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locomotor function of the hindlimbs before injury and
again on days 1, 7, 14, 21, 28, and 35. On day 35, these
rats were Killed for histologic study,

Preparation of Tissues for Histologic Analysis

A fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer was perfused through the hearts of all
rats. Sections of spinal cord tissue 10—pm-thick were sub-
sequently cut longitudinally with a cryostat and mounted
on glass slides for observation after staining with hema-
toxylin and eosin (H&E) or immunohistochemical stain-
ing. The following primary antibodies and dilutions were
used: mouse monoclonal antibody (Mab) against glial
fibrillary acidic protein (GFAP: Sigma) at 1:400; mouse
Mab against B-tubulin type III (Sigma) at 1:300; and rab-
bit polyclonal antibody against von Willebrand Factor
(VWF; DAKO, Glostrup, Denmark) at 1:10. A fragment-
conjugated goat antimouse antibody (Alexa Fluor: Mol-
ecular Probes, Eugene, OR) at a dilution of 1:1000, and
a fragment-conjugated goat antirabbit antibody (Alexa
Fluor; Molecular Probes) at a dilution of 1:500, were used
as second antibodies. To stain for cell nuclei, we used
the membrane-impermeant fluorescent DNA-binding dye
TO-PRO-3 (Invitrogen, Carlsbad. CA) at a dilution of
1:500,

Evaluation of Apoptotic Cells at the Site of SCI
in the Acure Stage of Injury

To quantitate apoptotic cells at the site of injury on
day 3 after SCI (n = 3 per group), we used a terminal
deoxynucleotidyl transferase-mediated  deoxyuridine
triphosphate (dUTP)-biotin nick-end labeling (TUNEL)
assay (DeadEnd™ Fluorometric TUNEL System:
Promega) according to the protocol recommended by the
manufacturer. We examined five parasagittal sections of
injured spinal cord, including the median sagittal section.
and compared the numbers of TUNEL-positive cells per
field (0.1 mm?) at high magnification (X40) among the
different groups of animals.

Quantification of Protected Axons in the Acute
Stage of Injury

To investigate the degree of protection of nerve fibers
provided by BM-MNC transplantation in the acute stage
of SCI, we used immunohistochemical staining of sec-
tions obtained at the injury site, with an anti-g-tubulin
type 111 antibody. We did this on six rats on day 3 after
SC1 (n = 3 per group) and a further six animals on day
7 (n = 3 per group). We examined a total of 21 sagittal
sections obtained from each animal, consisting of one
median sagittal section and two sets of 10 consecutive
sections cut at intervals of 50 um from the median plane

laterally toward the left (one set) and right (the other set).
These sections covered two-thirds of the width of the
spinal cord, including whole degenerated nerve fibers.
We measured the density of nerve fibers that stained pos-
itively for B-tubulin type 111 at the site of injury within
2.5 mm in the cephalocaudal direction, using the image
processing and analysis software NIH Image 1.61. The
density of nerve fibers was reported as the percentage of
the B-tubulin type 11l-positive area relative to the entire
area of SCL

Blood Vessels ar the Site of Injury in the Acute
Stage of Injury

Blood vessels were examined at the site of injury on
days 3 and 7. Five parasagittal sections, including the me-
dian sagittal section, obtained from the injury site in each
animal. were stained for vWF and TO-PRO-3. vWF-pos-
itive cells were observed mainly around the center of the
injury site. Using NIH Image 1.61 software, we measured
the density of vWF-positive cells in sagittal sections cen-
tered around and within 2.5 mm of the injury site in the
cephalocaudal direction,

ELISA of Cyiokines in Cerebrospinal Fluid

We sought 1o determine whether transplantation of
BM-MNC after SCI had an effect on neuroprotective or
angiogenic factors in CSF. CSF was obtained from six
rats (n = 3 per group) on day 3 after SCI and assayed via
ELISA for vascular endothelial growth factor (VEGF)
(Immuno-Biological Laboratories, Gunma. Japan), hepa-
tocyle growth factor (HGF) (Institute of Immunology,
Tokyo. Japan), and tumor necrosis factor-a (TNF-a)
(BioSource International, Camarillo, CA), following the
manufacturers’ recommended protocols in each assay.

Measurement of Injury-Cavity Volume

The volume of each cavity that developed after SCI
was quantified as described previously (Ohta et al., 2004)
at 35 days after injury (n = 8 per group). Briefly, hori-
zontal cryostat sections were stained with H&E and ex-
amined under a light microscope equipped with a charge-
coupled-device (CCD) camera (HC300; Fuji Photo Film
Co. L., Tokyo, Japan) (Reyes and Verfaillie, 2001). We
used a total of 41 sagittal sections obtained from each an-
imal. consisting of one median sagittal section and two
sets of 20 consccutive sections cut at intervals of 50 um
from the median plane laterally toward the left (one set)
and right (the other set). These sections covered the en-
tire spinal cord. The area of cavitation in each spinal cord
section was measured, as shown in Figure 6G below, us-
ing NIH Image 1.61 software. The cavity volume was
then calculated by multiplying the average area of cavi-
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tation by the depth of the section examined (Takami et
al., 2002).

Quaniification of Angiogenesis Around
the Injury Caviry

We counted the blood vessels around the injury cavity
in each rat at 35 days after injury. Vessel density was de-
fined as the number of blood vessels per injury area im-
mediately around the cavity. We investigated the number
of blood vessels that stained immunopositively for vWF
in the marginal zone extending to within 200 um of the
inner margin of the injury cavity (see Fig. 61K below).

Behavioral Analvsis

The animals’ locomotor activity was evaluated by
means of open-field BBB scoring, as described previ-
ously (Basso et al., 1995; Wu et al., 2003). Briefly, the
behavior of each animal in an open 75 X 120-cm field
was observed by two researchers. Scores ranging from 0
(complete paralysis) to 21 (normal gait) were recorded
cvery week after surgery.

Statistical Analysis

Differences in cavity formation and the density of
vWF-positive cells on day 35 were analyzed by unpaired
Student’s r-tests. Differences in the concentration of cy-
tokines in CSF, the density of nerve fibers and vWF-pos-
itive cells in the acute stage of injury, and BBB score
were analyzed with the Mann-Whitney U-test. A value
of p < 0.05 was considered statistically significant.

RESULTS

Functional Recovery after Spinal Cord Injury

BBB locomotor scores are shown in Figure 1. The
maximum BBB score was 21 before SCI. while the ini-
tial BBB score for the spinal cord-injured rats was less
than 8. No significant functional improvement was ob-
served at 24 h after SCI in rats that underwent cell trans-
plantation as compared to control rats. However, contin-
uous functional recovery was observed at days 7-35 in
rats that underwent BM-MNC transplantation. In con-
trast, little, if any, functional recovery was observed in
control rats. The functional recovery seen in the rats that
underwent BM-MNC transplantation was significant.

Transplanted BM-MNC in the Fourth Ventricle
and around the Injured Spinal Cord

To trace transplanted BM-MNC labeled with PKH67
(green fluorescence), we examined the fourth ventricle
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FIG. 1. Administration of BM-MNC promoles rapid im-
provement of motor function after SCI. To evaluate motor func-
tion of the lower limbs, BBB locomotor scores were determined
on days 1, 7, 14, 21, 28, and 35 after SCI. Scores range from
0 (complete paralysis) to 21 (normal gait). On day | there wus
no significant difference in the mean score between BM-MNC-
transplanted and control groups of animals. However, from day
7 to day 35, the mean scores of rats that underwent BM-MNC
transplantation were significantly higher than those of control
rats (n = 8 per group). *p < 0.05 versus control.

of the rat brain and the injured spinal cord. At 1 day af-
ter transplantation, PKH67-labeled cells were observed
very close to the choroid plexus in the ventricle (Fig.
2A.B), as well as on the surface of the pia mater of the
injured spinal cord (Fig. 2C-E). On day 3, these cells de-
creased in number, and a piece of transplanted cell was
sometimes seen in the ventricle (Fig. 2F), while some
transplanted cells were integrated into the pia mater of
the injured cord (Fig. 2G-1). On day 7. few, if any,
PKH67-labeled cells were observed in the ventricle (Fig.
21) or around the injured spinal cord (Fig. 2K-M).

Protection of Axons at the Site of Injury
in the Acute Stage

To investigate whether BM-MNC have a protective ef-
fect on nerve fibers within | week after SCI, we per-
formed immunohistochemistry for B-tubulin type Il on
sections of injured spinal cord on day 3 (Fig. 3A.B) and
day 7 (Fig. 3C.D) afier injury. In control rats (Fig. 3A,C),
the area not stained had often spread to the dorsal side
of the spinal cord. where direct contusion injury had oc-
curred. In contrast, in BM-MNC-transplanted rats (Fig.
3B.D). the unstained area was restricted and was smaller
than in control rats.

To investigate whether transplantation of BM-MNC
protects injured spinal cord from apoptosis, we performed

1029

-218-




YOSHIHARA ET AL.

Day |

Day 3

Day 7

FIG. 2. Transplanted BM-MNC (arrows) were observed in the fourth ventricle and around the site of spinal cord injury (sagit-
1al section). (A-E) On day | after transplantation, BM-MNC, labeled with PKH67 (green fluorescence), were observed very close
10 the choroid plexus in the ventricle (B is a magnified view of the box in A). Some transplanted cells became attached 1o the
surface of the pia mater of the injured spinal cord (D and E are magnified views of the boxes in C). (F=1) On day 3. a few trans-
planted cells were seen in the ventricle (F), and some trunsplanted cells were integrated into the pia mater of the injured ¢ord (H
and | are magnified views of the boxes in G). (J-M) On day 7. almost no PKH67-labeled cells were observed (L and M are mag-
nified views of the boxes in K). Nuclei were stained with TO-PRO-3 (blue). Scale bar = 100 pum (A-D).
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FIG. 4. Blood vessels stained for vWF at the site of SCI in the acute stage of injury. Immunohistochemical unalysis of vWF
(red) was performed on sagittal sections at the site of injury on day 3 (A-D) and day 7 (E-H) in animals treated with HRSS
(A.B.E.F) or BM-MNC (C.D.G.H). Nuclei were stained with TO-PRO-3 (bluc). vWF-positive cells were identified mainly around
the center of the injured spinal cord (A-H). The figures in the right column (B,D,F.H) are magnified views of the boxes in A.

C. E. and G, respectively. Scale bar = 200 um (A.B).

TUNEL assays on sections obtained from the injury site
on day 3 (Fig. 3E.F) after injury. TUNEL-positive (green)
cells were observed mainly around the tissue not stained

for B-tubulin type IIT at the injury site. The number of

TUNEL-positive cells per high-power field (hpf) was sig-
nificantly lower in BM-MNC-transplanted rats than in
control rats (Fig. 3G). Consistent with these findings was
a significantly higher density of nerve fibers stained for
B-tubulin type 111 in BM-MNC-transplanted rats than in
control rats (Fig. 3H).

To evaluate distribution of blood vessels at the site of
imjury, we performed immunohistochemistry for vWF on
sections obtained on day 3 (Fig. 4A-D) and day 7 (Fig
4E-H) after SCI. vWF-positive cells (red) were distrib-

A) VEGF in CSF
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B) HGF in CSF

uted mainly around the center of the injured spinal cord.
Quantitative analysis revealed no significant difference
between BM-MNC-transplanted rats and control rats in
the density of vWF-puositive cells at the injury site on day
7(9.84 = 0.83 vs, 10.8 = 1.64 cells/fmm?, respectively;
p = 0.34)

Increase in Hepatocvte Growth
Factor Concentration in CSF
with BM-MNC Transplantation

On day 3 after SC1, we obtained CSF and measured
the concentrations in it of VEGF, HGF, and TNF-a by
ELISA. The concentration of VEGF, a well-known an-

C) TNF-a in CSF
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E
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BM-MNC Control BM-MNC

FIG. 5. Determination of concentrations of cytokines in CSF by ELISA. CSF was obtained from rats on day 3 after SCI. No signifi-
cant difference was found in the concentration of VEGF in BM-MNC-transplanted and control animals (A), However, the concentration
of HGF was remarkably higher in CSF from BM-MNC-transplanted rats than in that of control ruts (B). A lower concentration of TNF-
a was observed in the CSF of BM-MNC-transplanted than in that of control rats (C) (n = 3 per group). *p < 0.05 versus control.
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FIG. 3. Administration of BM-MNC reduced the number of apoptotic cells at the site of mjury in the acute stage. (A-D) Sagit
tal sections obtained from the injury site on day 3 (A.B) and day 7 (C,D) were stained for B-tubulin type 111. Axons stained for
B-twbulin type 11l were preserved at the site of injury in BM-MNC-transplanted (B.D) compared to control rats (A.C). (E.F)
TUNEL of fragmented DNA was performed on sagittal sections oblained on day 3 from the injury sites of control rats (E) and
BM-MNC-transplanted rats (F). TUNEL-positive nuclei (green) were merged with cell nuclel iblue) as indicated by armmows. (G)
The number of TUNEL-positive cells was significantly smaller in BM-MNC-transplanted than in control ruts (n = 3 per group)
*p < 0.01 versus control. (H) The density of nerve fibers at the site of injury on day 7 was significantly higher in BM-MNC-
transplanted than in control rats (n = 3 per group). *p <0 05 versus control, Scale bar = | mm (A), 50 pm (E)
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FIG. 6. Injured spinal cord on day 35 after SCL. (A-H) Although clear cavity formation was observed at the site of injury in
control rats (A, H&E staining: B, staining for B-tubulin type 1), only limited cavity formation was observed in BM-MNC-trans-
planted rats (C, H&E staining; D, staining for B-tubulin type 1. Expression of S-tubulin type Il (E) und GFAP (F) was con-
firmed in the tissue around the cavity. The area of the cavity was measured as indicated by yellow in G (H&E staining) in con-
secutive sagittal sections, and the volume of the cavity was calculated. A significant reduction in the cavity volume was found
in BM-MNC-transplanted rats as compared to control rats (H; n = ¥ per group). *p = (.01 versus control. (I-M) Blood vessels
stained for vWF (red) were observed in the marginal zone of the cavities of control rats (1J) and BM-MNC-transplanted rats
(K.L). The density of vWF-positive cells in the marginal zone, indicated by blue (1K), was significantly increased in BM-MNC-
transplanted as compared 1o control rats (M; n = 8). *p << 0,05 versus control. Scale bar = | mm (A.C), 100 pm (B.D-FJ.L)
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giogenic factor (Carmeliet, 2003), did not show a signif-
icant increase with BM-MNC transplantation (Fig. 5A).
This result was consistent with our finding that, in the
acute stage of injury, there was no increase in the num-
ber of cells stained for vWF as a vascular marker. In con-
trast, we observed a remarkable increase in the concen-
tration of HGF. which is known to have neuroprotective
effects in vive and in vitre (Tsuzuki et al., 2000; Zhang
et al., 2000), with BM-MNC transplantation (Fig. 5B).
These results may explain the decrease in concentration
of TNF-a with BM-MNC transplantation (Fig. 5C).

Prevention of Cavity Formation
in the Chronic Stage

To investigate whether BM-MNC have an inhibitory
effect on degeneration of the injured spinal cord in the
chronic stage of injury, we conducted a histologic study
on sections obtained from the injury site on day 35 after
SCIL. SCI is known to cause secondary injury accompa-
nied by inflammation, followed by cavity formation
(Zhang and Guth, 1997). On day 35, clear cavity forma-
tion was observed in control rats (Fig. 6A, H&E stain-
ing; Fig. 6B, staining for B-tubulin type III). The cavity
wall was composed of loosely packed tissue surrounded
by numerous empty spaces, with cell nuclei sparsely dis-
persed throughout the wall. In contrast, limited cavity for-
mation was observed with administration of BM-MNC
(Fig. 6C, H&E staining; Fig. 6D, staining for B-tubulin
type I1I). The wall of the cavity, composed of well-packed
tissue as in the normal spinal cord, contained many cell
nuclei. Tissue around the cavity was stained for B-tubu-
lin type 111 (Fig. 6E) and GFAP (Fig. 6F). We determined
the volume of the cavity at the site of injury by measur-
ing the cavity area in sagittal cross sections (Fig. 6G).
The volume of the cavity was significantly reduced in the
BM-MNC-transplanted rats as compared with that in the
control group (Fig. 6H). Moreover, many cells in the area
immediately around the cavity stained for vWF (red), a
marker of blood vessels (Fig. 61-L). In the chronic stage
of injury. the density of vWF-positive cells just around
the cavity was significantly greater in BM-MNC-trans-
planted rats (Fig. 6K.L) than in control rats (Fig. 61.J),
as shown in Figure 6M.

DISCUSSION

We found that transplantation of BM-MNC soon after
SCI had a neuroprotective effect in the acute stage of in-
jury, promoting functional improvement, which was fol-
lowed by the suppression of cavity formation.

In the acute stage of SCI, transplantation of BM-MNC
protected nerve fibers of the injured spinal cord. Although

the exact mechanism by which transplantation of BM-
MNC exerts a therapeutic effect is unclear, our results in-
dicate little contribution from VEGF; transplantation of
BM-MNC did not significantly increase the VEGF con-
centration in CSF or promote angiogenesis at the site of
injury in the acute stage. In contrast, a remarkable in-
crease in the concentration of HGF in CSF was observed
with BM-MNC transplantation. HGF is reported to be se-
creted by BM-MNC (Liu et al., 2004) and to have a strong
antiapoptotic effect in neural injury (Tsuzuki et al., 2000;
Zhang et al., 2000). These observations, in addition to
the secretion by BM-MNC of other neuroprotective cy-
tokines (Kamihata et al., 2001; Chen et al., 2002; Val-
able et al., 2003), at least partly explain the beneficial ef-
fects observed with BM-MNC transplantation. These
neuroprotective effects may also explain the decrease in
TNF-a concentration in CSF with transplantation of BM-
MNC.

Cavity formation is a characteristic of progressive tis-
sue necrosis, which follows the initial primary cell de-
struction in injury to the CNS (Zhang and Guth, 1997).
Regulating injury in the acute stage has been reported to
be the critical factor for controlling the progression of
secondary injury to the CNS in SCI (Fitch et al.. 1999),
and in our study the neuroprotective effect of BM-MNC
in the acute stage of injury contributed mainly to sup-
pressing cavity formation in the chronic stage of SCIL. In
accord with these findings was the observed preservation
of blood vessels in the chronic stage of injury with trans-
plantation of BM-MNC. As previously reported. blood
vessel formation is essential for the repair of tissue after
CNS injury such as SCI (Imperato-Kalmar et al.. 1997),
brain trauma (Giulian et al., 1989), and brain infarction
(Taguchi et al., 2004),

In the present study, no transplanted cells were ob-
served in the injured spinal cord on day 7 after BM-MNC
transplantation, indicating that the differentiation of
ransplanted cells into neural cells made little contribu-
tion to the positive effect of transplantation, at least with
our protocol. Koshizuka et al. reported that immature
hematopoietic stem cells from bone marrow, transplanted
in the subacute stage of SCI (at 7 days after injury), dif-
ferentiate into neural precursor cells, which may result in
functional recovery partly through neurogenesis
(Koshizuka et al., 2004). It has been shown that stem cell
transplantation can improve neurologic function by sev-
eral mechanisms, some of which are neuroprotective ef-
fects on host neurons from trophic factors secreted by
transplanted cells, and/or the reestablishment of func-
tional neural networks through the integration of trans-
planted cells (Lindvall and Kokaia, 2004). These obser-
vations suggest at least two critical mechanisms by which
BM-MNC transplantation may promote functional re-
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covery: neuroprotection, when the BM-MNC are trans-
planted in the hyperacute stage, and differentiation into
neural cells, when BM-MNC are transplanted in the sub-
acule stage.

Besides being studied in animal models of various dis-
cases (Kamihata et al., 2001 Shintani et al., 2001), trans-
plantation of BM-MNC has been investigated for effects
on acute tissue injury, with promising results (Assmus et
al., 2002; Tateishi-Yuyama et al., 2002). BM-MNC trans-
plantation via the CSF after SCI has several advantages
over other kinds of cell therapies, including those that use
neural stem cells or embryonic stem cells. Furthermore,
although transplantation of embryonic stem cells and
neural precursor cells is reported to induce recovery from
SCI (McDonald et al., 1999; Ogawa et al., 2002), some
unresolved critical issues (i.e., ethical concerns and im-
munosuppression) have prevented its clinical application.

Clinical transplantation of BM-MNC via the CSF
may be realized earlier than transplantation of these
other types of cells. BM-MNC are easily collected and
can be transplanted at the most appropriate time after
SCI without sacrificing the time window critical for a
therapeutic effect. and there is no need to expand BM-
MNC by culture to obtain a sufficient number of cells
for transplantation. Moreover. in the clinical setting,
BM-MNC can be transplanted via the CSF by means
of lumbar puncture rather than having to be given by
ventricular injection, thereby reducing the risk of
additional injury to intact spinal cord at the injury
site.

In conclusion, transplantation of BM-MNC after SCI
has a remarkable neuroprotective effect in the acute stage
of injury, suppresses cavity formation, and contributes to
functional recovery. Our observations provide evidence
that clinical administration of BM-MNC can play a crit-
ical role in neuroprotection and new vessel formation for
functional recovery after SCI, and we conclude that trans-
plantation of BM-MNC after SCI is a potentially effec-
tive means of enhancing functional recovery from such
injury.
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Abstract

The administration of CD34-positive cells after stroke has been shown to have a beneficial effect on functional recovery by
accelerating angiogenesis and neurogenesis in rodent models. Granulocyte colony-stimulating factor (G-CSF) is known to mobilize
CD34-positive cells from bone marrow and has displayed neuroprotective properties after transient ischemic stress. This led us to
investigate the effects of G-CSF administration after stroke in mouse. We utilized permanent ligation of the M1 distal portion of the left
middle cerebral artery to develop a reproducible focal cerebral ischemia model in CB-17 mice. Animals treated with G-CSF displayed
cortical atrophy and impaired behavioral function compared with controls. The negative effect of G-CSF on outcome was associated
with G-CSF induction of an exaggerated inflammatory response, based on infiltration of the peri-infarction area with CD11b-positive
and F4/80-positive cells. Although clinical trials with G-CSF have been started for the treatment of myocardial and limb ischemia, our
results indicate that caution should be exercised in applying these results to cerebral ischemia.

Introduction

Granulocyte colony-stimulating factor (G-CSF) was identified in 1975 praperties in vitro (Schabitz et al., 2003) and in vivo (Schabitz ef al.,
and has been broadly used for mobilizing granulocytes from bone 2003; Shyu et al., 2004; Gibson et al., 2005), the latter in a rodent
marrow (Weaver et al,, 1993), G-CSF is also known to mobilize model of transient cerebral ischemic damage. Models of transient
immature hematopoietic cells that include endothelial progenitor cells ~ cerebral ischemia allow subtle assessment of neuroprotective proper-
(EPCs) (Willing ez al, 2003). In view of the capacity of circulating  ties, such as the survival of vulnerable neuronal populations in the
EPCs to enhance neovascularization of ischemic tissues (Asahara penumbra. However, functional outcome after stroke is also deter-
et al , 1997), the results of recent studies demonstrating that infusion mined by inflammation and reparative processes consequent to
of EPCs accelerates angiogenesis at ischemic sites, thereby limiting  extensive brain necrosis, the latter better modelled by t
tissue injury, is not unexpected (Dzau ef al, 2005). As a potential cercbral ischemia. We have evaluated the effect of G-(.SF on stroke
extension of this concept, administration of G-CSF has been shown to outcome in a model of permanent cerebral ischemia with massive cell
accelerate angiogenesis in animal models of limb and myocardial necrosis, Our model employs permanent ligation of the left middle
ischemia (Minatoguchi et al, 2004). These observations have cerebral artery (MCA) and results in extensive neuronal death in the
provided a foundation for clinical trials testing the effects of G-CSF ischemic zone, as well as more selective apoptotic cell death in the
in limb and myocardial ischemia (Kuethe et al., 2004). penumbral area (Walther et al, 2002). Using this model, we have
Stroke, a critical ischemic disorder in which there are important  tested the effect of G-CSF on functional recovery after stroke.

opportunities for neuroprotective therapies, is another situation in

which enhanced angiogenesis might be expected to improve outcome.

For example, we have shown that the administration of CD34-positive ~ Materials and methods

cells a:;ﬂer sl:rokc; accelerates angif)g.enﬁis and, suhe.mc!ucnlly, MEUro- - All procedures were performed under the auspices of an approved
genesis (Taguchi ef al, 2004). Similarly, erythropoictin (EPO), also  protoco] of the Japanese National Cardiovascular Center Animal Care

known to have angiogenic properties, has been shown to have  4n4 {Jse Committees (protocol no. 06026, approval date, May 22,
beneficial effects in experimental cerebral ischemia (Ehrenreich ef al., 2006),

2002; Wang et al., 2004). In addition, G-CSF displays neuroprotective

Correspandence: Dr Akihiko Taguehi, as shove Induction of focal cerebral ischemia

E-niall ataguati@rmciovgn iy To assess the effect of G-CSF on stroke, we developed a highly
Received 19 October 2006, revised 25 April 2007, accepted 21 May 2007 reproducible murine stroke model applying our previous method
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(Taguchi ef al, 2004) to CB-17 mice (Clea, Tokyo, Japan). Under
halothane anesthesia (inhalation of 3%), the left zygoma was dissected
to visualize the MCA through the cranial bone. A hole was made using a
dental drill in the bone (diameter 1.5 mm) and the MCA was carefully
isolated, electro-cauterized and disconnected just distal to its crossing of
the olfactory tract (distal M1 portion). Cerebral blood flow in the MCA
area was monitored as described previously (Matsushita ef al, 1998).
Briefly, an acrylate column was attached to the intact skull using
stereotactic coordinates (1 mm anterior and 3 mm lateral to the bregma)
and cerebral blood flow was assessed using a linear probe (I mm in
diameter) by laser Doppler flowmetry (Neun e Co. Ltd, Osaka,
Japan). Mice that showed decreased cerebral blood flow by ~75%
immediately after the procedure were used for expenments (success rate
of >95%). Body temperature was maintained at 36.5-37 °C using a
heat lamp (Nipponkoden, Tokyo, Japan) during the operation and for
2 h after MCA occlusion. At later timepoints, mice were first subjected
to behavioral tests and then to histological examination of their brains.
For histological examination, mice were perfusion-fixed with 100 mL
of periodate-lysine-paraformaldehyde fixative under decp (pentobar-
bital) anesthesia (100 mg/kg, intraperitonealy) and their brains were
removed. Coronal brain sections (20 pm) were cut on a vibratome
(Leica, Solms, Germany) and subjected to immunocytochemistry.

Administration of granulocyte colony-stimulating factor

and erythropoietin following stroke

To examine the effect of G-CSF on ischemic cerebral injury, human
recombinant G-CSF (Kirin, Tokyo, Japan) was administered subcu-
taneously at four doses (0.5, 5, 50 or 250 pg/kg) at 24, 48 and 72 h
after induction of stroke. As controls, the same volume of phosphate-
buffered saline (PBS) or recombinant human EPO (1000 pg/kg;
Kirin), the latter known to have angiogenic properties and a positive
effect on stroke outcome (Jaquet er al, 2002), was administered
subcutaneously. Other time courses of G-CSF administration, inclu-
ding 1 h after stroke (at doses of 0.5, 5, 50 or 250 pg/kg) and
continuous administration (100 pg/kg/day) by micro-osmotic pump
(Durect, Cupertino, CA, USA) started 1 h after stroke over 7 days,
were also studied. To exclude possible effects of an immune response
to human recombinant G-CSF in the mouse, murine recombinant
G-CSF (R & D Systems, Minneapolis, MN, USA; doses of 0.5, 5 or
50 pg/kg) was administered subcutaneously at 24, 48 and 72 h after
induction of stroke, as indicated,

Immunohistochemistry

To evaluate the inflammatory response following administration of
G-CSF post-stroke, brain sections were studied immunohistochemi-
cally using antibody to CD11b (BD Biosciences, San Jose, CA, USA)
and F4/80 (Serotec, Raleigh, NC, USA), The numbers of CD11b-
positive inflammatory cells at the anterior cerebral artery (ACA)/M-
CA border of the infarcted area and numbers of F4/80-positive
(F4/80") activated microglia/macrophages in the ACA area at the
exact center of the forebrain section (at the midpoint of the left
forebrain, as shown with an orange line in Fig. 1J) were scored by two
investigators blinded to the experimental protocol.

Analysis of the peri-infarction and infarcted area after middle
cerebral artery occlusion

To investigate mechanisms of brain damage/atrophy consequent to
administration of G-CSF, neovessel formation and the extent of
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infarction were analysed. Formation of new vessels was assessed at
the border of the MCA and ACA temitories by perfusing carbon black
(0.5 mL; Fuekinori, Osaka, Japan) via the left ventricle of the heart.
Staining with 2,3, 5-triphenyltetrazolium (TTC) (Sigma-Aldrich, St
Louis, MO, USA) was employed to demarcate the border of viable/non-
viable tissue. Semiquantitative analysis of angiogenesis employed an
angiographic score. Briefly, microscopic digital images were scanned
into a computer (Keyence, Osaka, Japan) and the number of carbon
black-positive microvessels crossing the border zone of the TTC-
negative MCA area to the TTC-positive ACA arca was determined. To
evaluate the infarcted area 3 days after stroke, coronal brain sections at
the exact center of the forebrain were stained with TTC. The infarcted
area was measured using a microscopic digital camera system
(Olympus, Tokyo, Japan). Infarction in this stroke model was highly
reproducible and limited to the left cortex. NIH IMAGE software was
used to quantify the TTC-positive area in the ACA territory. A brain
atrophy index was established using whole brain images captured by a
digital camera system (Olympus). The length of the forebrain was
measured along the x and y dimensions shown in Fig. 1J and the ratio of
x : y was defined as the brain atrophy index.

Behavioral analysis

To assess cortical function, mice were subjected to behavioral testing
using the open field task (Kimble, 1968) at 35 days after stroke. In this
behavioral paradigm, animals were allowed to search freely in a square
acrylic box (30 x 30 cm) for 60 min. A light source on the ceiling of
the enclosure was on during the first 30 min (light period) and was
tumned off during a subsequent 30-min period. On the X- and Y-banks
of the open field, two infrared beams were mounted 2 cm above the
floor, spaced at 10 cm intervals, forming a flip-flop circuit between
them. The total number of beam crossings by the animal was counted
and scored as traveling behavior (locomotion). Twelve infrared beams
were set 5 cm above the floor, spaced at 3 cm intervals, on the X-bank
and the total number of beam crossings was counted and scored as
rearing behavior (rearing). To exclude the contribution of physical
deficits directly related to the operative procedure and induction of
stroke, motor deficiencies were examined on day 35 after stroke.
Neurological deficits were scored on a threc-point modified scale as
described previously (Tamatani er al, 2001): 0, no neurological
deficit; 1, failure to extend the left forepaw fully; 2, circling to left and
3, loss of walking or righting reflex. Body weight, monitored in each
experimental group, displayed no significant differences (data not
shown).

Data analysis

Statistical comparisons among groups were determined using one-way
ANOVA and the Dunnett test was used for post-hoc analysis to compare
with PBS controls. Where indicated, individual comparisons were
performed using Student’s r-test. In all experiments, mean £ SEM is
reported.

Results

Induction of stroke in CB-17 mice

In a previous report, we demonstrated reproducible strokes in severe
combined immunodeficient (SCID) mice by permanent ligation of the
left MCA (Taguchi ef al, 2004). As SCID mice originated from the
CB-17 strain, we expected anatomical similarity of cerebral arteries in
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these two strains, Strokes were induced in CB-17 mice by permanent
ligation of the M1 distal portion of the left MCA. To evaluate the
infarcted area, brain sections were stained with TTC at 3 h after
stroke. Reproducible strokes were induced in CB-17 mice (Fig. 1A)
that were similar to those in SCID mice (Fig. 1B). The surviving
cortical area post-stroke, represented by the TTC-positive ACA area at
the exact center of forehrain, was also similar in CB-17 and SCID
mice (Fig. 1C, n = 6/species).

Granulocyte colony-stimulating factor accelerates brain
injury after stroke

In a previous study, we demonstrated that enhanced neovasculariza-
tion post-stroke, due to administration of CD34-positive cells,
promoted neuronal regeneration leading to cortical expansion and
functional recovery (Taguchi et al, 2004). As G-CSF is known to
mobilize CD34-positive cells from bone marrow (Kuethe et al., 2004),
we investigated the effects of G-CSF treatment, starting 24 h afler
stroke and continuing for 3 days, using the above permanent focal
cerebral ischemia model. Compared with control animals receiving
PBS alone (Fig. 1D), no significant difference was observed in mice
that received 0.5 pg/kg of G-CSF (Fig. 1E and K) at 35 days after
stroke. However, remarkable brain atrophy was observed with G-CSF
treatment at 5 pug/kg (Fig. 1F and K), 50 pg/kg (Fig. 1G and K) or
250 pg/kg (Fig. 1H and K). In contrast, a mild protective effect, with
respect to brain atrophy, was observed in the group treated with EPO
post-stroke (1000 pg/kg; Fig. 11 and K). In each condition depicted in
Fig. 1, a representative image is shown and quantitative analysis of the
brain atrophy index (n = 6/experimental condition; defined in
Fig. 1J) is demonstrated in Fig. 1K.

Granulocyte colony-stimulating factor has a negative effect

on functional recovery after stroke

To investigate functional recovery in animals treated with G-CSF, we
performed behavioral testing on day 35 after stroke (n = 6, for each
group). Compared with post-stroke CB-17 mice that received PBS,
mice treated with 50 or 250 pg/kg G-CSF displayed impaired
behavioral function as assessed by the ‘dark’ response, with respect to
rearing (Fig. 1L and Table 1) analysed by ANOVA followed by post-
hoc Dunnett test, although there was no significant change in
locomotion (Fig. IM). In contrast, treatment with EPO accelerated
functional recovery with respect to both rearing (1.18 + 0.07 and
0,99 + 0.04 in EPO and PBS groups, respectively, n = 6 per group,
P < 0.05) and locomotion (1.04 + 0.04 and 0.85 + 0.04 in EPO and
PBS groups, respectively, n = 6 per group, P < 0.05). Mice showed
rapid recovery from focal motor deficits and, by day 16 post-stroke,
no motor deficits were detected based on a modified three-point scale
(not shown).

Granulocyte colony-stimulating factor accelerates
angiogenesis after stroke

Increased brain atrophy and impaired functional recovery in animals
treated with G-CSF post-stroke were quite unexpected because of the
known ability of G-CSF to mobilize CD34-positive cells from bone
marrow (Willing et al., 2003). In addition, a previous study showed
neuroprotective properties of G-CSF in models of transient cercbral
ischemia (Schabitz er al., 2003). These considerations led us to
analyse mechanisms contributing to increased brain atrophy after

G-CSF and stroke 129

Taste |. Raw data of open ficld test (G-CSF reanng)

Rearing (counts)
T Reaction to darkness

and individual Right ON Right OFF (Right OFF/Right ON)
PBS
| 662 640 0.97
2 611 T08 1.16
3 487 450 0.92
4 587 540 0.92
5 482 430 0.89
6 415 450 1.06
Mean £ SEM 542341372 5363 £ 47.1 099 £ 0.04
G-CSF (0.5p2/kg)
1 600 562 0.94
2 601 650 1.08
3 494 425 0.86
4 731 (gL 1.00
5 767 T84 1.02
6 498 501 1.01
Mean + SEM 6152 £ 46.7 608.8 + 562 098 +0.03
G-CSF (Sug/kg)
1 577 497 0.86
2 537 68 0.69
k] 310 288 0.93
4 520 485 0.93
5 673 652 0.97
6 572 480 0.84
Mean = SEM 5315+ 493 4617+ 508  0.87 +0.04
G-CSF (50pg/kg)
1 592 520 0.88
2 463 176 0.81
3 478 430 0.90
4 307 250 0.81
5 484 410 0.85
6 3RS 295 0.77
Mean + SEM 4515 +£139.6 3802 £ 396 084 £0.02
G-CSF (250pg/kg)
578 424 0.7
501 401 0.80
507 180 0.75
465 412 0.89
380 341 0.90
401 347 0.87
Mean + SEM 472 £ 299 3842 % 140 0.82 £ 0.03

Right ON, under light condition; Right OFF, under dark condition.

administration of G-CSF. As G-CSF has been reported to accelerate
angiogenesis in limb and cardiac models of ischemic injury (Mina-
toguchi et al, 2004), we sought to determine its impact on
neovascularization in our permanent focal cerebral infarction model.
Compared with PBS-treated controls (Fig. 2A), increased neovascu-
lature at the border of the MCA and ACA cortex (staining with TTC
demarcates viable/non-viable tissue and carbon black was used to
visualize vessels) was observed in animals treated with G-CSF
(50 pg/kg, Fig. 2B). Assessment of the angiographic score con-
firmed the impression of increased neovasculature in animals treated
with G-CSF, compared with the group receiving PBS (Fig. 2C;
P < 0.05).

Next, we investigated possible neuroprotective properties of G-CSF
after stroke. Analysis of the infarcted/surviving area 3 days after
stroke was evaluated in animals treated with PBS (Fig. 2D) or G-CSF
(50 pg/kg, Fig. 2E) based on TTC staining; there was no effect of
G-CSF treatment compared with controls receiving PBS (Fig. 2F).
Thus, G-CSF did not impact on the viability of ‘at-risk” tissue in the
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immediate post-stroke period (up to 3 days), although there was a
long-term effect on brain atrophy (evaluated at 35 days).

Granulocyte colony-stimulating factor enhances
the inflammatory response after stroke

Further studies were performed to analyse the apparent dichotomy
between G-CSF-mediated enhancement of neovascularization of the
ischemic territory post-stroke vs. increased cerebral atrophy and lack
of improvement in behavioral testing. We focused our studies on the
inflammatory response. Compared with PBS-treated mice (Fig. 2G,
lower magnification; Fig. 2H, higher magnification), increased
accumulation of CDI11b-positive ry cells, including
monocytes and granulocytes (Campanella et al., 2002), was observed
in G-CSF-treated mice (50 pg/kg) at the border of the infarcted area
(Fig. 21, lower magnification; Fig. 2J, higher magnification).
Quantitative analysis (n = 6 each) revealed a significant difference
in the number of infiltrating CD-11b-positive cells (Fig. 2K
P < 0.05). These results led us to evaluate the presence of activated
macrophages/microglia in ischemic lesions, as the latier arc known
to enhance brain damage after stroke (Mabuchi ef al, 2000).
Although F4/80" activated macrophages/microglia were observed in
the viable (i.e. non-ischemic) ACA area following treatment with
PBS (Fig. 2L, lower magnification; Fig. 2M, higher magnification),
increased numbers of F4/80" macrophages/microglia were observed
in post-stroke animals treated with G-CSF (Fig. 2N, lower magni-
fication; Fig. 20, higher magnification). F4/80" activated macroph-
ages/microglia in post-stroke mice treated with PBS were principally
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limited to the area close to the border of the infarcted tissue. In
contrast, F4/80" cells in post-stroke mice treated with G-CSF were
observed in a broad area and at higher density in the ACA temitory.
The total number of F4/80" cells in a section at the exact center of
the forebrain was quantified (n = 6 each); a significant increase in
F4/80" activated macrophages/microglia was observed in G-CSF-
treated mice, compared with controls receiving PBS post-stroke
(Fig. 2P; P < 0.05).

Administration of granulocyte colony-stimulating factor 1 h
after stroke also induces brain atrophy

As the experimental protocol for the above studies involved G-CSF
treatment starting 24 h after stroke, it was important to vary our
protocol. For this purpose, we also administered G-CSF within 1 h
of stroke (Fig. 3A, n = 6 each) or performed continuous treatment
for up to 7 days (Fig. 3B, n = 6 each). Our results demonstrate
induction of brain atrophy in post-stroke animals treated with G-CSF
subjected to either of these protocols compared with PBS-treated
controls.

To exclude the immune response stimulated by human recombin-
ant G-CSF in mice, various doses of mouse recombinant G-CSF
were administered and the effect was determined (n = 6 each dose).
We found significant brain atrophy with administration of lower
doses (0.5 and 5 pg/kg) of recombinant murine G-CSF. As the
survival rate was only 50% (three mice dead out of six) with
administration of a higher dose (50 pg/kg), the group was excluded
from this analysis.
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PBS G-CSF

lating factor (G-CSF) on brain atrophy. (A) G-CSF or phosphate-buffered saline (PBS) was administered | h after

stroke and brains were evaluated grossly on day 35 post-stroke. (B) Continuous administration of G-CSF or PBS starting at 1 h post-stroke for 7 days was also
tested. (C) Mouse recombinant G-CSF was administrated at the indicated dose and was found to increase the atrophy index. In each case, n = 6 per group. *P < 0.05

vs. PBS.
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Discussion

Our results demonstrate that, in a murine permanent focal cerebral
infarction model, administration of G-CSF, either human or murine
recombinant, post-stroke is associated with enhanced brain atrophy.

In order to evaluate experimental treatments for stroke, reproducible
induction of cerebral ischemia/infarction is a prerequisite. Previously,
we developed a stroke model using SCID mice (Taguchi et al., 2004)
that proved suitable for quantification of the effect of cell therapy on
neurogenesis, neovessel formation and neural function. In the current
study, we have applied this stroke model to CB-17 mice and found it
to provide highly reproducible data.

Granulocyte colony-stimulating factor is known to mobilize EPCs
from bone marrow (Willing ef al., 2003) and accelerate angiogenesis
(Bussolino er al, 1991). Clinical studies have demonstrated that
administration of G-CSF has beneficial effects in patients with acute
myocardial infarction, including promotion of neovascularization and
improvement of perfusion (Kuethe et al,, 2004). In addition, G-CSF
has been shown to display neuroprotective properties in a rodent
model (Schabitz et al., 2003). Based on these observations, G-CSF has
been tested in animal models of transient cerebral ischemia and
beneficial effects have been reported (i.e. reduced infarct volume and
cnhanced functional recovery) (Schabitz et al., 2003; Shyu er al,
2004; Gibson et al, 2005). In the current study, we employed a
permanent cerebral infarction (i.e. stroke) model, rather than a model
of transient ischemia, to investigate the effects of G-CSF.

In addition to its effects on EPCs, G-CSF is known to mobilize
granuloctyes from the bone marrow, and these granulocytes have
been shown to become associated with endothelia and accumulate in
the ischemic brain (Justicia ef al., 2003). These observations sugges-
ted the possibility that G-CSF might augment the inflammatory
response consequent to ischemic tissue damage by promoting recruit-
ment and activation of neutrophils and mononuclear-derived cells
(blood monocytes, monocyte-derived macrophages and microglia)
(Zawadzka & Kaminska, 2005). Consistent with this concept, accu-
mulation of CD11b-positive inflammatory cells at the border of the
infarcted area was observed after treatment with G-CSF. Furthermore, a
striking increase in the number of F4/80" activated macrophag-
es/microglia was observed in non-ischemic surviving tissue (adjacent
to the infarct) subsequent to administration of G-CSF. The inflamma-
tory response after stroke has been shown to have both positive and
negative effects on tissue repair (Fontaine ef al, 2002). Our resulis
indicated that the balance of these inflammatory mechanisms on stroke
outcome in the mouse using a permanent ischemia model and
following administration of G-CSF is negative,

It would appear that the current work contradicts previous studies
showing a positive effect of G-CSF after myocardial ischemia
(Minatoguchi et al, 2004). This apparent discrepancy may be
explained, at least in part, by differences in brain and cardiac
vasculature. Non-ischemic brain is protected from the systemic
inflammatory response by an intact blood-brain barrier composed of
endothelia joined by tight junctions. Thus, invasion of the central
nervous system by activated inflammatory cells is largely prevented
and the neural system functions within a relatively protected
microenvironment, with respect to the inflammatory response (Neu-
mann, 2000). However, stroke disturbs the integrity of the blood—brain
barrier. We propose that a combination of impaired function of the
blood-brain barrier in the context of G-CSF-induced augmentation of
the inflammatory response in ischemic tissue contributes to the
observed brain atrophy. Although activated inflammatory cells are
known to participate in both the injurious and healing processes
(Minatoguchi et al, 2004), our results indicate an overall negative

& The Authors (2007). Journal Compilation ® Fed:

effect on neural function and neurogenesis following treatment with
G-CSF in the post-stroke period.

In contrast to G-CSF, EPO had beneficial effects after stroke in the
current model. Such positive effects are consistent with previous
reports (Bemaudin et al., 1999; Bahlmann er al., 2004; Bartesaghi
et al., 2005; Kretz et al, 2005) demonstrating that EPO promotes
mobilization of EPCs (Bahlmann et al., 2004), has angiogenic (Jaguet
et al., 2002) and neuroprotective properties (Bartesaghi ef al., 2005),
and accelerates regeneration (Kretz et al., 2005).

Taken together, our results indicate that administration of G-CSF
after stroke results in an exaggerated inflammatory response, both at
the border of the ischemic region and also in non-ischemic brain
tissue, and that this is associated with brain atrophy and poor neural
function. Thus, we suggest that a cautious approach should be taken in
applying results of studies with G-CSF in the peripheral circulation
(i.e. limb and cardiac ischemia) to the setting of cerebral ischemia. In a
more general context, it is possible that agents with pro-inflammatory
properties will prove less useful as therapeutic agents in cercbral
ischemia in view of the above observations.
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Visualization of Intracerebral Arteries by
Synchrotron Radiation Microangiography

BACKGROUND AND PURPOSE: Small cerebral vessels are a major site for vascular pathology leading to
cerebral infarction and hemarrhage. However, such small cerebral vessels are difficult to visualize by
using conventional methods. The goal of our study was the development of methodology allowing
visualization of small cerebral arteries in rodents, suitable for experimental models

MATERIALS AND METHODS: Using barium sulfate as a contrast material, we obtained microangio-
graphic images of physiologic and pathologic changes consequent to cerebral infarction in mouse brain
by manochromatic synchrotron radiation (SR). To achieve high-resolution and high-contrast images, we
used a new x-ray camera with a pixel size of 4.5 um, and we set the energy level at 37.5 keV, just
above the K absorption of barium

RESULTS: Small intracerebral arteries (~30 um in diameter) were clearly visualized, as well as the
cortical branches (50-70 pum in diameter) at the brain surface. The limit of detection appeared to be
vessels ~10 um in diameter. Compared with the noninfarcted side, the number of intracerebral
arteries was dramatically decreased in the middle cerebral artery area affected by stroke.

CONCLUSIONS: These results indicate the potential of SR for evaluating pathologic changes in small

Cerebmvascuiar disease is one of the major causes of death
and disability in developed countries. To evaluate cerebral
vasculature, conventional angiography and MR angiography
are commonly used in clinical practice. The development of
these imaging methods has allowed analysis of the pathologic
features of cerebrovascular lesions and has guided therapeutic
strategies. However, small cerebral vessels, including those
known to harbor causative lesions in cerebral infarction and
hemorrhage (due to lipohyalinotic changes and/or microan-
eurysm formation),' such as intracerebral arteries and perfo-
rators, are below the detection limit of conventional imaging
techniques. An important step in developing therapeutic strat-
egies effective against disease in small cerebral vessels is en-
hanced visualization of this vasculature, especially in experi-
mental models.

Recently, ex vivo and in vivo microangiography using
monochromatic synchrotron radiation (SR) has been sug-
gested as a tool capable of visualizing pathophysiologic
changes in small arteries. Using this system has made possible
the detection of microcirculation in the dermis,” tumors,” and
collateral microvessels in ischemic hind limbs.* Although flu-
orescence microscopy has also been used to image small arter-
ies,”” SR imaging has the advantage of visualizing microves-
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cerebral arteries and for monitoring the impact of pro- and antiangiogenic therapeutic strategies.

sels, even after they enter the parenchyma of an organ. In
contrast, fluorescence techniques do not allow adequate visu-
alization of small arteries once a vessel is deep within brain or
other parenchymal tissue. On the basis of these observations,
we have developed a microangiographic system using SR and
have investigated physiologic and pathologic features of ro-
dent cerebral microvasculature.

Materials and Methods
All procedures were performed in accordance with the National Car-
diovascular Center Animal Care and Use Committee.

Preparation of Contrast Medium

For high-contrast images of the microcirculation, contrast agents in-
cluded microspheres (Techpolymer I-2, Sekisui Plastics, Shiga, Japan)
and barium sulfate (BarytgenSol, Fushimi, Tokushima, Japan). How-
ever, because the diameter of microspheres was 15 um, whereas that
of barium sulfate particles varied from 1-100 wm, the microcircula-
tion of cerebral arteries could not be visualized by using these contrast
media (not shown). To perfuse such microvessels (diameter <10
pm), we filtered barium sulfate (pore size 5 wm; Millex-SV, Millipore,
Bedford, Mass) and obtained particles <5 pm in diameter, Filtered
barium sulfate particles were then centrifuged (3000 G, 60 minutes)
and concentrated to 50% by weight following removal of the
supernatant.

Injection of Contrast Medium

Male severe combined immunodeficient (SCID) mice (6 weeks old;
weight, 25-30 g; Oriental Yeast, Tokyo, Japan) were anesthetized by
using inhaled diethyl ether and were perfused systemically with phos-
phate-buffered saline (PBS) containing heparin (40 U/mL) via the left
ventricle of the heart with a peristaltic pump (Twaki, Asahi Techno
Glass, Chiba, Japan). Filtered barium sulfate particles (<5 pum in
diameter, prepared as described previously; 50% by weight) were in-
fused (0.7 mL), followed by isolation of the brain and fixation in
formalin.
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Mammographic Images

To compare spatial and contrast resolution, we
graphic images, which are known for having the highest resolution in
clinical applications,' ' of murine brains, Digital images were captured
at an energy level of 24 kV by using a molybdenum target and 2
molybdenum filter with 90° cranial projection. Source-10-image dis-
tance was 65 cm.

eI |

Induction of Focal Cerebral Ischemia

Permanent focal cerebral infarction was induced by ligation and dis-
connection of the left MCA of male SCID mice (n = 5), as de-
scribed.'* ' Briefly, under inhaled halothane (3%) anesthesia, ani-
mals were placed on their right sides and a skin incision was made at
the midpoint between the left orbit and the external auditory canal.
The temporalis muscle was incised, and the zygomatic arch was re-
moved to expose the squamous portion of the temporal bone. Using a
dental drill, we made a small hole above the distal portion, M1, of the
MCA, which could be seen through the exposure in the skull. The
dura mater was opened, and the left MCA was electrocauterized and
disconnected just distal to its crossing of the olfactory tract. Body
temperature was maintained at 36.5°-37°C by using a heat lamp dur-
ing the operation and for 2 hours after MCA occlusion. Cerebral
blood flow (CBF) in the left MCA area was measured by laser-Doppler
fl try (Advance, Tokyo, Japan). The holding device of the laser

10° 100 10 109
B Photon energy (keV)

Fig 1. Schematic depiction of the monochromatic SR system. A, Illustration of the

pefi | o for SR mi giography at BLZBB2. B, Photon mass attenuation
coefficient of barium (biue ling} and liquid water (red fing). Monochromatic x-ray energy Is
adjusted 1o 375 keV, just above the barium K-adge energy to produce the highest contrast
image.

Microangiography and Image Analysis

Microangiographic images of mouse brain were obtained by using
monochromatic SR in the Japan Synchrotron Radiation Research In-
stitute (SPring-8, Hyogo, Japan).** There are 3 large 3rd-generation
synchrotron radiation facilities in the world: the Advanced Photon
Source in Argonne (United States), the Furopean Synchrotron Radi-
ation Facility in Grenoble (France), and SPring-8 (the latter was used
for the studies described herein). These facilities are open to scientists
in many fields, including material, chemical, and life sciences inves-
tigators. The experimental setup for x-ray imaging by using mono-
chromatic SR at the SPring-8 BL28B2 beamline is shown in Fig 1A.
The storage ring was operated at 8-GeV electron beam energy, and
beam current was 80—100 mA. The distance between the point source
in the bending magnet and the detector was ~45 m. A nearly parallel
x-ray beam was used for imaging without blurring because of the
small size of the x-ray source and the very long source-to-object dis-
tance. The single crystal monochromator selects a single energy of
synchrotron radiation. The shutter system is located between the
monochromator and the object. X-rays transmitted through the ob-
ject are detected by an x-ray direct-conversion-type detector incorpo-
rating the x-ray saticon pickup tube. Monochromatic x-ray energy
was adjusted to 37.5 keV, just above the barium K-edge energy, to
produce the highest contrast image of the barium (Fig 1B). X-ray flux
at the object position was around 1 X 10'® photons/mm? per second
in imaging experiments. The images were acquired as 1024 X 1024
pixels with 10-bit resolution after analog-to-digital conversion. The
FOV was 4.5 X 4.5 mm’, and pixel size was —4.5 um.*'?
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probe (ALF probe; Neuroscience, Osaka, Japan) (1.5 mm in diameter,
7.0 mm in length) was secured on the cranium at a site located above
the ischemic core of the left MCA area (approximately | mm anterior
and 5 mm distal to the bregma), and CBF was monitored during the
procedure and 24 hours after ligation of the MCA. Mice displaying a
decrease in CBF by ~75% immediately after the procedure and there-
after for an additional 24 hours were used for experiments.'* Nine
days after induction of cerebral ischemia, the cerebral microcircula-
tion was examined by SR imaging.

MR Imaging System

To confirm cerebral infarction consequent to ligation of the MCA, we
performed MR imaging on day 2 poststroke. MR imaging used a 2T
compact MR imaging system with a permanent magnet (MRmini
SA206, Dainippon Sumitomo Pharma, Osaka, Japan) by using a ra-
dio-frequency solenoid coil for signal-intensity detection. For each
imaging sequence, 15 coronal images were acquired with a section
thickness of 1 mm, gapped at 0.5 mm. Tl-weighted spin-echo MR
images were acquired with a TR/TE of 500/9 ms,a FOV of 36.6 X 18.3
mm, an image acquisition matrix of 256 X 128, and NEX, 4. T2-
weighted spin-echo MR images were obtained with TR/TE, 3000/69,
256 X 128, and NEX, 2. Because the sequences to obtain diffusion-
weighted images by using this machine are still in development, we
evaluated the cerebral ischemia by T2-weighted images on day 2
poststroke.

Data Analysis

In all experiments, the mean * SE is reported.

Results

Visualization of Cerebral Arteries by SR Imaging

After euthanasia and systemic perfusion with PBS, barium sul-
fate particles were infused via the left ventricle of the heart. As
shown in Fig 24, cerebral arteries on the brain surface were
filled with contrast medium. First, we investigated vascular
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Fig Z Angiographic image of mouse cerebral anery. A, Macroimage of the right brain hemisphers. The cersbral arteries
(amowal, but not cerebral veins, ane filled with the barium sulfate 8, Cerebral microangiogram (90° caudal projection) with
a mammographic soft x-ray machine. M graphy enables vi of small carsbral anteries and penetrating
intracerebral arteries, but the image is not sufficient 1o evaluate pathologic changes. C and [, Cerebral angiograms
obtained by SA. Note that small ceratral vessels, including penetrating intracerebral arteries, are clearly visualizad

Microvascular structures, such as orthogy g of p g
clearly obsenved by the enlarged SA imaging (0. £, Caronal section of & cersbral

bral aneries from the cortical anery, ane
giogram. Two distinct p ]

images by mammography (Fig 2B). However, sufficient spatial
and contrast resolution was not obtained by mammographic
imaging to evaluate the angioarchitecture of small cerebral
vasculature. Peripheral branches of the MCA (75-100 um in
diameter) and small vessels emerging from peripheral
branches were barely visualized.

Next, we investigated the vascular profile by using SR (Fig
2C, normal view; -D, enlarged view). At the brain surface,
cortical arteries branching from the MCA and pial arteries,
~30 pwm in diameter, were clearly visualized. Within the brain
parenchyma, penetrating intracerebral arteries, branching or-
thogonally from cortical or pial arteries, were also observed.
The interval between intracerebral arteries was 126.1 * 35.5
pm (n = 20), the diameter of the proximal side of the intra-
cerebral arteries was 29.5 * 3.1 um (n = 20), and each intra-
cerebral artery was observed to progressively narrow to a di-
ameter below the limit of resolution (10 wm). Vascular
diameters determined by SR imaging of intracerebral arteries
and small arterial branches were identical to those observed in
previous pathologic studies of murine brain.'® Using SR im-
aging, we could discern 2 types of intracerebral arteries: super-
ficial penetrating arteries perfusing only the cortical area and
penetrating arteries reaching the subcortical area and perfus-
ing the deep white matter. These vascular structures observed
in murine brain by SR imaging are similar to previous obser-
vations in human anatomic studies.'”?® Compared with
mammographic images, SR imaging enabled visualization of
penetrating intracerebral arteries (diameter range of 10-30
pum), as well as small peripheral branches of MCA at the brain

Brenies,
image. Scale bars: 1 mm (A and &, 05 mm (C and £, and 250 um [0V

q arteries and deep penetrating artenes (amow), are clearly ohserved by the SR

surface, with remarkable clarity. Using a coronal view for ce-
rebral microangiograms, we also discerned 2 distinct penetrat-
ing arteries, superficial and deep (Fig 2E).

SR Images after Cerebral Infarction

To evaluate cerebral vasculature in the context of pathologic
changes, cerebral infarction was induced by ligation of the
MCA. The area of cerebral infarction was visualized by MR
imaging on day 2 after induction of stroke. As we have shown
previously by 2,3,5-triphenyltetrazolium staining,'? limited
cortical infarction was observed in the MCA area on T2-
weighted images (Fig 3A). In contrast, no hyper- or hypoin-
tense region was observed on Tl-weighted images (Fig 3B),
indicating the absence of bleeding or parenchymal injury. Al-
though no morphologic (Fig 3C) or vascular structural (Fig
3D) changes were observed in the right hemisphere (non-
stroke side), by day 9 after MCA occlusion, tissue degradative
changes were observed in the cortical and shallow white mat-
ter of the left MCA area (stroke side, Fig 3E). To evaluate the
integrity of the microvasculature after stroke, we obtained SR
images. The number of penetrating intracerebral arteries dra-
matically decreased, though cortical branches at the brain sur-
face could still be visualized (Fig 3F). On the coronal view, the
disappearance of the intracerebral arteries on the ischemic side
was also clearly observed (Fig 3G).

Discussion

Cerebral artery disease in small vessels is a major cause of
cerebral infarction and hemorrhage. Although pathologic
changes in small arteries have been reported on the basis of
microscopic analysis, it has been difficult to assess the mor-
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