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Figure 4 Endothelial cell activation: effect of bone marrow cells in vivo and in vitro. (A) Representative picture on day 10 after skin
injury induced in aged rats treated with phosphate-buffered saline (PBS) or subject to bone marrow transplanted (BMT) with bone
marrow from young rats (as described in the text). (B) There was no significant difference in the size of the residual wound on day 10
after skin injury comparing the two groups. (C, D) Representative photograph 30 seconds after skin injury. (C) A significant increase
in the number of activated microvascular structures under the skin was observed in aged animals in the BMT group (the procedure for
quantification of the angiographic score is described in the Materials and methods section) (D). (E) /n vitro analysis revealed the
enhanced activation of endothelial nitric oxide synthase (eNOS) in cultured human umbilical vein endothelial cells (HUVECs)
exposed to bone marrow mononuclear cells harvested from young animals, versus those harvested from aged animals. *P < 0.05
versus PBS control (D) or aged bone marrow (E). n =5, in each group. Scale bar: 2 mm.

monitored repair of full-thickness skin wounds made
on the backs of animals using a biopsy punch. On
day 10 after injury, the size of the scar was measured.
No significant difference in the size of wounds was
observed between animals transplanted with young
bone marrow cells or PBS controls (Figures 4A
and 4B). However, low power micrographs soon
after injury (30seconds) displayed many more
visually apparent vascular structures in wounds
from animals receiving transplanted cells from
young animals compared with PBS controls (Figures
4C and 4D). As the latter occurred quickly after
injury, it could be considered an acute vascular
response to the skin wound (i.e., activation of
microvasculature involving recruitment of addi-
tional channels or dilation of channels already
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subject to blood flow) rather than formation of
new vascular channels, which would, presumably,
require additional time.

The above observation suggested the possibility
that activation of endothelial cells might occur more
readily in the presence of bone marrow cells. To
assess this possibility in vitro, HUVECs were cul-
tured in the presence of bone marrow mononuclear
cells derived from young (4 weeks old) or aged (50
weeks old) SHR-SP. As an index of endothelial
activation, phosphorylation of eNOS in HUVECs
was monitored. Endothelial cells cocultured with
bone marrow-derived mononuclear cells from young
animals displayed a higher level of phospho-eNOS,
compared with HUVECs exposed to bone marrow
cells from aged rats (Figure 4E).
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Transplantation of Bone Marrow from Young Animals
Impacts on the Cerebral Microvasculature Poststroke

To investigate the possible mechanisms underlying
reduced brain damage observed poststroke in aged
rats subject to transplantation with bone marrow
cells from young animals, cerebrovascular density
and proliferation were studied 30 days after induc-
tion of stroke. Compared with PBS-injected rats
(Figure 5A), vascular density in the peristroke area
of transplanted animals showed a significant
increase in vascular density (Figures 5B and 5C). In
contrast, there was no significant difference in the
density of vasculature in the contralateral cortex
comparing animals treated with PBS (Figure 5D) or
bone marrow transplantation (Figures 5E and 5F). To
evaluate the effect of aging on vascular density,
cerebral infarction was induced in 8-week-old SHR-
SP, and the density of vasculature was evaluated.
The results demonstrate a significantly higher vas-
cular density in the peristroke area (Figures 5G and
5H) and contralateral cortex (Figures 51 and 5]) in
young rats compared with aged rats. These results
are consistent with previous reports that cerebrovas-
cular density decreases with aging (Hutchins et al,
1996; Lynch et al, 1999; Sonntag et al, 1997). To
investigate proliferation of endothelium in the
cerebrovasculature of the cerebral cortex, cells coex-
pressing Ki67 and Lectin were investigated. How-
ever, the number of cells expressing both markers
was too small (mean number of double-positive
cells was less than one cell per section in both
group) to perform quantitative analysis and obtain
meaningful data.

To evaluate the effects of bone marrow cells on
endothelial cells, activation of MAP kinases was
evaluated in vitro. The MAP kinases are serine/
threonine-specific protein kinases that regulate cri-
tical cellular activities, such as mitosis, differentia-
tion, and cell survival/apoptosis (Kant et al,
2006). Exposure of cultured endothelial cells to bone
marrow mononuclear cells from young animals
resulted in decreased levels of phospo-p38 compared
with endothelial cells exposed to bone marrow
from older rats (Figure 5K). As the latter is consistent
with decreased activation of p38 (activation of p38 in
endothelium induces apoptotic death through a
mitochondrial pathway) (Mehta et al, 2007), it would
suggest a basis for increased survival of endothelial
cells in the presence of bone marrow mononuclear
cells from young animals. In contrast, there were no
significant differences in the phosphorylation of two
other MAP kinases, ERK1/2 and JNK1/2, comparing
the two groups (data not shown). These results are
consistent with our in vivo observation that trans-
plantation of young bone marrow into aged mice
has little impact on endothelial proliferation, but
enhances the density of microvasculature in the
peristroke area.

To investigate the effect of transplantation of
bone marrow from young mice into aged mice on
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microglia, sections of poststroke brain were stained
with anti-Iba-1 antibody. Compared with PBS-treated
rats (Figure 5L), a significant decrease in microglia
was observed in the peristroke area in bone marrow
transplanted rats versus nontransplanted animals
(Figures 5M and 5N). In contrast, no significant
difference was observed in the number of microglia
in the contralateral cortex comparing PBS-treated
rats and bone marrow transplanted rats (29.1+1.6
and 27.2 + 1.7/field, respectively; P=0.45).

Discussion

We have demonstrated that partial rejuvenation of
bone marrow from aged rats with bone marrow-
derived mononuclear cells from young animals
reduces damage after experimental cerebral ischemia
in the SHR-SP rat strain.

Intravenous infusion of bone marrow-derived cells
without pretreatment for transplantation (such as
irradiation) is associated with a very low seeding
efficiency of transplanted cells into host bone
marrow. However, pretransplant radiation of indivi-
duals not requiring complete repopulation of bone
marrow with transplanted cells (as would be true for
patients with cerebral ischemia, especially during
the immediate period of ischemic stress) is not likely
to be clinically acceptable, due to short- and long-
term complications. Thus, use of intrabone marrow
administration of bone marrow-derived mononuclear
cells, in addition to intravenous administration of
bone marrow cells, was used for our studies. Using
our protocol (i.e., no pretreatment for bone marrow
transplantation, followed by intravenous and intra-
bone marrow administration of bone marrow cells),
the level of engraftment resulted in ~5% chimera of
transplanted versus host cells in peripheral blood.
Furthermore, analysis of peripheral blood from
transplanted animals showed no significant differ-
ence in mature cell populations between the two
groups. Although the overall change in health
status of the aged rats because of transplantation of
bone marrow cells is difficult to evaluate, these
results indicate that the beneficial effect of trans-
planting bone marrow-derived mononuclear cells
from young SHR-SP into old animals, in terms of
limiting brain injury following ischemia, is not
simply due to optimization of the level of circulating
mature cells.

Initially, we suspected that our bone marrow
transplant protocol would result in a change in the
cytokine response to cerebral ischemia consistent
with diminished inflammation and enhanced repair.
However, levels of IL-18 and MCP-1, considered
deleteriously inflammatory (Chen et al, 2003;
Holmin and Mathiesen, 2000), increased (Figure 3),
and levels of IL-6, considered protective (Loddick
et al, 1998), was not increased (Figure 3), following
bone marrow transplantation. These findings indi-
cate that beneficial effects of transplanting young
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Figure 5 Effect of bone marrow transplanted (BMT) using bone marrow from young animals into aged animals on the density of
vascular structures in the periinfarction area during the poststroke period. (A-C) Representative micrographs of cerebral cortex about
0.5mm from the stroke-affected area in the phosphate-buffered saline (PBS) (A) and BMT (B) groups on day 30 after stroke.
Sections were stained with anti-Lectin antibody. There is a significant difference in vascular density observed between groups (C).
(D-F) Representative micrographs of contralateral cortex in the PBS (D) and BMT (E) groups on day 30 after stroke. No significant
difference in vascular density was observed between the two groups (F). (G-J) Representative micrograph of ipsilateral stroke-
affected cortex (G) and contralateral cortex (1) of a poststroke young rat on day 30 after stroke. Compared with aged rats subjected to
stroke, there is a significant increase in vascular density in the stroke-affected cortex located about 0.5 mm from the stroke area (H)
and contralateral cortex (J) in the young animals. (K) Human umbilical vein endothelial cells (HUVECs) were exposed to bone
marrow mononuclear cells from aged or young rats and the level of endothelial cell phospho-p38 was determined. Analysis of
variance analysis revealed a significant reduction in endothelial phospho-p38 in the presence of young bone marrow cells compared
with aged bone marrow cells. (L-N) Representative micrographs of cerebral cortex about 0.5 mm from the stroke-affected area from
an animal in the PBS (L) and BMT (M) group on day 30 after stroke. The section is stained with anti-Iba-1 antibody. A significant
reduction in microglia was observed in the BMT group, compared with PBS-treated group (N). *P < 0.05 versus PBS control (C, N)
or aged bone marrow (H, J, K). n =5, in each group. Scale bar: 50 um (A, L).

bone marrow into aged animals are not likely due to Vascular endothelial dysfunction in aging has been
modulating the profile of inflammatory cytokines at shown to be correlate with impaired vasodilatation
the site of cerebral infarction or in the serum. (LeBlanc et al, 2008) and reduced expression of NOS
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(Smith and Hagen, 2003). Although some aspects of
cell senescence are likely to be irreversible, certain
endothelial properties can be maintained/restored
with antioxidants (Smith and Hagen, 2003). Further-
more, exposure to a ‘young systemic environment’
has been shown to rejuvenate aged progenitor cells
in rats (Conboy et al, 2005). Taken together with
these previous observations, our results indicate
that partial reconstitution of bone marrow from aged
rats with cells from young animals improves the
host response to cerebral ischemia, probably in part
through a beneficial effect on endothelial function.
Although bone marrow cells have the potential to
differentiate into endothelial cells (Asahara et al,
1997), the half-life of endothelial cells is relatively
long and differentiation of circulating cells into
endothelium is relatively rare (Taguchi et al,
2004b). Thus, the principal effect of young progeni-
tors in the bone marrow may be to promote an
environment in the systemic circulation conducive
to vascular activation, as evidenced by increased
levels of phospho-eNOS (i.e., the results of our
in vitro studies with cultured HUVEC exposed to
mononuclear bone marrow cells from young versus
old rats; Figure 4E). In addition to eNOS, young bone
marrow cells were shown to decrease activation of
p38 MAP kinase in cultured endothelium, a pathway
leading to cell death (Mehta et al, 2007). In contrast,
no significant change in activation/inactivation
of other MAP kinases, ERK1/2 or JNK, was observed
in endothelial cells exposed to bone marrow cells
from young animals in vitro. In a previous report,
inactivation of p38, but not JNK, was shown to
suppress endothelial cell death after hypoxia/reoxy-
genation injury (Lee and Lo, 2003). Taken together,
our data thus far suggests that the beneficial effect of
bone marrow cells from young animals may be due,
at least in part, to effects on the vascular endo-
thelium, especially at the level of cerebral micro-
vasculature. This concept is consistent with our
observation of an increased density of vascular
structures in the periinfarct area of poststroke brain
from aged rats transplanted with bone marrow cells
from young animals. However, the precise mechan-
isms linking bone marrow-derived immature cells to
enhanced function of the cerebral microcirculation
remains to be determined (Pearson, 2009). In view
of the likely impact of inflammatory mechanisms
on reparative mechanisms in stroke, another impor-
tant observation might be the decrease of micro-
glial invasion/activation observed in poststroke
aged animals transplanted with bone marrow from
young animals.

Our results suggest a novel strategy for enhancing
the host response to ischemia in aged patients,
provided these observations in a rodent model can
be translated to humans. If such an extrapolation to
man is possible, the source of ‘young’ bone marrow is
relatively easily obtained through collection and
preservation of autologous cord blood or bone
marrow cells harvested earlier in life. In addition,
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an alternative approach might be induction of
hematopoietic stem cells using autologous induced
pluripotent stem (iPS) cells (Hanna et al, 2007).
Although the fundamental mechanisms underlying
senescence of mammalian cells (and senescence of the
vasculature) remains to be elucidated, our findings
indicate that impairment of the vascular response in
aged individuals may be partially restored through
transplantation with bone marrow from young animals.
In addition to possible therapeutic application in
patients with an evolving stroke, rejuvenation of bone
marrow may also have a preventive role in those at
high risk for stroke, such as individuals with recurrent
transient ischemic attacks.
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Abstract

In order to evaluate novel stroke therapies, it is essential to utilize a highly reproducible model of
focal cerebral ischemia. Though a range of rodent stroke models has been employed in the literature,
there are persistent issues regarding reproducibility of the ischemic zone, as there is considerable
inter-animal and inter-laboratory variation. We have developed a highly reproducible model of stroke
that involves direct electrocoagulation of the MCA in SCID (CB-17/Icr-scid/scidJcl) and CB-17
(CB-17/lcr-+/+Jcl) mice. Using a modification of the Tamura method, our results demonstrate
reproducible cortical infarction with high survival in the chronic period (up to 180 days) in SCID
and CB-17, butnot in C57BL/6, mice. We believe that our preclinical model represents a step forward
for testing future therapeutic methods potentially applicable to patients with stroke.

Keywords

stroke model; permanent cerebral ischemia; reproducibility

Introduction

A range of stroke models has been developed to simulate clinically relevant subtypes of stroke
(Liu et al. 2009). Focal cerebral ischemia has been used to model ischemic stroke, and the
Tamura(Tamura ef al. 1981) and intraluminal filament models(Longa ef al. 1989) have been
employed most commonly. A key issue in the evaluation of data obtained in these models
concerns reproducibility of the stroke-affected region and the survival rate of animals during
the chronic period. Various modifications of the latter methods have been employed to address
these issues(Chen ez al. 1986; Hirakawa et al. 1994; Kuge et al. 1995).

Because murine models are preferable for screening new therapies, though vascular structures
in mice can demonstrate inter-strain variability, we have assessed the reproducibility of the
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stroke-affected area in different strains by simple direct ligation of the MCA. We have found
that ligation of the distal portion of the MCA in SCID or CB-17 mice induces reproducible
and selective cortical infarction. In previous reports, we have outlined our stroke model in
SCID(Nakagomi et al. 2009; Taguchi et al. 2004) and CB-17(Taguchi et al. 2007) mice. In
this manuscript, we provide the detailed methods, allowing for easy replication of our work,
and discuss the advantages and limitations of our model.

Materials and Methods

All procedures were performed under auspices of an approved protocol from the National
Cardiovascular Center Animal Care and Use Committee.

Induction of Permanent Focal Cerebral Ischemia

Male SCID (CB-17/lcr-scid/scidJcl), CB-17 (CB-17/lcr-+/+Jcl) and C57BL/6 (C57BL/6NIcl)
mice were purchased from Clea Japan (Tokyo, Japan). 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.

Cerebral infarction was studied in 8 week-old mice according to a modification of the Tamura
method. General anesthesia was induced and maintained by inhalation of 3% and 1.5%
halothane (7025 Rodent Ventilator, Ugo Basile, Italy), respectively. Mice were oriented as
indicated, and a skin incision was made between left eyeball and left ear hole (Figure 1A). The
left salivary gland and veins were carefully removed to visualize the zygoma. The left zygoma
was dissected under an operating microscope (KOM300S, Konan Medical, Nishinomiya,
Japan), and the jaw joint was detached to allow visualization of the MCA through the cranial
bone. A hole (diameter, 1.5 mm) was made in the bone using a dental drill (C710, Senko
Medical Instrument Manufacturing, Tokyo, Japan). Subsequently, the dura matter was
carefully removed with caution not to damage the surface of the brain. Then, the MCA was
isolated (Figure 1B, lower magnification; C, higher magnification), electrocauterized (Figure
1D) and disconnected distal to crossing the olfactory tract (distal M1 portion, Figure 1E). It is
notable that very mild and gradual coagulation is required in order for electrocoagulation to
avoid bleeding from the MCA. We used an electrocoagulator designed for ophthalmologic
surgery (MERA MS-50, Senko Medical Instrument, Tokyo, Japan) and the bipolar forceps
(MERA NF-14) at an output level of 1.0 Watt. Sequential, very brief coagulation with the top
of the bipolar forceps is recommended, starting from the distal portion of MCA to the proximal
portion. Repetition of this procedure, usually 2 to 4 times, stopped blood flow in the vessel.
After that, the MCA was coagulated from the distal to the proximal portion. This method
resulted in a very low risk of bleeding from the MCA.

Cerebral blood flow (CBF) in the MCA area was monitored as described(Taguchi et al.
2007). Briefly, an acrylate column (Neuroscience Co., Ltd., Osaka, Japan) was attached to the
intact skull using stereotactic coordinates (1 mm anterior and 3 mm lateral to the bregma), and
CBF was monitored using a linear probe (1 mm in diameter) by laser Doppler flowmetry
(Neuroscience Co., Ltd.). Body temperature was maintained at 36.5-37°C using a heat lamp
and animal blanket controller (ATB-1100, Nipponkoden, Tokyo, Japan) during the operation.

Evaluation of Stroke Volume

Twenty-four hours after induction of stroke, the area subject to ischemic damage was evaluated
by 7T MRI (N=8; Inova 300 Imaging System; Varian, Inc., Palo Alto, CA. USA). The volume
coil for RF excitation was actively decoupled and used in combination with a fixed tuned and
matched receiver surface coil (Rapid Biomedical GmbH, Germany) that was placed over the
skull. For MRI measurements, mice were placed in a stereotactic head holder and anesthetized
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with 2.0-2.5% halothane in a mixture of O, and N,O gas delivered through a facemask. The
fraction of inspired oxygen (FiO,) was adjusted to 30%. Rectal temperature was feedback-
controlled at 37.5 £ 0.5°C using warm air. T2 images were obtained by a multislice spin echo
sequence. Parameters included: TR = 3000 ms; TE = 10, 30, 50, 70 and 90 ms; and, NS = 1.
Slice thickness was 1 mm, matrix size was 256 x 128, and images were zero-filled to 256 x
256. The field of view was 30 mm % 30 mm. MR image analysis employed the image browser
(VNMR 6.1C and Solaris 7, Varian, Inc., Palo Alto, CA, USA). Lesion area in T2 images was
calculated as the region with T2 above T2+3SD of each contralateral value. Ischemia-affected
volumes from MR images were calculated by summing lesion areas in 7 slices and multiplying
by slice thickness (1 mm). Percent ischemia-affected volume was calculated according to
(ischemia affected volume) / [(contralateral cortex volume) x 2] x 100%.

Twenty-six (SCID; N=8) or 24 (CB-17; N=8 and C57BL/6; N=8) hours after stroke, viability
of brain tissue was evaluated using 1% 2,3,5-triphenyltetrazolium (TTC; Sigma-Aldrich, St.
Louis, MO, USA) for 20 min at 37°C. Tissues were then fixed in 4% paraformaldehyde/
phosphate-buffered saline (PBS; pH 7.4). Images of sections were captured using a microscopic
digital camera system and % stroke volume was estimated with an image analysis program
(BZ-2: Keyence, Osaka, Japan) which compared data in the stroke-affected hemisphere to that
in the contralateral hemisphere. As with MRI images, % stroke volume was calculated by
(stroke volume) / [(contralateral cortex volume) x 2] x 100 %.

Data Analysis

In all experiments, mean + standard deviation is reported. JMP 7.01 (SAS Institute Inc, Co,
North Carolina, USA) was used for statistical analysis.

Results

Stroke Model in SCID Mice

Cerebral infarction was induced by direct electrocoagulation of the distal portion of the MCA
in SCID mice. In the current experiment, we used 8 mice and all animals displayed vascular
structures with either one major MCA without other visible cortical branches (Figure 1E, N=5)
or with just one significantly thinner cortical branch (Figure 1B, N=3) in the M1 distal portion
of the MCA. The main trunk of the MCA was electrocauterized (Figure 1C) and disconnected
(Figure 1D). Twenty-four hours after induction of permanent ischemia, brain damage was
evaluated by T2-weighted MRI (all of the images are shown in Figure 2). Our results
demonstrate that the mean % schemia-affected volume was 17.1 £ 1.4% and the variation
coefficient was 7.8%.

To assess viability of the cerebral cortex following ischemia, brain sections were stained with
TTC 26 hours after stroke. Similar to MRI images, highly reproducible cerebral damage was
observed between animals and the mean % stroke volume and variation coefficient were 14.9
+ 1.0 % and 6.6 %, respectively.

Before and after ligation of the MCA, the change in CBF in the cerebral cortex in the MCA
area was evaluated using laser Doppler. Compared with before stroke, mean CBF decreased
to 17.9 £ 5.0 and 19.7 + 3.9 %, immediately and 5 minutes after induction of stroke,
respectively. Comparing % viable ipsilateral cerebral volume and decreased CBF showed no
significant correlation between size of the subsequent infarct and CBF immediately (R?=0.05,
P=0.61) and 5 minutes (R2=0.08, P=0.48) after induction of ischemia.

dlosnuBI 10Uy Vel

To access the survival in the chronic period, 16 mice were induced cerebral infarction. The
survival rate at 90 and 180 days after induction of stroke was 100 (16/16) and 94 (15/16) %,

respectively.
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Stroke Model in CB-17 Mice

Similarly, cerebral ischemia was induced in CB-17 mice (N=8). Twenty-four hours after
induction of cerebral ischemia, stroke area was evaluated by TTC staining (representative
images are shown in Figure 3A,B). Mean stroke volume was 14.3 £ 0.9 %, and variation
coefficient was 6.3 %. Compared with before stroke, mean CBF decreased to 18.1 £ 3.1 and
20.0 + 4.2 %, immediately and 5 minutes after induction of stroke, respectively. There was no
significant correlation between the size of infarction and CBF immediately (R?=0.001, P=0.94)
and 5 minutes (R2=0.02, P=0.73) after induction of stroke. It is notable that a small TTC-
negative area was observed around the immediate area of coagulation of the MCA (Figure 3).
As a control, brain sections from sham-operated mice were also stained with TTC. In contrast,
no defect in TTC staining was observed in the controls at the 24 hr point after induction of
stroke (not shown).

Survival at 180 days after induction of stroke was 100 (16/16) % (N=16).

Stroke Model in C57BL/6 Mice

As a control, we induced cerebral ischemia in C57BL/6 mice (N=8) by ligation of the M1 distal
portion of the main trunk of the MCA. Only 4 mice showed decreased CBF to less than 25%
compared with the baseline before ligation. Twenty-four hours after induction of permanent
ischemia, stroke area in these 4 mice was evaluated by TTC staining (representative images
are shown in Figure 3C-D). Mean stroke volume was 5.0 + 3.2 %, and the variation coefficient
was 63.4%.

Discussion

In this article, we have demonstrated that ligation of the distal portion of the MCA in SCID
and CB-17 mice, using a modification of the Tamura method, induces highly reproducible and
selective cortical infarction.

The advantages of this method include: a) the model produces very reproducible areas of
cortical infarction, allowing for effective screening of various experimental treatments using
smaller numbers of mice; b) because of its simplicity, the method is broadly accessible to a
wide range of investigators; c) the long-term survival rate (up to 180 days) is high, allowing
assessment of therapeutic and/or side effects of experimental treatments during the chronic
period; d) as a model of focal permanent ischemia, the model mimics, in part, human cerebral
infarction; ¢) CB-17 and SCID mice are easy to procure and require no special diet or pre-
treatment regimen; f) use of SCID mice allows evaluation of cell-based therapies with donor
cells from different species/strains; and, g) reproducible stroke area is observed during the
chronic period(Taguchi ez al. 2004; Taguchi et al. 2007) and the latter corresponds to the TTC-
negative area observed 24 hours after induction of stroke.

Of course, there are also short-comings of our model: a) there are few transgenic/knockout
mice in CB-17 strain, so animals must be bred into that background; b) craniotomy results in
stress to the overall animal and trauma to local tissues; and, ¢) our model results in minimal
motor dysfunction accompanying focal ischemia. We have demonstrated that the open field
test a reliable and simple test of cortical function after stroke in this model(Taguchi e7 al.
2004; Taguchi et al. 2007). However, further investigation will be needed for a complete
evaluation of cortical function.

According to our previous experiments, most SCID and CB-17 mice displayed the same
vascular structures/organization. Though the great majority of mice showed highly
reproducible stroke area, 1.1 % (4/362) of SCID and 4.9% (6/122) of CB-17 mice displayed
an expanded area extending across the corpus callosum to the striatum. Expansion of the stroke-
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affected was rarely observed in mice with a thin cortical branch, but was frequently observed
in mice with a major cortical branch. These observations suggest that evaluation of MCA
branching in a range of mouse strains might provide a means of increasing the reproducibility
of other stroke models. To reduce variability using our method of focal cerebral ischemia, we
recommend excluding from the experimental protocol mice with major variations in MCA
structure, such as changes in the width of the cortical branch artery (branched before olfactory
tract) especially when this represents more than one-third that of the main trunk.

In our experiments, all mice showed significant reduction (less than 25%, compared with before
ligation) of CBF by ligation of the MCA, and no significant correlation was observed between
decreased CBF after the procedure and subsequent stroke volume. Furthermore, no significant
correlation was observed between decreased CBF and cortical function in our previous work
(Taguchi et al. 2004). These data indicate that determination of CBF in this model may not be
especially important for initial screening of various treatments after stroke. If the investigator
excludes measurement of CBF, all procedures can be finished within 15 minutes when the
method is performed by experienced hands. The latter should facilitate screening multiple
drugs or other types of interventions.

In conclusion, our focal permanent cerebral ischemia model using SCID and CB-17 mice
provides a reproducible method for induction of cerebral infarction, results in high long-term
survival, and employs a relatively simple procedure. Though we have not confirmed the level
of inter-lab variation, especially outside of Japan, where SCID and CB-17 mice might display
greater variability in cerebral vascular structure, our findings provide, we believe, a new
strategy for evaluating potential future therapeutic methods for the benefit of patients with
stroke.
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Figure 1. Ligation of the distal portion of MCA
(A) Schematic depiction showing orientation of the animal in our model for induction of stroke.

The red rectangle represents the portion shown in panel B. (B-E) After dissecting the left
zygoma, a hole was made and the dura was carefully removed (B; lower magnification, C;
higher magnification). The main trunk of the MCA was electrocoagulated (D) and disconnected
using the tip of 30G needle (E). This mouse had a minor cortical branch (C), but
electrocoagulation and disconnection of main trunk resulted in disappearance of blood flow in
the minor cortical branch. Panel (F) shows a representative picture of the vascular structure
without a minor cortical branch around olfactory tract. Scale bar: 1 mm (B) and 0.5 mm (C).
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Figure 2. MRI T2 images 24 hours after induction of stroke
The current method results in highly reproducible cortical ischemic damage in all mice.
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Figure 3. TTC images obtained 24 after stroke

(A,B) Representative images of TTC-stained tissue 24 hours after induction of stroke in CB-17
mice. Similar to the MRI images of SCID mice (Figure 2), reproducible cortical ischemia was
observed by TTC staining, comparing the results in different animals. (C—E) Representative
images of TTC staining obtained from different C57BL/6 mice are shown. In contrast to the
reproducibility of SCID and CB-17 mice, lesion size and even location varied substantially in
C57BL/6 mice comparing different animals. Scale bar: 2 mm (A). The arrow indicates the
portion around the area subject to electric coagulation (A).
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Abstract

Increasing evidence points to accelerated neurogenesis after stroke, and support of such endogenous neurogenesis has been shown
to improve stroke outcome in experimental animal models. The present study analyses post-stroke cerebral cortex after cardiogenic
embolism in autoptic human brain. Induction of nestin- and musashi-1-positive cells, potential neural stem/progenitor cells, was
observed at the site of ischemic lesions from day 1 after stroke. These two cell populations were present at distinct locations and
displayed different temporal profiles of marker expression. However, no surviving differentiated mature neural cells were observed by
90 days after stroke in the previously ischemic region. Consistent with recent reports of neurogenesis in the cerebral cortex after
induction of stroke in rodent models, the present current data indicate the presence of a regional regenerative response in human
cerebral cortex. Furthermore, observations underline the potential importance of supporting survival and differentiation of

endogenous neural stem/progenitor cells in post-stroke human brain.

Introduction

Ischemic events in the central nervous system (CNS), such as stroke,
cause permanent neuronal loss and are an important cause of
morbidity and mortality in developed countries. Although functional
recovery after stroke is limited, multiple studies have demonstrated
that the CNS has reparative potential, as exemplified by activation of
endogenous neurogenesis following cerebral ischemia (Arvidsson
et al., 2002; Taguchi ef al., 2004). The subventricular zone (SVZ) of
the lateral ventricle and the subgranular zone (SGZ) of the
hippocampal dentate gyrus are major regions exhibiting constitutive
neurogenesis under physiologic (Kuhn et al., 1996; Alvarez-Buylla &
Garcia-Verdugo, 2002) and pathologic conditions (Jin et al., 2001).
Recent studies have demonstrated that potential neural stem/progen-
itor cells are located in a variety of brain regions (Itoh ef al., 2005;
Kallur et al., 2006; Jiao & Chen, 2008) in addition to the SVZ and
SGZ, including the cerebral cortex in post-stroke murine brain
(Nakagomi et al, 2009b). Although the contribution of these
stem/progenitor cells to CNS repair is still unclear (Magavi et al.,
2000; Jiao & Chen, 2008; Nakagomi ef al., 2009b), neural stem/pro-
genitor cells obtained from post-stroke cortex have been shown to
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form neurosphere-like cell clusters and differentiate in vitro into
mature neurons with characteristic electrophysiologic properties
(Nakagomi ef al., 2009b). Moreover, recent reports have demonstrated
potential neural stem/progenitor cells in human brain, although the
origin of these cells has not been determined (Schwartz et al., 2003;
Jin et al., 2006; Richardson et al., 2006).

In the current study, we investigated the temporal and spatial
expression of nestin and musashi-1, markers associated with neural
stem/progenitor cells, in autoptic human brain from patients who
suffered cardiogenic cerebral embolism. We have found induction of
potential neural stem/progenitor cells, based on expression of these
markers, in post-stroke human cortex. These findings, we believe,
provide the basis for a potential therapeutic strategy buttressing
survival and differentiation of endogenous neural stem/progenitor
cells in patients after stroke.

Materials and methods
Patients

Cases of cardiogenic cerebral embolism which were serially autopsied
between 2001 and 2004 at the National Cardiovascular Center were
entered into this study. The diagnosis of cardiogenic cerebral
embolism was made by neurologists according to clinical guidelines

© The Authors (2009). Journal Compilation © Federation of European Neuros%egce Societies and Blackwell Publishing Ltd



TABLE 1. Baseline characteristics
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Risk factor
Patient Days after Age
no. stroke (years) Sex HT DM HL SM Territory of infarction
1 1 71 M + + - - Bil. PCA, BA
2 o 34 F + - - - R.ACA, RMCA, BA
3 8 63 M - - + - LMCA
4 8 84 M + + + + Bil. ACA, LMCA, RPCA
5 10 81 M + - - + Bil.ACA, Bil.MCA
6 17 71 F + + - - R.MCA, RACA
7 24 80 M + + + + L.PCA
8 30 71 F + + + - R.MCA
9 90 65 M + + - + R.MCA
10 360 71 F + + + - LMCA

HT, hypertension; DM, diabetes mellitus; HL, hyperlipidemia; SM, smoking. Bil., bilateral; R, right; L, left. ACA, anterior cerebral artery; MCA, middle cerebral

artery; PCA, posterior cerebral artery; BA, basilar artery.

(Cerebral Embolism Task Force, 1986) and the stroke-affected region
was evaluated by computed tomography (CT) or magnetic resonance
imaging (MRI). All brain samples were obtained with informed
consent of autopsy from families (# = 10). Baseline characteristics of
the patient population are shown in Table 1. As a control, sections of
intact cerebral cortex with no abnormal signal in diffusion-weighted
images by MRI (patient number 1) and CT (patient numbers 2—10)
from the same stroke patients were obtained.

Preparation of sections and immnohistochemistry

Because of known infiltration and activation of inflammatory cells in
post-stroke brain (Kalimo et al., 2002), several cell markers were used
to evaluate cells present at the ischemic border.

Brain tissue corresponding to the high-intensity region in diffusion-
weighted images from MRI was obtained from patient number 1
(Fig. 1A), fixed in 10% buffered formalin and embedded in paraffin.
Tissue sections were evaluated after H&E staining, and the area of
cerebral ischemia was determined by the presence of pyknotic
morphologic changes and/or loss of nuclei in neurons (Fig. 1B and C).
Brain tissue corresponding to low-intensity regions by CT was
obtained from patient numbers 2-7 (Fig. 1D). The presence of
infiltrating macrophages was evaluated immunohistochemically with
anti-CD68 antibody (DAKO, Glostrup, Denmark) (Fig. 1E and F).
Similarly, brain tissue corresponding to low-intensity regions by CT
was obtained from patient numbers 8-10 (Fig. 1G). Accumulation of
astrocytes in the post-stroke area was confirmed using anti-glial
fibrillary acidic protein antibody (GFAP; DAKO) (Fig. IH and I).
Serial sections were also examined immunohistochemically using
anti-nestin (Millipore, Billerica, MA, USA), anti-musashi-1 (Milli-
pore), anti-fllI-tubulin (Millipore) and anti-CD31 (DAKO) antibod-
ies, as markers of neurogenesis (nestin and musashi-1), neuronal cells
(pllI-tubulin) and endothelial cells (CD31), respectively.

All brain sections were processed by microwave treatment for
10 min at 95°C in citrate buffer, pH 6.0. Non-specific binding sites
were blocked with a solution containing 0.25% casein, stabilizing
protein and 0.015 mol/L sodium azide in PBS (blocking solution;
DAKO) for 10 min at room temperature. Then, sections were
incubated for 24 h at 4°C with primary antibody in blocking solution.
Following incubation of tissue with primary antibody, sections were
further incubated for 1 h at room temperature with secondary antibody
(DAKO). Antibody binding was visualized by the horseradish-labeled
polymer-immunocomplex method using Envison system (DAKO).
The chromogen was diaminobenzidine (DAB, dilution 1 : 500) and

the counterstain was hematoxylin. Information concerning the
antibodies employed in our study are shown in Table 2. For control
experiments, mouse-monoclonal and rabbit-polyclonal anti-human
cardiac Troponin T antibody (ANA spec, Fremont, CA, USA, cat. no.
53924, dilution 1 : 50 and Novus Biologicals, Inc., Littleton, CO,
USA, cat. no. NBP1-18285, dilution 1 : 500, respectively) were used.
No positive signal was detected with these antibodies in the serial
brain sections (data not shown).

Quantitative analysis of nestin- and musashi-1-positive cells
in post-stroke cortex

For quantitative analysis, an experienced pathologist blinded to the
experimental protocol evaluated the number of nestin- and musashi-
I-positive cells in the infarct border area (the latter defined as
approximately 1-2 mm from the infarct border) in high-power fields
(x100 magnification, 1 mm? each, n = 5), based on the morphology of
the cells and density of the signal. The number of nuclei with nestin-
positive cytoplasma or musashi-1-positive cytoplasma/nuclei was
counted as nestin- or musahi-1-positive neural stem cells, respectively.
Cells with insufficient signal or aberrant morphology were not counted
as positive cells.

Similarly, sections from intact cerebral cortex were evaluated. The
absence of pathological changes was confirmed by H&E staining, and
serial sections were analysed at each time point with anti-nestin and
anti-musashi antibodies (in high-power fields; x100 magnification,
1 mm? each, n =5). All immunohistochemical analyses were per-
formed using an Olympus AX 80 microscope (Olympus, Tokyo,
Japan) with 4 x /(NA 0.10), 10 x /(NA 0.25), 20 x /(NA 0.75) or
40 x /(NA 0.65) objective lens and digital images were acquired
using an Olympus DP70 digital camera system (Olympus).

Statistical analysis

The arithmetic mean and standard error were calculated using JMP
7.01 (SAS Institute Inc., Cary, NC, USA). Statistical tests were not
performed as a part of this study.

Results
Nestin-positive cells in post-stroke human cerebral cortex

To investigate ischemia-mediated induction of neural stem/progenitor
cells in post-stroke cerebral cortex, brain tissue from day 4 after stroke
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FIG. 1. Representative MRI and CT images from cases of cardiogenic embolism and photomicrographs of the infarcted area after stroke (A, patient No. 1; D, patient
No. 6; G, patient No. 9). Box marks in panels A, D and G indicate areas further studied in the peri-infarct zone. Panels B and C show pyknotic changes in nuclei of
neurons on day 1 post-stroke visualized with H&E staining (B, lower magnification; C, higher magnification; inset, highest magnification). Panels E and F show
numerous infiltrating macrophages (CD68) at 17 days post-stroke (E, lower magnification; F, higher magnification). Panels H and I display reactive astrocytes
(GFAP staining) at 90 days after the infarct (H, lower magnification; I, higher magnification). Scale bar: 200 um.

TABLE 2. Primary antibodies used in this study

Antigen Host Source Cat. no. Dilution Antigen

CD68 Mouse DAKO, Glostrup, Denmark M0876 1:50 Human mononuclear spleen cell preparation containing more than
80% Gaucher’s cells

GFAP Rabbit DAKO, Glostrup, Denmark 70334 1:50 Protein isolated from cow

Nestin Mouse Millipore, Billerica, MA, USA MABS5326 1:500 Fusion protein

Musashi-1 Rabbit Millipore, Billerica, MA, USA AB5977 1:500 Synthtic peptide corresponding to residues on the N-terminus of
human Musashi-1

plI-tubulin Mouse Millipore, Billerica, MA, USA MABI1637 1:500 Synthetic peptide corresponding to amino acids 443-450 of
human SIII-tubulin

CD31 Mouse DAKO, Glostrup, Denmark M0823 1:50 Cell membrane preparation from the spleen of a patient with

hairy cell leukemia

was evaluated following staining with H&E (Fig. 2A), or immuno-
histochemistry with antibodies to CD68 (Fig. 2B) or nestin (Fig. 2C-E; C).
Similar to our previous observations in a rodent stroke model

(Nakagomi ef al, 2009b), induction of nestin-positive cells was
observed in post-stroke cortex. Nestin-positive cells were especially
evident in proximity to microvasculature. Expression of musashi-1 was
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FIG. 2. Nestin-positive cells in post-stroke cortex on day 4 after infarction (A-H, serial sections from patient No. 2). Panel A shows H&E staining and B displays
CD68-positive cells. Panels C—H present immunohistochemical detection of nestin (C, lower magnification; D, higher magnification; E, highest magnification) and
musashi-1 (F, lower magnification; G, higher magnification; H, highest magnification). Note, most of the nestin-positive cells were located in proximity to vascular-

like structures (C-E). Scale bar: 50 um (A-D, F and G) and 20 um (E, H).

also investigated; only a few round cells showed weak expression of
musashi-1 (Fig. 2F-H). These findings support the presence of ische-
mia-induced neural stem/progenitor cells in post-stroke human cerebral
cortex.

Musashi-1-positive cells in post-stroke human cerebral cortex

On day 4 after stroke, weak (but distinct) expression of musashi-1 was
observed in a small population of cells whose morphology and
location was different from that of nestin-positive cells. These findings
are consistent with previous reports of the presence of a variety of
neural stem/progenitor cells in rodent cortex (Belachew ef al., 2003;
Yokoyama et al., 2006, Nakagomi ef al., 2009b). To further investi-
gate injury-induced neural stem/progenitor cells in post-stroke cortex,
brain samples on day 10 after stroke were studied (Fig. 3A-C). In
contrast to day 4 post-stroke brain, serial sections on day 10 after
stroke showed the presence of a significant number of musashi-1-

positive cells in the post-stroke area (Fig. 3D-F), although musashi-1
did not co-localize with vasculature. Immunohistochemical analysis
with anti-nestin antibody revealed only weak expression in a small
number of cells (Fig. 3G-I).

The location of musashi-1-positive cells suggested that this putative
neural stem/progenitor cell population was present at a locus distal
from the infarct border (i.e. right half of the section). To investigate the
nature of this distribution of musashi-1-positive cells, their spatial
relationship to the glial response to cerebral infarction was evaluated.
Astrocyte activation (GFAP expression) was observed proximal to the
infarct border (i.e. left half of the section), although a few activated
astrocytes were seen in the distal area as well (Fig. 3C). These findings
are consistent with a previous report that neural stem cells are
relatively resistant to hypoxia/ischemia after stroke (Romanko et al.,
2004), and indicate that induction of musashi-1-positive potential
neural stem/progenitor cells occurs in the setting of relatively severe
ischemia.
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FI1G. 3. Mushasi-1-positive cells in post-stroke cortex on day 10 post-infarction. Panels A-I are serial sections from patient No. 5. Panel A shows H&E histology, B
shows CD68-positive cells, C displays GFAP-positive cells, and D-I present immunohistochemical detection of musashi-1 (D, lower magnification; E, higher
magnification; F, highest magnification) and nestin (G, lower magnification; H, higher magnification; I, highest magnification). In contrast to the section obtained
from tissue at 4 days after stroke (Fig. 2, above), multiple round, musahi-1-positive cells were observed. The location of these cells bore no relation to vascular-like
structures. Activation of astrocytes was observed in the post-stroke area, mainly in the region proximal to the infarct border. Panels J-L present
immunohistochemistry for fIlI-tubulin (J), GFAP (K) and CD31 (L) in tissue harvested 90 days after cerebral infarction. No SIII-tublin-positive neuronal cells (L),
GFAP-positive glial cells (M) or CD3 1-positive endothelial cells (N) were observed in the stroke area on post-stroke day 90. Scale bar: 50 um (A-E, G, H and J-L)

and 10 um (F, I).

To investigate survival and differentiation of progenitor cells in the
infarcted cortex, autoptic brain tissue from 90 days after the ischemic
insult was interrogated with anti-fIII-tubulin (Fig. 3J) and anti-GFAP
antibodies (Fig. 3K), as markers of neuronal and glial cells, respec-
tively. However, the infarcted area was negative for both SIII-tubulin

and GFAP, indicating little contribution of neurogenesis in the
immediate post-stroke period to ultimate repair of the cerebral cortex.
The latter observation is similar to our previous findings in a rodent
model (Nakagomi et al., 2009b). Furthermore, microvasculature in
the infarcted cortex from 90 days after stroke was investigated with
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