Caspases determine the vulnerability of oligodendrocytes

in the ischemic brain
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Although oligodendrocytes (OLGs) are thought to be vulnerable to hypoxia and ischemia, little is
known about the detailed mechanism by which these insults induce OLG death. From the clinical
viewpoint, it is imperative to protect OLGs as well as neurons against ischemic injury (stroke), because
they are the only myelin-forming cells of the central nervous system. Using the Cre/loxP system, we
have established a transgenic mouse line that selectively expresses p35, a broad-spectrum caspase
inhibitor, in OLGs. After hypoxia, cultured OLGs derived from wild-type mice exhibited significant
upregulation of caspase-11 and substantial activation of caspase-3, which led to cell loss. Expression
of p35 or elimination of caspase-11 suppressed the caspase-3 activation and conferred significant
protection against hypoxic injury. Expression of p35 in OLGs in vivo resulted in significant protec-
tion from ischemia-induced cell injury, thus indicating that caspases are involved in the ischemia-
induced cell death of OLGs. Furthermore, the induction of caspase-11 was evident in the ischemic
brains of wild-type mice, and OLGs exhibited resistance to brain ischemia in mice deficient in cas-
pase-11, suggesting that caspase-11 is critically implicated in the mechanism(s) underlying ischemia-
induced OLG death. Caspases may therefore offer a good therapeutic target for reducing ischemia-

induced damage to OLGs.

J. Clin. Invest. 106:643-653 (2000).

Introduction

In most cases of acute ischemic stroke, the cerebral
white matter is affected. With the advent of sensitive
neuroimaging technologies, white matter lesions,
termed leukoaraiosis, have been detected in many eld-
erly people (1, 2). Leukoaraiosis is thought to be the
result of chronic ischemic injury to the brain and to
contribute sometimes to the development of cogni-
tive dysfunction (1, 2). Oligodendrocytes (OLGs), a
major cellular component of white matter, are the
only central nervous system (CNS) myelin-forming
cells and thus play a pivotal role in the proper execu-
tion of neural functions. In vitro and in vivo evidence
has shown that OLGs are very vulnerable to hypoxic
and ischemic insults (3-7). In an in vitro model of
ischemia, more than 80% of cultured OLGs died after
6 hours of hypoxia combined with glucose depriva-
tion (7). In a rodent focal ischemia model, OLGs
showed conspicuous cellular swelling as early as 30
minutes after ischemia (3). Thus, therapeutic inter-
ventions need to be designed to protect OLGs as well
as neurons, to reduce neural dysfunction stemming
from ischemic brain damage. For this purpose, it is

necessary to elucidate the precise mechanisms under-
lying the ischemia-induced death of OLGs, which are
currently largely unknown.

Caspases are evolutionarily conserved executioners of
programmed cell death in normal development and are
also implicated in a variety of pathological conditions
including cerebral ischemia (8). Caspases have been
shown to be activated in OLGs subsequent to a variety
of stimuli, including y-irradiation and application of
TNF-a (9, 10). Nevertheless, to our knowledge, there is
no compelling evidence demonstrating that caspases
are involved in hypoxia- or ischemia-induced OLG
death. To clarify this point, it would be helpful to use
transgenic mice in which the functions of caspases are
inactivated selectively in OLGs, for the following rea-
sons. First, as already stated, the actions of most, if not
all, caspases are essential in the programmed cell death
that is required for normal development (8). Therefore,
simply “knocking out” some caspases results in embry-
onic or perinatal lethality, thus prohibiting the analy-
sis of disease conditions induced in adults (11-13). Sec-
ond, the pathophysiology of cerebral ischemia is quite
complex. In addition to energy failure owing to the lack
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of oxygen and glucose, excitotoxicity (14, 15), and free
radical formation (16), proinflammatory cytokines
released from microglia and invading inflammatory
cells (17-19) are known to contribute to the develop-
ment of ischemic damage. In particular, IL-1[3, a major
proinflammatory cytokine implicated in ischemic
brain injury, is cleaved from its inactive precursor by
caspase-1 (IL-1B-converting enzyme [ICE]) and secret-
ed (20, 21). Thus, it is evident that inactivation of cas-
pases in cells other than OLGs may render the inter-
pretation of outcomes difficult by modifying the
disease conditions associated with cerebral ischemia.
The Cre/loxP site-specific recombination system com-
bined with transgenic technologies has enabled us to
direct the expression of transgenes in a spatially and/or
temporally restricted manner (22, 23). p35, a bac-
ulovirus-derived protein, is a broad-spectrum caspase
inhibitor that has been demonstrated to function effec-
tively in mammals (24-29). We established a transgenic
mouse line bearing a transgene consisting of a p35 gene
whose ORF was disrupted by the insertion of a DNA
segment flanked by loxP sites (27). By crossing these
transgenic mice with those expressing the cre recombi-
nase transgene under the control of the myelin basic
protein (MBP) promoter, we achieved the selective
expression of the antiapoptotic protein, p35, in OLGs
in the CNS (27).

Here, we provide in vitro and in vivo evidence that
caspase-related pathways play an important role in
hypoxia- and ischemia-induced cell death of OLGs,
thus raising the possibility that therapeutic interven-
tions targeted at caspase inhibition may be effective in
preventing the ischemia-induced death of OLGs as well
as of neurons.

Methods

Transgenic and knockout mice. Transgenic mice carrying
the p35 transgene, whose open reading frame (ORF)
was disrupted by the insertion of a DNA segment con-
sisting of a neo gene flanked by loxP sites, downstream
of the CAG promoter, were described in detail previ-
ously (27). Briefly, a fragment containing the CAG pro-
moter, loxP-neo-loxP, p35 coding sequence, and a
polyadenylation signal was cloned into pBluescript and
named pA23. This fragment was injected into fertilized
C57BL/6 eggs to generate p35 transgenic mice . Trans-
genic mice expressing the cre recombinase transgene
under the MBP promoter were also characterized pre-
viously (27). The transgene containing 6.3 kb of the
MBP promoter, nuclear localizing signal (NLS) fol-
lowed by cre recombinase coding region, and a
polyadenylation signal was constructed. This transgene
was injected into fertilized C57BL/6 eggs to generate
transgenic mice. The caspase-11-deficient mice have
been described in detail previously (30). Briefly, mutant
J1 embryonic stem (ES) cell clones carrying a null
mutant caspase-11 allele were injected into C57BL/6
blastocysts. The resulting chimeric males were then
mated with C57BL/6 x DBA2 F1 females to obtain

germline transmission of the mutant allele. Chimera of
clone 444 produced germ-line-transmitted mutant
mice. The offsprings from clone 444 were backcrossed
to C57BL/6 eight times to ensure the genetic back-
ground homogeneity. Heterozygous littermates of this
F8 were mated, and the resulting offsprings were used
in this study. We used C57BL/6 mice as wild-type con-
trol in the present study.

PCR and RT-PCR. For genotype identification of the
mice used in the experiments, we carried out PCR to
amplify the p35 and cre transgenes using genomic
DNA samples as described previously (27). To confirm
the expression of the p35 transgene in cultured OLGs
and Cre/p35 tg mouse brains, we performed RT-PCR.
Total RNA was isolated using Trizol (Life Technolo-
gies Inc., Rockville, Maryland, USA) according to the
manufacturer’s instructions, and the samples were
used for RT-PCR as described previously (27).

OLG primary cultures. OLG cultures were prepared as
described previously either from embryonic days 17-19
pups of wild-type female mice bred with male mice
hemizygous for the p35 transgene or from caspase-11
knockout mouse (caspase-117/-) pups harvested at the
same embryonic stages (27). We used cultures enriched
in mature OLGs characterized by extensive arboriza-
tion of processes, myelin formation, and positive
immunoreactivity for MBP, a well-established marker
for mature OLGs. We confirmed that more than 95% of
the cells were immunoreactive for MBP. In all the exper-
iments related to p35 transgenic mice, OLGs derived
from wild-type littermates were used for comparison
with p35 transgene-bearing OLGs (p35-OLGs).

Expression of p35 in OLG cultures. To achieve p35 expres-
sion in cultured OLGs harvested from embryos hem-
izygous for the p35 transgene, we infected the cells with
arecombinant adenovirus bearing a cre expression cas-
sette (Adex-cre) at a concentration of 2 X 10° pfu/mL 24
hours before the induction of hypoxia. We validated
the use of this titer for adequate infection efficiency by
adding the identical concentration of a lacZ expression
adenovirus vector to a different culture for 24 hours,
which was then fixed with 1% glutaraldehyde for 10
minutes and incubated in the B-galactosidase staining
solution (20) at 37°C overnight. The expression of the
p35 transgene was confirmed by RT-PCR and
immunostaining. For immunostaining, OLG cultures
treated with Adex-cre for 24 hours were fixed with 4%
paraformaldehyde/0.1 M PBS for 10 minutes, perme-
abilized with 0.1% Triton X-100/1% H,O,/PBS for 5
minutes, and blocked with 4% normal goat serum/PBS
(NGS/PBS) for 60 minutes. Anti-p35 antibody was
applied at a dilution of 1:50 at 4°C overnight and
horseradish peroxidase-conjugated (HRP-conjugated)
anti-mouse IgG (Chemicon International, Temecula,
California, USA) was applied at a dilution of 1:500 for
2 hours at room temperature. Immunoreactivity was
visualized using a Tyramide Signal Amplification
(TSA-Direct) kit (NEN Life Science Products, Boston,
Massachusetts, USA) according to the manufacturer’s
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instructions. For identification of cells immunoreac-
tive for p35, we performed double immunostaining
using a rabbit polyclonal antibody raised against pi-
GST, a specific marker of the cell body of mature OLGs
(31) (MBL, 1:200). The antibody raised against p35 was
produced as described previously (27).

Hypoxia experiments in OLG cultures. OLGs grown on
coverslips were subjected to hypoxia for 6 hours in a
Gas-Pak anaerobic chamber (Becton Dickinson Micro-
biology Systems, Cockeysville, Maryland, USA) at 37°C.
In parallel, sister cultures were grown for the same dura-
tion under normoxic conditions and served as controls.
After hypoxia, cells were immunostained with anti-MBP
rabbit polyclonal antibody (IBL) at a dilution of 1:2,000.
FITC-conjugated anti-rabbit IgG (1:500; Life Technolo-
gies Inc.) was used as the secondary antibody. For the
assessment of cell viability, we counted the numbers of
MBP-positive cells with intact processes at a magnifica-
tion of X100 using a Carl Zeiss (Jena, Germany) Axio-
plan-2 fluorescence microscope. To evaluate the occur-
rence of DNA fragmentation in the cells that remained
after hypoxia, we performed the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay according to the manufacturer’s instruc-
tions (Apoptag; Intergen Co., Purchase, New York,
USA). Nuclear staining was performed using Hoechst
33342 (10 pM). To examine the occurrence of DNA
fragmentation, TUNEL-positive cells were counted
from six independent random samplings of approxi-
mately 150 cells and expressed as a percentage of the
total cell number. A comparison was made between
wild-type mice (WT-OLGs) and p35-OLGs in a blind
manner. For the surviving cell assay and the TUNEL
assay, statistical analysis was performed using ANOVA
followed by Scheffé’s post hoc test and a nonpaired ¢
test, respectively, and a P value of < 0.01 was considered
statistically significant. All the data in the present study
were expressed as means + SEM.

Cytochrome c immunostaining in OLG cultures. Before fix-
ing the cells, MitoTracker Red (Molecular Probes Inc.,
Eugene, Oregon, USA) was added to the medium at a
concentration of 0.1 UM for 20 minutes. Pretreatment
for immunostaining was performed as already described
here. Mouse monoclonal anti-cytochrome ¢ (7H8.2C12;
1:200; PharMingen, San Diego, California, USA) and
FITC-conjugated mouse IgG (1:200; Jackson
ImmunoResearch Laboratories Inc., West Grove, Penn-
sylvania, USA) were used. The OLGs were observed using
a Carl-Zeiss Axioplan-2 fluorescence microscope con-
nected to a Zeiss LSM 510. Immunostaining patterns
were classified into punctate and diffuse patterns. To
assess the translocation of cytochrome ¢ from mito-
chondria, the number of OLGs exhibiting a diffuse
staining pattern was determined from ten independent
random samplings of approximately 100 cells and
expressed as a percentage of the total cell number. Sta-
tistical analysis was performed using ANOVA followed
by Scheffé’s post hoc test, and a P value of < 0.01 was
considered statistically significant.

Caspase activity assays. Cultured OLGs were collected
ina 1.5-mL Eppendortf tube and spun in a tabletop cen-
trifuge at 1,800 g for 5 minutes at room temperature.
For OLGs subjected to hypoxia, cells were collected 6
hours after hypoxia. The pellet was suspended in a lysis
buffer consisting of 50 mM TrisCl (pH 7.5), 1 mM
EDTA, 10 mM EGTA, and 10 uM digitonin, and incu-
bated at 37°C for 10 minutes. The resultant lysate was
spun at 15,800 g for 10 minutes, and the supernatant
was used for caspase activity assays. The amount of
protein in the samples was determined using a BCA
Protein Assay Kit (Pierce Chemical Co., Rockford, Illi-
nois, USA). Cell lysates containing 3 g of protein were
used for the assays, the detailed procedures of which
have been described previously (29). The measurements
were carried out in triplicate. To evaluate hypoxia-
induced activation of caspases, we calculated the ratios
of the caspase-like activity in lysates of hypoxia-treated
OLGs to that of control OLGs. A comparison was
made using a nonpaired ¢ test, and a P value of < 0.01
was considered statistically significant.

Western blot analysis. Cells were extracted as already
described here, and the lysates were mixed with 2%
sample buffer and boiled at 100°C for 5-10 minutes.
Aliquots containing 5-7 Pg of protein were separated
on 15% SDS-PAGE gels and transferred to Immo-
bilon-P membranes (Millipore Corp., Bedford, Mass-
achusetts, USA). The membranes were incubated with
the corresponding primary antibodies (anti-active
form of caspase-3 polyclonal rabbit antibody [1:500;
PharMingen]; anti-caspase-11 rat mAb (1:100; ref.
32); anti-B-tubulin mouse mAb [1:2,000; Sigma
Chemical Co., St. Louis, Missouri, USA]; anti-caspase-
1 rat mADb (1:100; ref. 30); anti-caspase-2 mouse mAb
[1:500; Transduction Laboratories, Lexington, Ken-
tucky, USA]; anti-caspase-9 rabbit polyclonal anti-
body [1:500; MBL]). After three washes, secondary
antibodies were applied at room temperature for 2
hours. For caspase-3 and B-tubulin immunoblots,
alkaline phosphatase-conjugated anti-rabbit IgG
(Chemicon International) and anti-mouse IgG (Jack-
son ImmunoResearch Laboratories Inc.) were used,
respectively, at a 1:500 dilution, and immunoreactive
bands were visualized in a solution containing 0.1 M
TrisCl (pH 9.5), 0.1 M NacCl, 50 mM MgCl,, 350
Hg/mL 4-nitro blue tetrazolium, and 180 pg/mL 5-
bromo-4-chloro-3-indolyl phosphate. For caspase-11
immunoblots, HRP-conjugated anti-rat IgG antibody
(Chemicon International) was applied, and the blots
were developed using an enhanced chemilumines-
cence system (ECL Plus; Amersham, Bucking-
hamshire, United Kingdom).

Caspase-3 immunostaining. To demonstrate the activa-
tion of caspase-3 in situ, immunostaining for the acti-
vated form of caspase-3 was performed. We used a poly-
clonal rabbit antibody raised against the active form of
caspase-3 (67341A; PharMingen) at a dilution of
1:1,000. Rhodamine-conjugated anti-rabbit IgG anti-
body (Chemicon International) was used as secondary
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antibody at 1:500. Otherwise, the procedures for
immunostaining were as described earlier here. Coun-
terstaining with Hoechst 33342 (10 pM) was carried
out to visualize nuclear morphology.

Focal cerebral ischemia model. The Animal Welfare Guide-
lines of Osaka University were followed for all the stud-
ies and experiments with mice. Male mice weighing
18-25 g were subjected to permanent focal cerebral
ischemia as described elsewhere, with some modifica-
tions (17, 18). Mice were anesthetized with 1.5-2.0%
isoflurane/30% O,/70% N,O using a facemask. Core
temperature was continuously monitored and main-
tained at 37°C throughout surgery. After a midline neck
incision, the left common carotid artery was carefully
isolated from the vagal nerve and ligated. The external
carotid artery was also ligated, and the internal carotid
artery was carefully isolated. An 8-0 nylon filament
(Ethilon; Ethicon Inc., Sommerville, New Jersey, USA),
whose tip was coated with silicon resin (Xantopren; Her-
aeus, Dormagen, Germany), was inserted into the com-
mon carotid artery through a small incision made in the
proximity of the carotid bifurcation and advanced to the
proximal part of the anterior cerebral artery to compro-
mise the middle cerebral artery (MCA) flow. The fila-
ment was fixed in position by ligature. In sham-operat-
ed animals, these procedures, except for the insertion of
an intraluminal filament, were performed. To ensure
that the MCA was successfully occluded, several ani-
mals, anesthetized by an intraperitoneal injection of
excess pentobarbital sodium (100 mg/kg), were perfused
transcardially with India ink diluted with heparinized
PBS 10 minutes after the surgery followed by perfusion
fixation with 4% paraformaldehyde/PBS. The brain was
removed and cut coronally into 1-mm-thick sections for
subsequent inspection. Brain areas receiving sufficient
perfusion were stained by the India ink, but those
devoid of blood flow were demarcated as “white areas.”
We also stained brain coronal sections obtained from
several animals subjected to 24 hours of MCA occlusion
with 2% 2,3,5-triphenyltetrazolium chloride (TTC;
Sigma Chemical Co.) in PBS to confirm the formation
of infarct in the MCA area. For all the animals used for
histological examinations described later here, neuro-
logical deficits were scored as follows: grade 0, no observ-
able neurological deficits; grade 1, failure to extend the
right forepaw; grade 2, circling to the contralateral side;
and grade 3, loss of walking or righting reflex (18). We
evaluated the neurological deficits 60 minutes after
MCA occlusion (MCAO), at which time the effect of the
anesthesia had completely worn off. For histological
examinations, mice were deeply anesthetized at 6 or 24
hours after MCAO with excess pentobarbital sodium
(100 mg/kg) and perfused transcardially with
heparinized PBS followed by 4% paraformaldehyde/PBS
for tissue fixation. Brains were postfixed in 4%
paraformaldehyde/PBS at 4°C overnight.

Histological examinations. The overall histology of the
brains was assessed by hematoxylin and eosin (H&E)
staining. For immunohistochemistry, frozen sections

c d

Figure 1

Expression of the p35 transgene in OLG cultures. (a) The majority of
OLGs transfected with a lacZ expression adenovirus vector were pos-
itive for B-galactosidase activity. Original magnification, x200. (b)
The expression of the p35 transgene was confirmed by RT-PCR. Lane
1, brain sample from a transgenic mouse bearing the cre recombinase
transgene (Cre tg); lane 2, brain sample from a transgenic mouse
bearing both the cre recombinase and p35 transgenes (Cre/p35 tg);
lane 3, sample obtained from cultured p35 transgene-bearing OLGs
infected with an adenovirus vector carrying a cre recombinase expres-
sion cassette. In each sample, ice cDNA was amplified as an internal
control of cDNA synthesis. (¢ and d) Double immunostaining for
p35 (c) and pi-GST (d).

were thawed and washed in PBS three times. The sec-
tions were permeabilized with 0.1% Triton X-100/PBS
at room temperature for 10 minutes and then blocked
in 4% NGS/PBS for 60 minutes. Subsequently, they
were incubated with primary antibodies at 4°C
overnight. Primary antibodies and their dilutions were
as follows: anti-p35 mouse polyclonal antibody,
1:1,000; anti-pi-GST rabbit polyclonal antibody
(MBL), 1:200; and anti-caspase-11 rat mAb, 1:100. For
pi-GST immunostaining, rhodamine-conjugated anti-
rabbit IgG antibody (Chemicon International) at 1:200
was used as the secondary antibody. For p35 and cas-
pase-11 immunostaining, immunoreactivity was visu-
alized using TSA-Direct according to the manufactur-
er’s instructions. Double-labeling with TUNEL and
pi-GST immunohistochemistry was performed to
investigate whether DNA fragmentation was induced
in OLGs located in the infarcts that resulted from
MCAO, as described previously (33). To explore the
survival of OLGs after ischemic insult, the numbers of
remaining cortical pi-GST-positive cells that had mor-
phological features consistent with those of OLGs
were counted 6 hours and 24 hours after ischemia by
a naive observer at a magnification of X100 using a
Carl-Zeiss Axioplan-2 fluorescence microscope. The
region of interest (ROI) was set at the granular insular
cortex at the level of 1.10 mm anterior to bregma,
according to Franklin and Paxinos (34). As controls,
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the numbers of pi-GST-positive cells in the same ROI
from sham-operated animals were counted. Statistical
analysis was performed using ANOVA followed by
Schefté’s post hoc test within each genotype (wild-type
lictermates, p35 tg, Cre/p35 tg, and caspase-11 KO).
Statistical significance was set at P < 0.01.

Results

For in vitro experiments, we prepared OLG cultures
from transgenic mice bearing the p35 transgene (p35
tg). We first ensured the successful expression of the p35
transgene in our OLG cultures using adenovirus-medi-
ated delivery of the cre recombinase transgene. We
added an adenovirus vector carrying a cre transgene
expression cassette at the concentration of 2.0 x 10°
pfu/mL. The majority of OLGs in cultures infected with
alacZ-expression adenovirus vector at the same concen-
tration were positive for B-galactosidase activity (Figure
la), confirming that this titer was sufficient for effective
transfection efficiency in our culture system. The
expression of the p35 transgene was verified by RT-PCR
and double immunostaining using antibodies against
p35 and pi-glutathione S-transferase (GST), a marker
for the cell body of OLGs (31) (Figure 1, b-d).

To investigate the effect of p35 expression in OLGs
on hypoxia-induced cell toxicity, we subjected OLG cul-
tures to hypoxia for 6 hours. Several lines of evidence
have shown that OLGs are vulnerable to hypoxic insult
(5, 7). In our system, the oxygen concentration in the
anaerobic chamber was demonstrated to decrease to
0.4% within 100 minutes (35). The hypoxic insult
resulted in a substantial loss of OLGs that had been
harvested from WT-OLGs (112.7 £ 8.5 t0 52.2 + 2.7 per
visual field; P < 0.01, ANOVA; Figure 2a). Cell toxicity
was morphologically characterized by cell lysis, destruc-
tion of processes, and formation of cell debris (Figure
2,band c). On the other hand, p35-expressing OLGs
(p35-OLGs) were extremely resistant to the hypoxic
insult (Figure 2, d and e). After hypoxia, the number of
p35-OLGs with intact processes exhibited only a slight
decrease that was not statistically significant (113.9 +
5.5to 102 + 3.2 per visual field; Figure 2a). To evaluate
the viability of the remaining cells, we performed the
TUNEL assay. The proportion of TUNEL-positive cells
was significantly lower in the p35-OLGs (23.4 + 1.8% vs.
42.4 + 1.8%; P < 0.01, ¢ test; Figure 2f).

It has been shown that p35 prevents cell death by
inhibiting caspases (26), implying that the hypoxia-
induced cell death in our cultures was mediated by the
activation of caspases. Therefore, we investigated the
involvement of caspase-3, a representative effector cas-
pase, in the hypoxic cell injury. In Western blot analy-
sis using an antibody raised against the active form of
caspase-3, we detected a 20-kDa band corresponding to
a cleaved product of caspase-3 that is produced upon
its activation, but only in cell lysates prepared from
WT-OLGs subjected to hypoxia (Figure 3a). Further-
more, this antibody immunolabeled the cytoplasm of
numerous hypoxia-treated WT-OLGs, whose nuclei

exhibited a condensed morphology that is consistent
with apoptotic demise (Figure 3, d and e). There was no
immunoreactivity in control cells or in cells that
retained normal nuclear morphology after hypoxia
(Figure 3, b-e). In line with these findings, the hypoxic
insult resulted in a significant increase in caspase-3-like
(DEVDase) activity in WT-OLGs (340.0 + 25.0%; Figure
3f). As expected, there was no significant change in
DEVDase activity in p35-OLGs after hypoxia (96.1 +
13.3%; Figure 3f). There was no significant change in
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Figure 2

Hypoxic injury to OLG cultures. OLGs were examined 6 hours after
hypoxia. We counted the numbers of MBP-positive cells with mor-
phological features consistent with mature oligodendrocytes. (a)
The numbers of mature OLGs with intact arborizations counted at
a magnification of x100. The quantification was carried out in 18
independent visual fields from three distinct cultures for each
group. Statistical analysis was performed using ANOVA followed
by Scheffé’s post hoc test. AP < 0.01. (b and d) OLGs from wild-
type mice (wild-type, b) and p35 tg (Cre/p35, d), both of which
were treated with the cre recombinase expression adenovirus vec-
tor, immunostained with an MBP-specific antibody. OLGs were
characterized morphologically by extensive arborization of process-
es and myelin formation. (c¢) In cultures of wild-type OLGs sub-
jected to 6 hours of hypoxia, cell lysis, destruction of processes, and
scattered cell debris were seen. (e) The hypoxia-induced morpho-
logical changes were attenuated in Cre/p35. Original magnification,
%200. (f) The proportions of TUNEL-positive cells after hypoxia in
wild-type and Cre/p35 OLGs. The quantification was performed in
six independent random samplings of approximately 150 cells each,
and the data were expressed as a percentage of the total cell num-
ber (means + SEM). Statistical analysis was performed using a non-
paired t test. AP < 0.01.

The Journal of Clinical Investigation |

September 2000 |

Volume 106 | NumberS$ 647



A Hypoxia - FL
p35 — -+
Caspasze-3
(p20)

[i-tubulin — g — 00 D2

20 xDa

Cazspase-3

MNuclear morphology
{active form)

(Hoechst 33342)

e

& 400+ 3 125

@ 1 Z T

= T =

s o 100

o 300 5]

§ 5 || I

= ot

3:': 200 E

7 g 507

A ' E 25

.I ‘lz

g o % ol -

= 7 Wildtype Crep3s £ Widtype Creip3s
Figure 3

Activation of caspase-3 in OLGs after hypoxia. All the samples of
hypoxia-treated OLGs were prepared 6 hours after hypoxia. (a) West-
ern blot analysis showing that the cleavage of procaspase-3 occurred
in wild-type, but not in Cre/p35, OLGs after hypoxia. (b and ¢) Under
normal conditions, WT-OLGs did not exhibit immunoreactivity for the
active form of caspase-3. (d and e) WT-OLGs showing immunoreac-
tivity for the active form of caspase-3 and a condensed nuclear mor-
phology. Note that a neighboring OLG that did not display immunore-
activity for the active form of caspase-3 had a normal nuclear
morphology even after hypoxia (arrows). Original magnification,
x200. (f) Hypoxia-induced caspase-3-like protease (DEVDase) activa-
tion in wild-type and Cre/p35 cells. The measurements were carried out
in triplicate for two different samples. The changes in DEVDase activ-
ity after hypoxia were expressed as a percentage. Statistical analysis was
performed with a nonpaired t test. AP < 0.01. (g) Hypoxia-induced cas-
pase-1-like protease (YVADase) activation in wild-type and Cre/p35
OLGs. The changes in YVADase activity after hypoxia were expressed
as a percentage (means = SEM). The measurements were carried out
in triplicate for two different samples.

caspase-1-like (YVADase) activity after hypoxia in WT-
OLGs or p35-OLGs (93.3 + 14.4% and 86.9 + 12.4%,
respectively; Figure 3g).

Next, we explored the effect of hypoxia on the sub-
cellular distribution of cytochrome ¢, a well-known
apoptogenic factor that acts upstream of caspase-3
activation (36, 37). To this end, before fixing the cells
we treated them with a mitochondrial marker, Mito-

Tracker Red, and then fixed the cells and immunola-
beled them with an anti-cytochrome ¢ antibody. Under
normal conditions, the distribution of cytochrome ¢
immunoreactivity showed a punctate pattern that
coincided with the localization of mitochondria as evi-
denced by the MitoTracker Red staining (Figure 4, a—c).
After hypoxic insult, a fraction of the cells exhibited a
diffuse pattern of immunostaining, which most likely
indicated that cytochrome ¢ had translocated from the
mitochondria into the cytosol (Figure 4, d-1). We eval-
uated the translocation of cytochrome ¢ from the mito-
chondria by comparing the change in the proportion
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Figure 4

Translocation of cytochrome ¢ from mitochondria in OLGs after
hypoxia. (a) A WT-OLG under normal conditions showing a punc-
tate immunostaining pattern for cytochrome ¢ that coincided with
the localization of mitochondria, as revealed by the mitochondrial
marker MitoTracker Red (b). (c) A merged image of aand b. (d-f) A
WT-OLG subjected to 6 hours of hypoxia exhibiting a diffuse pattern
of immunostaining for cytochrome c. The cell assumed a round mor-
phology without processes, a morphological sign indicative of an
unhealthy state. (g-i) A p35-expressing OLG showing a diffuse stain-
ing pattern for cytochrome ¢ but maintaining processes. Original
magnification, X400. (j) The proportions of OLGs showing a diffuse
pattern of cytochrome ¢ immunostaining. Quantification was per-
formed with ten random samplings of approximately 100 cells each.
The data are expressed as a percentage of the total cell number
(means + SEM). Statistical analysis was performed by ANOVA fol-
lowed by Scheffé’s post hoc test. AP < 0.01.

648 The Journal of Clinical Investigation |

September 2000 |

Volume 106 | Number$



Figure 5

Caspase-11-dependent caspase-3 activation in OLGs was induced
by hypoxia. For Western blot analysis and caspase-like activity assays,
all the samples of hypoxia-treated OLGs were prepared 6 hours after
hypoxia. (a) Western blot analysis showing that caspase-11 (43 kDa)
was upregulated in response to hypoxia in WT-OLGs and p35-OLGs.
(b) Hypoxia-induced DEVDase activation in wild type and caspase-
11~/~. The measurements were carried out twice in triplicate, and the
results were expressed and assessed as described in Figure 3. AP <
0.01. (c) Western blot analysis showing that hypoxia-induced cleav-
age of caspase-3 was attenuated in caspase-17~/~ mice-derived OLGs
(KO) in comparison with those from wild-type mice (WT). (d)
Hypoxia-induced death of OLGs derived from caspase-11~/~ mice. The
data were obtained from six independent visual fields for each geno-
type and expressed and assessed as described in Figure 2.

of cells manifesting the diffuse staining pattern after
hypoxia. In both WT-OLGs and p35-OLGs, hypoxia
induced a similar degree of change in the proportion of
cells with diffuse staining (4.7 + 0.1% to 21.6 + 2.3% and
6.3 +0.7% to 16.9 + 1.4%, respectively; P < 0.01, ANOVA;
Figure 4j). These results suggest that p35 prevents OLG
cell death after cytochrome c release.

We then used Western blotting to examine the
expression of caspases in OLGs shortly after 6 hours
of hypoxia. We did not observe any significant
changes in the expression level of caspases-1, 2, 3,
and 9 (data not shown). In contrast, we observed a
dramatic increase in the expression of caspase-11
after hypoxic insult, both in WT-OLGs and p35-
OLGs (Figure Sa). We therefore investigated the
expression of caspase-11 in ischemia-induced death
of OLGs in vivo by double immunostaining for cas-
pase-11 and pi-GST. Intriguingly, the induction of
caspase-11 was observed as little as 1 hour after the
MCAO in OLGs situated in the cerebral cortex in the
MCA territory (Figure 6, a-i), suggesting that cas-
pase-11 may play an important role in an upstream
event that leads to cell death. The immunoreactivity
of caspase-11 in OLGs persisted for at least 24 hours
after MCAO (data not shown).

Figure 6

Double immunostaining of wild-type mouse
brain sections (cerebral cortex subjected to
ischemia) for pi-GST (red) and caspase-11
(green). (a and d) In the sham-operated ani-
mal, there was no immunoreactivity for cas-
pase-11. After MCAO, immunoreactivity for
caspase-11 became evident in OLGs (arrows)
at 1 (b and e) and 6 hours (c and f). Original
magnification, X200. Laser confocal images
(g-i) revealed that the immunoreactivity for
caspase-11 was recognized in the perikarya of
OLGs identified as pi-GST-positive cells (g, pi-
GST; h, caspase-11; i, merged). The images
were taken from the deep layers of the granu-
lar insular cortex on the ischemic side.
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There is evidence that there exists a death-executing
pathway in which the activation of caspase-11 lies
upstream of caspase-3 activation (38). To investigate
whether this pathway was operative in the hypoxia-
induced death of OLGs in our cultures, we prepared
OLG cultures from caspase-117/~ mice. In control cul-
tures, 6 hours of hypoxia resulted in a 4.5-fold increase
in DEVDase activity (455.5 + 29.3%; Figure 5b). In cul-
tures derived from caspase-117~ mice, there was only a
2.6-fold rise in DEVDase activity (263.5 + 25.4%; P <
0.01, ¢ test; Figure S5b). Furthermore, only a faint band
corresponding to the activated form of caspase-3 (p20)
was detected in caspase-117/~ OLG lysate under hypoxic
conditions (Figure 5c). This finding clearly showed that
a caspase-11-dependent caspase-3 activation machin-
ery was operative in the hypoxia-induced toxicity of our
cultures, although it appeared not to be the exclusive
mechanism. Correspondingly, hypoxic insult led to
only a slight rise in cell death in OLGs from caspase-11-/~
mice (95.2 £ 10.2 to 73.0 + 7.2 per visual field; Figure
5d). Furthermore, OLGs of caspase-117/~ mice exhibited
resistance to ischemic insult in vivo (see Figure 8g).
These results strongly indicated that the inactivation
of caspase-11 conferred protection to the OLGs against
the hypoxia- and ischemia-induced cell death.
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Figure 7

Expression of p35 in the cerebral cortex of Cre/p35 tg was verified by
double immunostaining for p35 and pi-GST. (a and b) OLGs identi-
fied by immunoreactivity for pi-GST were scattered in the cerebral
cortex of a wild-type mouse, and they did not exhibit immunoreac-
tivity for p35. (c and d) OLGs were immunoreactive for p35 in
Cre/p35 tg. Original magnification, X400.

To test directly the involvement of caspases in
ischemia-induced OLG cell death, we crossed p35 tg
with mice expressing the cre gene in their OLGs (Cre
tg). As depicted in Figure 7, the selective expression of
p35 in OLGs in the brain was confirmed by immuno-
staining. To test whether p35-expressing OLGs in vivo
were resistant to ischemic insult, we subjected mice
hemizygous for both the p35 and cre transgenes
(Cre/p35 tg) to permanent focal cerebral ischemia for
6 or 24 hours by MCAO with an intraluminal fila-
ment and compared the histopathological outcomes
with those obtained from wild-type mice and p35 tg.
We verified that cerebral blood flow in the MCA area
was compromised and that the formation of infarct
was achieved in our ischemia model using wild-type
mice (data not shown). In both wild-type (sham-oper-
ated) and p35 tg mice, cerebral ischemia caused time-
dependent decreases in the density of OLGs in the
cortex (wild-type mice, 88.2 + 6.2 per visual field in
sham-operated animals, 74.0 6.0 per visual field at 6
hours, and 45.3 + 2.1 per visual field at 24 hours; p35
transgenic mice, 91.2 + 2.5 per visual field in sham-
operated animals, 66.0 + 4.7 per visual field at 6 hours,
and 45.2 + 3.3 per visual field at 24 hours; Figure 8,
a-c,and g). In contrast, OLGs in Cre/p35 tg exhibited
resistance to the ischemic insult (89.8 + 6.4 per visual
field in sham-operated animals, 96.5 + 4.1 per visual
field at 6 hours, and 79.3 + 6.5 per visual field at 24
hours; Figure 8, d-f and g). As stated earlier here,
OLGs of caspase-117/~ mice were tolerant of the
ischemic insult (96.3 + 3.4 per visual field in sham-
operated animals, 90.4 + 3.6 per visual field at 6 hours,
76.0 £ 4.9 per visual field at 24 hours; Figure 8g). His-

tological analysis by H&E staining showed that cere-
bral ischemia resulted in neuronal loss accompanied
by overt ischemic changes in the remaining neurons
and in tissue edema (Figure 9, a-d). These ischemia-
induced histopathological changes were of approxi-
mately the same magnitude in wild-type mice and in
Cre/p35 tg mice (Figure 9, b and c). The TUNEL stain-
ing demonstrated the robust occurrence of DNA frag-
mentation in ischemic brains (Figure 9e). As expect-
ed, TUNEL-positive OLGs were found in wild-type
mice (Figure 9e, arrows). In Cre/p3S5 tg, few TUNEL-
positive OLGs were seen against a background of
numerous non-OLG, TUNEL-positive cells, most like-
ly representing neurons (Figure 9f). In conjunction
with the observation that ischemia-induced loss of
OLGs was significantly attenuated in Cre/p35 tg and
caspase-11-/- mice, these findings strongly suggested
that ischemia-induced death of OLGs is largely
dependent on caspase activation, in which caspase-11
might play an important role.
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—O—p35 tg
—o——Cre/p35 tg
—a&— Caspase-11 KO
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Figure 8

Temporal profiles of ischemia-induced death of OLGs. In wild-type
mice, focal cerebral ischemia resulted in a time-dependent decrease
in the density of OLGs in the cerebral cortex under ischemia (a-c). In
Cre/p35 tg, ischemia-induced death of OLGs was attenuated (d-f).
Original magnification, x100. (g) OLG survival after MCAO. The
numbers of pi-GST-positive cells in the granular insular cortex under
ischemia were counted at a magnification of X100 on 12- to 14-Um-
thick frozen sections obtained from five to seven different animals
from each genotype: wild-type littermates, p35 tg, Cre/p35 tg, and
caspase-11~/~ mice (caspase-11 KO). The data were expressed as means
+ SEM per visual field. Statistical analysis was performed using
ANOVA followed by Scheffé’s post hoc test. AP < 0.01, compared
with sham-operated animals in each group.
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Discussion
In the present study, we demonstrated that hypoxia-
and ischemia-induced death of OLGs is accompanied
by the activation of caspases. Inactivation of caspases
by a broad-spectrum caspase inhibitor, p35, conferred
on the OLGs significant protection from hypoxic and
ischemic insults, clearly showing that a family of cas-
pases is implicated in these cell-death paradigms. Fur-
thermore, we have shown that caspase-11-dependent
caspase-3 activation is involved in the hypoxia-
induced death of OLGs. These findings have impor-
tant clinical implications because they shed light on
the intracellular mechanisms of ischemia-induced
OLG death and provide several informative clues
about how novel therapeutic targets might be used in
the treatment of cerebral ischemia.

In our OLG cultures, 6 hours of hypoxia resulted in
approximately 50% cell loss, accompanied by DNA
fragmentation in about 40% of the remaining cells.
This finding is consistent with previous studies report-
ing the vulnerability of OLGs to hypoxia (5, 7). OLG
primary cultures derived from mouse forebrain exhib-
ited approximately 60% cell loss 24 hours after a 2-hour
exposure to oxygen/glucose deprivation (5), and only
24% of cultured rat OLGs survived after 6 hours of
hypoxia (7). Caspases, central intracellular execution-
ers of cell death, are activated in OLGs after a variety of
stimuli, including V-irradiation and TNF-O treatment
(9, 10, 39). We confirmed the activation of caspase-3 in
our OLG cultures after hypoxia using Western blot
analysis and an activity assay using a flu-
orogenic substrate. The expression of
p35 suppressed the hypoxia-induced cas-
pase-3 activation, as expected from its
inhibitory effects on caspases, and sig-
nificantly attenuated the cell death.
These results strongly imply that the
hypoxia-induced demise of OLGs is
mainly mediated by caspase-3 activation.
Caspase-3 is activated by several distinct
pathways (40). Cytochrome ¢ released
from mitochondria activates caspase-9
with the assistance of Apaf-1 in the pres-
ence of (d)ATP, after which pro-caspase-
3 is cleaved into its active form by the
activated caspase-9 (36, 37). Caspase-3
activation is also accomplished by cas-

has shown that a proapoptotic Bel-2 family member,
Bid, upon cleavage by caspase-8, translocates into the
mitochondrial outer membrane to liberate cytochrome
c (42, 43). However, such a caspase-dependent mecha-
nism of cytochrome c release is not likely to play a sig-
nificant role in our hypoxia experiment, as the expres-
sion of p35 did not attenuate the cytochrome ¢ release
in OLGs treated with hypoxia.

Recently, a third caspase-3 activation paradigm was
described wherein caspase-11 directly processes and
activates caspase-3 (38). In our study, caspase-11 was
upregulated and contributed to cell death via caspase-
3 activation after hypoxia. We confirmed that OLGs
prepared from caspase-117/~ mice were resistant to the
hypoxic insult with the significantly attenuated activa-
tion of caspase-3 as revealed by the DEVDase activity
assay and Western blotting. Because the contribution
of caspase-11 to hypoxia-induced death and caspase-3
activation in OLGs is significant, inactivation of cas-
pase-11 is a potential therapeutic target in the treat-
ment of cerebral ischemia. This notion is supported by
our in vivo finding that OLGs in caspase-117/- mice
were resistant to ischemia. Furthermore, the early acti-
vation of caspase-11 in wild-type mouse brains implies
that this initiator caspase may be involved in some
upstream event leading to the ischemia-associated
demise of OLGs.

We have demonstrated that p35-expressing OLGs are
significantly resistant to ischemic injury in vivo, show-
ing unequivocally that a family of caspases plays a piv-

pase-8, which is activated downstream or
independent of the “death factors” (41).
We found that the translocation of
cytochrome ¢ from the mitochondria
took place after hypoxia in both WT-
OLGs and p35-OLGs to a similar degree.
This observation indicates that the apop-
togenic molecule, cytochrome c, is likely
to be involved in the hypoxia-induced
activation of caspase-3 and that the
release of cytochrome ¢ occurs independ-
ent of caspase activity. Recent evidence

Figure 9

H&E staining and double-labeling with TUNEL and pi-GST immunohistochemistry of
brain sections. (a) Normal structure of the cerebral cortex from a sham-operated ani-
mal. (b and ¢) Brain sections obtained at 24 hours after MCAO from a wild-type
mouse and Cre/p35 tg, respectively, showing tissue edema and overt ischemic changes
in the remaining neurons. Original magnification, x100. (d) High-powered view
(%1,000) of a neuron exhibiting typical ischemic changes, which consisted of a pyknot-
ic nucleus, cytoplasmic eosinophilia, triangular cellular morphology, and perineuronal
vacuolation (51); paraffin-embedded sections (7 um thick). (e) Double-labeling with
TUNEL (green) and pi-GST immunohistochemistry (red) showed a robust occurrence
of DNA fragmentation in numerous cells including OLGs (arrows). (f) In Cre/p35 tg,
few OLGs were positive for TUNEL viewed against a background of numerous TUNEL-
positive cells, most likely representing neurons. Original magnification, x100.
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otal role in the execution of ischemia-induced OLG
death. Permanent focal cerebral ischemia produced by
MCAO, a commonly used ischemia model, resulted in
a time-dependent loss of OLGs in infarct areas. This
finding is consistent with previous studies reporting
that OLGs are vulnerable to ischemia (3-7). In a tran-
sient global ischemia model that has been used to ana-
lyze selective vulnerability to ischemia, DNA fragmen-
tation in OLGs preceded that in neurons (6). In focal
cerebral ischemia models, OLGs exhibited morpholog-
ical changes such as cell swelling (3) and biochemical
changes exemplified by the accumulation of tau in the
early phase of ischemia (44). Additionally, a recent
paper reported that caspase-3 activation in OLGs is
induced by hypoxia/ischemia in neonatal rats (45).
What triggers the death of OLGs in cerebral ischemia
remains to be elucidated. There is no doubt that hypox-
ia is an important component of ischemia-associated
pathophysiological events. However, cerebral ischemia
is known to cause a variety of other aberrant changes
such as excessive glutamate release (14, 15), formation
of free radicals that include nitric oxide (16, 46, 47), and
TNF-a production (19), all of which are toxic to OLGs
(5,9,39,48). Our result, indicating that the expression
of p35 conferred substantial protection against
ischemic insult, strongly suggests that these toxic alter-
ations may converge to activate caspases in the execu-
tion of OLG death. Accumulating evidence has shown
that a family of caspases plays an important role in
ischemic neuronal death (33, 49, 50). Therefore, the
inactivation of caspases is a potential therapeutic tar-
get capable of conferring significant protection from
ischemic injury on both OLGs and neurons. At present,
we have no data regarding the long-term survival of
OLGs beyond 24 hours after ischemia. Further experi-
ments are required to clarify this point.

Irrespective of the clinical disease subtypes (athero-
thrombotic stroke, cardioembolic stroke, and lacunar
stroke), acute ischemic stroke affects cerebral white mat-
ter in the majority of cases. As OLGs are the only myelin-
forming cells in the CNS, it is obvious that therapeutic
interventions designed to protect OLGs as well as neu-
rons are required to attenuate the neural dysfunction
that results from ischemic brain damage. The present
study provides the first in vitro and in vivo evidence to
our knowledge that a family of caspases plays a pivotal
role in the hypoxia- and ischemia-induced death of
OLGs. These results underscore the importance of cas-
pase inactivation as a therapeutic target for the treatment
of ischemic stroke.
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