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Ischemia-induced neuronal cell death is mediated by
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Abstract

Brain ischemia induces apoptosis in neuronal cells, but the
mechanism is not well understood. When wild-type mice were
subjected to bilateral common carotid arteries occlusion
(BCCAO) for 15min, apoptosis-associated morphological
changes and appearance of TUNEL-positive cells were
observed in the striatum and in the hippocampus at 48 h
after occlusion. RT-PCR analysis revealed that mRNAs for ER
stress-associated proapoptotic factor CHOP and an ER
chaperone BiP are markedly induced at 12 h after BCCAO.
Immunohistochemical analysis showed that CHOP protein is
induced in nuclei of damaged neurons at 24 h after occlusion.
In contrast, ischemia-associated apoptotic loss of neurons
was decreased in CHOP~'~ mice. Primary hippocampal
neurons from CHOP '~ mice were more resistant to hypoxia-
reoxygenation-induced apoptosis than those from wild-type
animals. These results indicate that ischemia-induced
neuronal cell death is mediated by the ER stress pathway
involving CHOP induction.

Cell Death and Differentiation (2004) 11, 403-415. doi:10.1038/
sj.cdd.4401365

Published online 30 January 2004

Keywords: apoptosis; brain ischemia; CHOP; endoplasmic
reticulum stress; neuronal cell death

Abbreviations: BCCAO, bilateral common carotid arteries
occlusion; CaMKIV, Ca®*/calmodulin-dependent protein kinase
IV; CHOP, C/EBP homologues protein; ER, endoplasmic
reticulum; GFAP, glial fibrillary acidic protein; MAP2, microtu-
bule-associated protein 2; NO, nitric oxide; PI, propidium iodide;
TUNEL, terminal transferase-mediated dUTP-biotin nick end
labeling

Introduction

Neuronal cells are particularly vulnerable to ischemia and
disturbance in the central nervous system leads to serious
after-effects such as paresis, memory disturbance and even
death can occur. Brain ischemia induces hypoxia and
hypoglycemia, and depolarization of neuronal cell membrane,
release of glutamate from neuron and axon can occur.
Glutamate induces cell death by increasing [Ca®"] in
neurons,’? and production of free radicals such as nitric
oxide (NO) and superoxide accelerates cell death cascade to
apoptosis due to DNA fragmentation or mitochondrial
disturbance.® However, various therapies targeting glutamate
receptors or maintenance of intracellular Ca®* homeostasis
had little effect.*

Neuronal cells have highly developed endoplasmic reticu-
lum (ER).> ER has several important functions involving
glycosylation, formation of disulfide bonds, folding and
assembly of newly synthesized secretory proteins. ER also
serves as a cellular Ca®>* store. Perturbation of ER functions
can induce cellular damages and result in cell death. Under
various conditions such as disturbance of Ca®* homeostasis,
hypoxia, hypoglycemia and treatment with various agents, ER
functions are disturbed and ER stress is induced.®’

In an attempt to survive under ER stress conditions, cells
have self-protective mechanisms against this stress. Induc-
tion of molecular chaperones in ER, translational attenuation
and ER-associated degradation (ERAD), which are collec-
tively termed ‘unfolded protein response’®® are involved.
However, when cells are subjected to severe and prolonged
ER stress, a proapoptotic factor CHOP/GADD153, a member
of the C/EBP family of transcription factors, is induced and
apoptosis follows in some cell types.'®~'2 CHOP is expressed
at low levels under physiological conditions, but is strongly
induced at the transcription level in response to ER stress.'®
Transcriptional induction of the CHOP gene is one of the most
important pathways leading to apoptosis.®'® When cells are
subjected to ER stress, three major sensor and transducer
proteins on the ER membrane, including IRE1, ATF6 and
PERK, are activated.''® CHOP exists downstream of all
these three pathways, and overexpression of CHOP leads to
growth arrest and apoptosis.®'”:'® CHOP was reported to
increase the sensitivity to ER stress by decreasing Bcl-2
expression, and to enhance oxidant injury.'®

We found that NO-induced apoptosis is mediated by the ER
stress pathway involving CHOP.2°2"'® |mpaired ER functions
may cause various human diseases.?> We showed that ER
stress-induced apoptosis in pancreatic f-cells leads to
diabetes.'? In brain ischemia, neuronal cells cannot receive
sufficient glucose and oxygen required for modification of
proteins in ER, and ER stress may occur.2® The induction of
CHOP mRNA by brain ischemia or hypoxia has been
reported.2*2” However, the exact role of CHOP in ER
stress-mediated neuronal apoptosis in brain ischemia or
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hypoxia remains to be clarified. We hypothesized that brain
ischemia-induced apoptosis is mediated by the ER stress
pathway including CHOP. We now report that brain ischemia
in mice causes ER stress-mediated apoptosis of neuronal
cells in the striatum and hippocampus, and that CHOP plays a
crucial role in this cell death.

Results

Neuronal cell death is induced by 15 min-BCCAO
in the mouse striatum and hippocampus

BCCAO is a simple method of global cerebral ischemia in
mice compared with middle cerebral artery occlusion. It has
been reported that BCCAO for 15—18 min causes extensive
neuronal damage in C57BL/6 mice.2>*° To optimize the
duration of BCCAO, survival rates of mice were examined
after 10, 15 and 20 min-BCCAO. None of 10 min-BCCAO
mice (n=9) had died at 7 days (mortality rate, 0%), and there
were no apparent histological changes in the striatum and the
hippocampus (data not shown). After 15 min-BCCAO, four of
the nine mice died within 7 days (mortality rate, 44%),
whereas after 20 min-BCCAOQO, seven of the nine mice died
within 7 days (mortality rate, 78%). Based on our observations
and previous reports, we used 15min-BCCAO for all further
analysis.

To assess ischemia-induced neuronal cell death in striatum
and hippocampus, histological analysis with Nissl’s staining
was done. In the striatum at 7 days after 15 min-BCCAO, cells
were diffusely shrunken and nuclei were irregularly con-
densed (Figure 1A, ¢ and d). In hippocampal CA1 subfields,
pyramidal neurons were scattered and shrunken, and the
nuclei were markedly condensed (Figure 1A, g and h). To
detect apoptosis, TUNEL and propidium iodide (PI) stainings
were done. In the striatum, scattered TUNEL-positive cells
appeared at 24 h after ischemic insult, increased at 48 h, and
remained for up to 7 days. PI staining showed neuronal cells
with normal morphologic properties exhibiting round nuclei at
0h, but some cells began to shrink at 24 h and most nuclei
were condensed at 48h (Figure 1B). In the hippocampus,
TUNEL-positive cells appeared in the medial area of the CA1
subfields at 48 h and extended to the lateral part of CA1 and
CAS3 subfields for up to 7 days (Figure 1C).

Brain ischemia induces the ER stress-associated
proapoptotic factor CHOP

Next, we determined if ischemia-induced neuronal apoptosis
is mediated by the ER stress pathway by assessing
expression of mMRNAs for the ER stress-associated proapop-
totic factor CHOP and an ER chaperone BiP in the striatum
and in the hippocampus of C57 BL/6 (wild-type) mice using
RT-PCR analysis (Figure 2). In the striatum, CHOP mRNA
was expressed at a low level before treatment, began to
increase at 6h, increased markedly at 12h, was somewhat
decreased at 24 h, and clearly decreased at 48 h. BiP mRNA
was similarly induced. In the hippocampus, CHOP mRNA was
increased at 6 h, reached a maximum at 12 h, was somewhat
decreased at 24 h, and decreased to a near control level at
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48 h. No induction of CHOP and BiP mRNAs was seenat 12h
in sham-operated animals (data not shown).

Expression of the CHOP protein in the striatum and in the
hippocampal CA1 subfields was studied by means of an
immunohistochemical analysis (Figure 3). CHOP was not
detected in sham-operated mice (Figure 3A, a, c and B, a). In
contrast, CHOP was detected in nuclei of cells in the striatum
and hippocampal CA1 subfields at 24 h after BCCAQO (Figure
3A, b, e and B, c¢). Most, but not all cells were positive for
CHOP. CHOP-positive nuclei were morphologically normal,
thereby suggesting that they are proapoptotic. In the
hippocampal CA1 subfields, the cellular arrangements of the
pyramidal layers were markedly disturbed and many nuclei
were positive for CHOP at 24 h after BCCAO.

Disruption of the CHOP gene protects ischemia-
induced neuronal cell death in mice

To examine a role of CHOP in ischemia-induced neuronal cell
death in vivo, we used CHOP~'~ mice. Table 1 shows
physiological parameters during BCCAO in wild-type and
CHOP~'~ mice. There was no significant difference between
wild-type and CHOP ™'~ mice in arterial blood pH, arterial
blood gases (PaO, and PaCO,), blood glucose and rectal
temperature. Mean arterial blood pressure increased similarly
in both wild-type and CHOP~'~ mice during BCCAO. Regional
cerebral blood flow decreased to about 22 and 18% of control
in wild-type and CHOP~/~ mice, respectively, during BCCAO.
These results indicate that there is little difference in
physiological parameters between wild-type and CHOP /-
mice during BCCAO.

To assess whether the ER stress pathway was activated in
CHOP~'~ mice after 15min-BCCAO, we examined the
expression of BiP mRNA by RT-PCR analysis (Figure 4). In
both striatum and hippocampus, BiP mRNA was expressed at
low levels before treatment, increased markedly at 6h,
somewhat decreased at 12 h, and further decreased at 24 h.
These results confirm that the ER stress pathway is activated
in CHOP~'~ mice after ischemic insult.

To examine the activation of the ER stress pathway
upstream of CHOP induction in CHOP '~ mice and in wild-
type mice, we performed RT-PCR analysis of XBP1 mRNA
(Figure 5). XBP1 is a member of the CREB/ATF4 family of
transcription factors, is specifically induced by ER stress.
Upon ER stress, XBP1 mRNA is subjected to unique and
specific splicing by activated IRE1, and the induced XBP1
activates the expression of the ER stress-response
genes.?"*2 XBP1 mRNA is also known to be induced by
activated ATF6 and by XBP1 itself. Therefore, induction and
splicing of XBP1 mRNA is a good marker of ER stress. In the
hippocampus of wild-type and CHOP~/~ mice, unspliced
XBP1 mRNA was expressed at low levels before ischemic
insult and spliced XBP1 mRNA was not detected. Unspliced
XBP1 mRNA was markedly induced at 2 and 4 h in both wild-
type and CHOP~~ mice, and spliced XBP1 mRNA was
formed in both animals. In the striatum of wild-type and
CHOP '~ mice, similar induction and splicing of XBP1 mRNA
were observed (data not shown). These results confirm that
15min-BCCAO activates the ER stress response pathway
similarly in wild-type and CHOP~'~ mice.
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Figure 1

Induction of neuronal cell apoptosis by brain ischemia. (A) Induction of neuronal cell death is induced by 15min-BCCAO in the mouse striatum and

hippocampus. BCCAO was done in C57 BL/6 male mice (6-7 weeks old, 20-30 g), as described under Materials and Methods. Sham operation was done with the
expose to bilateral common carotid arteries and without occlusion. Representative Nissl’s stains in the striatum (a-d) and in the hippocampus (e-h) at 7 days after sham
operation (a, b, e and f) or 15min-BCCAO (c, d, g and h) are shown. b, d, f and h ( x 200) are the magnification of squares in a, ¢, e and g ( x 40), respectively. VT,
ventricle; DG, dentate gyrus; so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. (B) Brain ischemia-induced apoptosis in the striatum. Sequential apoptotic
changes were observed with use of TUNEL and propidium iodide (PI) staining. Representative photographs at 0 h (sham; aand b), 24 h (¢ and d), 48 h (e and f), 4 days
(g and h), and 7 days (i and j) after 15 min-BCCAO are shown ( x 400). (C) Brain ischemia-induced apoptosis in the hippocampus. Sequential apoptotic changes were
observed with use of TUNEL and propidium iodide (PI) staining. Representative photographs at 0 h (sham; aand b), 24 h (¢ and d), 48 h (e and f), 4 days (g and h), and 7

days (i and j) after 15min-BCCAO are shown ( x 400)

We analyzed neuronal cell death in the striatum and in the
hippocampal CA1 subfields by immunohistochemical analysis
of Ca? " /calmodulin-dependent protein kinase IV (CaMKIV),
an enzyme which is abundantly expressed in neurons.
CaMKIV plays an important role as a multifunctional serine/
threonine protein kinase such as activation of CAMP response
element-binding protein (CREB), that is involved in hippo-

campal long-term potentiation.®® Many neuronal cells positive
for CaMKIV were observed in the striatum of sham-operated
mice (Figure 6A, a and d). In wild-type mice with 15min-
BCCAOQ, CaMKIV-positive cells disappeared in most areas of
the striatum after 7 days, although they did remain in some
areas (Figure 6A, b and e). In contrast, these cells were widely
preserved in CHOP '~ mice, except for dorso-lateral region
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Figure 2 Induction of CHOP and BiP mRNAs in the striatum and hippocampus
of wild-type mice by brain ischemia. RT-PCR analysis was performed using total
RNAs obtained from the striatum (A and B) and the hippocampus (C and D) at 0,
6, 12, 24, 48 and 96 h after 15 min-BCCAO. GAPDH mRNAs was used as an
internal control. Results were quantified by densitometry, normalized for GAPDH
mRNAs and are shown as mean4S.D. (n=#6)

which is readily affected by ischemia (Figure 6A, c and f). The
number of CaMKIV-positive cells in each hemisphere was
counted and the average number was markedly decreased in
wild-type mice after BCCAO (29% of sham-control mice),
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whereas this decrease was markedly attenuated in
CHOP~'~ mice (90% of sham) (Figure 6B,C). In some of
both wild-type and CHOP '~ mice, the numbers of remaining
CaMKIV-positive cells differed markedly between right
and left hemispheres, probably because of patency of the
posterior communicating artery hypoplasticity in the circle
of Willis.28-3% CaMKIV-positive neurons were observed in
the hippocampal CA1 subfields of sham-operated mice
(Figure 7A, a). In CA1 pyramidal cells of wild-type mice
with ischemia, CaMKIV-positive cells were frequently
destroyed and disappeared (Figure 7A, b and €), yet were
widely preserved in CHOP~~ mice (Figure 7A, ¢ and f).
When the numbers of CaMKIV-positive cells in each
hemisphere were counted and averaged (Figure 7B,C), the
average was markedly decreased in wild-type mice
after BCCAO (27% of sham-control mice), whereas this
decrease was attenuated in CHOP '~ mice (62% of sham).
Therefore, in the striatum and the hippocampus, CHOP~/~
mice are more resistant to brain ischemia, especially in
the striatum. Loss of CaMKIV-positive cells induced by
ischemia in each hemisphere was more asymmetric in
hippocampus than in the striatum. This finding agrees well
with documented data.*°

Primary neurons from CHOP '~ mice are resistant
to hypoxia-reoxygenation-induced apoptosis

We examined the effects of hypoxia-reoxygenation on
primary cultured neurons from wild-type and CHOP '~ mice.
The hippocampal primary cultured neurons were subjected to
hypoxia for 1 h and then reoxygenated for various periods. To
assess the activation of the ER stress pathway under our
experimental conditions, we examined expression of mMRNAs
for CHOP and BiP (Figure 8A). In primary cultured neurons
from wild-type mice, CHOP mRNA was expressed at a low
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Immunohistochemical analysis of CHOP in the striatum and hippocampus after brain ischemia. Immunostaining of CHOP in superior regions of striatum (A, a

and b; x 40), and CA1 (B, a and ¢; x 200) subfields in hippocampus in sham operated (A, a, ¢ and B, a) and 15 min-BCCAO (A, b, e and B, c) mice was performed
after 24 h. A, ¢ and e are amplification ( x 400) of the indicated regions in A, a and b, respectively. A, d, f and B, b, d show nuclear staining with propidium iodide (P!I) of
the same fields of A, ¢, e and B, a, ¢ respectively. Arrows indicate representative cells positive for CHOP in nuclei

Table 1 Physiological parameters during BCCAO in wild-type and CHOP ™'~ mice

Wild-type mice CHOP~'~ mice
Baseline During BCCAO Baseline During BCCAO

pH 7.40+0.04 7.43+0.05 7.38+0.07 7.39+0.05
PaO, (mmHg) 140+ 24 152+10 148+20 156+12
PaCO, (mmHg) 36.6+2.3 35.9+1.3 37.1+5.0 36.3+1.3
Glucose (mg/dl) 163+ 11 170+13 142+13 169+7
Rectal temperature (°C) 37+0.5 37+0.2 37+0.5 37+0.3
MABP (mmHg) 82+9.1 99+3.1 83+5.8 101+4.7
rCBF (%) 100* 22.3+9.7 100* 17.8+4.8

Arterial blood pH, arterial blood gases (PaO, and PaCO,), blood glucose, rectal temperature, mean arterial blood pressure (MABP) and regional cerebral blood flow
(rCBF) were measured at 10 min before occlusion Sbaseline) and 10 min after the start of 15 min-BCCAOQ. Data are presented as means+S.D. (n=5). *Baseline

values were similar between wild-type and CHOP "~ mice

level after 1h-hypoxia (reoxygenation for Oh), began to
increase at 2h after reoxygenation, reached a maximum at
4 h, and decreased thereafter. No expression of CHOP mRNA
was observed in CHOP~'~ neurons. On the other hand, BiP

mRNA was induced similarly in wild-type and CHOP '~
neurons. It was induced at 2-6h after reoxygenation and
decreased at 8 h. We next examined induction and splicing of
XBP1 mRNA (Figure 8B). Induction of unspliced XBP1 mRNA

Cell Death and Differentiation
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Figure 4 Induction of BiP mRNAs in the striatum and hippocampus of CHOP~

~ mice by brain ischemia. RT-PCR analysis was performed using total RNAs
obtained from the striatum (A) and the hippocampus (B) at 0, 6, 12 and 24 h after
15 min-BCCAO. GAPDH mRNAs was used as an internal control. Results were
quantified by densitometry, normalized for GAPDH mRNAs and are shown as
mean+S.D. (n=3)
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Figure 5 Induction and splicing of XBP1 mRNA in the hippocampus of wild-
type and CHOP~'~ mice by brain ischemia. RT-PCR analysis was performed
using total RNAs from the hippocampus at 0, 2 and 4 h after 15 min-BCCAO with
a primer set encompassing the spliced-out region in XBP1 mRNA. PCR products
were resolved on 3% agarose gels to separate unspliced (XBP1u) and spliced
(XBP1s, arrowheads) XBP1 mRNAs. PC12 cells treated with or without 1 uM
thapsigargin (Tg ) for 6 h were used as positive control. GAPDH mRNA was used
as an internal control. M; size marker

and formation of the spliced form were observed after
hypoxia-reoxygenation similarly in wild-type and CHOP~/~
neurons.

Cell Death and Differentiation

We then examined hypoxia-reoxygenation-induced mor-
phological changes in neurons and glial cells from wild-type
and CHOP~~ mice by immunohistochemical analysis
(Figure 8C). When cytosine arabinocide was omitted from
the medium, neurons positive for microtubule-associated
protein 2 (MAP2) and glial cells positive for glial fibrillary
acidic protein (GFAP) grew. The number of neurons from wild-
type mice was markedly decreased at 6 h after reoxygenation
(Figure 8D, a), dendrites disappeared almost completely at
9h, and cell bodies disappeared almost completely at 12 h. In
contrast, many neurons from CHOP '~ mice were apparently
intact at 6 h (Figure 8D, b), dendrites remained partly retained
at 9h, and many cell bodies remained at 12 h. This indicates
that neurons from CHOP~~ mice are more resistant to
hypoxia-reoxygenation-induced morphological changes and
cell death than those from wild-type animals. On the other
hand, glial cells from wild-type and CHOP~/~ mice remained
apparently intact at 9h and underwent some morphological
changes at 12 h. Therefore, glial cells were more resistant to
hypoxia-reoxygenation than neurons. Wild-type neurons,
which lost their dendrites at 9h after reoxygenation, were
positive for TUNEL staining, whereas CHOP~'~ neurons at
9h retaining almost dendrites were negative for TUNEL
staining (Figure 8E). This indicates that primary cultured
neurons undergo apoptotic cell death by hypoxia-reoxygena-
tion.

Finally, to assess the activation of another ER stress—
mediated apoptosis pathway, we investigated the phosphor-
ylation of c-Jun-N-terminal-kinase (JNK), one of the mitogen-
activated protein kinase (MAPK) (Figure 8F). Upon ER stress,
IRE1 is activated by autophosphorylation and the IRE1-
TRAF2-ASK1 complex is formed, and the ASK1-JNK path-
way is activated.®* In the primary cultured neurons from both
mice, phosphorylated-JNK levels were moderately increased
after 1h hypoxia, remained high after reoxygenation for
10 min, and then decreased. The level of JNK remained little
changed in wild-type and CHOP~'~ neurons during treatment.
These results indicate that the hypoxia-reoxygenation stress
activates not only the CHOP pathway, but also the JNK
pathway. We think this is the reason why hypoxia-reoxygena-
tion-induced apoptosis is not completely inhibited in CHOP /'~
neurons.

Discussion

In the present study, we found that brain ischemia induces
neuronal cell death via ER stress in vivo and in vitro. There are
several explanations regarding the mechanism of ischemia-
induced ER stress. Ischemia results in deprivation of oxygen
and glucose in neuronal cells and depletion of ATP can follow.
ER functions as an intracellular Ca2* store and plays an
important role in Ca®* homeostasis by pumping Ca* into
ER lumen via sarcoplasmic/endoplasmic reticulum Ca®*-
ATPase (SERCA), and by releasing Ca®* from the ER by the
inositol 1, 4, 5-trisphosphate (IP3) receptor and/or ryanodine
receptor. When ATP is decreased, SERCA is inhibited and ER
Cca+ may be depleted. This depletion impairs protein folding
in the ER and leads to ER stress.®® On the other hand,
increased cytosolic Ca®* presumably stimulates neuronal
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Figure 6 Attenuation of ischemia-induced neuronal cell death in the striatum of CHOP '~ mice. (A) Ca®* /caimodulin-dependent protein kinase IV (CaMKIV) was
immunostained as a marker of neuronal cells. Coronal slices (30 xm) of wild-type mouse with sham operation (a), wild-type mouse with 15 min-BCCAO (b) and CHOP
~ mouse with 15 min-BCCAO (c) were immunostained with an anti-CaMKIV antibody, and stains at anterior commissure level are shown. d, e and f are magnifications
( x 200) of the squares indicated in a, b and ¢ ( x 40), respectively. (B) The striatum was divided into superior and inferior regions in each hemisphere, and CaMKIV-
positive cells in each region were counted, as described under Materials and Methods. (C) The results in B were analyzed statistically and are shown as mean (n=2) for
sham-operated mouse, and mean +S.D. (n= 14) for wild-type and CHOP '~ mice with 15 min-BCCAO (*; P<0.01)

nitric oxide (NO) syntheses, and NO further depletes ER
Ca2*.2° NO depletes ER Ca2™" probably by inhibiting Ca®*
uptake by SERCAZ® or by stimulating Ca®™ release by the
ryanodine receptor.3” IP; receptor density is high in the
hippocampal CA1 and in the striatum.*® We reported that
overexpression of calreticulin, a major Ca®* binding proteinin
ER, increases ER Ca®" stores in MIN6 f$-cells and protects
against NO-induced apoptosis.2° Xestospongin, an inhibitor
of the IP3; receptor, and dantrolene, an inhibitor of the
ryanodine receptor, were reported to prevent cell death of
neurons derived from presenilin-1 mutant mice.3® Association

of brain ischemia with ER stress has also been reported. Brain
ischemia and reperfusion activated the eukaryotic initiation
factor 2« kinase PERK, an ER stress sensor and transducer
protein which is activated by ER stress.®® Expression of
150 kDa oxygen-regulated protein (ORP150), an ER chaper-
one in the hippocampus, suppressed delayed neuronal cell
death.*®

In this report, we showed that brain ischemia-induced
neuronal cell death is mediated by CHOP. CHOP was induced
by brain ischemia in the striatum and the hippocampus, and
ischemia-induced neuronal cell death was attenuated in
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Figure 7  Attenuation of ischemia-induced neuronal cell death in the hippocampal CA1 subfield of CHOP '~ mice. (A) Coronal slices (30 um) of wild-type mouse with
sham operation (a and d), wild-type mouse with 15 min-BCCAO (b and e) and CHOP '~ mouse with 15 min-BCCAO (¢ and f), were immunostained with anti-CaMKIV
antibody, and stains at the level of dorsal hippocampus were shown (a—c). Lower panels (d-f) show the nuclear staining with propidium iodide (P!) of the same fields. The
Pl-positive cells outside the hippocampus in e are infiltrating inflammatory cells and reactive astrocytes. (B) CaMKIV-positive cells in each CA1 subfield were counted, as
described under Materials and Methods. (C) The results in B were analyzed statistically and are shown as the mean (n = 2) for sham-operated mouse, and mean+S.D.

(n=10) for wild-type and CHOP '~ mice with 15 min-BCCAO (*; P<0.05)

CHOP-deficient mice. In our experiments, CHOP mRNA was
highly induced at 12h after 15min-BCCAO (Figure 2) and
CHOP protein was induced at 24 h (Figure 3), but apoptosis
continued up to 7 days (Figure 1). We speculate that CHOP-
induced apoptosis occurs in early phase after ischemia and
that apoptosis in later phase is induced through other death
pathways."'® Induction of XBP1 mRNA and its splicing were
very similar between wild-type and CHOP '~ mice (Figure 5),
whereas induction of BiP mRNAs were somewhat differed
between the two (Figures 2 and 4). It is known that induction
and splicing of XBP1 mRNA are regulated mainly by IRE1 and
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ATF6, whereas expression of BiP mRNA is regulated mainly
by ATF6 and XBP1.3'32 Because there are crosstalks among
the ER stress response pathways, the difference in BiP mRNA
induction between wild-type and CHOP~'~ mice may occur
under complex pathological conditions such as ischemia-
reperfusion.

Moreover, we showed that primary hippocampal neurons
from embryonic brain of CHOP~'~ mice are more resistant
against hypoxia-reoxygenation than those from wild-type
animals, and that neurons are much more sensitive to
hypoxia-reoxygenation than glial cells (Figure 8). However,



wild-type

o 2 4 6 8 0 2 4 6 8

CHOP

BiP

28s
18s

rBNA

o
o

—o— Wild-type
-A- CHOP™

(o))
(]

s

no

relative mRBRNA level
- n

[
|
t
\

relative mRNA level

0 2 4 6 8 0 2 4 6 8
time after hypoxia (h) time after hypoxia (h)

B PC12
wild-type CHOP ™" (Tg)

— 17 10
Cont 0 1 2ContO0 1 2 0 6 M

- i el 700
= 1 600

500

Figure 8 Attenuation of apoptosis in primary cultured neuronal cells from
CHOP~/~ mice induced by hypoxia-reoxygenation. (A) Induction of CHOP and
BiP mRNAs in primary cultured neurons. (a) RT-PCR analysis was performed
using total RNAs of hippocampal primary cultured neurons from embryonic mice
at days 16-18 of gestation. Cells were subjected to 1 h hypoxia followed by
reoxygenation for indicated hours. Results for CHOP (b) and BiP (c) mRNAs
were quantified and are shown as mean+S.D. (n=3). (B) Induction and
splicing of XBP1 mRNA. RT-PCR analysis was performed as in Figure 5. (C)
Hippocampal cells from wild-type (a—h) and CHOP '~ (i-p) mice at embryonic
16-18 days were cultured without cytosine arabinocide and subjected to 1h
hypoxia followed by reoxygenation for O h (a, e,iand m), 6 h (b, f,jand n), 9h (c,
g, kando)and 12h (d, h, 1 and p). Sequential morphological changes of neurons
(a-d and i-l), and glial cells (e-h and m-p) were observed with double
immunostaining using anti-microtubule associated protein 2 (MAP2) antibody
and anti-glial fibrillary acidic protein (GFAP) antibody, respectively. a-d and il
show the same fields of e-h and m-p, respectively. Bar; 100 um. (D) The low
magnification images of hippocampal neurons from wild-type (a) and CHOP '~
(b) mice. Primary cultured neurons were subjected to 1h hypoxia followed by
reoxygenation for 6 h, and immunostained with MAP2 antibody. Bar; 100 um. (E)
The hippocampal primary cultured neurons from wild-type (a and b) and CHOP~
~ (¢ and d) mice were subjected to 1 h hypoxia and 9 h reoxygenation, and then
stained with anti-MAP2 antibody (a and ¢). Apoptosis was detected by the
TUNEL method (b and d). Bar; 20 um. (F) Phosphorylation of JNK. Primary
cultured neurons from wild-type and CHOP~'~ mice were subjected to 1h
hypoxia followed by reoxygenation for indicated periods. Cells extracts were
subjected to immunoblot analysis with antibodies against phosphorylated-JNK or
JNK1 (arrows). Cells without hypoxia treatment were used as control (Cont)

(h)

XBP1u._

— — — — —

XBP1s

although disruption of the CHOP gene delayed neuronal
apoptosis, ischemia-induced apoptosis could not be sup-
pressed completely. Similar results were obtained for pan-
creatic § cells from CHOP~/~ mice.'> We speculate that
CHOP-independent ER stress pathways including caspase-
12*" or TRAF2-ASK1-JNK,3* or other cell death mechanisms
such as oxidative stress might cause neuronal apoptosis in
CHOP-deficient mice. Actually, phosphorylation of JNK was
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increased by hypoxia-reoxygenation in primary cultured
neurons from CHOP '~ mice. Further studies on ER stress-
mediated apoptosis are expected to provide new insights into
the pathogenesis of brain ischemia and degenerative disease
and new therapeutic approaches for prevention of these and
related diseases can be designed.

Materials and Methods

Ischemia model

All procedures involving these animals were approved by the Animal Care
and Use Committee of Kumamoto University. Mice lacking the CHOP
gene (C57 BL/6 background) were provided by Dr. Shizuo Akira (Osaka
University, Japan).2> CHOP~'~ mice show normal growth, development
and fertility.*> C57 BL/6 male mice (wild-type) and CHOP~~ mice
weighing 20-30 g (6-7 weeks old) were allowed free access to food and
water, and were housed under constant environmental conditions
(temperature, 22+2°C; humidity, 55+5%; and a 12/12h light/dark
cycle). Brain ischemia was induced by bilateral common carotid arteries
occlusion (BCCAO) for 15 min under 2% halothane in a mixture 70% N,O
and 30% O, using a face mask essentially as described.® Rectal
temperature, monitored using a digital thermometer (Small Animals Heat
Controller, Unique Medical, Tokyo, Japan) inserted 9 mm into the anus,
was maintained at 37 +0.5°C using a heating lamp and a blanket until the
mice were completely awake. Control animals were sham-operated
without occlusion.

Measurements of physiological parameters

pH, PaO, and PaCO, were measured using a blood gas analyzer (SL
Blood Analysis System Series 2000, Diametrics Medical, MN, USA).
Glucose was measured using blood glucose analyzer (Precision QID
System, Abbott Laboratories, IL, USA). Rectal temperature was
maintained at 37+0.5°C as described above. Mean arterial blood
pressure was measured via a tail artery using a sphygmomanometer (TK-
340 Rat-Mouse Manometer-Tachometer, Unicom, Chiba, Japan).
Regional cerebral blood flow was measured by laser-Doppler flowmeter
(ALF21, Advance, Tokyo, Japan). Craniectomy was performed on the
skull over the bilateral cortex (1 mm caudal and 2mm lateral from the
bregma) using a drill and with extreme care. After the hollow plastic tubes
were fixed to the skull with resin, the flowmeter probe was inserted into
tubes. Values for right and left cortex were averaged.

Histological analysis and detection of apoptosis

After the indicated days, animals were reanesthetized by giving sodium
pentobarbital (50 mg/g, i.p.) then were perfused with ice-cold phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde via left ventricle
of the heart. The whole brain was removed and post-fixed in 4%
paraformaldehyde in PBS for 24 h. For histological analysis with Nissl's
staining, consecutive coronal sections of 20 um in thickness were
prepared using Vibratome Sectioning techniques (Technical Products
International, MO, USA). Neuronal cell death was assessed at 7 days after
15min-BCCAOQ or sham operation. Striatum at the level of the anterior
commissure and dorsal hippocampus was examined and neuronal
damages were evaluated in each hemisphere. Apoptosis was detected by
TUNEL method using an in situ apoptosis detection kit (Takara Shuzo,
Otsu, Japan). TUNEL signals were amplified with Streptavidin Alexa
Fluora 488 conjugate (diluted 1:200; Molecular Probes, Leiden, The
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Netherlands) using the TSA Biotin System (PerkinElmer Life Sciences
Inc., Boston, MA, USA).

RT-PCR analysis

Mice were deeply anesthetized and decapitated at indicated times after
ischemic insult. Bilateral striatum and the whole hippocampus were
removed and frozen immediately on dry ice then stored at —80°C. Total
RNA was isolated using the acid guanidium thiocyanate phenol-
chloroform extraction procedure. cDNA was synthesized using the
Superscript One-Step RT-PCR System (Invitrogen, Grand Island, NY,
USA). The primers used are as follows: sense primer, 5'-CATACAC-
CACCACACCTGAAAG-¥ and antisense primer, 5-
CCGTTTCCTAGTTCTTCCTTGC-3' for CHOP; sense primer, 5'-GAAAG-
GATGGTTAATGATGCTGAG-3  and  antisense  primer,  5'-
GTCTTCAATGTCCGCATCCTG-3' for BiP; sense primer, 5'-AAACA-
GAGTAGCAGCGCAGACTGC-3' and antisense primer, 5'-GGATCTC-
TAAAACTAGAGGCTTGGTG-3' for XBP1;* sense primer, 5'-
TGGCACAGTCAAGGCTGAGA-3 and antisense  primer, 5'-
CTTCTGAGTGGCAGTGATGG-3 for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The primer sets for CHOP, BiP, unspliced form
XBP1, spliced form XBP1 and GAPDH are expected to give PCR products
with a size of 357, 231, 600, 574 and 380 bp, respectively. PCR consisted
of an initial denaturation cycle at 94°C for 2 min, followed by the 30 cycles
for CHOP and GAPDH, 25 cycles for XBP1 and the 22 cycles for BiP
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consisted of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and
elongation at 68°C for 1min. An additional cycle at 72°C for 7 min
completed the amplification process. Amplified PCR products were
separated by 2% for CHOP, BiP, GAPDH or 3% for XBP1 agarose gel
electrophoresis and visualized with the use of ethidium bromide staining.
Densitometric quantification was done using MacBas software (Fuji Photo
Film Co., Tokyo, Japan) and the results are shown as mean +S.D.

Immunohistochemical analysis

To detect surviving neurons in vivo, CaMKIV-immunohistochemical
analysis was done as described by Yano et al*>In brief, sections were
incubated by floating for 30 min in PBS containing 0.5% Triton X-100,
30 min in PBS with 3% bovine serum albumin, and overnight with anti-
mouse CaMKIV antibody (diluted 1:1000; Transduction Lab. Lexington,
KY, USA) in PBS. The sections were then labeled for 2 h with FITC-labeled
anti-mouse I1gG (diluted 1:200; Vector Lab. Burlingame, CA, USA) and
nuclei were stained for 15 min with PI. The sections were analyzed using a
confocal laser microscope (Fluoview, Olympus, Tokyo, Japan). To quantify
neuronal cell death in the striatum, each hemisphere was divided into
superior and inferior regions, and CaMKIV-positive cells were counted in
each area using software (Scicon image, MD, USA). For the
hippocampus, medial CA1 subfields were captured on the computer at
the same magnification ( x 400), and CaMKIV-positive cells were
counted. The total number of CaMKIV-positive cells in each area of left



CHOP™-

D wild-type

MAP2

E wild-type CHOP™"

MAP2

TUNEL

CHOP™
Cont 0 10 30 60 Cont 0 10 30 60 (MM

F wild-type

P-p54

T g T — i35
st THTT R

(Continued)

Figure 8

and right hippocampus was averaged by two independent observers
without the knowledge of treatment conditions. The sections were also
prepared with Nissl’s staining, and the number of viable neurons exhibiting
normal morphologic properties with round nuclei was the same as
CaMKIV-positive cells (data not shown). To detect CHOP protein, 5 um
paraffin-embedded sections were stained with anti-mouse CHOP
monoclonal antibody (diluted 1:200; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), followed by anti-mouse IgG (diluted 1:500;
Amersham Life Science). Signals were amplified with Streptavidin Alexa
Fluora 488 conjugate (diluted 1:200; Molecular Probes) using the TSA
Biotin System (Perkin-Elmer). Primary cultured hippocampus cells were
fixed with 4% formaldehyde in PBS and were observed with double
staining using anti-mouse MAP2 monoclonal antibody (diluted 1:1000;
Sigma Chemical Co., St. Louis, MO, USA) for neurons and anti-rabbit
GFAP polyclonal antibody (diluted 1:2000; Santa Cruz Biotechnology
Inc.) for glial cells as primary antibodies. Then, Cy3-labeled anti-mouse
IgG (diluted 1:400; Amersham Life Science) and Alexa Fluora 488-
labeled anti-rabbit IgG (diluted 1:400; Molecular Probes) were used as
secondary antibodies.
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Western blot analysis

Primary cultured neurons were homogenized in 150 mM NaCl containing,
50 mM Tris-HCI (pH 7.2), 1% Triton X-100 and complete mini protease
inhibitor mixture tablets (Roche Molecular Biochemicals). After centrifuga-
tion, the supernatants were used for immunoblot analysis. Immunodetec-
tion was performed using the ECL kit (Amersham Life Science), according
to the protocol provided by the manufacturer. Chemiluminescence signals
were quantified with a chemiluminescence image analyzer (Las-1000 plus;
Fuji Photo Film Co.). Anti-JNK1 polyclonal antibody (diluted 1:1000;
Santa Cruz Biotechnology Inc.) and antiphospho-JNK polyclonal antibody
(diluted 1:1000; Cell Signaling Technology Inc.) were used as primary
antibodies.

Primary culture of hippocampal cells

Primary cultured cells were prepared from the hippocampus of embryonic
wild-type or CHOP™'~ mice at days 16-18 of gestation (E16-18) as
described by Yanagisawa et al.*with minor modifications. Briefly, neuron-
rich hippocampi were dissected and cells were dissociated in Ca* - and
Mg?* -free Hanks' balanced salt solution containing 0.2% papain and
0.05% DNase | at 37°C for 15min.* After enzymes were inactivated by
the addition of fetal calf serum, cells were suspended in the neurobasal
medium with 0.5 mM L-glutamine, 25 uM glutamate, 100 U/ml penicillin,
50 ug/ml  streptomycin, 8 uM cytosine arabinocide and 2% B27
supplement (Invitrogen). Cells were plated at a density of 1 x 10° cells
per well on poly-D-lysine-coated 24-well plates (Clontech Laboratories,
Inc., NJ, USA) and cultured at 37°C in a humidified atmosphere containing
5% CO, for 2 days and then for 8 days without cytosine arabinocide. When
neurons and glial cells were cultured, cytosine arabinocide was omitted.

Hypoxia-reoxygenation

Hypoxia was induced with an anaerobic culture kit (Mitsubishi Gas
Chemicals Inc., Japan) using disposable O-absorbing and CO,-
generating agents (Op, <1%; CO,, 5%). This system can create a
hypoxic condition without changing pH in the medium. Reoxygenation was
performed by removing cultured plates from the anaerobic chamber, the
medium was exchanged and the plates were returned to the CO,
incubator.

Statistical analysis

Quantitative results were expressed as mean+ S.D. and analyzed using
Student’s ttest. The significance in difference was assigned at the level of
less than 5% probability (P<0.05).
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