption of blood flow (Fig. 1F). Mice
were returned to cages in a controlled environment at 35-37°C,
where they were kept until reperfusion without anesthesia. After
occlusion for 15, 20, 25, 120, 180, 240, 300 or 360 min, mice
were placed again under anesthesia, and MCA blood flow was
restored by putting the nylon suture back in place by counter-
clockwise rotation (Fig. 1G). During surgery, rectal temperature was
monitored and controlled at 37.0£0.2 °C by a feedback-regulated
heating pad (ATB-1100, Nipponko-den, Tokyo, Japan). Cerebral
blood flow (CBF) in the MCA area was monitored as described
(Taguchi et al., 2004). Briefly, an acrylate column (Neuroscience Co.,
Ltd., Osaka, Japan) was attached to the intact skull using stereotac-
tic coordinates (1 mm anterior and 3 mm lateral to the bregma),
and CBF was monitored using a linear probe (1 mm in diameter)
by one-dimensional laser Doppler flowmetry (Neuroscience Co.,
Ltd.).

2.2. Evaluation of stroke volume

At 24 and 48h after induction of transient ischemia, mice
brains were removed and sectioned coronally (1 mm thick) (N=8
in each group). To evaluate the viability of brain tissue, coronal
sections were incubated in 1% 2,3,5-triphenyltetrazolium (TTC:
Sigma-Aldrich, St. Louis, MO) for 20 min at 37 °C in the dark and
fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS; pH
7.4). Infarct volume was measured using a microscopic digital
camera system (Olympus, Tokyo, Japan). The TTC-positive area of
each hemisphere was estimated using National Institutes of Health
Image software (Version 1.62), and volume of the surviving/viable
tissue was calculated by integrating the overall coronal-oriented
area. Percent stroke volume was evaluated by [(contralateral hemi-
sphere volume)— (infarcted hemisphere volume)]/[(contralateral
hemisphere volume) x 2] x 100%, as described (Kasahara et al,,

2012). In studies to evaluate long-term survival, 16 mice were used
in each group.

2.3. Visualization of cerebral blood flow by laser speckle
flowmetry

Cerebral blood flow (CBF) in the MCA area was visualized by
laser speckle flowmetry (Omegazone laser speckle blood flow
imager, Omegawave, Inc., Tokyo, Japan), as described previously
(N=4ineach group) (Nakano-Doi et al., 2010). In brief, the animal's
skull was exposed and illuminated by a 780 nm semiconductor laser
light. Twenty minutes of transient ischemia was induced and CBF
of the same mice was sequentially evaluated at the following time
points; before MCA occlusion (pre-MCAO), soon after MCA occlu-
sion (MCAO), just before reperfusion (0 min), 5 and 60 min after
reperfusion. To quantify cerebral blood flow, the region of inter-
est (ROI) was positioned at 2.5 mm dorsal and 3 mm lateral from
the bregma (i.e. the ischemic core region of MCA territory). The
same grid was used to set the matching region on the contralat-
eral side. The ratio of CBF was calculated by [(ipsilateral cerebral
blood-flow)/(contralateral cerebral blood-flow)].

2.4. Data analysis

In all experiments, mean = standard deviation is reported. JMP
8.02 (SAS Institute Inc., Co., NC, USA) was used for statistical anal-
ysis.

3. Result

3.1. Reproducible transient ischemia can be inducible up to
240min

In a previous report, we have demonstrated a reproducible
murine model of permanent cerebral ischemia by electrocoagu-
lation of the distal portion of the MCA in CB-17 mice (Taguchi
etal,, 2010). In this study, we have modified the latter technique to
develop a reproducible model of cerebral reperfusion injury.

All mice showed >70% decrease in cerebral blood flow rapidly
after occlusion and all mice showed >80% restored cerebral blood
flow soon after release of the occlusion (after 15, 20, 25, 120, 180
or 240 min of transient ischemia), compared with before transient
ligation of the MCA as evaluated by one-dimensional laser Doppler
flowmetry. However, rapid and reproducible reperfusion was not
observed in mice after 300 or 360 min transient ischemia. Thus,
mice subject to 300 or 360 min of transient ischemia were not
further studied.

To investigate neuronal death after transient ischemia, brain
sections were stained with TTC at 24 h after transient ischemia
(Fig. 2A). No TTC-negative cerebral cortex was observed in mice
after 15min of ischemia. Only a small TTC-negative area was
observed in mice subjected to 20min of ischemia. In contrast,
highly reproducible cerebral infarction was observed in all mice
after 25, 120, 180 or 240 min of transient ischemia, similar to what
we observed previously in the permanent MCA occlusion model
(Taguchi et al., 2010). At 48 h after ischemia (Fig. 2B), there was
still no TTC-negative area in mice subjected to 15 min of ischemia.
In contrast, an highly reproducible TTC-negative area was observed
after 20 min of ischemia, similar to that seen in mice after 25, 120,
180 or 240 min of transient ischemia. It is notable that the TTC-
negative area of all samples was strictly restricted to the cerebral
cortex of the MCA territory and did not include the striatum. Mean
% stroke volume of each sample at 24 and 48 h after ischemia is
shown in Fig. 2C and D, respectively. To confirm survival of neu-
ronal tissue after 15 min of transient ischemia, brain sections in
mice subjected to 15min of ischemia were investigated at 7 days
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Fig. 1. Direct occlusion of the MCA followed by reperfusion. (A) Orientation of mice for induction of ischemic/reperfusion. The blue rectangle represents the enlarged area
shown in panel B. (B, C) After partial resection of the left zygoma, a burr hole was made and the dura matter removed to allow isolation of the MCA (B, lower magnification; C,
higher magnification). (D-F) The distal M1 portion of the MCA in CB-17 mice was directly occluded with a nylon monofilament. The arrow indicates the distal M1 portion of
MCA in CB-17 mice (D). The suture was passed under the MCA and rotated 180° clockwise around the MCA (E). (F, G). Blood-flow in the distal portion of MCA was completely
blocked (F). After ischemia, blood flow in the MCA was restored by putting the monofilament back into the original position (G). Scale bars, 5mm (A), 2mm (B), 0.6 mm (C,

E)and 1.5cm (D).

after ischemia. In the latter case, no TTC-negative area was found
(not shown).

3.2. Ischemic period and hemorrhagic transformation

Hemorrhagic transformation is a life-threatening event com-
plicating thrombolytic andfor vascular interventional therapy.
Development of novel treatments to prevent hemorrhagic trans-
formation is highly desirable for safer thrombolytic therapy that
might also provide a longer therapeutic time window. Thus, using
our model, at 24 h after reperfusion, the incidence and the severity
of hemorrhagic infarction were investigated. Though no hemor-
rhagic infarction was observed in mice after <25min ischemia,
90% of mice subjected to 240 min of ischemia showed hemorrhagic
infarction in the MCA area (Fig. 2A and B arrow head). The incidence
of hemorrhagic infarction is shown in Fig. 2E.

3.3. Ischemic period and long-term survival rate

To evaluate the therapeutic potential of novel treatments
on ischemia/reperfusion injury, it is essential to investigate the
outcome over longer periods (up to a week) rather than just
hours after the ischemic insult. Using the intraluminal suture
method, the degree of ischemia varies between areas. Thus,
prolongation of the ischemic period has always been linked to vari-
able/nonreproducible expansion of the stroke area and often results
in a low survival rate during the chronic period (Memezawa et al.,
1992; Popp et al., 2009). In contrast, in the current model, stroke
area appears to be consistently restricted to the cerebral cortex of
MCA area regardless of the period of ischemia. Fig. 3 shows survival

onday 1, 3, 5 and 7 after transient ischemia. It is notable that the
survival rate in mice subjected to 240 min of ischemia, where 90%
of mice show hemorrhagic infarction, was more than 60% at day 7.

3.4. Temporal changes of cerebral blood flow

Two-dimensional laser speckle flowmetry analysis was
employed to visualize temporal changes of cerebral blood flow
(Fig. 4A-E). The decreased level of cerebral blood flow was main-
tained throughout the ischemic period and restored to more than
90% of the initial baseline by 5 min after the onset of reperfusion
(Fig. 4F). At 60 min after reperfusion, the level of cerebral blood
flow returned to that observed before MCA occlusion.

4. Discussion

In this article, we have described a highly reproducible cerebral
ischemia/reperfusion model induced by direct temporal occlusion
of MCA in CB-17 mice by twisting the artery using a thin monofil-
ament. The duration of transient ischemia can be extended up to
240 min while maintaining a high survival rate at day 7 after reper-
fusion.

In previous studies, models of direct transient occlusion of the
MCA have been described, such as those employing a micro-clip
or a suture to occlude the MCA (Matsui et al., 1997; Shigeno et al.,
1985). However, these models most often result in only incomplete
occlusion/recirculation (Shigeno et al., 1985), and demand a very
high level of surgical skill, especially in mice. Consequently, such
models have gradually become less popular since the emergence of
the intraluminal technique of transient MCA occlusion (Longa et al.,



