ig. 10. Angiograms of an extracted dog heart.

ACKNOWLEDGMENT

This work was supported by Grants-in-Aid for Scientific Research (13470154, 13877114, and 16591222) and
Advanced Medical Scientific Research from MECSST, Health and Labor Sciences Research Grants (RAMT-nano-001,
RHGTEFB-genome-005 and RHGTEFB-saisei-003), and grants from the Keiryo Research Foundation, Promotion and
Mutual Aid Corporation for Private Schools of Japan, Japan Science and Technology Agency (7ST), and New Energy
and Industrial Technology Development Organization (NEDO, Industrial Technology Research Grant Program in '03).

REFERENCES

1. E. Sato, S. Kimura, S.Kawasaki, H. Isobe, X. Takahashi, Y. Tamakawa and T. Yanagisawa, “Repetitive flash

X-ray generator utilizing a simple diode with a new type of energy-selective function,” Rev. Sci. Instrum., 61,

2343-2348, 1990.

2. A. Shikoda, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T. Yanagisawa, “Repetitive flash x-ray generator

having a high-durability diode driven by a two-cable-type line pulser,” Rev. Sci. Instrum., 65, 850-856, 1994,

3. E. Sato, K. Takahashi, M. Sagae, S. Kimura, T. Oizumi, Y. Hayasi, Y. Tamakawa and T. Yanagisawa, “Sub-kilchertz

flash x-ray generator utilizing a glass-enclosed cold-cathode triode,” Med. & Biol. Eng. & Comput., 32, 289-294,

1994.

4. K. Takahashi, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa and T. Yanagisawa, “Fundamental study on a

long-duration flash x-ray generator with a surface-discharge triode,” Jpn. J. Appl. Phys., 33, 4146-4151, 1994.

5. E. Sato, M. Sagae, E. Tanaka, Y. Hayasi, R. Germer, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H.
“Ido, “Quasi-monochromatic flash x-ray generator utilizing a disk-cathode molybdenum tube,” Jpn. J. Appl. Phys., 43,

7324-7328, 2004. ’

6. E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Compact monochromatic

flash x-ray generator utilizing a disk-cathode molybdenum tube,” Med. Phys., 32, 49-54, 2005.

7. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, K. Takayama and H. Ido,

Proc. of SPIE Vol. 6319 63190J-6

-199—-



“Quasi-monochromatic flash x-ray generator utilizing weakly ionized linear copper plasma,” Rev. Sci. Instrum., 74,
5236-5240, 2003.

8. B. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Sharp
characteristic X-ray irradiation from weakly ionized linear plasma,” J. Electron Spectrosc. Related Phenom., 137-140,
713-720, 2004.

9. E. Sato, E. Tanaka, H. Mori, T. Kawai, S. Sato and K. Takayama, “Clean monochromatic x-ray irradiation from
weakly ionized linear copper plasma,” Opt. Eng., 44, 049002-1-6, 2005.

10. E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, S. Sato, K. Takayama, I.
Onagawa, “X-ray spectra from weakly ionized linear copper plasma,” Jpn. J. Appl. Phys., 45, 5301-5306, 2006.

11. T. I. Davis, D. Gao, T. E. Gureyev, A. W. Stevenson and S. W. Wilkins, “Phase-contrast imagimg of weakly
absorbing materials using hard x-rays,” Nature, 373, 595-597, 1995,

12. A. Momose, T. Takeda, Y. Itai and K. Hirano, “Phase-conirast x-ray computed tomography for observing
biological soft tissues,” Nature Medicine, 2, 473-475, 1996. ;

13. H. Mori, K. Hyodo, E. Tanaka, M. U. Mchammed, A. Yamakawa, Y. Shinozaki, H. Nakazawa, Y. Tanaka, T. Sekka,
Y. Iwata, S. Honda, K. Umetani, H. Ueki, T. Yokoyama, K. Tanioka, M. Kubota, H. Hosaka, N. Ishizawa and M. Ando,
“Small-vessel radiography in situ with monochromatic synchrotoron radiation,” Radiology, 201, 173-177, 1996.

14. K. Hyodo, M. Ando, Y. Oku, S. Yamamoto, T. Takeda, Y. Itai, S. Ohtsuka, Y. Sugishita and J. Tada, “Development
of a two-dimensjonal imaging system for clinical applications of intravenous coronary angiography using intense
synchrotron radiation produced by a multipole wiggler,” J. Synchrotron Radiat., 5, 1123-1126, 1998.

15. A. Ishisaka, H. Ohara and C. Honda, “A new method of analyzing edge effect in phase contrast imaging with
incoherent x-rays,” Opt. Rev., 7, 566-572, 2000.

16. E. Sato, K. Sato and Y. Tamakawa, “Film-less computed radiography system for high-speed imaging,” Ann. Rep.
Iwate Med. Univ. Sch. Lib. Arts and Sci., 35, 13-23, 2000.

17. E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru, S. Sato, K. Takayama and H. Ido, “Demonstration of enhanced
K-edge angiography using a cerium target x-ray generator,” Med. Phys, 31, 3017-3021, 2004.

18. E. Sato, A. Yamadera, E. Tanaka, H. Mori, T. Kawai, F. Ito, T. Inoue, A. Ogawa, S. Sato, K. Takayama, J. Onagawa
and H. Ido, “X-ray spectra from a cerium target and their application to cone beam K-edge angiography,” Opt. Eng.,
44, 096502-1-6, 2005. ’

19. E. Sato, E. Tanaka, H. Mori, T. Kawai, T. Inoue, A. Ogawa, A. Yamadera, S. Sato, F. Ito, K. Takayama, I.
Onagawa and H. Ido, “Variations in cerium x-ray spectra and enhanced K-edge angiography,” Jpn. J. Appl. Phys., 44,
8204-8209, 2005.

*dresato@iwate-med.ac.jp; phone +81-19-651-5111; fax +81-19-654-9282

Proc. of SPIE Vol. 6318 63190J-7

—200—



ST @WILEY
. InterScience®

OISCOVER SOMETHING GREAT

00s,

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

Bcl2 Enhances Survival of Newborn
Neurons in the Normal and Ischemic

Hippocampus

Tsutomu Sasaki,’ Kazuo Kitagawa,' Yoshikx Yagita,' Shiro Sugmra,

Emni Omura- Matsuoka
Yoshihide Tsujimoto,” and Masatsugu Hori'

Shigeru Tanaka,' KOhjl Matsushita,’ Hideyuki Okano,”’

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

of Medicine, Osaka, Japan

2 e . . - . .
“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 neurcnal lineage,
and ischemic insult promotes hippocampal neurogene-
sis. However, newborn 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 regions 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 bcl-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-bel-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 il genomic DNA. The
amount of Bcl-2 expression in wild-type and NSE-b¢l-2 trans-
genic mice were evaluated by Western blotting.

Bromodeoxyuridine Labeling Protocols
and Immunohistochemistry

To quantfy and evaluate the phenotype of newbomrn
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 pertused with 4% paraformaldehyde (PFA). Brains
were removed and fixed in 4% PFA at 4°C.

Next, we used NSE-bd-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-
nation of newborn neurons, mice were decapitated 30 days af-
ter BrdU administration.

Each tssue block was embedded in parathins. 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 pum beginning 1.4 mm caudal and
1.9 mm caudal to the bregma. In the hippocampus, the granu-
lar cell layer (GCL) and SGZ, defined as a zone two cell bodies
wide along the border of the GCL and hilus, were considered
rogether 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 antbody, 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-B-
tubulin III antbody, 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-
tons were incubated with appropriate secondary donkey anti-
bodies conjugated to FITC or rhodamine (Chemicon, 1 : 200)
tor 90 min at room temperature, and visualized or photo-
graphed with a confocal microscopv system (Zeiss LSM-510).

TUNEL Staining

To idenufy cells apoptosis, TUNEL labeling was carried
out. Brain was removed rapidly en bloc and quickly frozen in
liquid Ny vapor. Sections 14 um thick were cut on a cryostat
and post-fixed in 1% PFA for 10 min. The Apoptag Fluores-
cein In Situ Apoptosis Detection Kit (S7110; 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 applicaton of a rat monoclonal ant-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, 1.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 dme-point 1, 4, 7, 14, and 30 days
after BrdU administration).

Western Blotting

Samples of the hippocampus and the cortex of both
INSE-bcl-2 transgenic mice and wild-type littermates were iso-
lated. Proteins were separated by SDS-PAGE and transferred
electrophoretcally 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).

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 1. Temporal protfiles 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 secuion (Z-distance = 10 pm) (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 identity newborn neurons, BrdU (100 mg/
kg, i.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

Journal of Neuroscience Research DOI 10.1002/jnr
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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-
raining 10% fetal calf serum. Twelve hours after seeding, the
medium was changed to neuro basal medium supplemented
with B-27 (Lite Technologies), t-glutamine, 100 TU/ml peni-
cilin, and 100 pg/ml streptomycin. Cells were cultured at
37°C in a humiditied atmosphere of 95% air and 3% 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”.
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Statistics

Data in the text and figures were described mean * SD.
Multiple comparisons were evaluated statistically by the analysis
of variance, followed by Scheffé’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

7

Fig. 2. A: Double-immunofluorescence
staining of BrdU/Msi-1, BrdU/DCX,
BrdU/Tujl, and BrdU/NeulN 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-

14 21 30

tex ; lane 3, hippocampus; lane 4, cortex.

DaVS after BrdU D,E: Time course of human Bcl-2 im-
o munoreactivity in BrdU-positive new-
admiﬁistration bomn neurons. Right insets in (C) show

confocal images for BrdU (red) and Bcl-2
(green) from NSE-bd-2 transgenic mice
D) (n = 5). Scale bar = 20 pm (A),
10 pm (B), 30 um (D).

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, 12.3 = 8.4, 87 = 4.3, 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, Tujl for immature neurons, or NeulN 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

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 3. Bcl-2 overexpression enhanced
survival of hippocampal newbom neu-
rons under normal (A) (n = 7) and is-
chemic conditons (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: Quandfication 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 =
32.9, 68.2 = 13.0, and 38.7 £ 13.1/mm’; 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).

Joumal of Neuroscience Research DOI 10.1002/jnr
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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 bcl-2 in NSE-b¢l-2 transgenic
mice was augmented significantly compared to that in wild-
type. Human bcl-2 protein was detected only in NSE-bcl-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
Becl-2 in NSE-bd-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. 2Bb, 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 difterences 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-be-2
transgenic mice (18.5 * 8.0/mm?) and w1ld-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 administration, The numbers of BrdU-
positive cells were 4 5+ 3.5/mm” in wild-type littermates
and 9.5 = 7.1/mm? in NSE-bd-2 transgenic mice (Fig. 3A).

Bel-2 Tg

Fig.
bcl-2

tion

4. A: We examined the effect of

overexpression on the differentia-
of newborn neurons. B: Total
volume of cells in the hippocampal
CAL1 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 um (B), 100 pm (C).

Compared to the values obtained at Day 1, the number of
surviving BrdU-positive cells was greater in NSE-bcl-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 NSE-bcl-2 transgenic mice
(100.5 = 21. 1/mm?) and wild-type littermates (110.9 *=
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
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 newborn
neurons had fragmented and condensed
nuclel (arrowheads) (O, right insets, bot-
tom panel). Q-8: 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-bcl-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
newborn neurons.

Under both conditions, no significant differences were
observed in the percentages of BrdU/NeulN 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 CA1l sector in the 18-month-old mouse.
On the other hand, the total volume of cells in the DG in
INSE-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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BrdU-posidve cells (N) at 30 days (n = 8).
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= = magnification confocal images are shown
2 =] for Tujl (green) and BrdU (red) of cul-
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8 30 2 360 cured primary hippocampal neurons from
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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-bcl-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
Twl 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-

tet
tin structure (Fig. 5M-P, arrows). Some of newborn

%
b
2

*P < 0.05 vs. control. Figure can be viewed
in color online via www.interscience.wiley.
com.

Yo

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-bd-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, 362 £ 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
INSE-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 bel-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-bd-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 DNA 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 Bcl-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.

ACEKNOWLEDGMENTS

The authors thank A. Kanzawa and S. Higa for
secretarial assistance. T. Sasaki is a research fellow of the
Japan Society of the Promotion of Science.

REFERENCES

Abe-Dohmae S, Harada N, Yamada K, Tanaka R. 1993. Bcl-2 gene
is highly expressed during neurogenesis in the central nervous system.
Biochem Biophys Res Commun 191:915-921.

Adams JM, Cory S. 1998. The Bcl-2 protein family: arbiters of cell
survival. Science 281:1322-1326.

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O. 2002. Neuronal
replacement from endogenous precursors in the adult brain after stroke.
Nat Med 8:963-970.

Bauer S, Patterson PH. 2005. The cell cycle-apoptosis connection revisited
in the adult brain. J Cell Biol 171:641-650.

Bayer SA. 1980. Development of the hippocampal region in the rat. I.
Neurogenesis examined with 3H-thymidine autoradiography. ] Comp
Neurol 190:87-114.

Chen J, Graham SH, Nakayama M, Zhu RL, Jin K, Stetler RA, Simon RP.
1997. Apoptosis repressor genes Bcl-2 and Bel-x-long are expressed in
the rat brain following global ischemia. J Cereb Blood Flow Metab 17:
2--10.

Fujioka T, Fujioka A, Duman RS. 2004. Activation of cAMP signaling
facilitates the morphological maturation of newborn neurons in adult
hippocampus. ] Neurosci 24:319-328.

Gould E, Cameron HA. 1996. Regulation of neuronal birth, migration
and death in the rat dentate gyrus. Dev Neurosci 18:22~35.

Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH. 2003.
Early determination and long-term persistence of adult-generated new
neurons in the hippocampus of mice. Development 130:391-399.

Kitagawa K, Matsumoto M, Tsujimoto Y, Ohtsuki T, Kuwabara K,
Matsushita K, Yang G, Tanabe H, Martinou JC, Hori M, Yanagihara T.
1998. Amelioration of hippocampal neuronal damage after global
ischemia by neuronal overexpression of BCL-2 in transgenic mice.
Stroke 29:2616-2621.

Liu J, Solway K, Messing RO, Sharp FR. 1998. Increased neurogenesis in
the dentate gyrus after transient global ischemia in gerbils. ] Neurosci
18:7768-7778.

Martinou JC, Dubois-Dauphin M, Staple JK, Rodriguez I, Frankowski H,
Missotten M, Albertini P, Talabot D, Catsicas S, Pietra C, et al. 1994.
Overexpression of BCL-2 in transgenic mice protects neurons from
naturally occurring cell death and experimental ischemia, Neuron 13:
1017-1030.

Merry DE, Veis DJ, Hickey WF, Korsmeyer SJ. 1994. bcl-2 protein
expression is widespread in the developing nervous system and retained
in the adult PNS. Development 120:301-311.

Pencea V, Bingaman KD, Wiegand SJ, Luskin MB. 2001. Infusion of
brain-derived neurotrophic factor into the lateral ventricle of the adule
rat leads to new neurons in the parenchyma of the striatum, septum,
thalamus, and hypothalamus. ] Neurosci 21:6706-6717.

—209 -



1196 Sasaki et al.

Sasaki T, Kitagawa K, Sugiura S, Omura-Matsuoka E, Tanaka S, Yagita Y,
Okano H, Matsumoto M, Hori M. 2003. Implication of cyclooxygenase-
2 on enhanced proliferation of neural progenitor cells in the adult mouse
hippocampus after ischemia. ] Neurosci Res.72:461-471.

van Praag H, Kempermann G, Gage FH. 1999. Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat
Neurosci 2:266~270.

van Praag H, Schinder AF, Chrisde BR,, Toni N, Palmer TD, Gage FH. 2002.
Functonal neurogenesis in the adult hippocampus. Nature 415:1030-1034.

Yagita Y, Kitagawa K, Ohwsuki T, Takasawa K, Miyata T, Ckano H, Hor M,
Martsumoto M. 2001. Neurogenesis by progenitor cells in the ischemic
adult rat hippocampus. Stroke 32:1890-1896.

Yamaguchi M, Mori K. 2005. Critical period for sensory experience-
dependent survival of newly generated granule cells in the adult mouse
olfactory bulb. Proc Natl Acad Sci U S A 102:9697-9702.

Young D, Lawlor PA, Leone P, Dragunow M, Durng MJ. 1999. Envi-
ronmental enrichment inhibits spontaneous apoptosis, prevents seizures
and is neuroprotective. Nat Med 5:448-453.

Journal of Neuroscience Research DOI 10.1002/jnr

—210-



3 e H“’ﬁe—,ﬁn% Eﬂn Up to Date

i

VI ML PR B 2
— R ERRIEE Z E Thhoizd—
—R

BB % (Ischemic Tolerance) (&, Bl HE)

WaMzTEERIZNb S $“&%m&1mh% M

§
Iz

=
=
5

TP S5 508 TH B

WEHHOBICBETH Y. 50 LOBEORNA

T L P TR L 0k

MR T H M OME T B 08 ) IS SIS EE 2TV 578 %m$Wimwﬁﬂaw%w EQAEiEE 1)

VAo 7 2 oA b RBuMEERHT VD%I'M BB TR IS & A U 2l el 2 & 0

HEEREE L CHRECH L. BB 2]

G e a N D IEN R B

A BN OIREOEREFEDL L THA 7’;‘;?:?% . Gkl

OO MY & U CRIURTT T ol T/Ln” V) BlE~t sh e 2 Lk sh .

F—T7— N e, i,

M RKMEORN

Ak, HECE - TEMLHJZL BB Iz 5
A TFOEE TR LML E > TIEA ML AL &

Emﬁf%mifb<t.M&ﬁdﬁmuﬂ¢%m
Pk R L5l ZoBS % i sg

EIFATWS (B DY, Bl PEsand, w5 3E8ae
Emm%mféuﬁm%i&%mmm R E o@l’éiﬁf:’»’i 1 H
DLEZET B8N D DRI 12 BT 5. 4%
&, WALI, Ty o8RBTV E
Tk CAL SEIR O T o R i PR3 & o 47
DIORSNIzH. ZOH, — SRS LE 7L Tl
Eofboss, AFEE ST REE2 S5
BENTVS, PARBRMEETATLD S LD
FIREH oo H KB ENIR P28 2 07 L T < & iy il
TR AL SO LHMI? F A ALHATHZ L
WO o727 S 5 ITEREMELHNE L~V T 3 R
%-ﬁfw:—zhﬁ@ﬁcbwc?mﬁgmﬁh%
MZTBL EEZDOBITNb B REIHT P&
BT AHEPHSMIINTWAEY, FEKEBEAN,

RIRREE R IR S R Fe R AR 2
T565-0871 WCHITTILM E 22
Ak 1 06-6879-3634 7 7 v ¥ A : 06-6878-6574

st v 5 —)

RGBT 18 © 78~84. 2006

MEMLA N VA, iz Pas s, e

BEALZ b vzfuw
F (LPS) #4557,

necrosis factor of. interleukin 1p %4~
WD

SHEERWE )RRV 54
A P A A v TH B Tumor
. TCAH A Z
s TdH B 3-Nitropropionic acid #%5, B4
il 3% (Cortical spreading depression) ’%{@ﬁ“ [P
LY. TOBRIIMDZENAN (BRI &
U RINEIIRIZEE 7 0) ST AW AR ST A S
ELHRWTHE SN Z7OA ML Ty A ESRTW
Ho 7OAMLT Y AIBWTLHAMIENELED
24 ERI DL LA & » T ?JH%J‘} TEIGWVE x‘ij%& % 1
TELRVETHHENS . JUAMLT L AILLD
ML S5 2 BB R M e L h 2 hunl
BWE D, BRI D > TRMAMSEMAZTH
KT ERTET, FEMHY I 2k EFHET 5%
ERAWHEORMIEE W HTIZEHENS

ZOEH IR THE SN S RIEEI &I, WaN
POBEMNETCOMMIAULEET A0S
. #EF, BERHERBBAALAERHRLEZEZ ON
BA5 LEERMTRSNDHEMD S 1 FEEDWNIZE
BENDLRETFHEIEN S 2 CHEISB S OME b ME
HEF N Sl O EE R LR TGS h
TWwb,

—211 -




3. BN RSB EE S F Thholoh—

SPE

H

1. BRI
A, Bl A I W HRRHIENIR 5 M ZETRER 7 H B IS B 2 HBUNMER G A CH 2 btk
Bzl ToRERGHEERT. Blds oA L2 Hillc 20 Mo RBoEr BN 2 L s
WeB R AL I TR CAL AL HICHE L Ty A0l L, o500
25O RIET 2 A Tl &R CAY MRS 2484 L, SR IB I & F LEET 5.

C. DFEMEEZMEE L7227 v MEBIEICE 5 HSPT0 (C), HSPLI0 (D) ol
TART. B RS LA AR T HSP70, HSPLI0 i a2 i 5.

2. BMWERROASFEIECET 5HE

IR, BEER F T2 immediate early gene
(IEG), B2 3 v 7 B E QBB THBS A L, R
THEEMAS 2, 3 EICP THREEY A by A4 v
Nagead Wy, FHUM - LB REMEE L &N
R, WA=, B2 773V —REDTHEI—3
AR, MERERT 2 oM ETRBEIRE D
. ¥H P matrix metalloprotease (MMP) 7 &
7u 57 — YRS {ET, transforming growth factor
B (TGF-B) % L ORMEABEHERE T ORI A LR
59 INOLMEBETFHEID) BEEETA ALV, K
EMGERER, TR -V ABEEETRREIRTO %K
FESUG R MBIE OB E B 5 Z LI & b Al
EHBESICEELTwE L, ToF T — YR
2F RN T OIMAE N B BE S, LR B P e 2 L2 B
HoTWhEEZOLNL, BRMMEHASL PR S
oEENE, RN TORY 3 v 2 BEHE (HSP) & i
WS L OBESHIZE S Nz B2 FE A LD
70 JEFIE Y 2 5 B AT T b HSP72%, HSP110 (¥
D7 HSPAO* 2 X L ETHEMEOR F L ABAED
BHLTCWDL I EAREN. TPBILEE M-
SODY™, 7R b — ¥ ZHPHIEHEF Bel-2™ 25T 1 % HE15
T AN 2 BB BRI ASRE I L L
HINTWE, S HTARRMNEE S BT 5 598
WY1 b A v SHEBEEERT. A A —ET R D

MR LI % 353 5 JEESEIY 2 R I B B2 1B S h
THBYENLOFHELIHT 2 L MR L RS T 5
7D EMEO—#EE > TwD EEbh b,

i % OFEFRBOMEIMA T, #ETFHRB2H
LGN T LNV TORFE L EATETS (H2).
Biayv s BHBEAFUT LY 3 v 7 HF (Heat
sheok factor : HSF), =YW 20Kz ¥, MBWNELE
58 Id F (Vascular Endothelial Growth Factor :
VEGF) % ##E 3 2 KB #2554 KT (Hypoxia-inducible
facor : HIF), TNF-o. IL-1B 7% &48EMY A b A
% #5383 % Nuclear factor xB(NF-xB). c-fos, Bcl-2,
MM A a2 N F (BDNF) % &% %#E 9 5% Cyclic
AMP-responsive element binding Z8F (CREB) 7 &
WEMERIZ L D XTEEIL SN G, wThoif
PAL & BRI E % 3538 5 A JEEIEM 2R A T %
WZHALNAEZENHELNILE > TWAE*®, CREB
EEHRAIMR TR T A =2 A X AL R
B9 5 MR R PRI G L S s T EAVRE
OB TH Y Y ELSTCET AR EN TV
A, FEHEHFEIRMM TIECREBY Y BILIZIRWT
CREZNL7-#ETEAIRIZILEHL N
L, CRE &/ L 7-# {5 FHRBE LT 5 & M
TNy I Y EBHEEVE®RT LI L 2R L%,
2 HIZCRE # A LR FREGHEMEO AL 5
TIMENEHE, 7AMaYy 4 b FYIFy Fay
AMTHIHEBT LWL PICLAY. Lol
5 RIS 21 CREB ik, 78 b—2

—212 -



WERRE 185 H2%

VEGF

EREANLA PO

L IGF
—— \
BRI AHA
G \ (TNFa, IL-17%&)
REETFI/B
ZFLR \ nsr

BDNF

BCL-2

B2 HBIOAMNLRAEBREFREOME

BIA MV RGREEBEZAMN R, BLAMNL X, &
BH7I/BAMLAIKHEINDIEELZONE, £ b
VAWK LTEE LTERILENAEERTF F0EEHRE
FILL o THRBFNET AAEF 2 REATRLA, HIF:
Hypoxia-inducible factor, NF-«B : Nuclear factor kappa B,
HSF : Heat shock factor. CREB : cyclic AMP-responsive
element binding protein. VEGF : Vascular endothelial
growth factor, EPO : Erythropoietin, IGF : Insulin-like
growth factor, TNFo : tumor necrotizing factor o IL-18 :
Interfuekin 1B. HSP : Heat shock protein, BDNF : Brain-de-
rived neurotrophic factor

AHHEETF BCL2 BER/A AN I 5% CRE 72
AFTVITR7LAF FLRENERSIZL ) BEIH T
EBEDEESASNEVI EEFFRLTWAL™ 1o
BEEET L LT HIF-lo B, ABREGEM O
HEWIIBT 5 —HIESIRMAE, BBEZEATEF VIS
BUSBMHEEERIEECHLIZLPREATY
5% REBEOCEERTTHSH NFxBIZ2WTIE
Tolklike Z&FE, T4 M4 Y RICEBHABAEHRE
EOBETREMEATHAS®, LPSEIZLHELE
FEZEREUL Tolllike EHEMEMH L T, REMEY A
ALY, HBERTFORHEY A URKERGEEET S
&I MBAFEREECIRIRT, WEMEYA ba
1 Y EZEBREROER, KIEHHES A o1 v oRBE%E
AL THRETHHTE2 70— Fw 7 2z Edbd
B, FIIULRAEENIMb> THERRALSNDIETD
RIERICVHIH S NABREENFERINLLEL SN
Twb,
CIHETRMLFEDST A =X L DBHD D
KCeDNAF vy 723 LD E LABEFEELTHLR
T &7, Simon 5D F N —T7%, <7 AP KMEIRE
ERERETVAHCCEREELEN. EEEME
W BREENENRCEEENEBFEMA TR
BEFRERTOUI A NBRBR LA b 34
TORAESHIEET 2EETF IR, S5ICE
EEMRMRICEERMSM LM M TRERLA
VPR TT5BEFOEIIDNENIEEFRLE (F

gmE
DHE
& Y0
= :
‘”N}j 2577 i
° GA@% 25 ] =28
4 :
:ﬂ 25—+ i HESH
tﬂﬁ B2REF
& SRR
s BE o anaw
BE  HNEE Pie— AoD— EHRARn +
womE La ia HRMRMAT

BEBOEE

B3 HBILX LRSS L BEFER
A BINBBOBELREAREEDY 2 —< 15
RIS CEETHIHERI I SEELREX
Wik, FEEFEMTIEH AN AL AL 2D S AREDE
BEMMD 2 &, AN EET L. =
MAZEATEL 25 &, EHAIZE 4 B EFRE
ERNCE TRV ATERTALIIIARD.
MERDE T REFRREERT
O—3 2 (W) OEBTIEL TV,
B:BmEERN, BmmAEES T TDNAT S saT7 LA
T HWEETFRE OGRS
= AP RMNERIRE - IR ST 15 Gl (GERGE
RYIEMERT), 60 4l (BREAYEMAR). 15 Sl an
WA 73 HIRIC 60 7B iin GEEUEAYEIM + BUEMBIn &
) 2 MA Tz 24 BB SISO HEZFRE L DNA =4
7a7 LA THREL, BESHENLAEEFR BER
A U 7215 F 808 7R L 72 Stenzel-Poore © D5 £ % 7R3
HEEOBMAMN T EFIERy. HIEH = Mo BEREM
FRTREFEFS o208 LT, B EE TS
FEBEMEMRBEMA 2 L BEISRST 58EF 8
ML Twa.

{x

ok K
N
7
4
=

DB, AT bFT U AR—F— RERICHE
BETLBEFREAMPETLTCEY, LR o Tolkike
FEERENLT 4= F8y 7L L COSEMH
HFoEE, EH L SEEL TH Y EREW.
SHITHERES) THRE L KTANaHAS FOE
MHEERICBTA2HEECIOVWTI®RF I TY
BEY T2 Ot A MIBBELTWA LY I VEEE
WHATe/zbD h 5 v AR -7 — (EAAT2/GLT-1).
Frov 7RHEEEE (AT V). TIOTRIY. T
Abad A PTORERET A MH AV HSP. €04
Y.UNVE I VERBERY FORESELE~ES
LTWBIEPHESIN TS,

3. EMH4ICHBHLIRENDIEY VX
EMAAEHEPERRZT TR BRAB THLHE

INBHERDHE, TOBRMERIINSES. 2000
FIHLN—BEMELNRET 28T, £5T

—213-



3. EME RSB EREEE I F Thh o o h—

100 4

P=0.014

36.5 mi

59.0 %

TR SRR %

BEAERE, T2 (m)

Tiafl TIABHY Tiafl TiasY

4, TR ZER T o I 2

FEHRE 2B MRI 2 IR L 2 7265 B0 5 & FHige %
g BN A HT, —BRE e (TIA) 27
L7z 16 B & RTBR L v 49 Bl BT o, BTk FAE
i GHEMLE) BX U3 ~7 HBO T2 B EL TOR
B 4 X% Ry, BRAAMBE TN TEN VD, T
FESEH 4 Zid TIA ZATBR L 2Bl a5 5 <, TIA A%
MEEEFE L b0 EZSND.

WA TR E 2SR S 0 5 & v ) Hid A
RATHRINTWE (R 57 FHEDNON
B ODEERERES T 7 U — AR R Tk
MM FEVERE DFRAF MR A D & TV O I 529 A
ZHHEN L, — BRI L3R & P 226 Cld it
O TNF-o IEFE W EHE S, MELOEM
KT BINEDHL LT IIENET 4 F 74 VBN &
H570AMLT Y AOERLMb-> T3 b O & HHE
2.

EILIT PR D B FEDRKD My 7 ZIFALHRIC
PhbhEIREEABROERTHA ). RMFRT CHEE
ARHER L ARV CHET LELT 5 ¥ v ) A4 RM T
A LRI ls s Twv s 25
Kondo 5@ 7V — 72 & ) & RICHEERGICE H 5 &K
HE. Hibernation-specific protein (HP) O R & &R
BRI IS B AN E B OISR RE IR TRY
ZMRICEE LR VB E# 2 55 HP I & B
FOBIGHEESHS 205 I EFHEI ALY,

F B MLCAE S BRI ERTE C O MIS B O TR b IR
IO CEETH L. © MNEEEFTIE da0
Bl ZEPRREEIRDHE L CTH T o2 ERE S
BL BT — 256 & A I & S5 # 7%
WEPER S NEGE R L EEL Ty — AT T4
Thb. ZOBEEFELREE KRR E N LM
ITHOGERBEOETHE SN, MEMEI MR~ 2R
Z o T BHEITMAIMATIEAY & < 3% U L Eay kil
LARVHPEETH DO L, BRFAVEL ) fK
TREIIR % PAZE L 7235 A I B MATRR 255832 L T e

A

C SR (mm)
Ve

Day0  Day! Day4

Day14  Sham Day28

5. PRPEIKHESE TIC B0 2 MRLLITIRORE I L 5Bl
[Ree e
O AOPRNBIRAK AR T VTR, KIREEE, AR
SRR SEHZHESMER SN S (A) 0L T,
H o Lo 2 M HREEIRE SR80k

{BIRMZEZ 0. 1, 4. 14, 28 HIC
oo E oM RINBIRM &G OMEY 4 X273, &
SHBINRPAZE 14 F7213 28 H IR RIEEIRMEX 17 &
HEIEH A XA SIIIRPAZESI I L IS HD 35 o
BEEND.

W DITEIMBREAEE & 2%, SEHEL HERL N
VTZOWEEFEBT 5O PREEIIR 2 &k AR
THHENCH S0 Lo RO RSENIR 2 #% U Clxiige
A ZRBELL A, REBIRES 2 HBUET
RO REEIIRE FIZE L -Bo, BELE L L
RIENZFOBOMBEMNEFEE LR, WELEY L X
bMiNTAZEEFWSICLE (F5Y. oL LO
PR R RHERIREBICE L TB 2 &tk ), &R
ZEREOMBENMATEE) & < & LN OBEEISBRHL S
N-boLfmans, MERECHE) BRLTHRD
MR TRBMEFVTHEATED, IEHELIZR
7 AR, Arteriogenesis, KN TE Y. Bithk
OHEBIROBEIBEEIN TS, HEIMITHE L
W BRSO NREEIS B S % S 2L ELND 5
EEZOLND.

BhiIZ

Fix Il € 5V CEIEE S N 5 i P B 4 A A
Mg, 7AbratA b, MERETOBESHES 2 Sk
ZERETOINEDHS»EZ b, FOE5OREIR
HAOAEBEFIZI-TELRELODEEZLNS. B
ZHOKRMAPLAE V) b OMMKEERA P LA, B
LA VA, BBET I VBRI L AL AR Y

—214 -



BERAH #£18% H25

DRELEDOTHZZEEFRMLTE202E LA
v, MG B & T o B MR RS AR R R
AR BB ILE 7L T b —B M s iR I 7 L TER
BRI LG SR I TR TR OFEIEDRPT WV
LEZ OIS, WA TORNMMERERICIZAES
BOFERLEZSNTELI LY I VEBESER
(NMDA Z&MK) ORI E /- L7z Akt idH{bBEET
HHEDHREVL R INTHBY, MEMAETORMERE
BEBIIEMOA L S THOMRMMIES X 7358
ORI BEI LA E L SN 5. NABImT

rEELZBERACOECES, FRELEECED
HET (XFRMERT) 2E0EKEZELT, 08
BOKELIHSLPIZE N, SEEBICS U2 R G
EPEEENL I EPPYEEINS,

X ®

1) Kitagawa K, Matsumoto M. Tagaya M, Hata R. Ueda
H, Niinobe M. Handa N. Fukunaga R. Kimura K,
Mikoshiba K. Kamada T :Ischemic tolerance phe-
nomenon found in the brain. Brain Res 528:21—24.
1990
Kirino T. Tsujita Y. Tamura A :Induced tolerance o
ischemia in gerbil hippocampal neurons. ] Cereb
Blood Flow Metab 11 : 299—307. 1991
3) Chen ], Graham SH. Zhu RL et al:Stress proteins
and tolerance to focal cerebral ischemia. ] Cereb
Blood Flow Metab 16 : 366—3577. 1996
4) Bruer U, Weih MK, Isaev NK. Meise! A. Ruscher K.
Bergk A, Trendelenburg G. Wiegand F. Victorov IV.
Dirnagl U:Induction of tolerance in rat cortical neu-
rons : Hypoxic preconditioning. FEBS Lett 414 :117—
121, 1997
Kitagawa K, Matsumoto M. Tagaya M. Kuwabara K.
Hata R. Handa N, Fukunaga R. Kimura K, Kamada
T : Hyperthermia-induced neuronal protection against
ischemic injury in gerbils. ] Cereb Blood Flow Metab
11:449—452, 1991
Ohtsuki T. Matsumoto M, Kuwabara K. Kitagawa K.
Suzuki K. Taniguchi N. Kamada T :Influence of oxi-
dative stress on induced tolerance to ischemia in ger-
bils hippocampal neurons. Brain Res 399 :246—252.
1992
Tasaki K. Ruetzler CA. Ohtsuki T. Martin D.
Nawashiro H. Hallenbeck JM: Lipopolysaccharide
pre-treatment induces resistance against subsequent
focal cerebral ischemic damage in spontaneously hy-
pertensive rats. Brain Res 748 : 267—270, 1997
Nawashiro H. tasaki K. Ruetzler CA. Hallenbeck JM:
TNF-alpha pretreatment induces protective effects
against focal cerebral ischemia in mice. ] Cereb Blood
Flow metab 17 : 483—490. 1997
Ohtsuki T. Ruetzler CA, Tasaki K. Hallenbeck JM:
Inteleukin-1 mediates induction of tolerance to global
ischemia in gerbil hippocampal neurons. ] Cereb
Blood Flow Metab 16:1137—1142, 1996

[o%]

(&}

sty

6

-~}

o]

o,

—215-

10

11)

13)

14)

—
&3}

16

17

18

19

2

24)

Furuya K, Zhu L. Kawahara N. Abe O, Kirino T: Dif-
ferences in infarct evolution between lipopolysaccha-
ride-induced tolerant and nontolerant conditions to fo-
cal cerebral ischemia. ] Neurosurg 103:715—723.
2005

Yanamoto H, Hashimoto N, Nagata I, Kikuchi H:In-
farct tolerance against temporary focal ischemia fol-
lowing spreading depression in rat brain. Brain Res
784 :239—249, 1998

Atochin DN, Clark J. Demchenko IT. Moskowitz MA.
Huang PL:Rapid cerebral ischemic preconditioning
in mice deficient in endothelial and neuronal nitric ox-
ide synthases. Stroke 34 : 1299—1303. 2003

Meller R, Cameron JA. Torrey DJ. Claywon CE,
Ordonez AN, Henshall DC. Minami M. Schindler CK.
Saugstad JA :Rapid degradation of Bim by the ubi-
quitin-proteasome pathway mediates short-term is-
chemic tolerance in cultured neurons. ] Biol Chem
281 : 7429—7436, 2006

Kirino T :Ischemic tolerance. ] Cereb Blood Flow
Metab 24 :212—223. 2002

Dirnagl U, Simon RP. Hallenbeck JM :Ischemic toler-
ance and endogenous neuroprotection. Trends Neuro-
sci 26 : 248—254, 2003
dehi—3% Bl o wmiE
135142, 2004

Yagita Y. Kitagawa K. Ohtsuki T. Tanaka S. Hori M.
Matsumoto M : Induction of the HSP 110105 family
in the rat hippocampus in cerebral ischemia and
ischemic tolerance. ] Cereb Blood Flow Metab 21:
811—=819. 2001

Tanaka S. Kitagawa K. Ohtsuki T. Yagita Y. Taka-
sawa K. Hort M, Matsumoto M : Synergistic induction
of HSP40 and HSC70 in the mouse hippocampal neu-
rons after cerebral ischemia and ischemic tolerance in
gerbil hippocampus. ] Neurosci Res 67 : 37—47, 2002
Kato H. Kogure K. Araki T. Itovama Y : Immunohis-
tochemical localization of superoxide dismutase in the

LEEF oFEnES 3

hippocampus following ischemia in a gerbil model of
ischemic tolerance. ] Cereb Blood Flow Metab 15:
60—70. 1995

Shimizu S. Nagayama T. Jin KL. Zhu L. Loeffert JE.
Watkins SC. Graham SH. Simon JP:bcl-2 antisense
treatment prevents induction of tolerance to focal
ischemia in the rat brain. ] Cereb Blood Flow Metab
21:233—243, 2001

Cho S. Park EM. Zhou P. Frys K. Ross ME. Iadecola
C: Obligatory role of inducible nitric oxide synthetase
in ischemic preconditioning. ] Cereb Blood Flow Me-
tab 25:493—501. 2005

McLaughlin B. Harnett KA. Erhardt JA. Legos JL.
White RF. Barone FC. Aizenman E : Caspase 3 activa-
tion os essential for neuroprotection in precondition-
ing. Proc natl Acad Sci USA 100:715—720. 2003
Bergeron M. Gidday JM. Yu AY. Semenza GL. Ferri-
ero DM, Sharp FR: Role of hypoxia-inducible factor-1
in hypoxia-induced ischemic tolerance in neonatal rat
brain. Ann Neurol 48 : 285—296, 2000

Blondeau N, Widmann C, Lazdunski M. Heurteaux C:



25)

26)

o~
=~

28)

29}

30

31

~—

32)

3. IRMEEHRE R LI REE L 2 F Thh o o

Activation of the nuclear factor-kappaB is a key
event in brain tolerance. | Neurosci 21 :4668—4677.
2001

Mabuchi T, Kitagawa K, Kuwabara K, Takasawa K.
Ohtsuki T, Xia Z, Storm D. Yanagihara T, Hori M,
Matsumoto M : Phosphorylation of ¢cAMP response
element-binding protein in hippocampal neurons as a
protective response after exposure to glutamate in vi-
tro and ischemia in vivo. ] Neurosci 21:9204—9213,
2001

Sugiura S, Kitagawa K, Omura-Matsuoka E, Sasaki T,
Tanaka S, Yagita Y, Matsushita K, Storm DR, Hori
M :CRE-mediated gene transcription in the peri-
infarct area after focal cerebral ischemia in mice. ]
Neurosci Res 75 :401—407, 2004

Hara T. Hamada J, Yano S, Morioka M, Kal Y, Ushio
Y : CREB is required for acquisition of ischemic toler-
ance in gerbil hippocampal CAl region. ] Neurochem
86 : 805—814, 2003

Meller R, Minami M, Cameron JA, Imprey S, Chen D,
Lan JQ. Henshall DC, Simon RP:CREB-mediated
Bel-2 protein expression after ischemic precondition-
ing. J Cereb Blood Flow Metab 25 : 234—246, 2005
Kariko K, Weissmann D, Welsh FA :Inhibition of
Toll-like receptor and cytokine signaling—A unifying
theme in ischemic tolerance. J Cereb Blood Flow Me-
tab 24 : 1288—1304, 2004

Kawahara N, wang Y, Mukasa A, Shimizu T.
Hamakubo T. Aburatani H, Kodama T, Kirino T:
Genome-wide gene expression analysis for induced
ischemic tolerance and delayed neuronal death follow-
ing transient global ischemia in rats. J Cereb Blood
Flow Metah 24 :212—223, 2004

Stenzel-Poore MP, Stevens SL, Xiong Z. Lessov NS,
Harrington CA, Mori M. Meller R, Rosenzweig HL.
Tobar E, Shaw TE. Chu X. Simon RP:Effect of
ischemic preconditioning on genomic response to
cerebral ischemia : Similarity to neuroprotective strat-
egyvies in hibernation and hypoxia-tolerant states.
Lancet 362 :1028—1037, 2002

Trendelenburg G, Dirnagl U: Neuroprotective role of

—-216—

33

b

34)

35

N

36)

37

38)

39)

40)

astrocytes in cerebral ischemia:Focus on ischemic
preconditioning. Glia 51 : 307—320, 2005

Hoshi A, Nakahara T. Kayama H. Yamamoto T:
Ischemic tolerance in chemical preconditioning : possi-
ble role of astrocytic glutamine synthetase buffering
glutamate-mediated neurotoxicity. J Neurosci Res. on-
line, 2006

Castillo J, Moro MA, Blanco M. Leira R, Serena J. Li-
zaspain I, Davalos A :The release of tumor necrosis
factor-alpha is associated with ischemic tolerance in
human stroke. Ann Neurol 54 : 811—819, 2003
Wegener S, Gottschalk B, Jovanovic V. Knab R, Fie-
bach JB. Schellinger PD, Kucinski T, Jungehulsing GJ.
Brunecker P, Muller B, Banasik A, Amberger N,
Wernecke KD. Siebler M, Rother ], Villringer A,
Weih M: Transient ischemic attacks before ischemic
stroke : Preconditioning the human brain? A multi-
center magnetic resonance imaging study. Stroke 35:
616—621, 2004

Arboix A, Cabeza N, Garcia-Eroles L, Massons ], Oliv-
eres M, targa C, Balcells M: Relevance of transient
ischemic attack to early neurological recovery after
nonlacular ischemic stroke. Cerebrovasc Dis 18:
304—311, 2004

Kondo N, Sekijima T, Kondo J, Takamatsu N, Tohya
K. Ohtsu T :Circannual control of hibernation by HP
complex in the brain. Cell 125 161—172, 2006
Liebeskind DS: Collateral Stroke 34:
2279—2284, 2003

Kitagawa K, Yagita Y, Sasaki T. Sugiura S. Omura-
Matsuoka E, Mabuchi T. Matsushita K. Hori M:
Chronic mild reduction of cerebral perfusion pressure
induces ischemic tolerance in focal cerebral ischemia.
Stroke 36: 22702274, 2005

Miao B, Yin XH. Pei DS, Zhang QG, Zhang GY : Neu-
roprotective effects of preconditioning ischemia on
ischemic brain injury through down-regulating acti-
vation of JNK1/2 via N-methyl-D-aspartate receptor-
mediated Aktl activation. ] Biol Chem 280:21693—
21699, 2005

circulation.



RERAH #£18% #25

Abstract
Ischemic tolerance in the brain

Kazuo Kitagawa
Stroke Division. Department of Cardiovascular Medicine. Osaka University Graduate School of Medicine

Cerebral ischemia often results in neuronal loss and permanent neurologic deficits because of neuronal vul-
nerability to ischemic stress. However, previous studies have clarified the endogenous protective responses in-
duced in neurons after ischemic stress. Sublethal preconditioning ischemic stress induces tolerance in neurons
against subsequent lethal ischemic injury. This phenomenon is called “ischemic tolerance”. Recent studies using
molecular technology have demonstrated gene expression possibly contributing to development of ischemic tol-
erance. Activation of transcription factors such as hypoxia-inducible factor (HIF), heat-shock factor (HSF), nu-
clear factor kappa B (NF-xB) and cyclic AMP-responsive element binding protein (CREB) have been shown to
be involved in ischemic tolerance. Vascular adaptation for ischemic stress is also important. In clinical practice.
development of collateral circulation is critical for determining the severity of ischemia after vessel occlusion.
We recently demonstrated that chronic mild reduction of cerebral perfusion pressure could mitigate ischemia
after focal cerebral ischemia in mice. Understanding and elucidation of ischemic tolerance would be promising
for development of novel therapeutic strategy for ischemic stroke.

Key words : cerebral ischemia, ischemic tolerance, ischemic stress, gene expression. collateral circulation
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