Genetic studies have been conducted in the past 30 vears,  In the first phase. the association of MMD
with HLA was investigated extensively, but the opinions remained equivacal,  In the second phase, linkage

analysis was performed, which demonstrated multiple loci—3p24.2—26, 6q. 8023, 12p12, and 17025, None

of these studies were replicated. A large genome-wide linkage analysis using 3 generation families that has

been performed in 2008 has resolved the enigma of MMD and revealed a single locus onl7g25,  This locus

is expected to provide a clue to the genetic basis for MMD, paving & way to comprehensive understanding

of molecular consequences in MM,

Key words : moyamoya disease, genetic factor, pathophysiological investigations, HLA analysis, genetic analysis
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Abstract Hemorrhagic transformation is a major the uptake of LY under normoxia. It enhanced the
complication associated with tissue plasminogen increase in the permeability of both sodium fluores-
activator (tPA) therapy for ischemic stroke. We cein and EBA, the decrease in the TEER, and the
studied the effect of tPA on the blood-brain barrier disruption in the expression of ZO-1 under H/R
(BBB) function with our in vitro monolayer model conditions. Administration of tPA could cause an
generated using rat brain microvascular endothelial increase in the transcellular transport under nor-
cells subjected either to normoxia or to hypoxia/ moxia, and both the transcellular and paracellular
reoxygenation (H/R) with or without the administra- transport of the BBB under H/R conditions in vitro.
tion of tPA. The barrier function was evaluated by the Even in humans, tPA may lead to an opening of the
transendothelial electrical resistance (TEER), the BBB under non-ischemic conditions and have an
permeability of sodium fluorescein and Evans® blue- additional effect on the ischemia-induced BBB
albumin (EBA), and the uptake of lucifer yellow disruption.

(LY). The permeability of sodium fluorescein and

EBA was used as an index of paracellular and Keywords Tissue plasminogen activator -
transcellular transport, respectively. The administra- Brain capillary endothelial cells (rat) -

tion of tPA increased the permeability of EBA and Blood-brain barrier - Tight junction -
Transendothelial permeability -
Transendothelial electrical resistance -
T. Hiu (B4) - K. Hayashi - N. Kitagawa - Hypoxia/reoxygenation (in vitro)
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Tissue plasminogen activator (tPA) is a serine prote-
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ase that activates plasminogen into plasmin, leading to
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associated with such a treatment (NINDS 1997).
Moreover, tPA has been reported to potentiate neu-
ronal death both in vitro and in vivo (Liu et al. 2004).
Therefore, it is considered very important 1o investi-
gate the effect of tPA on the blood-brain barrier
(BBB) function. Recently, it has been suggested that
tPA promotes leakage of the BBB (Yepes et al. 2003),
which is in agreement with the ability of tPA to
generate hemorrhage (NINDS 1997). In contrast,
other in vivo studies have shown that tPA injection
does not compromise the BBB integrity in the acute
stage of cerebral ischemia (Benchenane et al. 2005).

The major aim of the present study was to
investigate the effect of tPA on BBB function. First,
we established a pathophysiological in vitro BBB
model by exposing the endothelial cells to normoxic
or hypoxia/reoxygenation (H/R) conditions. Second,
we investigated the effect of tPA on the transcellular
and paracellular transport using the same BBB model
subjected to H/R conditions.

Materials and Methods

All reagents were purchased from Sigma, USA,
unless otherwise indicated. Wistar rats were obtained
from Japan SLC Inc.. Japan. All animals were treated
in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) and as
approved by the Nagasaki University Animal Care
Committee. Human recombinant tPA (Alteplase) was
provided by Kyowa Hakko Kogyo Co, Japan.

Cell Cultures

Primary cultures of rat brain capillary endothelial
cells (RBEC) were prepared from 3-week-old rats, as
previously described (Deli et al. 1997, Hayashi et al.
2004). The meninges were carefully removed from the
forebrains and the gray matter was minced into small
pieces of approximately 1 mm in ice-cold Dulbecco’s
modified Eagle's medium (DMEM), then dissociated
by 25 up- and down-strokes with a 5-ml pipette in
DMEM containing collagenase type 2 (1 mg/ml,
Worthington, USA), 300 ul DNase (15 pg/ml),
gentamicin (50 pg/ml), and then were digested in a
shaker for 1.5 h at 37°C. The cell pellet was separated
by centrifugation in 20% bovine serum albumin
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(BSA)-DMEM (1,000g, 20 min). The microvessels
obtained in the pellet were further digested with
collagenase-dispase (1 mg/ml, Roche, Switzerland)
and DNase (6.7 pg/ml) in DMEM for 05 h at
37°C. Microvessel endothelial cell clusters were then
separated on a 33% continuous Percoll (Pharmacia,
Sweden) gradient, collected and washed twice in
DMEM before plating on 35-mm plastic dishes coated
with collagen type IV and fibronectin (both 0.1
mg/ml). The RBEC cultures were maintained in
DMEM/Nutrient Mixture F-12 Ham (DMEM/F12)
supplemented with 10% plasma-derived serum (Ani-
mal Technologies, USA), basic fibroblast growth
factor (Roche, Switzerland, 1.5 ng/ml), heparin
(100 pg/ml), insulin (5 pg/ml), transferrin (5 pg/ml),
sodium selenite (5 ng/ml) (insulin-transferrin-sodium
selenite media supplement), gentamicin (50 pg/ml),
and puromycin (4 pg/ml) (Perriere et al. 2005)
(RBEC medium I) at 37°C with a humidified atmo-
sphere of 5% CO,/95% air, for 2 days. On the third
day, the cells received a new medium which contained
all the componenmts of RBEC medium | except
puromycin (RBEC medium II).

BBB In vitro Monolayer Model

When the cultures reached 80% confluency (fourth
day in vitro), the purified endothelial cells were
passaged by a brief treatment with trypsin (0.05%
wt/vol}-EDTA (0.02% wt/vol) solution. The endothe-
lial cells (2.0 x 10° cells/em®) were seeded on the
upper side of the polyester membrane of Transwell®
inserts (diameter 12 mm, 0.40 pm pore size; Comning,
Midland, MI) coated with collagen type IV and
fibronectin, The day when the endothelial cells were
plated was defined as Day 0 in vitro. From Day 1,
the culture medium was supplemented with 500 nM
hydrocortisone (Hoheisel et al. 1998). On Day 5, the
experiments were performed. All experiments were
repeated at least thrice. and the number of parallel
inserts was 4.

H/R Stwudies
Normoxia
The cells were transferred into a serum-free medium

containing 4.5 g/l glucose (control medium), DMEM/
F12, with or without administration of tPA (20 pg/ml).
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We used a dose of 20 pg/ml of tPA, based on the
observation that such a concentration can be reached in
blood (Godfrey et al. 1998). tPA was added in the
luminal face at three different incubation times (3, 6,
and 9 h).

H/R Conditions

H/R conditions consisted of 6 h hypoxia and 3 h
reoxygenation with or without the administration of
tPA. Hypoxia was generated using the AnaeroPack
(Mitsubishi Gas Chemical). Briefly, cells were
transferred to a serum- and glucose-free medium,
Krebs-Ringer buffer (117 mM NaCl, 4.7 mM KCI,
1.2 mM Mg Cl,. 1.2 mM NaH,POy, 25 mM NaHCOs;,
2.5 mM CaCl,. PH 7.4). which was previously bubbled
with nitrogen gas for 30 min. Reoxygenation was
nitiated by adding serum-free medium, DMEM/F12.
In all experiments, the pH of the medium remained
stable during H/R conditions.

Transendothelial Electrical Resistance

The electrical resistance across the membrane was
measured using an EVOM resistance meter (World
Precision Instruments, Sarasota, FL). The extracellular
matrix-treated Transwell® inserts were placed in a
12-well plates containing culture medium and then
were used to measure the background resistance. The
resistance measurements of these blank filters were
then subtracted from those of filters with cells. The
values are shown as Q x cm’ based on culture inserts.

Transendothelial Permeability

The flux of sodium fluorescein (Na—F) and Evan's
blue-albumin (EBA) across the endothelial mono-
layer were determined as previously described (Kis
etal. 2001). Cell culture inserts were transferred to
12-well plates containing 1.5 ml assay buffer
(136 mM NaCl, 0.9 mM CaCl,, 0.5 mM MgCl,,
2.7 mM KCI, 1.5 mM KH:PQ,, 10 mM NaH,PQ,,
25 mM glucose, and 10 mM Hepes, pH 7.4) in the
basolateral or lower compartments. In the inserts, the
culture medium was replaced by 0.5 ml buffer
containing 10 pg/ml Na-F (MW: 376 Da) and
165 pg/ml Evans’ blue bound to 0.1% BSA (mw:
67 kDa). The inserts were transferred at 15, 30, and
60 min to a new well containing assay buffer. The
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emission of Na-F was measured at 535 nm (Wallac
1420 ARVO Multilabel Counter, Perkin Elmer;
excitation: 485 nm), while the absorbency of Evans’
blue is at 595 nm. The permeability of Na-F and
EBA was used as an index of paracellular and
transcellular transport, respectively. The apparent
permeability coefficient. namely Papp (cm/s), derives
from Fick® s Law (Youdim et al. 2003).

Assessment of Cell Viability

The endothelial cells (2.5 x 10* cells/cm®) were
seeded on the bottom side of a 24-well plate coated
with collagen type IV and fibronectin. On Day 5, the
experiments were performed. The effect of tPA on
the viability of the endothelial cells was assessed
using a Vi-CELL™ Cell Viability Analyzer (Beckman
Coulter, Inc., Miami, FL). Viable cells were counted by
trypan blue exclusion. The relative viable cell density
was calculated by the formula, 100 x (viable cell
density)/(maximum viable density)%.

Endocytosis

The endothelial cells (2.5 x 10* cells/em®) were
seeded on the bottom side of a 24-well plate coated
with collagen type IV and fibronectin. On Day 5, the
experiments were performed. The uptake of lucifer
yellow (LY) by the RBECs was determined by the
methods described elsewhere with a slight modifica-
tion in the technique (Niwa et al. 2004). We chose the
concentration of LY to be 100 pg/ml. After incuba-
tion of the cells for 2 h, the cells were washed four
times with cold phosphate-buffered saline (PBS) and
lysed with 2 ml of 0.2% Triton X-100 in PBS. The
cell lysates were centrifuged to remove cell debris,
and the fluorescence intensity of the supernatant was
then measured (Wallac 1420 ARVO Multilabel
Counter, Perkin Elmer; excitation: 485 nm, emission:
535 nm).

Z0-1 Immunocytochemistry

The cells were fixed in 3% paraformaldehyde in PBS
for 10 min, as previously described (Honda et al.
2006). Non-specific reactions were blocked by 3%
BSA in PBS for 30 min and then the cells were
incubated with primary antibody (ZO-1; Zymed,
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San Francisco, CA) overnight at 4°C. The cells were
rinsed with PBS and incubated for 1 h at room
temperature with the appropriate secondary antibod-
ies labeled with Alexa Fluor 488 (green) (Molecular
Probes, Eugene, OR). All samples were examined
using a laser-scanning confocal microscope (LSM 5
PASCAL, Carl Zeiss) with excitation at 488 nm and
a detection ranging from 500 to 535 nm.

Statistical Analysis

Data were all expressed as the mean £ SD. The
effects of tPA on the permeability of Na-F, EBA, the
cell viabihity, the uptake of LY, and the transendo-
thelial electrical resistance (TEER) were analyzed by
analysis of variance (ANOVA) for the two-way
layout data; the linear models including the terms
of two main factors and their interaction were used,
and if any factors or interactions were found to be
significant, then the respective two groups were
compared by r-tests with the Bonferroni adjustment.
We used TTEST and ANOVA of SAS® system for
the calculations. We considered a P-value of <0.05 to
indicate statistical significance.

Results

The TEER of this monolayer model displayed more
than 100 © x cm®. With respect to the permeability of
Na-F and EBA under normoxia. no significant differ-
ence according to the incubation time was observed
in controls (Fig. la, b). The administration of tPA
(20 pg/ml, incubation at 37°C) had no effect on the
permeability of Na-F, while it showed a sigmificant
effect on the permeability of EBA (0.23 = 0.04 vs.
040+ 007 x 10%cm/s at 3 h, 020+ 0.04
vs. 0.53 £ 0.05 x 107® cm/s at 6 h, and 0.23 + 0.06
vs. 0.48 £ 0.09 x 10™“cm/s at 9 h; P < 0.0001)
(Fig. la, b).

No effect of the tPA administration was observed at
three different incubation times (3, 6, and 9 h) in
regard to the cell viability (Fig. 2). The administration
of tPA increased the uptake of LY under normoxia,
and the effect was significant at an incubation time of
6h (049 £ 0.16 vs. 1.13 £ 0.67 pg/mg protein;
P = 0.0074) and 9 h (0.37 £ 0.26 vs. 1.09 + 0.50;
P = 0.0004) (Fig. 3).
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Fig. 1 Under normoxia, the administration of tPA had no
effect on the permeability of sodium fluorescein (Na-F) (a),
while it showed a significant effect on the permeability of
EBA (b), The values are the mean + SD, n = 12, * P < 0.05
vs. control

Since the two-way ANOVA demonstrated a signif-
icant effect of interaction between conditions (normoxia
and H/R conditions) and treatments (vehicle and tPA
administration) (F = 31.4 and 24.9 for Na—F and EBA
permeability, respectively; P < 0.0001 for both) as well
as the significant effects of conditions (F = 285.3 and
94.9 for Na-F and EBA, respectively; P < 0.0001 for
both) and treatments (F = 36.3 and 242.8 for Na-F and
EBA, respectively; P < 0.0001 for both), we analyzed
the effects of tPA under normoxia and H/R conditions
separately. Under normoxia (incubation time 9 h), the
administration of tPA had no significant effect on the
permeability of Na—F, while it significantly increased
the permeability of EBA (023 + 0.06 vs. 048 £
0,09 x 107% cm/s; P < 0.0001) (Fig. 4a, b). On the
other hand, under H/R conditions, the administra-
tion of tPA significantly increased the permeability
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Fig. 2 Noeffect of the tPA administration was observed at three
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Fig. 3 The administration of tPA increased the uptake of LY
under normoxia, and the effects were significant after an
incubauon time of 6 and 9 h. The values are the mean £ SD,
n=12*P <005 vs. control

of Na-F (570 = 0.75 vs. 9.32 £ 0.95 x 107" cmis;
P < 0.0001)and EBA (034 & 0.09 vs. 0.84 + 0.09 x
107° cm/s; P < 0.0001) (Fig. 4a, b),

Furthermore, the permeability of Na-F was also
significantly higher under H/R conditions than under
normoxia both with (4.24 + 0.69 vs. 932 = 0.95 x
10°° emv/s; P < 0.0001) and without (4.15 & 0.70 vs.
6.70 £ 0.75 x 107" en/s; P < 0.0001) the administra-
tion of tPA; similar results held for the permeability of
EBA with (0.48 % 0.09 vs, 0.84 £ 0.09 x 10°° cm/s;
P =0.0013) and withowt (0.23 + 0.06 vs. 0.34 +
0.09 x 107" eni/s; P < 0.0001) the administration of
tPA, respectively (Fig. 4a, b).
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Fig. 4 (a) Under H/R conditions, the administration of tPA
significantly increased the permeability of sodium fuorescein
(Na-F), and the permeability of Na~F was significantly higher
under H/R conditions than under normoxia both with and
without the administration of tPA. (b) Under normoxia
(incubation time 9 h), the administration of tPA significantly
increased the permeability of EBA. Morcover, under H/R
conditions, the administration of tPA significantly increased
the permeability of EBA. The permeability of EBA was
significantly higher under H/R conditions than under normoxia
both with and without the administration of tPA. The values are
the mean = 8D, n = 12. Significant differences between the
normoxia and the H/R are indicated as * P < 0.05. Significant
differences between the control and the tPA administration are
indicated as * P < 0,05
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Fig. 5 The TEER was significantly lower under H/R condi-
tions under normoxia both with and without the
administration of tPA. The administration of tPA significantly
decreased the TEER under H/R conditions, The values are the
mean £+ SD, n = 12. Significant differences between nor-
moxia and H/R are indicated as * P < 0.05. Significanmt
differences between the control and the PA administration
are indicated as * P < 0.05
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Fig. 6
cytochemically using anti-Z0-1 antibody

The Z0O-1 protein expression was analyzed immuno-
Under normoxia
{incubation time 9 h), the administration of tPA showed no

effects on the expression of ZO-1 (a, b). H/R decreased the

A similar separate analysis was carried out for

TE

treatments was significant (F =97, P

R since the interaction between conditions and
< 0.0033) as
well as the effects among such conditions (F = 814.5,
P < 0.0001) or treatments (F = 20.2, P < 0.0001).
The TE
tions than normoxia for both with (22.00 + 3.33 vs.
105.92 + 6.79 Q x cm®; P < 0.0001) and without
(42.17 + 343 vs. 109.58 + 16.38 Q x cm®; P <
0.0001) the administration of tPA. The administration
of tPA significantly decreased the TEER under H/R
conditions (42,17 + 3.43 vs, 22,00 + 3.33 Q ‘
P < 0.0001) ii"!ir_ ).
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H/R decreased the expression of ZO-1. Moreover,
tPA enhanced the disruption in the expression of
Z0-1 under H/R conditions (Fig. 6).

Discussion

In the present study, we established a pathophysiolog-
ical in vitro BBB model by exposing the endothelial
H/R. Other
have demonstrated that hypoxia with reoxygenation

cells to normoxia or in vitro studies

increases endothelial cell permeability (Utepbergenos
et al. 1998; Dohgu et al. 2007; Nishioku et al. 2007)
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In this study, the exposure times to hypoxia and
reoxygenation were determined as 6 and 3 h, respec-
tively, to cause dysfunction of the endothelial cells.
The results showed that H/R conditions led to an
increase in the permeability of both Na-F and EBA,
and a decrease in the TEER. Moreover, H/R conditions
reduced the expression of ZO-1. These findings
indicate that H/R-induced paracellular hyperperme-
ability mediated by changes of TJ expression, and
transcellular hyperpermeability. The exposurc of
brain-derived endothelial cells to hypoxic conditions
has been reported to cause alterations in occludin,
Z20-1, 20-2, and claudin-5 localization (Mark and
Davis 2002; Fischer et al. 2004; Koto et al. 2007).

Regarding the next concemn, we demonstrated that
in this in vitro monolayer model, 1PA at a concen-
tration of 20 pg/ml induced an increase in the
permeability of EBA and an uptake of LY during
normoxia, which suggested that tPA may increase the
transcellular transport, These results seem to correlate
with Yepes' in vivo observations that tPA led to an
opening of the BBB by a mechanism involving low-
density lipoprotein receptor-related protein in the
absence of brain injury (Yepes et al. 2003). Deli
et al. (2001) reported that tPA dose-dependently
inhibited P-glycoprotein activity during normoxia,
Benchenane et al. (2005) reported that oxygen and
glucose deprivation (4 h) enhances an increase in the
permeability of both sucrose and insulin. We showed
that the co-application of tPA exacerbated the
increase in the permeability of both Na-F and
EBA. In addition, tPA enhanced the decrease in the
TEER and the disruption in the expression of Z0-1
during this H/R conditions in our study. Our recent
study reported that cellular communications play an
important role in inducing and maintaining the barrier
function of brain endothelial cells (Nakagawa et al.
2007). Cheng et al. (2006) showed that tPA induced
NF-xB-dependent up-regulation of metalloprotein-
ase-9 in ischemic brain endothelium in vivo and
in vitro. Wang et al. (2006)reported that tPA induced
metalloproteinase-9 dysregulation in rat cortical
astrocytes. These results require further study using
the in vitro co-culture model to assess the effect of
tPA on the BBB. These findings raise the possibility
that in humans, preventing the tPA-induced hyper-
permeability of the BBB may be an adjunctive
strategy 1o diminish the potentially deleterious effects
of tPA.
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In summary, tPA could therefore cause an increase
in the transcellular transport under normoxia, and
both the transcellular and paracellular transport of the
BBB under H/R conditions in vitro. In humans, tPA
may thus lead to an opening of the BBB under non-
ischemic conditions, thereby having an additional
effect on the ischemia-induced BBB disruption.
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Abstract

Background: Patients with major cerebral artery steno-oc-
clusion and the formation of the moyamoya-like vessels as-
sociated with some other disorders have been distinguished
from moyamoya disease and classified as moyamoya syn-
drome. The hemodynamic and metabolic backgrounds of
the moyamoya syndrome associated with atherosclerosis
have not yet been investigated. We aimed to elucidate the
hemodynamic and metabolic characteristics associated
with the development of basal moyamoya-like vessels in
moyamoya syndrome with atherosclerpsis. Methods: Twen-
ty-one patients with chronic unilateral atherosclerotic ste-
no-occlusive lesions of the internal carotid artery or middle
cerebral artery (MCA) were enrolled in the study. Based on
the angiographic findings, the patients were classified into
2 groups: the moyamoya syndrome group (n = 7) and the
non-moyamoya-syndrome group (n = 14). We conducted

angiographic evaluations of the extent of the development
of basal moyamoya-like vessels in the moyamoya syndrome
group. The cerebral blood flow, cerebral metabolic rate of
oxygen, oxygen extraction fraction (OEF) and cerebral blood
volume were measured using PET in the ipsilateral MCA area
in the patients and in normal controls (n = 6). Results: The
OEF in the ipsilateral MCA area, except in the basal ganglia,
was significantly higher in the moyamoya syndrome group
thaninthe non-moyamoya-syndrome group (p<0.001). The
extent of the development of basal moyamoya-like vessels
was closely correlated with the elevation of the OEF (r >
0.999, p < 0.007). Conclusion: The basal moyamoya-like ves-
sels are evidence of misery perfusion in patients with unilat-
eral chronic atherosclerotic steno-occlusive lesions of major
cerebral artery trunks. Copyright ©2008 5. Karger AG, Basel

Introduction

Moyamoya vessels in the basal ganglia region are one
of the most characteristic findings on cerebral angiogra-
phy in moyamoya disease [1]. Previous studies have sug-
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Fig. 1. Representative DSA images in the 2 patient groups. a An-
teroposterior-view DSA image of patient No. 15 with left MCA
occlusion. No apparent dilated angiographic basal moyamoya
vessels are visualized (non-moyamoya-syndrome group). b The
same view of patient No. 3 with right MCA occlusion. The arrow
shows basal moyamoya-like vessels extending from the vicinity of

gested that the development of moyamoya vessels in
moyamoya disease is associated with the presence of se-
vere hemodynamic impairment [2, 3]. On the other hand,
patients with systemic disorders such as atherosclerosis
also sometimes display angiographic features similar to
those of moyamoya disease. Such symptoms are distin-
guished from moyamoya disease and have been classified
as ‘moyamoya syndrome’ [4]. Only a few papers focusing
on moyamoya syndrome associated with atherosclerosis
have been published [5, 6], and the relationship between
the development of moyamoya-like vascular abnormali-
ties and cerebral hemodynamics has not yet been inves-
tigated. The aim of this study was to elucidate the hemo-
dynamic and metabolic changes associated with the de-
velopment of moyamoya-like vascular abnormalities in
patients with moyamoya syndrome associated with uni-
lateral atherosclerotic steno-occlusive disease of the in-
ternal carotid or middle cerebral arteries (MCA) in the
chronic phase.

Patients and Methods

Patients

All the patients were seen at the Osaka University Medical
School Hospital between August 2000 and December 2002, or
between April 2004 and July 2006. Twenty-one patients (10 males
and 11 females; mean age = SD = 66 * 9.0 years) who met the
following criteria were included in this study: (1) the presence of
atherosclerotic arterial changes of the carotid or the major cere-
bral arteries (e.g. plaques or intima-media thickening as detected
by carotid ultrasonography, or arterial wall irregularities as de-
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the occlusive lesion to the ipsilateral basal ganglia (moyamoya
syndrome group). ¢ The extension index of the basal moyamoya-
like vessels was calculated as the distance from the root to the
top-end of the basal moyamoya-like vessels (B) divided by the
distance from the base of the skull (top of the sella turcica) to the
top of the skull (A).

tected by magnetic resonance angiography or brain angiography);
(2) the presence of unilateral chronic atherosclerotic steno-occlu-
sive lesions of the internal carotid artery (ICA; >90% diameter
reduction according to the North American Symptomatic Carot-
id Endarterectomy Trial criteria [7]) or MCA M1 trunk (>80%
diameter reduction) accessed by digital subtraction angiography
(DSA); (3) independence in their daily life (modified Rankin Scale
<3); (4) a time interval from the onset of the last cerebrovascular
sym]l)lnms to the examinations of greater than 1 month; (5) DSA
and 0 gas PET conducted within an interval of 3 months in the
chronic phase. Patients with subcortical cerebral infarcts measur-
ing more than 3 cm in diameter or cortical cerebral infarcts in the
ipsilateral MCA area or in the contralateral cerebral hemisphere
{on MRIimages), a history of intracerebral hemorrhage, head sur-
gery, transient ischemic attacks or stroke in the hemisphere con-
tralateral to arterial disease, clinical symptoms of ischemia in the
vertebrobasilar artery territory or infarcts in the cerebellum or
brainstem on MRI were excluded from the study. In addition, pa-
tients with the following disorders were also excluded: autoim-
mune disease, meningitis, brain neoplasm, Down's syndrome,
Recklinghausen's disease, head trauma or irradiation to head. Six
healthy persons (2 males and 4 females; meanage £ SD=33 *
6.6 years) were also enrolled in the study as normal controls. All
of the control subjects had undergone '*O gas PET. A detailed ex-
planation of the purpose of the study and of all the procedures
used in the study was given to all of the subjects prior to their en-
rollment. Written informed consent was obtained from each of
the subjects. The study was approved by the Ethical Committee
of Osaka University Hospital for Clinical Research.

Evaluation of DSA Images

The DSA images were first read independently by a neurora-
diologist and a neurologist blinded to all clinical information
about the subjects, and the decision about the presence of the
moyamoya-like vascular abnormality was made by joint agree-
ment at a conference between the two. Based on the presence or
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Table 1. Symptoms, atherosclerotic lesions, vascularity and PET parameters in the ipsilateral hemispheres

Patient Age Sex Side Symptoms Site of lesion/ Total

PET parameters in the ipsilateral cortical

No. years lesion type  vascularity MCA area
index CBF CMRO; OFF CBV
ml/min/100g ml/min/100g % ml/100 g
Moyamoya syndrome group
1 64 M nn TIA rt MCA/O B8 39.5 2.90 51.1 692
2 65 F n CI rt MCA/O, 5 31.1 252 56.9 4.14
rt PCA/S,
bil ACA/O
3 74 F nn TIA rt MCA/O, 4 42.6 2.77 506 6.02
rt PCA/S
4 74 M It Cl It MCAJS 6 214 244 53.7 531
5 60 M ©h TIA It MCAJS, 6 23.2 246 536 475
bil ACA/S
6 63 M rt TIACI rt ICA/O, 7 26.3 252 55.8 5.08
rt PCAJS
7 6 F r Cl rt MCA/S, 4 338 3.66 59.5 5.76
bil ACA/S
Non-moyamoya-syndrome group
8 57 F TIA rt ICA/O B 349 2.48 45.6 392
9 61 F It TIA ItICA/O 8 48.3 2.62 365 438
10 55 M It TIA It MCA/S, 6 36.4 2.99 45.1 4.01
It VAJS
11 58 M none rt MCAQ, 8 24.3 2.11 505 357
It VA/S
12 65 F It TIA ItMCA/IO 8 33.5 3.14 57.1 488
13 6 M It none It MCA/O B 27.4 2.64 47.7 4.15
14 62 M It none ItMCA/O 8 27.2 2.13 46.5 432
15 62 M It TIA ItMCA/O 5 33.8 2.69 416 4.54
16 63 F rt none rt MCA/S 7 38.7 2.73 43.6 4.45
17 3 M n TIA rtMCAa/Q 7 50.7 4.00 422 544
18 58 M nt Cl rt ICA/O 7 334 2.69 44.1 532
19 70 M rt TIACI rt ICA/S 8 37.1 2.38 40.1  4.60
20 6 M nt TiA, Cl rt ICA/O 8 42.9 299 422 4.14
21 78 M It TIA It1ICA/S 7 329 2.65 52.8 4.16

rt = Right; It = left; bil = bilateral; TIA = transient ischemic attack; C] = cerebral infarction; ICA = internal
carotid artery; ACA = anterior cerebral artery; PCA = posterior cerebral artery; VA = vertebral artery; CBF =
cerebral blood flow; CMRO; = cerebral metabolic rate of oxygen; OEF = oxygen extraction fraction; CBV = ce-
rebral blood volume; $ = stenosis; O = occlusion.

absence of the basal moyamoya-like vessels, the patients were
classified into 2 groups: the moyamoya syndrome group (n=7; 4
males and 3 females; mean age * SD = 67 * 5.3 years) and the
non-moyamoya-syndrome group (n = 14; 10 males and 4 females:
mean age £ SD =65 * 11 years). Figure la, b shows representa-
tive DSA images from the 2 groups. In all groups of patients, no
apparent moyamoya-like vessels were found in any region other
than the basal area. The interobserver agreement for this group-
ing was reasonably good (k = 0.8). The clinical features of the pa-
tients in each group are shown in table 1.

In addition, the degree of regional or total vascularity in the
ipsilateral cerebral hemisphere, excluding that of the basal moya-
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moya-like vessels, was evaluated in each patient by angiography.
We applied a scoring system to access the patency of the ipsilat-
eral MCA and to evaluate the degree of development of the lepto-
meningeal collateral circulation from the ipsilateral anterior ce-
rebral arteries (ACA) or posterior cerebral arteries (PCA). Vascu-
lar patency of the MCA was classified into 4 grades (MCA
vascularity index): grade 0, occlusion of the MCA with almost no
visualization of the distal branches; grade 1, visualization of a
single M2 branch; grade 2, visualization of more than two M2
branches; grade 3, normal MCA. The development of collateral
vessels from the ACA was classified into 5 grades (ACA vascular-
ity index): grade 0, occlusion of the ACA with almost no visual-
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ization of the distal branches; grade 1, poor visualization of the
distal branches of the ACA; grade 2, almost normal ACA with no
development of leptomeningeal collateral vessels; grade 3, lepto-
meningeal cortical branches found in one lobe; grade 4, lepto-
meningeal cortical branches found in two or more lobes. Devel-
opment of collateral vessels from the PCA was classified into 6
grades (PCA vascularity index): grade 0, occlusion of the PCA
with almost no visualization of the distal branches; grade 1, poor
visualization of the distal branches of the PCA; grade 2, almost
normal PCA with no development of leptomeningeal collateral
vessels; grade 3, leptomeningeal cortical branches found in one
lobe; grade 4, leptomeningeal cortical branches found in two
lobes; grade 5, leptomeningeal cortical branches found in more
than three lobes. These vascularity indices were summed up in
cach patient as the total vascularity index in the ipsilateral hemi-
sphere (maximum score: 12).

The extent of development of the basal moyamoya-like vessels
was evaluated in anteroposterior-view DSA images in a plane per-
pendicular to the orbitomeatal (OM) line. The extension index of
the basal moyamoya-like vessels was calculated as the distance
from the root to the top-end of the basal moyamoya-like vessels
divided by the distance from the base of the skull (top of the sella
turcica) to the top of the skull in the same plane (fig. 1c).

PET Imaging

The Headtome V/SET 2400W system (Shimadzu, Kyoto, Ja-
pan) was used for the PET imaging. Prior to the emission scan, a
Ge-68/Ga-68 transmission scan was performed for 10 min for at-
tenuation correction. All scans were performed at a resolution of
3.7 mm full width at half maximum in the transaxial direction
and of 5 mm full width at half maximum in the axial direction.
Images were reconstructed using an ordered subset expectation
maximization algorithm (12 iterations with 4 ordered subsets).
Each subject’s head was fixed in place with a head holder and po-
sitioned using light beams to obtain transaxial slices parallel to
the orbitomeatal line. Data were formatted as a 3D dataset with
63 slices (3.17 mm thick) in 128 x 128 matrices. The cerebral
blood flow (CBF), cerebral metabolic rate of oxygen (CMRO,),
oxygen extraction fraction (OEF) and cerebral blood volume
(CBV) were measured using the conventional '*0 gas steady-state
method (8], The CMROQ; and OEF were corrected by the CBV
[9].

MRI

All the patients underwent PET and MRI within an interval of
3 months. Scans were obtained on the following scanners: GEN-
ESIS SIGNA 1.5T (GE Yokogawa Medical Systems, Tokyo, Japan),
SIGNA EXCITE 1.5T (GE Healthcare, Chalfont St. Giles, UK),
and MAGNETOM VISION 1.5T (Siemens, Erlangen, Germany).
The MR protocol included T,-weighted 2D fast spin echo se-
quences: (scan parameters: axial plane, FOV 250 mm, matrix
256 X 256 or 512 X 512, slice thickness: 5 mm, interslice gap
1-1.5 mm, TE: 90-131 ms, TR: 4,500-5,000 ms).

Data Analysis

Measurement of these parameters was executed in the ipsilat-
eral MCA area using the automated constant region of interest
(ROI) analysis software, FineSRT [10], which can perform the
analysis using a precise constant 1,394 ROI (both hemispheres),
with excellent objectivity and reproducibility. The MCA area was
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divided into 2 subdivisions: the cortical MCA area (i.e. the ipsi-
lateral cortical MCA branch territory in the frontal, parietal and
temporal lobes) and the basal ganglia, except the caudate nucleus.
Ipsilateral ROI included in each of the two MCA divisions were
selected from the constant 1,394 ROI and averaged. Statistical
ROl analysis was carried outin each of the two subdivisions of the
MCA area. Differences in the mean values among the groups were
analyzed using a one-way ANOVA followed by the least signifi-
cant difference test for ROI analysis, and the Mann-Whitney U
test for other comparisons. Correlational analysis was performed
by determining Spearman’s rank-order correlation coefficient.
Multivariate analysis was carried out by multiple linear regres-
sion analysis. Statistical significance was defined by a p value of
less than 0.05.

Results

There were no significant differences in the clinical
characteristics (age, gender, handedness, history of hy-
pertension, hyperlipidemia and/or diabetes mellitus) or
physiological parameters measured on the day of the PET
study (blood pressure, partial pressure of arterial CO,
and O,, arterial pH, arterial O, saturation, hemoglobin
and hematocrit) between the moyamoya syndrome group
and the non-moyamoya-syndrome group. In the 17
symptomatic patients, there was no significant difference
in the interval from the initial clinical symptoms to the
time of performance of the DSA between the moyamoya
syndrome group (n = 7, 55 + 36 months) and the non-
moyamoya-syndrome group (n = 10, 35 * 20 months).
Figure 2 shows the CBF, CMRO,, OEF, CBV and CBF/
CBV in the ipsilateral MCA area as measured by PET. The
CBF was significantly lower in the moyamoya syndrome
group than in the non-moyamoya-syndrome group in
the ipsilateral cortical MCA area, and lower in the moya-
moya syndrome group than in the normal controls in the
basal ganglia. There was no significant difference in the
CMRO; between the moyamoya syndrome group and
the non-moyamoya-syndrome group in the whole MCA
area, whereas the CMRO; values in the whole MCA area
were significantly decreased in both the patient groupsas
compared with the values in the normal controls. The
OEF was significantly higher in the moyamoya syndrome
group than in the non-moyamoya-syndrome group in
the cortical MCA area, but not in the basal ganglia. How-
ever, no significant difference in the OEF was found in
the whole MCA area between the non-moyamoya-syn-
drome group and the normal controls. Although inter-
group differences in the CBV were not significant as eval-
uated by ANOVA, the CBV in the moyamoya syndrome
group was significantly higher than in the non-moya-
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