into the molecular mechanism of ADAMs' target recognition,
which ADAMs shed which key substrates in specific biologi-
cal events, Since ADAMs are potential therapeutic targets, the
distinct surface feature created by the HVR of the individual
ADAMs might also provide insights into the future design of
drugs with higher specificity for each member of ADAMs. We
suggest that the HVR, not the disintegrin domain, should be
the focus of searches for physiological targets of ADAMs.

Materials and methods

Protein preparation and crystallization

The details of the preparation, crystallization and preliminary X-ray
analysis of VAP1 will be described elsewhere (T Igarashi et al, in
preparation), VAP1 was isolated from the crude snake Crotalus
atrox venom (Sigma-Aldrich, USA) and subjected to sitting- or
hanging-drop vapor diffusion crystallization. Two distinct crystal
forms (F2;2:2; and P4;2,2) were obtained with the reservoir
solution containing 15% polyethyleneglycol 8000 and 100 mM
sodium cacodylate at pH 6.5, with (orthorhombic form) or without
(tetragonal form) 20mM cobaltous chloride hexahydrate. GM6001-
bound crystals were prepared by adding GM6001 (CALBIOCHEM)
to the drop with the orthorhombic crystal at a final concentration
qof 0.33 mM (twice the protein concentration) followed by a 12-h
incubation. Crystals were flash-frozen under the nitrogen flow at
90K.

Diffraction data collection

All the diffraction data were collected at 5Pring-8 beamlines using
either ADSC quantum 310R CCD (for the inhibitor-bound crystal
at the beamline BL41XU with A=1A), Rigaku R-axis V imaging
plate (for orthorhombic native crystal at the beamline BLASPX with
A=1A) or Jupitor CCD (for the tetragonal crystal at the beamline
BL4SPX with A=098A) detectors at 90K. The images were
reduced using HKL2000. Both orthorhombic and tetragonal native
data sets were collected to 2.5-A resolution and inhibitor-bound
crystal data sets were collected to 3.0 A resolution (Table I).

Structural analysis

All structures were solved by the molecular replacement method
by MOLREP in the CCP4 suite (CCP4, 1994) by using acutolysin-C
(1QUA) (Zhu et al, 1999) as a starting model. Initially, the MR
solution obtained from the orthorhombic crystal data set, assumed
two M-domains in the asymmetric units. After manual rebuilding by
TURBO-FRODO, the model was subjected to tortional molecular
dynamic refinements with restrained NCS averaging of the
M-domains using CNS (Brunger et al, 1998) and iterative refine-
ments and manual rebuilding of the mode! improved the electron-
density map and enabled us to extend the model. First, we found
the electron densities associated with the pieces of helical segments
of the molecules and modelled them as poly-alanine chains, After
cycles of refinements, we those segments as the parts of
helices H? and H8, where the secondary structures are predicted to
be helices, judging from the electron densities associated with the
side chains. At this stage, four tyrosine residues, Tyr575 and Try576
within the central p strands of the HVRs were clearly defined,
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PDB accession codes

Atomic coordinates and structure factors have been deposited in the
Protein Data Bank under accession codes 2ERO, 2ERP and 2ERQ for
the orthorhombic native, GM6001-bound form and tetragonal-form,
respectively.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Abstract

Acute ischemia has been reported to impair sympathetic outflow distal to the ischemic area in various organs, whereas relatively little is known
about this phenomenon in skeletal muscle. We examined how acute ischemia affects norepinephrine (NE) release at skeletal muscle sympathetic nerve
endings. We implanted a dialysis probe into the adductor muscle in anesthetized rabbits and measured dialysate NE levels as an index of skeletal muscle
interstitial NE levels. Regional ischemia was introduced by microsphere injection and ligation of the common iliac artery. The time courses of dialysate
NE levels were examined during prolonged ischemia. Ischemia induced a decrease in the dialysate NE level (from 19+ 4 to 2.0 + 0 pg/ml,
mean + S.E.), and then a progressive increase in the dialysate NE level. The increment in the dialysate NE level was examined with local
administration of desipramine (DMI, a membrane NE transport inhibitor), w-conotoxin GVIA (CTX, an N-type Ca®* channel blocker), or TMB-8 (an
intracellular Ca®* antagonist). At 4 h ischemia, the increment in the dialysate NE level (vehicle group, 143 + 30 pg/ml) was suppressed by TMB-8
(25 £ 5 pg/ml) but not by DMI (128 + 10 pg/ml) or CTX (122 £ 18 pg/ml). At 6 h ischemia, the increment in the dialysate NE level was not
suppressed by the pretreatment. Ischemia induced biphasic responses in the skeletal muscle. Initial reduction of NE release may be mediated by an
impairment of axonal conduction and/or NE release function, while in the later phase, the skeletal muscle ischemia-induced NE release was partly
attributable to exocytosis via intracellular Ca”* overload rather than opening of calcium channels or carrier mediated outward transport of NE.
@© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction (Barker and Saito, 1981; Hill et al., 1996) have identified

sympathetic innervation in skeletal muscle, which exerted

Acute ischemia has been reported to be associated with
impairment of the sympathetic tract (Schémig et al., 1984;
Toyohara et al., 1986; Fujii et al., 2003). A well-known example
is myocardial ischemia associated with impairment of the
regional cardiac sympathetic nerve endings (Schémig et al.,
1984; Ciuffo et al., 1985). Outward norepinephrine (NE)
transport through uptake, carrier has been proposed as one of
the main mechanisms responsible for ischemia-induced NE
efflux from sympathetic nerve endings (Schémig et al., 1984;
Akiyama and Yamazaki, 2001). However, little is known about
the sympathetic impairment evoked by skeletal muscle
ischemia. Histochemical and electrophysiological studies

* Corresponding author. Tel.: 481 6 6833 S012; fax: +8] 6 6872 8092,
E-mail address: yamazaki@ri.ncve.go.jp (T. Yamazaki).
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actions on the regulation of regional blood flow and glucose
metabolism (Thompson and Mohrman, 1983; Fagius and
Berne, 1994). During and after exercise, muscle sympathetic
nerve activity has been reported to be modulated by ischemia-
induced metaboreceptor stimulation (Cornett et al., 2000; Cui
et al., 2001). Furthermore, skeletal muscle may be exposed to
prolonged severe ischemia (Welsh and Lindinger, 1993).
Severe skeletal muscle ischemia occurs with trauma, vascular
diseases, and compartment syndrome. It is so far unknown
whether severe muscle ischemia induces excessive NE release
from muscle sympathetic nerve endings.

In view of energy metabolism, cardiac ischemia is
characterized by rapid deterioration of cardiac function, which
has been linked to a fall in intracellular pH, increased levels of
inorganic phosphate and reduction in free energy changes of
ATP-hydrolysis (Mair, 1999). In contrast to cardiac muscle,
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energy requirements in skeletal muscle are dependent on exercise
and are reduced in the resting state since only resting tone is
maintained (Idstrom et al., 1990; Lindsay et al., 1990). Typically,
prolonged skeletal muscle ischemia imposes a metabolic stress
that results in a depletion of glycogen, high-energy phosphagen,
and adenine nucleotides (Welsh and Lindinger, 1993). Thus, a
differential time course of energy metabolism occurs in the
skeletal muscle and cardiac myocardium. No studies have
systematically characterized the impairment of sympathetic
nerves in the skeletal muscle ischemia.

Recently, we reported that microdialysis technique with
high-performance liquid chromatography is a sensitive and
versatile method for monitoring interstitial NE concentrations
in myocardial ischemic regions (Akiyama et al., 1991, 1993).
Moreover, we applied microdialysis technique to skeletal
muscle and have reported that skeletal muscle dialysate NE
serves as an index of muscle sympathetic nerve activity
(Tokunaga et al., 2003a). Using this method, we investigated
how acute skeletal muscle ischemia affects NE release from
skeletal muscle sympathetic nerve endings and the mechanism
of skeletal muscle ischemia-induced NE release with regional
pharmacological intervention.

2. Methods
2.1. Animal model

The mvut:gmon conformed with the Guide for the Care and Use of
Lab Is p “‘bylh:USNmmullnsmumufHulth(Nm
Publication No. 85-23, 1 1996). Forty-iwo male Japanese white rabbits
weighing 2.2-3.8 kg were used for the model of skeletal muscle ischemia. The
animals were anesthetized with pentobarbital sodium (30-35 mg/kg) and
ventilated with room air mixed with oxygen. The level of anesthesia was

d with a intravenous infusion of pentobarbital sodium (1-
2 mg/kg/h). Body lemp was d with a heated pad and lamp. An
electrocardiogram, heart rate (HR), and mean arterial blood pressure (MAF)
were simultancously monitored with a data recorder. Afier a longitudinal skin
incision was made in the left groin, the dialysis probes were implanted in the left
adductor muscle with a fine guiding needle.

2.2. Dialysis technique and NE measuremenis

With the dialysis techni dial NE levels were measured as an index of
skeletal muscle interstitial N'Elevela For skeletal muscle dialysis, we designed a
transverse dialysis probe. The dialysis fiber (13 mm length, 0.31 mm o.d. and
0.2 mm i.d.; PAN-1200, 50,000 molecular mass cut-off, Asahi Chemical, Tokyo,
Japan) was glued at both ends into a polyethylene tube (25 cm length, 0.5 mmo.d.
and 0.2 mm i.4.) (Akiyama et al., 1991). The dialysis probe was perfused with
Ringer solution using & microinjection pump (CMA 102, Camergie Medicin,
Stockholm, Sweden). Similar 1o p Mcs(rokmpda] ms;mosh)
mchounpuﬂmoaspeadoflﬂ.dhmnfw keletal
were set at 15 min for skeletal muscle. DulymeN‘Elcﬂ:Iswmmwedhy
high-performance liquid chromatography with eleclrochemu:al dnm:mn (ECD-
300, Eicom, Kyoto, Japan) after removing interf pounds in the d
by an alumina procedure (Anton and Sayer, 1962; J\Juym:eu] 1991). Du!ym
dihydroxyphenylglycol (DHPG) levels were measured by scparate high-perfor-
mance liquid ch graphy with el hemical detection (Akiyama and
Yamazaki, 2001).

2.3. Experimental protocols

™

Acute skeletal muscle ischemia was induced by inj of non

Osaka, Japan) through the left common iliac anery, as previously described
(Tanaka et al., 2000). After the i ion of microsph , the iliac
anery was ligated.

2.1.1. Pmiocol 1- time courses of dialysate NE levels during acuie ischemia

To examine the time courses of dialysate NE levels during acute skeletal
muscle ischemia, we measured dialysate NE levels over 60-min periods of
skeletal muscle ischemia (n = 6), We collected four consecutive 15-min dia-

lysate samples. Furth we d dialysate NE samples over a period
of Gh of skeletal muscle ischemia with 2 h interval in separate rabbits. To
| NE kinetics in the skeletal le, the of

dialysate DHPG level was added during 6 h of skeletal muscle ischemia (n = 6),

2.3.2 Protocol 2: involvement of NE uptake, transport, Ca’* channels and
eytosol Ca®* in dialysate NE levels during acute ischemia

To examine the mechanism underlying the increment of NE release during the
prolonged ischemia, dialysate NE levels were measured wnh rzpnmi phmm~

cological intervention. Neurotransmitter rel from nerve
cmbeuundhyuvmctyofd;ﬂ‘mlmhnm(&dmm‘aﬁ,193? Klwldl
et al., 2000; Akiyama and Yamazaki, 2001). In the p dies, we

the roles of membrane NE transport, N-type Ca™ hannel -nd:ytunulCa”'mlhe
time courses ofd.n.lysat: NE levels during prolonged ischemia. To examine the
invol of NE port in the ischemia-induced NE release, we
locally administered an uptake, carrier blocker, desipramine (100 pM) through a
dialysis probe and observed the responses of dialysate NE (Akiyama and
Yamazaki, 2001) (n = 6). The same protocol was performed with addition of a
1 blocker, in GVIA (10 uM)
(n=6) or llular Ca®* 8-(N,N-diethylamino)-octyl-34,5-tri-
methoxybenzoate hydrochloride (TMB-8, 1 mM) (n=6) through a dialysis
. From data on protocol 1, we observed increases in dialysate NE levels
afhulhnflkduui n:ulcie ischemia. Therefore, the time course of dialysale NE
for skeletal isch was ined over a period of 6 h with a 2 h-interval
(n=6). The effectiveness of w-conotoxin GVIA (10 uM) (n =6) or TMB-8
(1 mM) (1= 6) was tested before the experiment in separate rabbits. We admi-
nistered high potassium (KC1, 100 mM)Iml]yduulghll&dnlympmbc.mdﬂu
dialysate NE response was obtained in the and at of in
GVIA or TMB.8. High-K increased du.lyult NE from 11728 1o
84.7 + 20.8 pg/ml (n=6). This KCl-induced increment in dialysate NE was
attenuated by the addition of w-conotoxin GVIA or TMB-8 (Fig. 1).

2.3.3. Protocol 3: time courses of dialysate lactate levels during the hind limb
ischemia

To confirm whether this perturbation induces tissue ischemia, we examined
the time course of dialysate lactate levels as an index of tissue ischemia. The
dialysate lactate levels were measured by kinetic mzymahc analysis with CMA
600 (Carnegie Medicin). In the skeletal le i four ive 15-

100

dialysate NE responses to high K' (pg/mi)
&

& #*
* T
(1] " e
vehicle T™MB-8 w-conotoxinGVIA

Fig. 1. Effects of pharmacological intervention on dialysate norepinephrine
(NE) responses to high K* (KCI lmmM) Both TMB-8 (I mM) and w-

iodine-labeled microsph (15 wm in di 3x Iﬂ’fkg. Sekisui Plastic,

in (10 pM) supp ¥ P to high K*. Values are
means = S.E. (n=6).
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min dialysate samples were collected during the initial 60-min and subsequently
three consecutive samples were collected over a period of 6 h with 2 2 h-interval
(n=6).

2.4. Stavistical analysis

All data are presented as mean = §.E. values. Hemodynamic and dialysate
data responses 10 acute ischemia were statistically analyzed by analysis of
vanance with repeated measures. When a statistically significant effect of
ischemia was detected as a whole, the Dunnett's test was applied 1o determine
which mean values differed significantly from the control level. When a
statistically significant effect of the treatment was detected, Newman—Keuls
test was applied to determine which treatment differed significantly from the
vehicle.

3. Results

Table 1 summarizes changes in HR and MAP. MAP and HR
increased during 6 h-hind limb ischemia. Changes in MAP at
2h and HR at 6 h-hind limb ischemia were significant.

3.1. Time courses of dialysate NE levels during short and
prolonged ischemia

Skeletal muscle dialysate NE levels decreased from
19 + 4 pg/ml at control to 9 + 4 pg/ml at 30 min of ischemia
and reached 2 + 0 pg/ml at 60 min of ischemia (Fig. 2). The
decrease in dialysate NE level was maintained after 2 h of
ischemia. Then skeletal muscle dialysate NE levels markedly
increased to 143 = 30 pg/ml at 4 h of ischemia. The dialysate
NE levels continued to increase progressively and reached
289 + 45 pg/ml at 6 h of ischemia. Skeletal muscle dialysate
DHPG levels decreased from 38 + 2 pg/ml at control to
5 4 1 pg/ml at 2 h of ischemia and reached 7 + 1 pg/ml at 6 h
of ischemia.

3.2. Involvement of NE uptake; transport, Ca’* channels
and cytosol Ca®* in dialysate NE levels during prolonged
ischemia

Dialysate NE increases at 4 and 6 h-skeletal muscle
ischemia were not suppressed by treatment with desipramine
(Fig. 3). Dialysate NE increases at 4 and 6 h-skeletal muscle
ischemia were not suppressed by treatment with w-conotoxin
GVIA. Treatment with TMB-8 significantly suppressed the
dialysate NE increase at 4 h-skeletal muscle ischemia. But at
6 h-skeletal muscle ischemia, there was no significant
difference in dialysate NE levels among treatments.

Table 1
Changes in heart rate (HR) and mean arterial pressure (MAP) in 6 h-hindlimb
ischemia

Control 2h 4h 6h
HR (beats/min) 283+ 10 202+ 4 20348 302+8"
MAP (mmHg) 104+ 6 1144737 M +4 108 + 4

Values are means + S E. from six rabbits. Data were obtained during control,
after 2, 4, and 6 h of hind limb ischemia.
* P < 0.05 vs. control.
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Fig. 2. (Upper panel) Time course of dialysate norepinephrine (NE) levels
during 60 min-hind limb ischemia. Values are means + S.E. (n=6). "P < 0.05
vs. control value. (Lower panel) Time courses of dialysate NE and dihydrox-

yphenylglycol (DHPG) levels during 6 h-hind limb ischemia. Values are mean-
s+ SE (n=6). "P <005 vs. control value.

3.3. Time course of dialysate lactate levels during hind
limb ischemia

Skeletal muscle dialysate lactate levels increased from
0.6 = 0.07 nmol/l at control to 1.73 = 0.17 nmol/l at 45-60 min

400
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Fig.3. Effectsof pt logical inter on dialysate norepinephrine (NE)

levels evoked by 6 h-hind limb ischemia. Desipramine (100 uM), w-conotoxin
(10 uM), or TMB-8 (1mM) was locally administered through the probe. Values
are means + S.E. (n=6). "P < 0,05 vs. concurrent value of vehicle group.
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dialysate |actate levels (nmol/L)
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control D-'I& 15-30 30-15 45-60 2w 4 hr Bhr

hind limb ischemia

Fig. 4. Time course of dialysate lactate levels during 6 h-hind limb ischemia.
Values are means + S.E. (n=6). "P < 0.05 vs. control value.

of ischemia (Fig.. 4). These step-wise increases were continued
for 6 h of the hind limb ischemia.

4. Discussion

Using dialysis techniques in the in vivo rabbit skeletal
muscle, we examined interstitial levels of NE in the control and
ischemic period, and observed the biphasic response of
dialysate NE in ischemic skeletal muscle. Ischemia induced
an initial reduction followed by a progressive increment in
dialysate NE levels. Here we discuss changes in interstitial NE
and possible mechanisms underlying sympathetic nerve
impairment.

Within 2 h of acute skeletal muscle ischemia, unlike acute
myocardial ischemia, skeletal muscle interstitial NE levels
continued to decline progressively, decreasing to one-tenth of
control at 60 min of ischemia. A previous study demonstrated
that skeletal muscle ischemia modulated the baroreflex control
of regional muscle sympathetic activity (Cornett et al., 2000).
At 75 min of acute skeletal muscle ischemia, hemodynamic
responses o carotid occlusion were preserved while the
interstitial NE response to carotid occlusion was blunted in the
ischemic region (Tokunaga et al., 2003b). These results indicate
that the systemic response to baroreflex remained intact while
the skeletal muscle sympathetic response was impaired in
ischemic regions. Earlier studies reported that acute limb
ischemia reduced the conduction of motor nerves such as
sciatic nerve (Fern and Harrison, 1994), and induced axonal
degeneration histologically (Makitie and Teravainen, 1977;
Nukada and Dyek, 1987). Axonal conduction in the ischemic
muscle sympathetic nerve may be impaired as well as in
sensory and motor nerves. In addition to diminished axonal
conductance, the interstitial NE response to high K™ but not
tyramine was suppressed during the 75 min of acute skeletal
muscle ischemia, although NE content at muscle sympathetic
nerve endings was preserved during the ischemia (Tokunaga
et al., 2003b). This result indicates that exocytotic NE releasing
function in muscle sympathetic nerve endings might be
suppressed during 75 min of acute skeletal muscle ischemia.

Therefore, initial reduction of NE release may be mediated by
an impairment of axonal conduction and/or NE releasing
function.

After 2 h of acute skeletal muscle ischemia, skeletal muscle
interstitial NE levels significantly increased and finally reached
20-fold that of control. This amount of NE release is higher than
that evoked by baroreflex or high K*. This level is similar to that
evoked by the Na*~K" ATPase inhibitor, onabain (Tokunaga
et al., 2003a). The amount of NE release evoked by ischemia
may be dependent on the density of sympathetic innervation.
Dispersed organ systems such as skeletal muscle have a thin
and diffuse sympathetic innervation. This is the first report to
describe that marked NE release is induced from muscle
sympathetic nerve endings in the ischemic region after 2h of
skeletal muscle ischemia. Numerous histological changes of
skeletal muscle have been reported after ischemia and
reperfusion injury (Patterson and Klenerman, 1979; Turchanyi
et al., 2005). However, there is no histochemical evidence of the
impaired sympathetic nerves in the skeletal muscle ischemia.

In the case of skeletal muscle ischemia, w-conotoxin GVIA
did not suppress NE efflux. N-type Ca®* channels are not
involved in this NE efflux. Desipramine did not alter NE efflux
during skeletal muscle ischemia. Desipramine inhibits carrier-
mediated NE transport in both directions. Considering that
desipramine did not alter interstitial NE levels, the amounts of
NE release and uptake via normal transport can be surmised to
be negligible. Second, the increase in skeletal muscle
interstitial NE levels was not associated with an increase in
skeletal muscle interstitial DHPG levels, indicating that
skeletal ischemia fails to induce axoplasmic NE elevation
via alterations in monoamine activity, NE mobilization from
stored vesicle, and NE uptake. Further, desipramine did not
suppress NE efflux. These results exclude the possibility that
marked increases in skeletal muscle interstitial NE could be due
to carrier-mediated outward transport of NE for removal of
elevated axoplasmic NE concentration. The membrane NE
transporter exists in the skeletal muscle sympathetic nerve
endings (Cabassi et al., 2001; Tokunaga et al., 2003a), but was
not involved in outward transport of NE. Thus, we consider that
a w-conotoxin GVIA insensitive and desipramine-resistant NE
release mechanism exists after 2 h of acute skeletal muscle
ischemia.

TMB-8 significantly suppressed the marked NE release at
4h of skeletal muscle ischemia. TMB-8 is well known to
inhibit Ca®* release from intracellular Ca®™ stores. TMB-8
inhibits caffeine-induced catecholamine release from perfused
adrenal gland in the absence of extracellular Ca®* (Yamada
et al., 1988). Studies using chromaffin cells, brain slices and
synaptosomes have suggested that metabolic inhibition induces
intracellular Ca>* overload (Milusheva et al., 1992), and a rise
in the intracellular Ca®* causes exocytotic catecholamine
release without membrane depolarization (Dry et al., 1991; Du
et al., 1997). Moreover, an in vitro study with adrenerglc nerves
of guinea-pig vas deferens suggested that Ca®* release from
intracellular Ca®" stores is to some extent involved in the NE
release evoked by elevation of intracellular Na* (Katsumgl
et al., 1994). Under energy-depleted conditions, Ca®* overload
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in synaptosomes of noradrenergic neurons from the brain is an
important mechanism for the enhanced release of neurotrans-
mitter, with a reversal of Na*~Ca** exchange possibly the key
pathway leading to intraneuronal Ca®* overload (Du et al.,
1997). We consider that Ca** release from intracellular Ca®*
stores is partly involved in the NE release at 4 h of skeletal
muscle ischemia.

At 6 h of skeletal ischemia, increment in dialysate NE level
was not suppressed by the pretreatments. This result suggests
that another mechanism may be involved in NE release, which
is insensitive to desipramine, w-conotoxin GVIA, and TMB-8.
Alternatively, the NE release may occur with development of
irreversible membrane damage and can no longer be inhibited
by pharmacological interventions. Future work should con-
centrate on these aspects of NE release during the later period.

4.1. Methodolagical considerations

The limitation of this experiment is related to the
methodology and the duration of the hind limb ischemia. In
a variety of these experimental models for organ ischemia, we
chose microsphere injection and iliac artery occlusion for the
short and prolonged hind limb ischemia model, A preliminary
experiment indicated that common iliac artery occlusion did
not yield severe ischemia or muscle necrosis in a chronic
ischemic model because collateral flow prevents skeletal
muscle ischemia. The combination of artery occlusion and
injection of microsphere was used for the hind limb ischemic
model. In the hind limb ischemia, however, we did not measure
skeletal muscle blood flow. To confirm whether this perturba-
tion induced reduction of blood flow and tissue ischemia, we
measured dialysate lactate levels in skeletal muscle as an index
of tissue ischemia. This perturbation induced increases in
dialysate lactate levels. In the present study, dialysate NE
responses were examined in prolonged 6 h ischemia. Temporal
changes in MAP and HR appeared but sustained significant
hemodynamic changes were not observed. This duration was
referred to the experiments on the tourniquet application and
release time (Sapega et al., 1985; Mitrev et al., 1996). Four to
6 h of ischemic periods has been thought to produce extensive
and reversible damage of skeletal muscle. Therefore, data on
pharmacological intervention were obtained within 6h of
skeletal muscle ischemia.

Ischemia induced biphasic NE responses in the skeletal
muscle. Initial reduction of NE release may be mediated by an
impairment of axonal conduction and/or NE releasing function,
while in the later phase, the skeletal muscle ischemia-induced
NE release was partly attributable to exocytosis via intracellular
Ca™ overload rather than opening of calcium channels or
carrier mediated outward transport of NE.
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Neuronal progenitors in the adult hippocampus continu-
ally proliferate and differentiate to the neuronal 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 turmn-
over occurring throughout life (Gould and Cameron,
1996; Young et al,, 1999). Running exercise and en-
riched environment promote the survival of newbomn
neurons (van Praag et al., 1999; Young etal., 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). Morcover, neurotrophins play a
crucial role in adult neurogenesis following ischemia as
well as under normal conditons (Pencea et al., 2001).
Bel-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 newbom 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 hippocampus and olfactory
bulb.
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We sought to determine whether overexpression of
the human bd-2 transgene increases survival of newbomn
neurons in the hippocampal dentate gyrus under normal
and ischemic concritions.

MATERIALS AND METHODS

Animals

All rescarch 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-bd-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 til genomic DNA. The
amount of Bel-2 expression in wild-type and NSE-bd-2 trans-
genic mice were evaluated by Western blotting.

Bromodeoxyuridine Labeling Protocols
and Immunohistochemistry

To quantify and evaluate the phenatype 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-bd-2 transgenic mice including
wild-type mice. BrdU-labeling protocols and the processing
were the same above. To examine the proliferation of newbom
neurons in the SGZ in both groups, mice were sacrificed 1 day
after BrdU administration. To evaluate the survival or differen-
tiation of newbom 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 HCL Sections were
incubated with a rat monoclonal ant-BrdU antibody, 1 : 100
(Harlan Sera-Labo, Loughborough, UK) at 4°C ovemnight.
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-
lar 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 pm-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, Piscaaway, 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-B-
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 camed
out. Brain was removed rapidly en bloc and quickly frozen in
liquid N; 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 (87110; 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. Thercafter, 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 staiming under normal condi-
tion in the dentate gyrus. Scale bar =
20 pm. D,E: At 21 days after BrdU ad-
munistration, some of BrdU-positive cells
showed TUNEL-positive, with the blue
nuclecar counterstain Hoechst 33258, Higher
magnification views of selected individ-
ual z-planes (D) and a Z-senes through
the section (Z-distance = 10 pum) (E)

Hoeclhwt

Neuron—Glia Mixed Cultures

To evaluate the direct effect of Bcl-2 on survival of new-
bom hippocampal neurons, primary hippocampal cultures from
NSE-bcl-2 transgenic mice and their hittermates 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 ncurons in the
dentate gyrus show tumover 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 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 é-cm dishes coated with Matrigel
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(BD Biosciences). Cells at a final concentradon 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 [U/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 "I:u_;-UHrdU double-positive cells
was counted in a field of 1 cm”
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% 3 ried out. B: Expression of human Bel-2
o 0] in INSE-hd-2 transgenic mice. C: Western
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5 7 14 21 30 Bcl-2. Lane 1, hippocampus; lane 2, cor-
= e tex ; lane 3, hippocampus; lane 4, cortex
Davs after Brd U D,E: Time course of human Bcl-2 im
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" - 1l (green) from NSE-bd-2 transgenic mice
] BrdlU/H Bel-l ‘ (D) (m = 5). Scale bar 20 pm (A),
10 pm (B), 30 pm (D)

Statistics 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 ‘Z,
11.3 * 68, 123 = 84, B7 * 43, 48 = 4.6/mm",
respectively) (Fig. 1A). Next, we used double-immuno-

Data in the text and figures were described mean X SD
Multiple comparisons were cvaluated statistically by the analysis
of variance, followed by Scheffé’s post-hoc tests

RESULTS labc_hng with‘Brd_U amlihud)‘ and Msi-1 for neuronal pro-

¢ . genitors, DCX for migratng neuroblast and 1mmature
Survival of Newborn Cells i the DFP““" Gyrus neurons, Tujl for immature neurons, or NeuN for ma-
Under Normal and Ischemic Conditions ture neurons (Fig. 2A). Most BrdU-positive cells in the

We determined the number of BrdU-positive cells SGZ showed Msi-1 staining 1 day after BrdU administra-
and the phenotype of postmitotic cells at 1, 7, 14, 21, and  don (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 1s-
chemic condinons (B) (n = 8), C,D:
Colocalizanon of TUNEL staining and
BrdU after ischemia was shown (C,
arrow), (Z-distance 15 20 pum). Scale bar
= 20 pm. D: Quannfication of apopto-
515 of newbom neurons under normal
and ischemic conditions. The number of
BrdU/TUNEL double-posinive cells at
21 days after BrdU administration was
counted (n = 10). P < 0,05 vs. nor-
lTIil].

Hoechst
GCL

peaked at 7-14 days, but declined dramadcally 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/mm’; Fig. 1B). To
evaluate the contribution of apoptotic cell death to the
progressive reduction in newbom 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 Bel-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-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 bel-2 was carried
out (Fig. 2B,D,E). To examine the expression of human
Bel-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 Bel-2 (Fig. 2Ba). DCX- positive
cells in the SGZ did not show immunostaining for Bel-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 Bel-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-hd-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-bdl-2
transgenic mice (18.5 218.{):“111111:) 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 administradon. 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. 4. A: We examined the effect of
bel-2 overexpression on the differenna-
tion of newbom neurons. B: Total
volume of cells in the hippocampal
CA] sector (upper panel) or in the dentate
gyrus (lower panel) of NSE-bd-2 trans-
genic mice and wald-type littermates
in the 18-month-old mouse. Scale bar =
30 pm (B), 100 pm (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-hd-2
transgenic mice. The ischemic neuronal damage in the
hilus was of similar severity berween NSE-bd-2 trans-
genic mice and wild-type littermates, and the survival of
newborn granule ncurons 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-hd-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-b¢l-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 litermates (41.0 £ 17.6/mm"), an approximate 30%
increase in survival rate (Fig. 3B). Moreover, the number
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BrdU(wita) ]

BrdU(BciaTyg)

Fig. 5. BrdU (red), nesun (green), and
Hoechst 33285 (blue) Auorcscence of
wild-type httermates (A-D) and NSE-
bel-2 ransgenic 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 Auores-
cence ar 1 day were visualized M=P: Nu-
clear morphology of BrdU-positive new-
bom cells in prmary culture 14 days after
sceding visualized by Hoechst staining
Nuclear morphology with healthy-looking
chromann stucture in BrdU/Tuj-1 dou

ble-posiive cells (arrows) was visualized by
Hoechst (O, nght insets, upper panel). In
contrast, some of BrdU-positive newbom
nearons had fragmented and condensed
nucler (arrowheads) (O, nght nsets, bot-
tom panel). Q=5: DCX and TUNEL
fluorescence (DCX/
TUNEL double-positive cells; arrow).
T: TUNEL/BrdU double-positive cells

(arrows) were visualized

were shown

of BrdU/NeuN double-positive cells in NSE-bel-2 trans-
genic mice (56.5 £ 18.7/mm”) was significantly increased
than thar 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 TUNEI
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,DD). This finding suggests that
ischemia promotes the proliferation of newbom cells. Fol-
lowed by the increased number of death of newbom cells,
however, Bel-2 overexpression enhanced survival of those
newborn 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-bd-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 Bel-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-bcl-2 transgenic mice at 1 day
after seeding (Fig. SA—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. 5SM-P, arrows). Some of newbomn

400 4

Bel-2 Tg

30 d.i.v.

Fig. 6. Effect of Bcl-2 overexpression
on survival of newbom neurons in pn-
mary neuron-gha 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-1) and
NSE-bcl-2 transgenic mice (D-F, J-L) at
14 davs (A-F) or 30 days (G-L) after
seeding (L) Right insets in (J-L) show
Bd-2 mmumofluorescence (green) in BrdU-
positive hippocampal neurons (red) from
INSE-bcl-2 transgenic mice at 30 days
The number of Tuj1/BrdU double-posi-
ove 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. waley.

CONTL

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-bd-2 transgenic mice: 1.6 = 0.4, 30.8 = 3.4, 424
+ 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-bd-2 transgenic mice at 30 days (P = 0.09) (Fig. 6N).
These results showed that Bel-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 newbomn 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. Bel-2 plays important
roles in the regulation of neuronal death during develop-
ment and the early postatal period (Martinou et al.,
1994). Morcover, 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,
newbom immature neurons in the dentate gyrus of bel-2
transgenic mice under the NSE promoter expressed human
Bcl-2 immunoreactivity (Fig. 2). Aged NSE-hc-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 Bel-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 Bel-2 is important for the
long-term survival of newbomn 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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