464

the medial frontal area. The skin incision is made
along the course of the parietal branch of the STA
and extended upward to the midline near the
bregma and then along the midline downward to the
hairline (Fig. 1A). Using this larger skin flap, a
longer portion of the frontal branch of the STA can
be dissected which is adequate to reach the medial
frontal area. The temporal muscle is separated as
widely as possible. The galea of the frontal skin flap
is also dissected, preserving a small vascular pedicle
from the frontal branch of the STA (Fig. 1B}). The
normal frontotemporal craniotomy is performed,
which can be covered with the temporal muscle flap,
preserving the middle meningeal artery. The medial
frontal craniotomy, which should be matched to the
size of the galeal flap, is made separately (Fig. 1C).
A larger craniotomy might be lead to less favorable
cosmetic results. These two separate craniotomies
preserve a bridge along the linear temporalis, and
thus can retain the original shape of the skull.

The dura is then opened to preserve the main
branch of the middle meningeal artery. Special
attention is needed to avoid injury to the frontal
cortical veins draining into the superior sagittal
sinus. Selection of the branch of the ACA to act as
recipient of the STA-ACA bypass is sometimes
difficult. The area under the medial frontal
craniotomy is the border zone between the ACA and
MCA territories. We select a branch of the ACA
passing upward from the interhemispheric fissure
as the recipient. The frontal branch of the STA is
then dissected very carefully to reach the recipient
artery. The STA-ACA anastomosis is performed in
an end-to-side fashion (Fig. 1D). STA-ACA bypass is
technically more difficult than STA-MCA bypass,
because the diameters of the anastomosed vessels
are smaller. One or two STA-MCA bypasses are
also established using other branches of the STA
(Fig. 1D}.

EDAMS is then performed in the usual way to
cover the lateral craniotomy, and EGAS to cover the
dural opening of the medial frontal craniotomy with
the vascularized galeal flap (Fig. 1E). Cranioplasty is
then performed for both craniotomies using bone
flaps. Bone gaps are filled with bone chips and fibrin
glue to avoid postoperative depression of the skull
and face.

Results

One pediatric patient suffered postoperative
cerebral infarction in the frontal lobe manifesting as
transient restless consciousness. Minor skin
problems (localized alopecia along the skin incision)
occurred although the STA branches were exten-
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Fig. 1

Schematic drawings of the operative proce-
dures. Skin incision is made along the
course of the parietal branch of the superfi-
cial temporal artery (STA) and extended
upward to the midline near the bregma and
then along the midline downward to the
hairline (A). Using this large skin flap, an
adequate portion of the frontal branch of the
STA can be dissected to reach the medial
frontal area. The temporal muscle is
separated as widely as possible. The galea of
the frontal skin flap is also dissected,
preserving a small vascular pedicle from the
frontal branch of the STA (B). Two separate
craniotomies are made, a frontotemporal
craniotomy, which can be covered with the
temporal muscle flap, and a medial frontal
craniotomy, which can be covered with the
galeal flap (C). The STA-anterior cerebral
artery bypass and the STA-middle cerebral
artery bypass are established (D). Enceph-
alo-duro-arterio-myo-synangiosis is per-
formed over the lateral craniotomy, and
encephalo-galeo-arterio-synangiosis  over
the dural opening of the medial frontal
craniotomy using the vascularized galeal
flap (E).

sively separated from the scalp.

TIA completely disappeared in nine of the 11
patients presenting with TIA, and the frequency of
TIA markedly reduced in the other two. Symptoms
improved in all four patients presenting with
cerebral infarction. Intellectual ability apparently
improved in three of the four patients. Headache
was attenuated in one of the two patients presenting
with headache.
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Fig. 2 Representative case of a 25-year-old woman
(Case 9). T,-weighted magnetic resonance
images showing cerebral infarction in the
subcortical area of the left frontal lobe.

Fig. 3

Case 9. Right (A) and left (B) carotid angio-
grams, anteroposterior views, showing
severe stenosis of the left internal carotid
artery at the terminal portion associated
with dilated moyamoya vessels, and mild
stenosis of the right internal caretid artery
and occlusion of the right anterior cerebral
artery at the A; segment.

INlustrative Case Report

A 25-year-old woman (Case 9) visited our hospital
complaining of dullness in the right upper extremi-
ty, emotional changes, and speech disturbance.
Neurological examination found slight right
hemiparesis and motor dominant aphasia. Magnetic
resonance imaging showed cerebral infarction in
the subcortical area of the left frontal lobe (Fig. 2).
Cerebral angiography revealed severe stenosis of
the left internal carotid artery at the terminal portion
associated with dilated moyamoya vessels, and mild
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Fig. 4

Case 9. Preoperative (upper row) and
postoperative (lower row) single photon
emission computed tomography scans
showing preoperative severe attenuation of
the regional cerebral blood flow (rCBF) in
both left anterior cerebral artery (ACA) and
middle cerebral artery (MCA) territories,
and postoperative markedly improved rCBF
in both ACA and MCA territories.

stenosis of the right internal carotid artery and
occlusion of the right ACA at the A, segment
{(Fig. 3). Single photon emission computed
tomography (SPECT) showed severe attenuation of
the regional CBF (rCBF) in both left ACA and MCA
territories (Fig. 4 upper row).

She first underwent direct and indirect bypass
surgery on the left. The proximal portion of the right
ACA was occluded, so she also underwent the same
procedure on the right 2 weeks after the first
surgery. Postoperative course was uneventful. She
completely recovered from the hemiparesis and
aphasia. Postoperative left external carotid
angiography 3 months after the surgery showed
neovascularization from the direct and indirect
bypasses (Fig. 5A). The stenosis of the right ACA
was severe, but the STA-ACA bypass was patent and
the STA was enlarged (Fig. 5B). The stenosis of the
MCA was not so severe, so neovascularization in the
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Fig. 5 Case9. Left(A)and right (B) carotid angio-
grams, lateral views, taken at 3 months after
vasoreconstructive surgery showing neo-
vascularization from the direct and in-
direct bypasses on the left, and the patent
superficial temporal artery (STA)-anterior
cerebral artery bypass and enlarged STA on
the right, but with less neovascularization
in the middle cerebral artery territory.

MCA territory was not so rich at this time (Fig. 5B).
Postoperative SPECT showed improved rCBF
including the medial frontal area (Fig. 4 lower row).
Her intellectual ability on the Wechsler Adult
Intelligence Scale-Revised had increased from 66 in
the preoperative period to 81 in the postoperative
period. She returned to her previous job 4 months
after the onset.

Discussion

TIAs in the lower extremities are known to persist
after vasoreconstructive surgery in some patients.
In particular, repetitive paraparetic TIA after the
first operation (STA-MCA bypass and encephalo-
myo-synangiosis) was associated with poor cerebral
hemodynamics in the frontal lobe in eight of 25
patients with pediatric moyamoya disease.??
Various vasoreconstructive procedures for the
frontal lobe have been performed. Direct STA-ACA
bypass surgery was performed as a secondary sur-
gery for refractory ischemic episodes.>”) Indirect by-
pass surgery targeting the frontal lobe,?Y ribbon
EDAMS,®) burr holes,'% and dural pedicle inser-
tion over the brain surface combined with enceph-
alo-galeo-synangiosis®® have also been reported.
The present study describes the technical proce-
dure to establish vasoreconstructive surgery includ-
ing direct bypass for the ACA territory at the first
intervention.

Known risk factors for perioperative ischemic
complications include frequent TIAs, indirect
bypass procedures, hemodynamic compromise,
dehydration, lacrimation, hypotension, and hyper-

220

T. Ishikawa et al.

capnia as well as hypocapnia.’® Blood flow directly
supplied by the STA-ACA bypass, even if only a very
small amount, may be helpful in preventing the
perioperative risk of stroke and terminating
postoperative ischemic symptoms, as found with
STA-MCA bypass.? Indeed, we treated two patients
who suffered infarction in the ACA territory after
STA-MCA bypass combined with EDAMS.19 We
speculate that the blood supply to the ACA territory
in those patients may have worsened with reduction
of collateral flow through the moyamoya vessels as a
result of changes in the hemodynamics after the
STA-MCA bypass combined with EDAMS.™
Avoiding the risk of hypoperfusion in the ACA
territory is also important in the perioperative
period for improving the outcome, especially if the
patient has impaired preoperative hemodynamics in
the ACA territory. On the other hand, if the ischemia
is located only in the MCA territory, we should
anastomose pedicles of the STA mainly to branches
of the MCA.

Vasoreconstructive surgery through ‘“‘small
craniotomy”’ does not improve cerebral hemodyna-
mics in the frontal lobe.%1822) Intellectual outcome
is an important consideration in treating patients
with moyamoya disease.!® Recent studies have
suggested a close relationship between intellectual
development and frontal lobe function in children.?
Chronic blood flow reduction in the frontal lobe
may be responsible for poor intellectual outcome.
Ischemic attacks were still observed after a mean of
6 years 11 months in half of a series of the TIA-type
patients treated nonsurgically, whereas the ischemic
symptoms disappeared within 5 years after onset in
the other half.¥ The TIA-type patients had a good
intellectual prognosis.®) Other studies have suggest-
ed that intellectual impairment would progress,
even in TIA-type patients, if they did not undergo
appropriate surgical treatment.’®'®¥ We are not
certain whether direct STA-ACA bypass is always
necessary or only indirect bypass targeting the
medial frontal area such as EGAS is sufficient for
this intellectual improvement. Further follow-up
studies are necessary.

In conclusion, simultaneous STA-MCA and STA-
ACA bypasses with pan-synangiosis are suitable for
patients with moyamovya disease associated with
severely impaired perfusion in the ACA territory
requiring direct bypass surgery. The surgical proce-
dure may prevent intellectual deterioration and
improve the overall outcome by normalizing
cerebral hemodynamics in the frontal lobe.
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Commentary

Ishikawa and colleagues are congratulated on fantas-
tic outcomes in 16 cases where unilateral (n = 6) or
bilateral (n = 10) extensive combined direct and
indirect ACA and MCA revascularization was per-
formed for moyamoya disease. The procedure is well
described, including low flow (direct STA to MCA and
STA to ACA) bypass and indirect encephalo-duro-
arterio-myo-synangiosis and encephalo-galeo-arterio-
synangiosis for MCA and ACA territories, respec-
tively. Cases included eight pediatric (as young as 5
years of age) and eight adult patients. There was only
one reported minor infarct and no other complica-
tions in the 26 procedures. This alone is a technical
feat, and the results are surely compelling.
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The authors attribute their superior results to the
comprehensive revascularization strategy, where
more conservative operations, especially the lack
of STA-ACA direct bypass, would leave patients
vulnerable to immediate perioperative risks in that
territory. However, that is not necessarily a consistent
proposition. Reported complications of surgery for
moyamoya disease in the published literature and in
anecdotal experience are not always related to the
ACA territory. And there were apparently no compli-
cations related to staging second hemisphere revas-
cularization in cases where the authors felt it was
needed. The authors tell us that they managed 35
hemispheres in 22 patients with moyamoya disease
during the same period, hence the majority of cases
received the extensive procedure. And they state that
they did not carry out planned ACA direct anastomo-
sis in some cases for technical reasons. But the
authors do not report results of intention to treat
decision, where such strategy was attempted and
could not be carried out {in up to 6 patients and 9
hemispheres), and what was the outcome of those
cases.

The authors attempt to articulate specific indica-
tions for this aggressive procedure, but they apparent-
ly ultimately performed it on the majority of
moyamoya cases in their series, and they admit that
they attempted it in even more patients. Hence we are
left at loss as to when such aggressive strategy would
NOT be justified... Nevertheless, the authors do
demonstrate apparent feasibility and safety of this
very elegant operation in their patients and in their
hands. We would caution against generalization to
cases of moyamoya syndrome in other experience,
including adult patients outside Japan, where basal
occlusive vasculopathy may have different etiologies,
and disease course, and where scalp vessel may not
allow direct ACA anastomosis in most instances. And
we must await confirmation of similar feasibility and
safety when this approach is attempted on similar
patients by other surgeons.

Issam A. Awap, M.D., M.Sc., F.A.C.S., M.A. (Hon.)

Evanston Northwestern Healthcare
Department of Neurological Surgery
Northwestern University

Feinberg School of Medicine
Evanston, Illinois, U.S.A.

This interesting paper raises several important points,
among them that improving flow in one area may
alter the hemodynamics enough to cause more severe
ischemia in an adjacent area with previous borderline
flow. The anterior cerebral artery territory tends to be
neglected in ordinary ischemic situations but is obvi-
ously more at risk in moyamoya disease where the
vascular changes are so widespread. The authors
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have obviously a lot of experience with this condition,
and have suggested useful additions to the usual
bypass procedures.

Another important point, raised in their discussion,
is the significance of frontal lobe blood flow and
function in children versus adults. The developing
brain may well be more vulnerable to ischemia at this
stage, particularly from the point of view of future
intellectual performance. However, it is equally
interesting that two of the patients with measured
improvement in IQ were adults (Table 1); frontal lobe
impairment to the extent seen here is probably
important at any age.

Nicholas W. C. Dorscu, M.D., F.R.C.S., F.R.A.C.S.

Department of Neurosurgery
Westmead Hospital
Sydney, Australia

The conventional and routine surgical technique for
moyamoya disease covers mostly the middle cerebral
artery territory by STA-MCA direct bypass and
encephalosynangiosis using the temporal muscle. In
other words, revascularization to the anterior cerebral
artery territory is not always satisfactory using the
conventional surgical technique including direct and
indirect bypass surgery.

In this paper, Ishikawa et al. have reported an
excellent technique to overcome these drawbacks.
They have aggressively performed STA-ACA direct
bypass for patients with moyamoya disease and its
outcome is excellent. This is a quite unique and
enthusiastic challenge.

However, this technique is quite intricate and not
always accepted as a general option for this disease.
There are some questions raised by this paper.
Among them, the indication of this technique is quite
controversial. It is obvious that this surgery takes
more time and seems to be more invasive compared to
the other conventional techniques. In my personal
series, transient ischemic attack due to ischemia of the
anterior cerebral artery territory is not always perma-
nent after successful revascularization surgery even
using the conventional techniques. It seems, there-
fore, the indication of this complicated surgery seems
to be narrower than described in this paper.

I believe that this technique is theoretically accepta-
ble for very limited cases of moyamoya disease.
However, it has to be emphasized that this technique
requires a superb background in fine microsurgical
vascular anastomosis technique and considerable
experience in the treatment of moyamoya disease.

Kiyohiro Houkin, M.D.
Department of Neurosurgery
Sapporo Medical University
Sapporo, Hokkaido, Japan

Neurol Med Chir (Tokyo) 46, September, 2006



EGWILEY .
InterScience®

piscoveRr

SOMETHING GREAT

Journal of Neuroscience Research 84:1187-1196 (2006)

Bcl2 Enhances Survival of Newborn
Neurons in the Normal and Ischemic

Hippocampus

Tsutomu Sasaki,’ Kazuo Kltagawa, Yosh1k1 Yaglta, Shiro Suglura,1
Emi Omura-Matsuoka, Shigeru Tanaka,! Kohji Matsushita,’ Hideyuki Okano,’

Yoshihide Tsujimoto,” and Masatsugu Hori'

'Division of Stroke Research, Department of Cardiovascular Medicine, Osaka University Graduate School

of Medicine, Osaka, Japan

*Division of Molecular Genetics, Department of Post-Genomics and Diseases, Osaka University Graduate

School of Medicine, Osaka, Japan

*Department of Physiology, Keio University Graduate School of Medicine, Shinjyuku-ku, Tokyo, Japan

Neuronal progenitors in the adult hippocampus continu-
ally proliferate and differentiate to the neuronal lineage,
and ischemic insult promotes hippocampal neurogene-
sis. However, hewborn neurons show a progressive re-
duction in numbers during the initial few weeks, there-
fore, enhanced survival of newborn neurons seems to
be essential for therapeutic strategy. Bcl-2 is a crucial
regulator of programmed cell death in CNS development
and in apoptotic and necrotic cell death. Therefore, we
tested whether Bcl-2 overexpression enhances survival
of newborn neurons in the adult mouse hippocampus
under normal and ischemic conditions. Many newborn
neurons in the hippocampal dentate gyrus undergo apo-
ptosis. Human Bcl-2 expression in NSE-bcl-2 transgenic
mice began at the immature neuronal stage and re-
mained constant in surviving mature neurons. Bcl-2 sig-
nificantly increased survival of newborn neurons under
both conditions, but particularly after ischemia, with de-
creased cell death of newborn neurons in NSE-bcl-2
transgenic mice. We also clarified the effect by Bcl-2
overexpression of enhanced survival of newborn neu-
rons in primary hippocampal cultures with BrdU labeling.
These findings suggest that Bcl-2 plays a crucial role in
adult hippocampal neurogenesis under normal and is-
chemic conditions. © 2006 Wiley-Liss, Inc.

Key words: Bcl-2; hippocampus; neurogenesis; ischemia

In adult hippocampal neurogenesis, nascent neurons
show a progressive reduction (Kempermann et al., 2003),
and surviving neurons became integrated into the dentate
granule cell circuitry (van Praag et al., 2002). Continued
production of hippocampal granule cells is combined with
elimination of cells via spontaneous apoptosis, with turn-
over occurring throughout life (Gould and Cameron,
1996; Young et al., 1999). Running exercise and en-
riched environment promote the survival of newborn
neurons (van Praag et al., 1999; Young et al., 1999). Thus,
enhanced survival of newborn neurons seems beneficial.

© 2006 Wiley-Liss, Inc.

Brain ischemia enhances neurogenesis in the hippo-
campus (Liu et al., 1998; Yagita et al., 2001) and also in-
duces migration of neuroblasts into lesions in nonneuro-
genic areas such as the striatum (Arvidsson et al., 2002).
However, only a small fraction of these newborn neurons
survive (Liu et al., 1998; Yagita et al., 2001; Arvidsson
et al., 2002). Despite accumulating data on the mecha-
nisms responsible for neuronal progenitor proliferation af-
ter ischemia, little is understood regarding the signals that
control survival of newborn neuron after ischemia. Bcl-2
levels were increased in the hippocampus after ischemia
(Chen et al., 1997). Bcl-2 has been shown to be protec-
tive against apoptotic and necrotic cell death in response
to various stimuli, including exposure to glutamate or is-
chemia (Martinou et al., 1994; Adams and Cory, 1998;
Kitagawa et al., 1998). Moreover, neurotrophins play a
crucial role in adult neurogenesis following ischemia as
well as under normal conditions (Pencea et al., 2001).
Bcl-2 has been reported to mediate the survival effects of
neurotrophins such as BDNF and NGF. Based on these
findings, it is essential to examine the effect of Bcl-2 on
the survival of newborn neurons after ischemia.

During central nervous system (CNS) development,
BCL-2 has been shown to be a key regulator of pro-
grammed cell death (Abe-Dohmae et al., 1993; Martinou
et al., 1994). Programmed cell death has often been found
in reg10ns in which neurogenesis persists throughout

adulthood, including the hlppocampus and olfactory
bulb.
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We sought to determine whether overexpression of
the human bd-2 transgene increases survival of newborn
neurons in the hippocampal dentate gyrus under normal
and ischemic conditions.

MATERIALS AND METHODS
Animals

All research was conducted according to a protocol
approved by the Institutional Animal Care and Use Committee
of Osaka University Graduate School of Medicine. Adult 11-
to 12-weeks-old male C57Black/6 mice and transgenic mice
overexpressing BCL-2 under a neuron-specific enolase pro-
moter (NSE-bcl-2 transgenic mice) (Martinou et al., 1994) were
used. NSE-bd-2 transgenic mice were backcrossed to
C57Black/6 mice 10 times. The genotype was confirmed post-
mortem by PCR amplification of tail genomic DNA. The
amount of Bcl-2 expression in wild-type and NSE-bcl-2 trans-
genic mice were evaluated by Western blotting.

Bromodeoxyuridine Labeling Protocols
and Immunohistochemistry

To quantify and evaluate the phenotype of newborn
cells, bromodeoxyuridine (BrdU; Roche Diagnostics, India-
napolis, IN) was given four times every 2 hr during a period of
6 hr. At 1, 7, 14, 21, and 30 days after BrdU administration,
mice were sacrificed under deep pentobarbital anesthesia and
transcardially perfused with 4% paraformaldehyde (PFA). Brains
were removed and fixed in 4% PFA at 4°C.

Next, we used NSE-bcl-2 transgenic mice including
wild-type mice. BrdU-labeling protocols and the processing
were the same above. To examine the proliferation of newborn
neurons in the SGZ in both groups, mice were sacrificed 1 day
after BrdU administration. To evaluate the survival or differen-
tiation of newborn neurons, mice were decapitated 30 days af-
ter BrdU administration.

Each tissue block was embedded in paraffins. The proto-
col of BrdU immunohistochemistry was described previously
(Sasaki et al., 2003). Sections were treated in 50% formamide
and 2X SSC and then incubated in 2N HCI. Sections were
incubated with a rat monoclonal anti-BrdU antibody, 1 : 100
(Harlan Sera-Labo, Loughborough, UK) at 4°C overnight.
Sections were then incubated with a biotinylated secondary
antibody, and further incubated with a streptavidin—biotin—
peroxidase complex (Vector Laboratories, Burlingame, CA).
To count BrdU-positive cells, five sections from the hippo-
campus were cut every 120 pm beginning 1.4 mm caudal and
1.9 mm caudal to the bregma. In the hippocampus, the granu-
far cell layer (GCL) and SGZ, defined as a zone two cell bodies
wide along the border of the GCL and hilus, were considered
together for quantification. The mean density of BrdU-positive
cells in each mouse was calculated as the number of labeled
nuclei divided by the area.

For double-immunofluorescence, 40 um-thick free-float-
ing sections were incubated with primary antibody at 4°C
overnight. The following primary antibodies were used: a
monoclonal antibody against human BCL-2 (Dakocytomation,
Denmark A/S), a rat monoclonal anti-BrdU antibody, 1 : 100
(Harlan Sera-Labo, Loughborough, UK), mouse monoclonal

anti-BrdU antibody, 1:200 (Amersham, Piscataway, NJ),
mouse monoclonal anti-NeuN antibody, 1:200 (Chemicon,
Temecula, CA), rabbit polyclonal anti-glial fibrillary acidic
protein (GFAP) antibody, 1 :200 (Sigma), goat polyclonal
anti-double cortin (DCX) antibody, 1 : 100 (Santa Cruz Bio-
technology, Santa Cruz, CA), rat monoclonal anti-Musashi-1
(Msi-1) antibody (14H1) 1 : 200, mouse monoclonal anti-f3-
tubulin III antibody, 1 : 200 (Chemicon) mouse monoclonal
PSA-NCAM, 1:200 (Pharmingen, San Jose, CA), and mouse
monoclonal anti human BCL-2 antibody (Dako, 1 : 200). Sec~
tions were incubated with appropriate secondary donkey anti-
bodies conjugated to FITC or rhodamine (Chemicon, 1 : 200)
for 90 min at room temperature, and visualized or photo-
graphed with a confocal microscopy system (Zeiss LSM-510).

TUNEL Staining

To identify cells apoptosis, TUNEL labeling was carried
out. Brain was removed rapidly en bloc and quickly frozen in
liquid N, vapor. Sections 14 pm thick were cut on a cryostat
and post-fixed in 1% PFA for 10 min. The Apoptag Fluores-
cein In Situ Apoptosis Detection Kit (§7110; Chemicon) was
then applied. For immuno fluorescein-double labeling of
TUNEL signal and BrdU, the TUNEL-fluorescein labeling
was carried out first, followed by incubation in 2N HCI for
30 min at 37°C, and application of a rat monoclonal anti-BrdU
antibody.

Transient Forebrain Ischemia

General anesthesia was maintained with 1% halothane.
A column for measurement of cortical microperfusion by
Laser-Doppler flowmetry (advanced laser flowmetry) was
attached to the skull. Body and skull temperature were moni-
tored and maintained at 36.5°C to 37.5°C. Both common ca-
rotid arteries were occluded for 12 min with microaneurysm
clips and then reperfused. As described previously, only mice
that showed <13% of baseline control microperfusion during
the first minute of occlusion were used (Kitagawa et al., 1998).
To examine the profiles of newborn neurons after ischemia,
we injected BrdU (50 mg/kg, i.p.) 9 days after ischemia
reported previously (Sasaki et al., 2003). As in normal condi-
tions, BrdU was given four times every 2 hr. Thereafter, mice
subjected to ischemia were processed under the same schedule
as normal condition (each time-point 1, 4, 7, 14, and 30 days
after BrdU administration).

‘Western Blotting

Samples of the hippocampus and the cortex of both
NSE-bcl-2 transgenic mice and wild-type littermates were iso-
lated. Proteins were separated by SDS-PAGE and transferred
electrophoretically to polyvinylidene difluoride sheet (Immu-
nobilon P; Millipore, Bedford, MA). Blots were probed with a
mouse monoclonal bel-2 antibody (Santa Cruz Biotechnology;
1:1,000), and a mouse monoclonal human bcl-2 antibody
(Dakocytomation; 1 : 1,000), then detected using sheep anti-
mouse HRP-conjugated secondary antibody (Amersham Phar-
macia Biotech, Buckinghamshire, UK) followed by enhanced
chemoluminescence (ECL; Amersham Pharmacia Biotech).
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Fig. 1. Temporal profiles of BrdU-posi-
tive cells in normal (A) and ischemia
B) (n = 6). **P < 0.05 vs. 1 day. C:
TUNEL staining under normal condi-
tion in the dentate gyrus. Scale bar =
20 pm. D,E: At 21 days after BrdU ad-
ministration, some of BrdU-positive cells
showed TUNEL-positive, with the blue
nuclear counterstain Hoechst 33258. Higher
magnification views of selected individ-
ual z-planes (D) and a Z-series through
the section (Z-distance = 10 um) (E).
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Neuron—Glia Mixed Cultures

To evaluate the direct effect of Bcl-2 on survival of new-
born hippocampal neurons, primary hippocampal cultures from
NSE-bcl-2 transgenic mice and their littermates were analyzed
as described previously (Fujioka et al., 2004). The production
of most hippocampal neuron is completed before birth in the
mouse (between E15-E17), however, 85% of the hippocampal
granular neurons in the dentate gyrus are generated postnatally
(Bayer, 1980). It is widely known that granular neurons in the
dentate gyrus show turnover throughout adulthood. Based on
these findings, to directly confirm the findings that overexpres-
sion of BCL-2 enhanced the survival of nascent neurons in
vivo, we carried out primary hippocampal culture with BrdU
labeling at PO. To identify newbormn neurons, BrdU (100 mg/
kg, 1.p.) was administered to PO neonatal mice twice over 2 hr,
and the hippocampus were dissected on P1 into HBSS without
calcium or magnesium. Cells were dissociated with 1% trypsin
(Invitrogen) and plated onto 6-cm dishes coated with Matrigel
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(BD Biosciences). Cells at a final concentration of 5 X 10°
cells/ml were cultured in high-glucose DMEM (Sigma) con-
taining 10% fetal calf serum. Twelve hours after seeding, the
medium was changed to neuro basal medium supplemented
with B-27 (Life Technologies), L-glutamine, 100 IU/ml peni-
cillin, and 100 pg/ml streptomycin. Cells were cultured at
37°C in a humidified atmosphere of 95% air and 5% CO,.
These cultures contained neurons and astrocytes. After 13—15
days, the neurons in these cultures sit on the top of a confluent
monolayer of astrocytes. At 1, 7, 14, and 30 days after seeding,
cells were fixed immediately with 4% PFA for 30 min. Cells
were then incubated with primary antibody at 4°C overnight.
The slides were washed in three changes of phosphate-buffered
saline, incubated with appropriate secondary donkey antibodies
conjugated to FITC or rhodamine (Chemicon, 1 : 200) for 90
min at room temperature, and visualized or photographed with
a confocal microscopy system (Zeiss LSM-510). The number of
Tuj-1-positive neurons and Tuj-1/BrdU double-positive cells
was counted in a field of 1 cm®.

225



1190

Sasaki et al.

Han BCL

Wild Bel-2 Tg (88

1 2 3 4
Total
Bel-2
o~
-
Human "
F v«y? 3
Bal-2 = 166
o3
5 o0
S a0
=
é 26
T o
e

7
Days after BrdU
administration

Statistics

Data in the text and figures were described mean = SD.
Multiple comparisons were evaluated statistically by the analysis
of variance, followed by Schefté’s post-hoc tests.

RESULTS
Survival of Newborn Cells in the Dentate Gyrus
Under Normal and Ischemic Conditions

We determined the number of BrdU-positive cells
and the phenotype of postmitotic cells at 1, 7, 14, 21, and

Fig. 2. A: Double-immunofluorescence
staining of BrdU/Msi-1, BrdU/DCX,
BrdU/Tujl1, and BrdU/NeuN was car-
ried out. B: Expression of human Bcl-2
in NSE-bd-2 transgenic mice. C: Western
blots analysis of total Bel-2 and Human
Bcl-2. Lane 1, hippocampus; lane 2, cor-
tex ; lane 3, hippocampus; lane 4, cortex.
D,E: Time course of human Bcl-2 im-
munoreactivity in BrdU-positive new-
born neurons. Right insets in (C) show
confocal images for BrdU (red) and Bcl-2
(green) from NSE-bdl-2 transgenic mice
D) (n = 5). Scale bar = 20 um (A),
10 pm (B), 30 pm (D).

4 21 3

30 days after BrdU administration. Under normal condi-
tions, the number of BrdU-positive cells showed a pro-
gressive reduction (1, 7, 14, 21, and 30 days; 19.7 = 10.9,
113 + 6.8, 123 = 8.4, 87 * 43, 48 = 4.6/mm°,
respectively) (Fig. 1A). Next, we used double-immuno-
labeling with BrdU antibody and Msi-1 for neuronal pro-
genitors, DCX for migrating neuroblast and immature
neurons, Tuj1 for immature neurons, or NeuN for ma-
ture neurons (Fig. 2A). Most BrdU-positive cells in the
SGZ showed Msi-1 staining 1 day after BrdU administra-
tion (Fig. 2Aa). Staining for DCX in BrdU-positive cells
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Fig. 3. Bcl-2 overexpression enhanced
survival of hippocampal newborn neu-
rons under normal (A) (n = 7) and is-
chemic conditions (B) (n = 8). C,D:
Colocalization of TUNEL staining and
BrdU after ischemia was shown (C,
arrow), (Z-distance is 20 um). Scale bar
= 20 pm. D: Quantification of apopto-
sis of newborn neurons under normal
and ischemic conditions. The number of
BrdU/TUNEL double-positive cells at
21 days after BrdU administration was
counted (n = 10). *P < 0.05 vs. nor-
mal.

peaked at 7-14 days, but declined dramatically 30 days
after BrdU injection. BrdU-positive cells showing DCX
or Tujl staining over time were similar (Fig. 2Ab,c). In
contrast, BrdU/NeuN double-positive cells in the GCL
were rare at 14 days after BrdU administration, and in-
creased thereafter, and the majority of BrdU-positive cells
showed NeuN staining at 30 days (Fig. 2Ad). The switch
from expression of DCX or Tujl to NeuN seemed to
occur between 14-30 days. Under ischemic conditions,
there was no significant difference between the number of
cells at 1 day and 14 days, thereafter, the numbers of
BrdU-positive cells gradually declined up to 30 days (1, 7,
14, 21, and 30 days; 115.5 = 23.7, 114.5 £ 30.5, 120.9 =
329, 68.2 * 13.0, and 38.7 &= 13.1/mmz; Fig. 1B). To
evaluate the contribution of apoptotic cell death to the
progressive reduction in newborn cells, we used double-
immunolabeling with anti-BrdU antibody and TUNEL
staining. TUNEL-positive cells were detected in the SGZ
and the inner layer of the GCL (Fig. 1C). Some of TUNEL-
positive cells were also BrdU-positive at 21 days after
BrdU administration (Fig. 1D,E).
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Expression of the Human Bcl-2 Transgene During
Adult Hippocampal Neurogenesis

Western blot analysis showed that the amount of
total bcl-2 protein including both endogenous mouse
bcl-2 and transgene human bel-2 in NSE-bcl-2 transgenic
mice was augmented significantly compared to that in wild-
type. Human bcl-2 protein was detected only in NSE-bd-2
transgenic mice (Fig. 2C). Double-immunolabeling with
the antibody that recognized only human bcl-2 was carried
out (Fig. 2B,D,E). To examine the expression of human
Bcl-2 in NSE-bcl-2 transgenic mice, double-immunofluo-
rescence was carried out (Fig. 2B). Msi-1-positive cells in
the SGZ did not stain for Bcl-2 (Fig. 2Ba). DCX- positive
cells in the SGZ did not show immunostaining for Bcl-2
(Fig. 2BDb, arrowheads). In contrast, immature neurons
within the GCL, as they migrated from the inner toward
the outer layer, showed colocalization of DCX and Bcl-2
(Fig. 2Bb, arrows). Most Nissl-positive mature neurons
showed Bcl-2 staining (Fig 2Bc). Expression of the trans-
gene was rarely detected as early as 14 days after BrdU ad-
ministration, but increased in number thereafter and
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became stable (Fig. 2Da—d). Semiquantitative analysis of
BrdU/Bcl-2 double-positive cells were 0% at 7 days,
15.8 = 3.2% at 14 days, 79.1 * 10.3% at 21 days, and
88.6 = 7.0% at 30 days (Fig. 2D,E). These findings indi-
cated that human-bd-2 gene expression under the control
of the NSE promoter began at the immature neuronal
stage and remained constant in surviving mature neurons.

Progenitor Cell Proliferation, Survival, and
Differentiation in NSE-bcl-2 Transgenic Mice

There were no significant differences in any of the
parameters including cerebral blood flow, rectal and skull
temperatures between both groups during and after tran-
sient forebrain ischemia (data not shown). Under normal
conditions, no significant differences between NSE-bel-2
transgenic mice (18 5 = 8.0/mm?) and wild-type litter-
mates (19.5 £ 10.8/ mm’) were observed in the number
of BrdU-positive cells at 1 day after BrdU administration
(Fig. 3A). Survival of progenitor cells was examined
30 days after BrdU administrationOThe numbers of BrdU-
positive cells were 4.5 % 3.5/mm” in wild-type littermates
and 9.5 = 7.1/mm? in NSE-b(l-2 transgenic mice (Fig. 3A).

Bel-2

Fig. 4. A: We examined the effect of
bcl-2 overexpression on the differentia-
tion of newborn neurons. B: Total
volume of cells in the hippocampal
CA1 sector (upper panel) or in the dentate
gyrus (lower panel) of NSE-bd-2 trans-
genic mice and wild-type littermates
in the 18-month-old mouse. Scale bar =
30 pm (B), 100 um (C).

Compared to the values obtained at Day 1, the number of
surviving BrdU-positive cells was greater in NSE-bd-2
transgenic mice (51%) than in wild-type littermates (24%),

with an approximate 25% increase. The numbers of BrdU/
NeuN double-positive cells were 4.0 £ 2.8/ mm” in
wild-type littermates and 8.4 = 5.6/ mm” in NSE-bd-2
transgenic mice. The ischemic neuronal damage in the
hilus was of similar severity between NSE-bcl-2 trans-
genic mice and wild-type littermates, and the survival of
newborn granule neurons was not associated with the
degree of the injury of the CA1 sector (data not shown).
After ischemia, the number of BrdU-positive cells at Day
1 did not differ between INSE- bel-2 transgenic mice
(100.5 = 21. 1/mm?) and wild-type httermates (1109 =
15.8/mm?). The number of BrdU-positive cells 1 day
after BrdU labeling was not different between both groups
at 39 days (10.8 * "7.4/mm? in wild-type littermates; 8.2 &=
6.8/mm™ in NSE-bd-2 transgenic mice) after ischemia. In
contrast, NSE-bcl-2 transgenic mice (65.7 * 26.7/mm?)
showed a significant increase in the number of BrdU-posi-
tive cells in the SGZ and GCL compared to that in wild-
type littermates (41.0 + 17.6/ mm?), an approximate 30%
increase in survival rate (Fig. 3B). Moreover, the number
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Fig. 5. BrdU (red), nestin (green), and i d.i.",
Hoechst 33285 (blue) fluorescence of
wild-type littermates (A-D) and NSE-
bel-2 transgenic mice (E~H) at 1 day after
seeding were shown. A merged image of
(D) and (H) depicts BrdU/nestin/Hoechst.
I-L: BrdU, Tuj-1, and Hoechst fluores-
cence at 1 day were visualized. M—P: Nu-
clear morphology of BrdU-positive new-
bom cells in primary culture 14 days after
seeding visualized by Hoechst staining.
Nuclear morphology with healthy-looking
chromatin structure in BrdU/Tuj-1 dou-
ble-positive cells (arrows) was visualized by
Hoechst (O, right insets, upper panel). In
contrast, some of BrdU-positive newbomn
neurons had fragmented and condensed
nuclei (arrowheads) (O, right insets, bot-
tom panel). Q-S: DCX and TUNEL
‘fluorescence  were shown (DCX/
TUNEL double-positive cells; arrow).
T: TUNEL/BrdU double-positive cells
(arrows) were visualized.

of BrdU/NeuN double-positive cells in NSE-bc-2 trans-
genic mice (56.5 * 18.7/mm”) was significantly increased
than that in wild-type littermates (36.1 £ 12.3/mm”).

To assess the contribution of apoptotic cell death to
the progressive reduction, we used double-immunolabel-
ing with anti-BrdU antibody and TUNEL staining. Some
of BrdU-positive cells showed colocalization of TUNEL
staining (Fig. 3C, arrow). Under ischemic condition, the
number of BrdU/TUNEL double-positive cells in NSE-
bel-2 transgenic mice (0.3 = 0.1/section, n = 10) was signif-
icantly decreased than that in wild-type littermates (2.3 =
1.0/section, n = 10) (Fig. 3C,D). This finding suggests that
ischemia promotes the proliferation of newborn cells. Fol-
lowed by the increased number of death of newbom cells,
however, Bcl-2 overexpression enhanced survival of those
newbormn neurons.

Under both conditions, no significant differences were
observed in the percentages of BrdU/NeuN double-
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positive cells and BrdU/GFAP double-positive cells in the
SGZ and GCL between the groups at 30 days (Fig. 4A).
Under ischemic conditions, no significant differences were
observed in progenitor cell differentiation (data not shown).
There was no significant difference in the total volume of
the hippocampal CA1 sector in the 18-month-old mouse.
On the other hand, the total volume of cells in the DG in
NSE-bcl-2 transgenic mice was significantly greater than that
of wild-type littermates. These data provide additional evi-
dence consistent with the reduced cell death by Bcl-2 trans-
gene (Fig. 4B).

Enhanced Survival of Newborn Neurons From
NSE-bcl-2 Transgenic Mice in Neuron—Glia
Mixed Culture

To directly confirm the findings that Bcl-2 enhanced
survival of nascent neurons in vivo, we analyzed primary
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hippocampal cultures from PO mice with BrdU labeling.
In our hippocampal cultures, >90% of BrdU-positive cells
were positive for the precursor cell marker nestin in wild-
type littermates and in NSE-bdl-2 transgenic mice at 1 day
after seeding (Fig. 5A—H). In contrast, only a few BrdU-
positive cells showed expression for the neuronal marker
Tujl at 1 day (Fig. 5I-L). The nuclear morphology of
neurons was examined after staining the cell nuclei with
Hoechst 33285 dye. Newborn neuronal identity of the
cells was shown by double-labeling for BrdU and Tuj-1.
After 14 days, many BrdU/Tuj-1 double-positive new-
born neurons displayed typical, healthy-looking, chroma-
tin structure (Fig. 5M-P, arrows). Some of newborn

div.

m“' F g " TEH
v ‘3‘3{7&'2 ig v Fig. 6. Effect of Bcl-2 overexpression
" " on survival of newborn neurons in pri-
o FO0 mary neuron-glia culture. A-L: High-

magnification confocal images are shown
for Tujl (green) and BrdU (red) of cul-
tured primary hippocampal neurons from
wild-type littermates (A-C, G-I) and
NSE-bcl-2 transgenic mice (D—F, J-L) at
14 days (A-F) or 30 days (G-L) after
seeding (L). Right insets in (J-L) show
Bcl-2 immunofluorescence (green) in BrdU-
positive hippocampal neurons (red) from
NSE-bil-2 transgenic mice at 30 days.
The number of Tuj1/BrdU double-posi-
tive cells (M) and the total number of
BrdU-positive cells (N) at 30 days (n = 8).
*P < 0.05 vs. control. Figure can be viewed
in color online via www.interscience.wiley.
com.

neurons had fragmented and condensed nuclei (Fig. 5M—
P, arrowheads). Moreover, some of DCX-positive imma-
ture neurons were TUNEL-positive (Fig. 5Q-S, arrow-
heads). No differences between two groups were observed
in the numbers of cultured BrdU/Tuj-1 double-positive
new neurons at 1, 7, or 14 days after seeding (Fig. 6A-L).
In contrast, NSE-bcl-2 transgenic mice showed a significant
increase in the numbers of cultured BrdU/Tuj-1 double-
positive cells compared to the numbers of wild-type litter-
mates at 30 days (1, 7, 14, and 30 days in wild-type: 1.8 =
0.1, 36.2 = 3.3, 41.1 % 9.0, 9.8 £ 3.1, respectively; in
NSE-bcl-2 transgenic mice: 1.6 = 0.4, 30.8 £ 3.4, 42.4
* 9.6, 22.3 = 7.3, respectively) (Fig. 6M). There was an
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increase in the total number of Tujl-positive neurons in
NSE-bcl-2 transgenic mice at 30 days (P = 0.09) (Fig. 6N).
These results showed that Bcl-2 expression promotes sur-
vival of cultured newborn neurons.

DISCUSSION

The present findings provide insight into the role of
Bcl-2 in adult neurogenesis. Consistent with previous
studies (Young et al., 1999), most newborn cells, a mixed
population of immature and mature neurons, die via apo-
ptosis. It has been reported recently that in the adult
mouse olfactory bulb, Days 14-28 after the generation
are a critical period for the survival of new granule cells,
and during that time they become susceptible to apopto-
tic cell death (Yamaguchi and Mori, 2005). This study
shows that almost the same time-point was crucial for the
survival of newborn neurons in the adult hippocampus
under ischemic conditions.

In the CNS, Bcl-2 is expressed highly during neu-
rogenesis in the developing brain. Bcl-2 plays important
roles in the regulation of neuronal death during develop-
ment and the early postnatal period (Martinou et al.,
1994). Moreover, in the hippocampal dentate gyrus, Bcl-
2 expression is high not only during development but also
in adulthood (Merry et al., 1994).

Consistent with the study by Fujioka et al. (2004),
we also observed that, in addition to mature granule cells,
newborn immature neurons in the dentate gyrus of bcl-2
transgenic mice under the NSE promoter expressed human
Bcl-2 immunoreactivity (Fig. 2). Aged NSE-bc-2 trans-
genic mice possess supernumerary neurons in the dentate
gyrus, but not in the CA1 and CA2 subregions. Based on
these findings, we used NSE-bc-2 transgenic mice to eluci-
date the role of Bcl-2 in adult neurogenesis.

TUNEL staining indicates simply DNA damage, but
it is not a specific marker of apoptosis. Therefore, we must
interpret TUNEL staining vigilantly. BrdU labeling is nec-
essary, but not sufficient, to prove that a given cell has di-
vided. Bauer and Patterson (2005) showed recently that
BrdU is not incorporated significantly during DINA repair
in three models of injury-induced neuronal apoptosis.

Cerebral ischemia leads to markedly enhanced pro-
liferation of neuronal progenitor cells (Liu et al., 1998;
Yagita et al., 2001). However, only a small fraction of
these newborn neurons survive. We observed that ische-
mia induced a similar increase in both BrdU-positive cells
and BrdU/TUNEL double-positive cells in the hippo-
campal dentate gyrus. The present study suggests that is-
chemia simultaneously increases both neurogenesis and
neuronal elimination and that Bel-2 is important for the
long-term survival of newborn neurons in hippocampal
neurogenesis after ischemia. Additionally, the Bcl-2 fam-
ily has been shown to be important for protection from
focal and global ischemia (Martinou et al., 1994; Kitagawa
et al., 1998). The ability to upregulate Bcl-2 expression
may lead to the development of brain protection and
repair strategies for the treatment of brain ischemia.
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In summary, this study shows that Bcl-2 overexpres-
sion increases survival of newly generated neurons in the
hippocampal dentate gyrus under normal and ischemic
conditions. These results indicate that modulation of Bcl-
2 levels may have implications for therapeutic interven-
tion to enhance neurogenesis for functional restoration,
particularly after ischemia.
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oyamoya disease is a rare cere-
brovascular occlusive disease of
v unknown origin and is charac-
terized by stenosis or occlusion of both
internal carotid arteries (ICAs) at the
supraclinoid portion (1,2). Although
this disease occurs predominantly in
Asian populations, particularly in Ja-
pan, it has also been reported in other
countries (3-5). The major symptoms
of moyamoya disease are related to age,
with transient ischemic attack often
seen in pediatric patients and intracra-
nial hemorrhage often seen in adults.
The principal angiographic feature of
moyamoya disease is bilateral stenosis or
occlusion of the supraclinoid portions of
the ICAs, potentially extending to the

Scores in the Depiction of Moyamoya
Vessels
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Note.~Scores used in the depiction of moyamoya ves-
sels are as follows: 3 = excellent (vessel segments
were clearly and continuously visualized, and vessel-
tissue contrast is high), 2 = visible {vessel segments
are visualized and adequate for a confident diagnosis;
but vessel-tissue contrast is not particularly high), 1 =
scarcely visible (vessel segments were visualized but
inadequate for diagnosis}, and 6 = not visible.

proximal portions of the anterior cerebral
arteries and middle cerebral arteries
{(MCAs), with the presence of abnormal
netlike vessels (moyamoya vessels) in the
basal areas (1). Leptomeningeal collateral
vessels from the posterior cerebral arter-
ies or transdural collateral vessels from
the external carotid arteries may also be
present (1).

With the development of magnetic
resonance (MR) imaging technicues, the
diagnosis of moyamoya disease with MR
imaging and MR angiography has become
possible (6). When ICA occlusion and
moyamoya vessels are demonstrated at
MR angiography, conventional angiogra-
phy is unnecessary, particularly in pediat-
ric patients (6). Interpretation of high-
quality images is crucial when diagnosing
moyamoya disease with MR imaging
without conventional angiography. Pre-
cise evaluation of abnormal vascular net-
works in the basal ganglia, in addition to
vascular occlusion, is essential for secur-
ing a definitive diagnosis of moyamoya
disease (6-8).

MR imaging techniques with 3.0-T
imaging have gradually become preva-
lent. Imaging at 3.0 T provides a better
signal-to-noise ratio, which increases
approximately linearly with constant
magnetic induction field from 1.5- to
3.0-T imaging (9,10). The T1 relaxation
time increases at higher magnetic field
strengths, and this produces improved
vessel-tissue contrast at 3.0-T imaging
(11-13). A better signal-to-noise ratio
and increased T1 relaxation time at
3.0-T imaging contribute to the im-
proved quality of MR angiography.
Furthermore, Willinek et al (14) dem-
onstrated that, in the diagnosis of cere-
brovascular occlusive disease, high-spa-
tial-resolution three-dimensional (3D)
time-of-flight (TOF) MR angiography at
3.0 T is superior to thatat 1.5 T. To our
knowledge, however, no reports have
focused on the comparison of 3.0- and
1.5-T MR angiography in patients with
moyamoya disease.

Thus, the purpose of our study was
to prospectively compare 3.0- and 1.5-T
3D TOF MR angiography in patients
with moyamoya disease, with special
emphasis on the visualization of moya-
moya vessels.

Study Design and Patients

A prospective study was performed
with 24 consecutive patients with moya-
moya disease (four male and 20 female
patients) between December 2003 and
September 2004. Moyamoya disease
had been diagnosed in all patients with
conventional angiography bhefore they
were entered into our study (6). The
mean patient age was 41 years (age
range, 17-66 years). Patients were ini-
tially suspected of having moyamoya
disease due to transient ischemic attack
or cerebral infarction (n = 14), intra-
cranial hemorrhage (n = 9), or inciden-
tal findings at MR imaging after a traffic
accident (n = 1). Of the 24 patients,
seven (29%) had not undergone any
surgical synangiosis procedure. Seven-
teen of the 24 patients (71%) had un-
dergone creation of a superficial tempo-
ral artery (STA)-MCA anastomosis
combined with encephalomyosynangio-
sis {n = 13) or encephaloduroarterio-
synangiosis (n = 2). All patients had
undergone regular follow-up. In these
17 patients, the mean postoperative du-
ration at the time of our study was 89
months (range, 7-288 months).

Study protocols were approved by
the local ethics committee, and all pa-
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tients provided written informed con-
sent before entering the study. When
the patient was a minor, additional writ-
ten informed consent was also obtained
from the parent.

MR Imaging

Our study was performed with 3.0-T
{Magnetom Trio; Siemens, Erlangen,
Germany) and 1.5-T (Magnetom Sym-
phony; Siemens) MR units. Circular po-
larized head coil arrays were used for
both MR units. The following parame-
ters were used for 3.0-T MR angiogra-
phy: 22.0/3.7 (repetition time msec/
echo time msec), 20° flip angle, 0.8-
mm-thick sections, 200 X 200-mm field
of view with a 512 X 208 matrix, effec-
tive voxel size 0of 0.39 X 0.96 X 0.8 mm,
and acquisition time of 5 minutes 51
seconds. The following parameters
were used for 1.5-T MR angiography:
35/7, 0.8-mm-thick sections, 20° flip
angle, 200 X 200-mm field of view with
a 512 X 208 matrix, effective voxel size
of 0.39 X 0.96 X 0.8 mm, and acquisi-
tion time of 6 minutes 21 seconds. The
repetition time and echo time could not
be matched because of the limitations of
specific absorption rate with the 3.0-T
MR system.

Image Analysis

Transverse and lateral maximum inten-
sity projections (MIPs) obtained with
3.0- and 1.5-T MR angiography were
independently assessed by two neurora-
diologists (Y.F. and Y.M., with 8 and 19
years of experience, respectively). Lat-
eral MIPs were reconstructed with data
from the ipsilateral hemisphere. To
evaluate the visibility of moyamoya ves-
sels under identical circumstances, we
evaluated only transverse and bilateral
MIP images instead of reviewing all the
angles of MIP images. The visibility of
moyamoya vessels was assessed and
scored as follows: 3, excellent (vessel
segments were clearly and continuously
visualized, and vessel-tissue contrast
appears to be high); 2, visible (vessel
segments are visualized and adequate
for a confident diagnosis, but vessel-tis-
sue contrast does not appear to be par-
ticularly high); 1, scarcely visible (vessel
segments were visualized but inade-

[ o8

from 1.5-T imaging were scored as 2 (visible).

f

Figure 1:  MIPs from 3D TOF MR angiography in a 58-year-old woman show moyamoya vessels (arrows)
from ICAs. (a) Transverse MIP, (b} lateral MIP of the right side, and (c) lateral MiP of the left side from 3.0-T
MR angiography (22.0/3.7). (d) Transverse MIP, () lateral MIP of the right side, and (f) lateral MIP of the left
side from 1.5-T MR angiography (35/7). Transverse MIPs reveal more moyamoya vessels on the right side
from the rightICA than on the left side. Moyamoya vessels from the right ICA are more clearly seen with 3.0-T
imaging than with 1.5-T imaging. On the left side, 1.5-T MR angiography shows slight and discontinuous
moyamoya vessels (arrowheads in d), whereas 3.0-T MR angiography shows fine moyamoya vessels (arrow-
heads in a) continuously and more clearly. MIPs from 3.0-T imaging were scored as 3 (excellent) and those

quate for diagnosis); and 0, not visible.
Readers were blinded to field strength;
discrepancies between the two readers
were resolved by consensus. A consen-
sus reading was required in one patient

for 3.0-T images (4.2%) and in three
patients for 1.5-T images (12.5%).

A particle-counting method was
used for source images from MR angiog-
raphy. With use of ImagelJ software, a
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Java-based image analysis program de-
veloped at the U.S. National Institutes
of Health (http://rsb.info.nih.gov/ij
/index.html), high signal intensity in the
basal ganglia of the anterior circulation,
which correspond to moyamoya vessels
(1), were manually selected and semi-
automatically counted by one neurora-
diologist (Y.F.). Image selection from
3.0- and 1.5-T MR angiographic data
obtained in the same patient was per-
formed simultaneously, as identical sec-
tion levels can be selected; this enabled
comparison of images obtained at 3.0
and 1.5 T. Image selection procedures
were performed with two personal
computers by using ExaVision Lite soft-

B,

as 2 (visible).

: d.

Figure2:  MIPs from 3D TOF MR angiography in a 49-year-old man. (a) Transverse MIP and (b) lateral
MIP of the left side from MR angiography (22.0/3.7). (c) Transverse MIP and (d) lateral MIP of the left side
from 1.5-T MR angiography (35/7). Images obtained at 3.0 T reveal prominent moyamoya vessels on the left
side (long straightarrows in a, arrows in b) and scarce moyamoya vessels on the right side (short straight
arrows ina). Images obtained at 1.5 T show moyamoya vessels on the left side (straight arrows in ¢, arrows in
d) but no apparent moyamoya vessels on the right side. Note that the posterior communicating artery (arrow-
heads inband d) and right ophthalmic artery (curved arrow in aand ¢) are visualized more clearly at 3.0 T than
at1.5T. MIPs from 3.0-T imaging were scored as 3 (excellent), whereas images obtained at 1.5 T were scored

ware (Ziosoft, Tokyo, Japan). Regions
of interest were carefully selected in bi-
lateral basal ganglia without including
any cisternal structures because major
branches of anterior cerebral arteries
and MCAs are located in the interhemi-
spheric fissure and sylvian fissure, re-
spectively. We determined the thresh-
old for the source images with MR an-
giography to make the brightest part of
brain parenchyma just black out to min-
imize the variances of the thresholds
and obtained the binary data from MR
angiography. The number of high signal
intensities and the summation of cross-
sectional areas of high signal intensity,
which correspond to the cross-sectional

area of moyamoya vessels, were ob-
tained for 3.0- and 1.5-T imaging.

Statistical Analysis

For statistical evaluation, scores for
MIPs obtained with MR angiography,
the number of high-signal-intensity ar-
eas, and the summation of cross-sec-
tional areas of high signal intensity were
compared by using the Wilcoxon
matched-pair signed-rank test with soft-
ware (JMP 5.0; SAS Institute, Cary,
NC). This was done because the Sha-
piro-Wilk test was performed for nor-
mality and the null hypothesis rejected.
A P value of less than .05 was consid-
ered to indicate a statistically significant
difference.

MIPs were obtained with 3D TOF MR
angiography in the 24 patients (Table)
(Figs 1, 2). MIPs from 3.0-T MR angiog-
raphy depicted moyamoya vessels more
clearly than did those from 1.53-T MR
angiography (P < .001).

The number of high-signal-intensity
areas in anterior circulations (anterior
cerebral artery and MCA territories) on
source images obtained at both 3.0 and
1.5 T showed that the number of high-
signal-intensity areas at 3.0-T imaging
was greater than that at 1.5-T imaging
(P < .001) (Figs 3, 4). Cross-sectional
areas of high-signal-intensity were
larger at 3.0-T imaging than at 1.5-T
imaging (P < .001) (Fig 5).

Our results demonstrate that moya-
moya vessels are better depicted with
MIPs from 3.0-T MR angiography than
with those from 1.5-T MR angiography.
More moyamoya vessels (in both num-
ber and cross-sectional area) were de-
tected at 3.0-T imaging than at 1.53-T
imaging. The particle-counting method
with use of ImageJ software has been
applied to cell counting in biologic stud-
ies (15,16). In our study, we used this
method in the postprocessing of MR an-
giographic data to assess moyamoya
vessels. This method may be useful for
objective and longitudinal evaluations

Radiology: Volume 239: Number 1—April 2006
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Figure 4:  Graph shows the number of moya-
moya vessels visualized at 3.0-and 1.5-T imag-
b d ing. The moyamoya vessels were counted semiau-
) . tomatically on MR angiography source images
Figure3:  Images obtained in a 58-year-old woman. Source images from MR angiography obtained at the obtained a}; the same I%vsﬂs.?\ﬂgre high—signgal—
same level at (a) 3.0 T (22.0/3.7) and (¢) 1.5 T (35/7). More high-signal-intensity areas in both basal ganglia intensity areas were seen at3.0 Tthanat 1.5 T
were seen at 3.0-Timaging than at 1.5-T imaging. The area of anterior circulation was selected and changed ' T

at1sT.

into binary data. The number of high-signal-intensity areas was calculated semiautomatically, and the total
number of cross-sectional areas of high signal intensity was calculated by using software. (b) Binary data
image obtained at 3.0 T shows more high-signal-intensity areas than (d) data from the source image obtained

because the number and cross-sectional
area of moyamoya vessels are provided.

Moyamoya disease is a rare cere-
brovascular disease. In adult patients,
intracerebral hemorrhage is one of the
most common complications at disease
onset (17-20). For patients with moya-
moya disease and hemorrhage, repeat
bleeding is the most crucial event that
affects quality of life (21,22). The mech-
anisms of repeat bleeding supposedly
involve rupture of moyamoya vessels.
Moyamoya vessels have a tendency to
contract; when that happens, the re-

maining moyamoya vessels receive
more pressure, which leads to vessel
rupture (18). Thus, observation of the
appearance of moyamoya vessels at pe-
riodic follow-up MR angiography is clin-
ically important (23,24). The results of
our study demonstrate that more infor-
mation about moyamoya vessels can be
obtained with 3.0-T MR angiography
than with 1.5-T MR angiography. This
enables more precise evaluation of
moyamoya vessels with regard to fac-
tors such as stenosis, dilatation, and in-
creases or decreases in number. Qur

study was a preliminary study that tar-
geted moyamoya disease. To our knowl-
edge, this is the first study in which the
visibility of moyamoya vessels has been
described at both 3.0- and 1.5-T MR
angiography.

One limitation of our study is that
most of our patients (71%) had under-
gone surgical treatment. After bypass
surgery (creation of STA-MCA anasto-
mosis, encephalomyosynangiosis, and
encephaloduroarteriosynangiosis), col-
lateral arteries develop from the exter-
nal cerebral artery and the amount of
moyamoya vessels decreases in about
50% of patients (8). In our study, only
seven patients had not undergone sur-
gery; thus, a more precise interpreta-
tion of our results would be to say that
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