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Increasing evidence points to a role for circulating endothelial progenitor cells, including
populations of CD34-positive (CD34*) cells, in maintenance of cerebral blood flow. In this study,
we investigated the link between the level of circulating CD34* cells and neovascularization at
ischemic brain. Compared with control subjects, a remarkable increase of circulating CD34* cells
was observed in patients with angiographic moyamoya vessels, although no significant change was
observed in patients with major cerebral artery occlusion (or severe stenosis) but without
moyamoya vessels. Our results suggest that the increased level of CD34* cells associated with
ischemic stress is correlated with neovascularization at human ischemic brain.

Journal of Cerebral Blood Flow & Metabolism advance online publication, 30 January 2008; doi:10.1038/jcbfm.2008.1

Keywords: antigens; CD34; moyamoya vessel; neovasculariiation

Introduction

Increasing evidence points to a role for bone
marrow-derived immature cells, such as endothelial
progenitor cells, in maintenance of vascular home-
ostasis and repair. CD34-positive (CD34*) cells
comprise a population enriched for endothelial
progenitor cells whose contribution to neovascula-
ture includes both direct participation in forming
the neovessel and regulatory roles as sources of
growth/angiogenesis factors (Majka et al, 2001).
Previously, we have shown accelerated neovascular-
ization after administration of CD34* cells in an
experimental model of stroke (Taguchi et al, 2004b)
and induced by autologous bone marrow mono-
nuclear cells (rich cell fraction of CD34* cells)
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transplanted locally into patients with limb ische-
mia (Taguchi et al, 2003). In addition, we have
observed a positive correlation between the level of
circulating CD34* cells and regional blood flow
(Taguchi et al, 2004a), and cognitive function
(Taguchi et al, 2007) in patients with chronic
cerebral ischemia.

In this study, we have evaluated the level of
circulating CD34* cells in patients with unusually
accelerated neovascularization induced by progres-
sive occlusion (or severe stenosis) of the supracli-
noid portion of the internal carotid artery, the
proximal region of the anterior, and/or middle
cerebral artery characterized angiographically by
the presence of moyamoya-like vessels (Natori et
al, 1997) that supply ischemic brain as collaterals.
We have investigated the hypothesis that circulating
bone marrow-derived immature cells might be
associated with neovascularization at ischemic sites
in the human brain.

Patients and methods

The institutional review hoard of the National Cardiovas-
cular Center approved this study. All subjects provided
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informed consent. A total of 50 individuals, including 24
patients with occlusion or severe stenosis (>90%) at the
C1 portion of the internal carotid artery or the M1 portion
of the middle cerebral artery, and 26 age-matched healthy
volunteers with cardiovascular risk factors, but without
history of vascular disease, were enrolled. The diagnosis
of cerebral artery occlusion or stenosis was made
angiographically and four patients were found to have
classical angiographic evidence of moyamoya-like vessels,
including one with right C1 occlusion, one with right M1
occlusion, and two with bilateral C1 severe stenosis. All
patients with cerebral artery occlusion or stenosis had a
history of cerebral infarction. Individuals excluded from
the study included patients who experienced a vascular
event within 30 days of measurements, premenopausal
women, and those with evidence of infection and/or
malignant disease. The number of circulating CD34* cells
was quantified as described (Taguchi et al, 2007). In brief,
blood samples (200 ul) were incubated with phycoerythrin-
labeled anti-CD34 antibody, fluorescein isothiocyanate-
labeled anti-CD45 antibody, 7-aminoactinomycin-D
(7-AAD), and internal control (all of these reagents are in
the Stem-Kit; BeckmanCoulter, Marseille, France). After
incubation, samples were centrifuged, and supernatant was
removed to obtain concentrated cell suspensions.
7-Aminoactinomycin-D-positive dead cells and CD45-ne-
gative cells were excluded, and the number of cells forming
clusters characteristic of CD34* cells (i.e., low side scatter
and low-to-intermediate CD45 staining) was counted. The
absolute number of CD34* cells was calculated using the
internal control. Mean cell number of duplicate measure-
ments was used for quantitative analysis. Statistical
comparisons among groups were determined using analysis
of variance or x> test. Individual comparisons were
performed using a two-tailed unpaired Students’ t-test or
Mann—Whitney’s U-test. Mean t s.e. is shown.

Table 1 Baseline characteristics

Results

Enrolled individuals were divided into three
groups: control subjects, patients with cerebral
occlusion or severe stenosis, but without the
presence of vessels with angiographic characteris-
tics of moyamoya disease, and patients with angio-
graphic evidence of moyamoya-like vessels.
Baseline characteristics of the groups are shown in
Table 1. The modified Rankin scale evaluation of
patients with and without moyamoya-like vessels
was 0.5+0.5 and 1.310.2, respectively (P=0.15).
Comparing these groups, there was a significant
difference in the ratio of gender and treatment with
aspirin between groups. However, no significant
difference was observed in the number of circulating
CD34* cells in control group between genders
(male, n=13, CD34* cells=0.93 +0.10/uL; female,
n=13, CD34* cells=0.85+0.11/ul: P=0.59) and
treatment with aspirin (aspirin (+), n=6, CD34*
cells=0.76 +0.12/uL; aspirin (-), n=20, CD34*
cells =0.93 £ 0.09/uL: P=0.26), indicating mild and
nonsignificant effects of gender and treatment with
aspirin on the level of circulating CD34* cells. In
univariate analysis of control subjects, each cere-
brovascular risk factor and treatment with statins
showed no significant difference in the number of
circulating CD34* cells (data not shown).

A representative angiogram showing characteris-
tics of moyamoya-like vessels is shown in Figures
1A and 1B. Angiographic moyamoya-like vessels
were observed around the M1 portion of an
occluded middle cerebral artery. Compared with a
normal subject (Figure 1C) and patients without
angiographic evidence of moyamoya-like vessels
(Figure 1D), a remarkable increase in levels of

Total Control Major artery occlusion/stenosis P-value for trend
Moyamoya (-) Moyamoya (+)
N : 50 26 20 4
Age, years 60.8+1.1 60.5+1.9 61.5+1.0 59.3+5.9 0.85
Male, n (%) 33 (66) 13 (50) 18 (90) 2 (50) 0.01
Risk factor, n (%)
Hypertension - 35 (70) 16 (62) 15 (75) 4 (100) 0.24
Hyperlipidemia 26 (52) 14 (54) 10 (50) 2 (50) 0.96
Diabetes mellitus 11 (22) 7 (27) 4 (20) 0 (0) 0.46
Smoking 15 (30) 7 (27) 8 (40) 0 (0) 0.25
Treatment, n (%) .
Ca channel blockers 20 (40) 10 (38) 8 (40) 2 (50) 0.91
B-Blockers 5 {10) 3{11) 1(5) 1 (25) 0.44
ACE inhibitor 7 (14) 4 (15) 2 (10) 1(25) 0.70
ARB 12 (24) 5 (19) 5 (25) 2 (50) 0.40
Diuretics 4 (8) 2(7) 1(5) 1 (25) 0.40
Statin therapy 14 (28) 9 (34) 4 (20) 1 (25) 0.54
Aspirin 19 (38) 6 (23) 10 (50) 3 (75) 0.05
Ticlopidine 12 (24) 3{(11) 8 (40) 1 (25) 0.08

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin 2 receptor blocker.
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Figure 1 Increased levels of circulating CD34+ cells in patients with angiographic evidence of moyamoya-like vessels. (A, B)
Representative angiogram from a patient with moyamoya-like vessels. Unusually accelerated neovascularization (based on
angiographic features of moyamoya-like vessels, arrowheads) was observed around an occlusive M1 lesion (arrow). Anterior-
posterior view (A) and lateral view (B) of the right internal carotid artery showed angiographically. (C-E) After exclusion of 7-
aminoactinomycin-D (7-AAD)-positive dead cells and CD45-negative cells (nonleukocytes), CD34 * cells cluster at low side scatter.
Representative fluorescence-activated cell sorting analyses from a control subject (C), a patient without moyamoya-like vessels (D),
and a patient with moyamoya-like vessels (E) are shown. (F) A more than two-fold increase in circulating CD34* cells was observed
in patients with moyamoya-like vessels, compared with control subjects and patients without moyamoya-like vessels (*P < 0.001).

SS Lin: side-scatter linear scale.

peripheral CD34* cells was observed in patients
with moyamoya-like vessels (Figure 1E) based on
fluorescence-activated cell sorting. To confirm this
impression, levels of circulating CD34* cells were
quantified (control, CD34* cells=0.89+0.07/uL;
moyamoya (—), CD34* cells=0.98 +0.13/uL; moya-
moya (+), CD34* cells=2.28+0.53/yL) and found
to be significantly increased in patients with
moyamoya-like vessels more than two-fold higher
than in controls (Figure 1F, P<0.001).

Discussion

In this study, we have found that a feature of
unusually accelerated neovascularization, evidence
of moyamoya-like vessels in the immediate locale of
an occluded major cerebral artery, can be correlated
with a robust increase in the level of circulating

CD34* cells. The latter was determined using a
newly developed method that enables quantifica-
tion of few CD34* cells in peripheral blood in a
highly reproducible manner.

After acute cerebral ischemia, mobilization of
CD34* cells from bone marrow has been shown in
stroke patients (Taguchi et al, 2004a). Furthermore,
transplantation of CD34* cells (Taguchi et al, 2004b)
and bone marrow cells (Borlongan et al, 20044, b)
has been shown to restore cerebral blood flow in
experimental models of stroke. In chronic ischemia,
transplantation of CD34* cells has also been shown
to accelerate neovascularization, including forma-
tion of collateral vessels, in patients with chronic
ischemic heart disease (Boyle et al, 2006) and limb
ischemia (Kudo et al, 2003). In addition, there is a
report regarding the correlation between inadequate
coronary collateral development and reduced num-
bers of circulating endothelial progenitor cells in

w
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patients with myocardial ischemia (Lambiase et al,
2004). In this study, we show, for the first time, a
correlation between neovascularization of the cere-
bral arterial circulation and increased levels of
circulating CD34* cells. Our results support the
hypothesis that circulating CD34* cells potentially
contribute to neovascularization at sites of ischemic
brain injury.
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Maintenance of uninterrupted cerebral circulation is critical for neural homeostasis. The level of
circulating CD34-positive (CD34*) cells has been suggested as an index of cerebrovascular health,
although its relationship with cognitive function has not yet been defined. In a group of individuals
with cognitive impairment, the level of circulating CD34* cells was quantified and correlated with
clinical diagnoses. Compared with normal subjects, a significant decrease in circulating CD34* cells
was observed in patients with vascular-type cognitive impairment, although no significant change
was observed in patients with Alzheimer’'s-type cognitive impairment who had no evidence of
cerebral ischemia. The level of cognitive impairment was inversely correlated with numbers of
circulating CD34* cells in patients with vascular-type cognitive impairment, but not Alzheimer’s
type. We propose that the level of circulating CD34* cells provides a marker of vascular risk
associated with cognitive impairment, and that differences in the pathobiology of Alzheimer’s- and
vascular-type cognitive impairment may be mirrored in levels of circulating CD34* cells in these
patient populations. :
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Introduction

Maintaining integrity of the cerebral circulation has
a critical role in neural homeostasis. Although
analysis of risk factors for cerebrovascular disease
has certainly provided insights into mechanisms of
vascular disease, it is still difficult to predict
accurately the contribution of vascular dysfunction
in the long-term outcome of acute vascular insuffi-
ciency or in chronic neurodegenerative disorders.
For example, in Alzheimer’s disease (Casserly and
Topol, 2004; Vagnucci and Li, 2003), assessment of a

Correspondence: Dr A Taguchi, Department of Gerebrovascular
Disease, National Cardiovascular Center, 5-7-1 Fujishiro-dai,
Suita, Osaka 565-8565, Japan.

E-mail: taguchi@ri.ncve.go.jp

This work was supported by Grant-in-Aid for Scientific Research
from the Ministry of Health, Labour, and Welfare.

Received 7 June 2007; revised 1 July 2007; accepted 2 July 2007;
published online 8 August 2007

possible vascular component in the pathogenesis of
neuronal degeneration is often ambiguous during a
patient’s lifetime.

Repair of the cerebral microcirculation has tradi-
tionally been assigned to ongoing replacement of
damaged cerebral endothelium from outgrowth of
preexisting vasculature. However, recent studies
have identified circulating bone marrow-derived
immature cells, including CD34-positive (CD34*)
cells, as contributors in maintenance of the vascu-
lature; they have the potential to serve as a pool of
endothelial progenitor cells (Asahara et al, 1997)
and as a source of growth/angiogenesis factors
(Majka et al, 2001). In a previous study, we have
shown that circulating CD34* cells provide an index
of cerebrovascular function (Taguchi et al, 2004a).
We have also found that in a model of experimental
cerebral ischemia, intravenous administration of
CD34* cells improved neurologic function, at least
in part, by restoring cerebral microcirculation in the
ischemic area (Taguchi et al, 2004b).
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These results lead us to propose that circulating
immature vascular progenitor cells contribute to
neural homeostasis, at least in part, through their
role in maintaining cerebral microvascular function.
Using a recently developed method that allows
precise measurement of the CD34* cell population
in peripheral blood (Kikuchi-Taura et al, 2006), we
have evaluated the level of circulating CD34* cells
in patients with impaired neurologic function of
diverse etiologies. Our goal has been to determine if
there is relationship between levels of CD34* cells,
impaired neural function, and vascular integrity.

Materials and methods

This study was approved by Institutional Review Boards
of the respective institutions (National Cardiovascular
Center, Hyogo College of Medicine, Hoshigaoka Kosei-
nenkin Hospital, and Osaka Minami National Medical
Center). All subjects provided informed consent. Indivi-
duals with Mini Mental State Examination Score (MMSE)
<24 and Clinical Dementia Rating (CDR) >0.5 were
enrolled in this study and defined as having impaired
cognitive function. In the view of history, evaluation of
symptoms, and results of brain imaging studies (magnetic
resonance imaging and single photon-computed tomogra-
phy), patients with cognitive impairment were divided
into two groups by neurologists blinded to the experi-
mental protocol: vascular-type cognitive impairment or
Alzheimer’s-type cognitive impairment, according to the
criteria of Diagnostic and Statistical Manual of Mental
Disorders (4th ed, DSM-4) (American Psychiatric Associa-
tion, 1994). To exclude the contribution of vascular
element in patients with Alzheimer’s-type cognitive
impairment, patients’ coexistent Alzheimer’s-type cogni-
tive impairment and cerebral infarction, observed by
magnetic resonance imaging, were excluded from this
study. In addition, patients with cognitive impairment
diagnosed as neither of the Alzheimer’s type nor vascular
type were excluded. A total of 95 individuals, including
32 age-matched control subjects with no history of
vascular disease, no neuronal deficiency, and no cognitive
impairment, were enrolled. In addition, individuals
excluded from the study included: premenopausal women,
patients who experienced a vascular event within 30
days of measurements, history of cerebral hemorrhage,
and evidence of infection or malignant disease. Using a
modification of the International Society of Hemato-
therapy and Graft Engineering (ISHAGE) Guidelines
(Sutherland et al, 1996), the number of circulating CD34
* cells was quantified as described (Kikuchi-Taura et al,
2006). In brief, blood samples were incubated with
phycoerythrin-labeled anti-CD34 antibody, fluorescein
isothiocyanate-labeled anti-CD45 antibody, 7-aminoacti-
nomycin-D, and internal control (all of these reagents are
from the Stem-Kit, Beckman Coulter, Marseille, France). 7-
Aminoactinomycin-D-positive dead cells and CD45-nega-
tive cells were excluded, and the number of cells forming
a cluster with characteristic CD34* cells {i.e., low side
scatter and low-to-intermediate CD45 staining) was
counted. The absolute number of CD34* cells was

Joumal of Cerebral Blood Flow & Metabolism (2008) 28, 445-449

calculated using the internal control. In this study, we used
a single measurement at the time of entry into the study, on
the basis of our previous observation that the level of
circulating CD34* cells is relatively stable (Taguchi et al,
2004a). For statistical analysis, JMP version 5.1 (SAS
Institute Inc, Co, NC, USA) was used. Individual compar-
isons were performed using a two-tailed, unpaired Stu-
dents’ t-test. Statistical comparisons among groups were
determined using analysis of variance. Mean +s.e. is shown.

Results

Baseline characteristics of the groups are shown in
Table 1. In univariate analysis of control subjects,
each cerebrovascular risk factor and other treatment
showed no significant difference with the number of
circulating CD34* cells (data not shown).

To investigate a possible relationship between
circulating CD34* cells and cognition, the level of
circulating CD34* cells was compared among these
groups. Representative fluorescence-activated cell
sorting images are shown in Figure 1A (vascular-
type) and 1B (Alzheimer’s-type). Analysis of variance
revealed a significant decrease of CD34* cells in
patients with vascular-type cognitive impairment
compared with Alzheimer’s-type cognitive impair-
ment (P<0.001) and normal subjects (P<0.001,
Figure 1C).

To investigate further a possible association of
circulating CD34* cells with cognitive impairment,
patients with vascular-type impaired cognition were
divided into two groups according to their CDR (mild:
CDR=0.5, n=22, mean age=75.2+1.6 years; moder-
ate-severe: CDR>1, n=18, mean age=75.3+1.5
years) or MMSE (mild: MMSE>20, n=25, mean
age=74.2+1.4 years; moderate-severe: MMSE <20,
n=15, mean age=77.1+1.5 years). The results
showed a significant decrease in the level of
circulating CD34* cells in moderate-severe group,
based on stratification by either CDR (Figure 1D,
P=0.01) or MMSE (Figure 1E, P=0.03) in patients
with vascular-type cognitive impairment. Similar
analysis was applied to patients with Alzheimer’s-
type impaired cognition. They were divided into two
groups according to CDR (mild: n=8, mean age=73.0
+4.7 years; moderate-severe: n=15, mean age="77.5
+1.9 years) or MMSE (mild: n=12, mean age=74.1+
3.0 years; moderate-severe: n=11, mean age=77.8+
2.9 years). However, in contrast to patients with
vascular-type impaired cognition, there was no
significant difference observed in patients with
Alzheimer’s-type cognitive impaired, based on CDR
(Figure 1F, P=0.86) or MMSE (Figure 1G, P=0.60).

Discussion

Our results are consistent with a contribution of
circulating ™" "* cells in support of cognitive
function, presurably through their positive homeo-
static influence on the cerebral circulation in
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Cognitive impairment

Total Vascular-type Alzheimer’s-type Control P-value for trend
n 95 40 23 32
Apge, years 74.910.6 75.3+1.1 75.94+2.1 74.2+0.7 0.53
Male gender, n (%) 57 (60) 27 (68) 12 (52) 18 (56) 0.46
Risk factor, n (%)
Hypertension 41 (43) 21 (53) 9 (39) 11 (34) 0.28
Hyperlipidemia 29 (31) 14 (35) 5(22) 10 (31) 0.53
Diabetes mellitus 9 (9) 5 (13) 1(4) 3(9) 0.57
Smoking 20 {21) 10 (25) 6(26) 4(13) 0.34
Treatment, n (%)
Ca-channe] blocker 30 (32) 15 (38) 6 (26) 9 (28) 0.56
B-Blocker ’ " 2(2) 1(3) 0 (0) 1(3) 0.71
ACE inhibitor 4 (4) 3 (8) 1(4) 0(0) 0.29
ARB 8 (8) 3(8) 3(13) 2(6) 0.65
Diuretics 6 (6) 2 (5) 1(4) 3(9) 0.68
Statin 29 (31) 14 (35) 5 (22) 10 (31) 0.54
Aspirin 28 (29) 23 (58) 1(4) 4 (13) <0.01
Ticlopidine 11(12) 9 (23) 0 (0) 2 (6) 0.01

ACE, angiotensin-converting enzyme; ARB, angiotensin I} receptor blocker.
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Figure 1 Levels of circulating CD34* cells and cognitive impairment. (A and B) After exclusion of 7-AAD-positive dead cells and
CD45-negative cells (non-leukocyte), CD34+ cells cluster at low side scatter were clearly observed (A, vascular-type; B,
Alzheimer's-type). (C) Analysis of variance revealed a significant decrease in circulating CD34 * cells in patients with vascular-type
cognitive impairment compared with normal subjects and individuals with Alzheimer's-type cognitive impairment. In contrast, no
significant change in circulating CD34* cells was observed in patients with Aizheimer's-type cognitive impairment compared with
control subjects. (D and E) In the group of patients with vascular-type cognitive impairment, the level of circulating CD34 * cells was
significantly reduced in patients with more severe cognitive impairment compared with the more mildly affected group (D, CDR; E,
MMSE). (F and G) In contrast, no significant difference was observed in patients with Alzheimer’s-type cogriitive impairment based
on assessment of cognition (F, CDR; G, MMSE). SS Lin, side-scatter linear scale. *P < 0.05.

settings of ischemic stress. Further, these observa-  associated cerebral ischemia) and declining cogni-
tions suggest a basic difference between the patho-  tive function in patients with ischemic cerebro-
biology of dementia in Alzheimer’s disease (without  vascular disorders.
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Late onset, sporadic Alzheimer’s disease is a
heterogeneous disorder (Casserly and Topol, 2004)
and the contribution of a vascular factor is still
controversial. In contrast to vascular-type cognitive
impairment, no significant change (at most, a mild
increase) in the level of circulating CD34* cells was
observed in patients with Alzheimer’s-type cogni-
tive impairment who had no cerebral ischemia.
Consistent with a CD34* cell-independent mecha-
nism of cognitive decline in Alzheimer’s-type
impaired cognition, there was no correlation be-
tween circulating CD34* cells and the level of CDR
or MMSE. These results suggest that the level of
CD34* cells in the peripheral circulation might
provide a useful means of separating dementia with
a vascular etiology from dementia associated with
nonvascular causes. This is not inconsistent with a
previous report indicating decreased levels of CD34
* cells in patients with early Alzheimer’s disease
that did not exclude patients with coexisting
cerebral ischemia (Maler et al, 2006). Our findings
could have implications for treatment, especially as
more modalities become available for patients with
declining cognitive function.

The level of circulating endothelial progenitor
cells, identified based on positivity for CD34 and
kinase insert domain receptor (CD34*/KDR* cells),
has been correlated with cardiovascular risk factors
(Vasa et al, 2001) and cardiovascular outcomes
(Schmidt-Lucke et al, 2005; Wemer et al, 2005).
However, large variations in the levels of CD34*/
KDR* cells in the latter reports (by ~ 100-fold
between reports; Fadini et al, 2006; Werner et al,
2005) indicate the need to standardize this measure-
ment. In contrast, in our study, although there was
no strong correlation between levels of CD34* cells
and established cardiovascular risk factors and other
treatments, probably because of the heterogeneity
of our control subjects, the results indicate a close
relationship between the overall CD34* pool and
the cognitive impairment with cerebral ischemia.
Previous reports have indicated a positive correla-
tion between mobilization of CD34* cells and
improved functional outcome in stroke patients
(Dunac et al, 2007). Accelerated functional recovery
after experimental stroke, because of administration
of CD34* cells (Shyu et al, 2006; Taguchi et al,
2004b), suggests the possible contribution of CD34*
cells in maintenance of brain function during
cerebral circulation. Our method for quantification,
of CD34* cells is simple, reproducible (Kikuchi-
Taura et al, 2006), and suitable for screening a
broad group of patients at risk for cerebrovascular
disorders.

In conclusion, our results indicate that the level
of circulating CD34* cells provides a marker of
vascular risk associated with cognitive impairment.
Furthermore, differences in the pathobiology of
Alzheimer’s- and vascular-type cognitive impairment
may be mirrored in levels of circulating CD34*
cells in these patient populations.
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Granulocyte colony-stimulating factor has a negative effect
on stroke outcome in a murine model
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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
and has been broadly used for mobilizing granulocytes from bone
marrow (Weaver et al., 1993). G-CSF is also known to mobilize
immature hematopoietic cells that include endothelial progenitor cells
(EPCs) (Willing et al., 2003). In view of the capacity of circulating
EPCs to enhance neovascularization of ischemic tissues (Asahara
et al., 1997), the results of recent studies demonstrating that infusion
of EPCs accelerates angiogenesis at ischemic sites, thereby limiting
tissue injury, is not unexpected (Dzau et al., 2005). As a potential
extension of this concept, administration of G-CSF has been shown to
accelerate angiogenesis in animal models of limb and myocardial
ischemia (Minatoguchi et al,, 2004). These observations have
provided a foundation for clinical trials testing the effects of G-CSF
in limb and myocardial ischemia (Kuethe et al., 2004).

.Stroke, a critical ischemic disorder in which there are important
opportunities for neuroprotective therapies, is another situation in
which enhanced angjogenesis might be expected to improve outcome.
For example, we have shown that the administration of CD34-positive
cells after stroke accelerates angiogenesis and, subsequently, neuro-
genesis (Taguchi et al., 2004). Similarly, erythropoietin (EPO), also
known to have angiogenic properties, has been shown to have
beneficial effects in experimental cerebral ischemia (Ehrenreich ef al.,
2002; Wang et al., 2004). In addition, G-CSF displays neuroprotective
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properties in vitro (Schabitz et al., 2003) and in vivo (Schabitz et al.,
2003; Shyu et al., 2004; Gibson et al., 2005), the latter in a rodent
model of transient cerebral ischemic damage. Models of transient
cerebral ischemia allow subtle assessment of neuroprotective proper-
ties, such as the survival of vulnerable neuronal populations in the
penumbra. However, functional outcome after stroke is also_deter-
mined by inflammation and reparative processes consequent to
extensive brain necrosis, the latter better modelled by pemmanent
cerebral ischemia. We have evaluated the effect of G-CSF on stroke
outcome in a model of permanent cerebral ischemia with massive cell
necrosis. Our model employs permanent ligation of the left middle
cerebral artery (MCA) and results in extensive neuronal death in the
ischemic zone, as well as more selective apoptotic cell death in the
penumbral area (Walther et al, 2002). Using this model, we have
tested the effect of G-CSF on functional recovery after stroke.

Materials and methods

All procedures were performed under the auspices of an approved
protocol of the Japanese National Cardiovascular Center Animal Care
and Use Committees (protocol no. 06026, approval date, May 22,
2006).

Induction of focal cerebral ischemia

To assess the effect of G-CSF on stroke, we developed a highly
reproducible murine stroke model applying our previous method

© The Authors (2007). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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(Taguchi et 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 et 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 (1 mm in
diameter) by laser Doppler flowmetry (Neuroscience Co. Ltd, Osaka,
Japan). Mice that showed decreased cerebral blood flow by ~75%
immediately after the procedure were used for experiments (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 deep (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 et 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 territories 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 area was determined. To
evaluate the infarcted area 3 days afier 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
tumed 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 flipflop 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 exchide 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 three-point modified scale as
described previously (Tamatani et 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 ¢-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 et 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 forebrain, 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 after
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 ug/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. 1]) 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. 1IM). 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 cerebral
ischemia (Schabitz et al, 2003). These considerations led us to
analyse mechanisms contributing to increased brain atrophy after
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TABLE 1. Raw data of open field test (G-CSF rearing)

Rearing (counts)

Treatment Reaction to darkness
and individual Right ON Right OFF (Right OFF/Right ON)
PBS
1 662 640 0.97
2 611 708 1.16
3 487 450 0.92
4 587 540 0.92
5 482 430 0.89
6 425 450 1.06
Mean + SEM 542.3+£37.2 5363+ 47.1 0.99 + 0.04
G-CSF (0.5pg/kg)
1 600 562 0.94
2 601 650 1.08
3 494 425 0.86
4 731 731 1.00
5 767 784 1.02
6 498 501 1.01
Mean + SEM 615.2 + 46.7 608.8 & 56.2 0.98 + 0.03
G-CSF (Sug/kg)
1 577 497 0.86
2 537 368 0.69
3 310 288 0.93
4 520 485 0.93
5 673 652 0.97
6 572 480 0.84
Mean + SEM 531.5+49.3 461.7 + 50.8 0.87 £ 0.04
G-CSF (50pg/kg)
1 592 520 0.88
2 463 376 0.81
3 478 430 0.90
4 307 250 0.81
5 484 410 0.85
6 385 295 0.77
Mean + SEM 451.5 + 39.6 380.2 + 39.6 0.84 + 0.02
G-CSF (250pg/kg)
578 424 0.73
501 401 0.80
507 380 0.75
465 412 0.89
380 341 0.90
401 347 0.87
Mean + SEM 472 +£29.9 3842+ 14.0 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 CD1lb-positive inflammatory 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-1lb-positive cells (Fig. 2K;
P < 0.05). These results led us to evaluate the presence of activated
macrophages/microglia in ischemic lesions, as the latter are known
to enhance brain damage after stroke (Mabuchi et 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 territory.
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.

815- %
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2
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L
0
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FiG. 3. Effect of granulocyte colony-stimulating factor (G-CSF) on brain atrophy. (A) G-CSF or phosphate-buffered saline (PBS) was administered 1 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 mamrow (Willing et al., 2003) and accelerate angiogenesis
(Bussolino et 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
enhanced functional recovery) (Schabitz er al, 2003; Shyu et 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 et 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 et al., 2002). Our results
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
bamier. 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

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 et al, 2004; Bartesaghi
et al., 2005; Kretz et al., 2005) demonstrating that EPO promotes
mobilization of EPCs (Bahlmann et al., 2004), has angiogenic (Jaquet
et al., 2002) and neuroprotective properties (Bartesaghi er 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. Ina
more general context, it is possible that agents with pro-inflammatory
properties will prove less useful as therapeutic agents in cerebral
ischemia in view of the above observations.
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Abstract

Background. Thrombomodulin (TM) is an endothelial
anti-coagulant cofactor which also has ant-
inflammatory properties. The present study was
performed to investigate the effects of recombinant
human soluble TM (RHS-TM) on ischaemia/reperfu-
sion (I/R) renal injury.

Methods. A right nephrectomy was performed in rats,
and the left kidney was filled with RHS-TM
(0.25mg/kg), argatroban (20 mg/kg) or a vehicle for
45 min. Before reperfusion, the fluid trapped in the
kidney was completely removed. At 24h after 1R,
renal cortical blood flow was measured using a CCD
video camera, and the kidneys were harvested for the
study. Next, cultured human umbilical vein endothelial
cells were treated with RHS-TM (2, 10 or 50 mg/ml) or
a vehicle, and incubated for 5h in culture medium
containing 300 uM hydrogen peroxide. Apoptotic cell
death was analysed by terminal deoxynucleotidyl
transferase dUTP nick-end labelling (TUNEL) assay.
Results. Immunohistochemistry revealed that the level
of TM expression decreased in rat kidneys after 1/R.
RHS-TM significantly decreased blood urea nitrogen
and serum creatinine levels. It also prevented a
reduction in cortical blood flow, and attenuated
tubular damage and macrophage/neutrophil infiltra-
tion. Tn addition, the number of TUNEL-positive cells
decreased significantly in rats treated with RHS-TM.
In contrast, argatroban, an inhibitor of thrombin did
not show significant renoprotective actions. The results
of in vitro study showed that RHS-TM significantly
suppressed the number of apoptotic cells.

Conclusion. The transient intrarenal administration of
RHS-TM, but not argatroban, to the kidney attenuates
I/R renal injury. The present study suggests that RHS-
TM would be a useful tool in preventing transplanted
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kidney damage or treating acute renal failure in the
clinical setting.

Keywords: apoptosis; blood flow; endothelium;
1schaemia; thrombomodulin

Introduction

Acute renal failure is a major clinical problem and the
morbidity and mortality of affected patients remain
high [l1]. Ischaemia/reperfusion (I/R)-induced renal
injury is an important cause of acute renal {ailure [2).
It occurs when renal perfusion is reduced during shock.
It is also a significant complication of vascular surgery
of the aorta or kidney [3]. Furthermore, I/R injury
occurs in the allografts during the process of organ
retrieval, storage and re-establishment of blood flow.
It 1s a common cause of impaired or delayed graft
function [4]. I/R injury is also known to be closely
associated with increased acute rejection episodes and
late allograft failure [S]. These problems are almost
always observed in cadaveric renal allografts that have
been subjected to warm or cold ischaemia, then
reperfusion [4]. The unsatisfactory results from such
transplants hamper efforts to enlarge the donor pool
through the use of marginal donor organs [6)
Therefore, efforts to reduce damage to kidneys
exposed to I/R-induced injury are essential.
Thrombomodulin (TM) 1s a widely expressed
endothelial cell membrane-bound glycoprotein, which
is known to form a high-affinity complex with
thrombin and converts thrombin from a procoagulant
to an anti-coagulant enzyme [7]. The thrombin-TM
complex potently activates anti-coagulant protease
protein C, thereby inhibiting thrombus formation
[7.8]. TM is known to preserve the integrity of the
endothelium. When endothelial cells are damaged,
soluble TM is released into circulation [9,10]. Sido
et al. [11] reported that the levels of soluble TM in the
sera of patients who received liver transplant corvelated
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well with the degree of early graft damage. Soluble TM
can be used as a marker of endothelial cell damage.
Conversely, Salomaa ¢r @l [12] demonstrated that
a high plasma level of soluble TM in healthy people
may protect the endothelial cells from injury and
is associated with decreased risk of coronary heart
disease.

Recombinant human TM (RHS-TM), a soluble
derivative of human TM, has been produced [8]. Like
native TM, RHS-TM binds directly to thrombin, and
shows potent anti-coagulant activity [13]. RHS-TM
is effective 1n animal models of dissemwmnated intra-
vascular coagulation [14-16]. Moreover, recent studies
have shown that RHS-TM acts as a potent anti-
inflammatory molecule in settings such as endotoxin-
induced tissue damage [17] and atherothrombosis [18].
RHS-TM s also known to reduce liver damage
following hepatectomy in cirrhotic rats, and suppresses
T/R injury of the liver {19]. Concerning the kidney and
RHS-TM, we have demonstrated that RHS-TM
suppresses leucocyte/macrophage infiltration in the
glomeruli and arttenuated the renal damage in a rat
model of thrombotic glomerulonephritis [20].

In our efforts to find a better way to protect the
kidney from I/R injury, we hypothesized that soluble
TM would be released from the endothehial cells of the
kidney after I/R, and that the local administration of
RHS-TM would ameliorate the renal injury by
suppressing inflammation as well as by attenunating
apoptosis. The purposes of the present study were to
determine the therapeutic effects of RHS-TM on I/R
renal injury and investigate the possible mechanisms
involved.

Materials and methods

Animals

Male Sprague-Dawley rats weighing 250-300g were pur-
chased from Chubu Kagaku Shizai Co. Ltd (Nagoya, Japan)
and were allowed free access to food and water.
The protocols were approved by the Animal Care and
Use Committee of Nagoya University, and the experiments
were pérformed according to the Animal Experimentation
Guidelines  of Nagoya University Graduate School
of Medicine.

Experimental protocols

Experiment 1

Six rats were anaesthetized by the intraperitoncal
injection of sodium pentobarbital (50 mg/kg body
weight) and a right nephrectomy was performed via
flank incision. Seven days later, rats were anaesthetized
again by the intraperitoneal injecion of sodium
pentobarbital, and the abdominal cavity was opened
via midline incision. The viscera were placed aside and
wrapped with wet gauze, the aorta and renal vessels
(artery and veins) were exposed and isolated. The aorta

T. Ozaki et al.

was clamped above the left renal artery first and then
below. A 24-gauge cannula was placed in the aorta
between the two clamps, and 2ml of saline was
administered slowly into the left kidney. Then, the
renal artery and vein were clamped, the hole wus
covered with surgical glue and the original clamps were
removed. Blood flow was restored after 43min of
ischaemia. The left kidneys were removed at 5Smin
(n=13)and 18 h (n==3) after reperfusion. Kidneys from
three other normal rats served as controls.

Experiment 2

A right nephrectomy was performed in 24 rats. Seven
days later, I/R renal injury was induced in a similar
way as in Experiment |. The left renal vein was
clamped and a hole was made in the vein wall using a
23-gauge needle and RHS-TM (0.25 mg/kg) dissolved
in 2ml of saline (n=6), argatroban (20mg/kg) in 2ml!
of saline (n=26), or 2 ml saline only (n = 6) was injected
slowly into the left kidney, forcing the blood out
through the hole in the vein, until all the blood in the
kidney had been drained. In order to ensure compar-
able anti-coagulant activities (clongation of APTT),
appropriate dosages of ecach drug were determined
based on information {from a previous study [13]. All
excess RHS-TM, argatroban, or saline which exited
the vein hole was completely absorbed using a sponge
on a stick. The renal artery and vein were clamped with
a4 L0mm micro-aneurysm clip (Mizuho lkakogyo,
Tokyo, Japan). The aorta hole was closed with surgical
glue, and the two aorta clips were taken off, leaving the
injected fluid trapped inside the kidney. After 45 min of
ischaemia, another clamp was placed at the renal vein
and the clip at the renal artery and vein was removed.
The RHS-TM, argatroban, or saline trapped in the
kidney during the ischaecmic period came out of the
vein hole, and the fluid was again completely wiped
away. Then, the hole was closed by applying pressure
for 5min. Conatrol rats (n=6) underwent sham
operation. At 24 h after reperfusion, RBC velocity in
peritubular capillaries was measured using a pencil
type CCD video microscope [21]. Rats were then
sacrificed and blood and kidney samples were collected
for the study. Normal rats (n=4) were also used to
obtain the - baseline data of renal cortical
microcirculation.

Direct vision using a CCD video microscope

An intravital CCD wvideo microscope which has a
pencil lens probe with a tip diameter of 1 mm was used
in this study. The probe has a4 magnification of x520
and spatial resolution of 0.86 pm, permitting identifi-
cation of individual blood cells [21,22]. This device
enabled us to get a direct image of microcirculation in
various organs in humans as well as organs in large
and small animals, including pigs, rabbits, rats and
mice. The blood flow in renal CTC was observed, and
the images were recorded using the freeze-frame mode.
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The speed of RBCs in individual segments of the CTC
was analysed using a point tracking method and
motion detection program.

Coagulation parameters, serum creatinine and blood
urea nitrogen

Two millilitre of blood was transferred into a plastic
syringe containing 0.22ml of 3.8% trisodium citrate,
and plasma was prepared by centrifugation at 1710g
for 10min. Prothrombin time (PT) and activated
partial prothrombin time (APTT) were measured by
Mitsubishi BCL Co. Ltd (Tokyo, Japan). The rest of
the blood was collected mto a glass tube, stored
overnight and centrifuged at 1500r.p.m. for 10min.
Serum creatinine and blood urea nitrogen (BUN) were
measured using Daiya Auto UN or Daiya Auto Crea
Kit (Daiya Shiyaku, Tokyo, Japan).

Histology and immunohistochemistry

One part of the kidney was fixed with 4% parafor-
maldehyde, embedded in paraffin, and cut into 4pm
sections. These were stained with haematoxylin and
eosin (HE) and periodic acid-Schiff reagent (PAS).
Another part of the kidney was frozen in OCT
compound (Miles, Elkhart, IN). Sections (2 um thick)
were fixed in acetone. Immunostaining was performed
as previously described {23]. TM was stained with
rabbit anti-rat TM Ab [24], followed by a fluorescein
conjugate of goat anti-rabbit IgG Ab (Zymed
Laboratories, San Francisco, CA). Monocytes/macro-
phages were stained with a fluorescein conjugate of
mouse anti-rabbit ED| Ab (Serotec, Raleigh, NC).

Morphometric analysis of histology and
immumnohistochemistry

To assess tubulointerstitial injury, PAS stained kidney
sections were analysed using a semiquantitative grad-
ing as described previously [25] with minor modifica-
tion. Briefly, the extent of tubular cast formation and
tubular damage (dilatation and degeneration) in 16
non-overlapping fields (x200) of the outer medulla was
scored according to the following criteria: 0, normal; 1,
less than 10%; 2, 11-25%; 3, 26-45%:; 4, 46-75% and
S, more than 76% of the pertinent area. Macrophage
infiltration was assessed by counting the ED-1-positive
cells in 16 non-overlapping fields (x400) of the outer
medulla on frozen sections, and the numbers were
cxpressed per field. Neutrophil infiltration was also
evaluated using the HE sections in a similar way.
The morphologic analysis was carried out by two
observers in a blind fashion, using a Zeiss microscope
(Oberkochen, Germany).

To evaluate the vascular density. kidney sections
stained for rat TM were analvsed. Photographs of six
non-overlapping fields (x200) in the outer medulla
were taken, and the areas positively stained for rat TM
were measured using the MetaMorph 6.3 image
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analysis computer program (Universal Imaging Co.,
West Chester, PA) [26].

Experiment 3

Dose dependency was studied using the same protocol
as in Experiment 2. Right nephrectomy was performed
on 20 rats. Seven days later, 2ml of saline, or two
different doses (0.025 and 0.25mg/kg) of RHS-TM
dissolved in 2mi of saline (each n=5) was injected into
the left kidney. After 45 min of ischaemia, all kidneys
were completely cleared of the administered reagents.
Five rats were subjected to sham operation. At 24h,
rats were sacrificed and blood samples were collected
for the study.

In vitro experimental design

Human umbilical vein endothelial cells (HUVECS)
(Takara, Ootsu, Japan) were cultured in endothelial
cell basal medium-2 (EBM-2) supplemented with 100
U/ml penicillin, 100 pg/ml streptomycin and an EGM-
2 using the EGM-2 BulletKit (Takara). HUVECs were
grown up to 90-95% confluence on four-well chamber
slides (Nalge Nunc International, Rochester, NY), and
cytoprotective effects of THS-TM were studied as
described [27]). RHS-TM in doses of 2, 10 or 50 mg/ml,
or saline was added to HUVECs in culture, and then
incubated with 300 uM hydrogen peroxide for Sh.
Following incubation, apoptotic cell death was
analysed by terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick-end labelling (TUNEL)
assay.

TUNEL assay

Apoptotic cell death was determined on paraffin-
embedded kidney sections (4 um-thick) or HUVECs
fixed in 4% paraformaldehyde by TUNEL staining
using in situ Apoptosis Detection Kit (Takara) as
described [27). Six non-overlapping fields (x200) in the
outer medulla of the kidney sections, and six non-
overlapping fields (x200) on the cell culture chamber
slides were photographed. The numbers of TUNEL.-
positive cells were counted using MetaMorph 6.3
(Universal Imaging Co.).

Statistical analyses

Statistical analysis was performed using a software
program, Stat View 5.0 (SAS Institute, Cary, NC,
USA). Two-way analysis of variance (ANOVA) was
used to determine the significant difference among
three groups. When statistical difference was indicated
by ANOVA, further analysis was performed using
Scheffe to determine the difference between any pair
of groups. A significant difference was defined as
a P-value of <0.05. All values are provided as
mean £ SD.
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