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ABSTRACT

Neuronal cell death is a major feature of various diseases, including brain ischemia, neuronal degenerative
diseases, and traumatic injury, suggesting the importance of investigating the mechanisms that mediate
neuronal cell death. Although the various factors that contribute to brain ischemia have been defined and the
mechanism through which each factor causes neuronal cell death has been investigated, definite strategies
have not been established. In this brief review, we focus on two important mechanisms that contribute to the
pathogenesis of brain ischemia. First, we discuss the glutamate theory, a proposed mechanism for the under-
standing of ischemia-induced neuronal cell death. Second, an accumulation of recent molecular neurobiology
evidence regarding the dysfunction of a cellular organelle, the endoplasmic reticulum (ER), suggests that it
plays a major role in the pathogenesis of neuronal cell death. Whereas the former theory reflects the role of
neuron-specific factors in the induction of cell death, the stress response of the ER for maintenance of its
function is regarded as a defense mechanism. Because hypoxia, another major factor in ischemia, results in
further dysfunction of the ER, studies on the malfunction of this cellular organelle may facilitate the develop-

ment of novel strategies to block ischemia-induced cell death. Antioxid. Redox Signal. 9, 573-587.

INTRODUCTION

THE BRAIN IS THE ONLY INTERNAL ORGAN that uniquely
determines the characteristics of mankind, and it func-
tions with the greatest expenditure of metabolic energy.
Among the various internal organs that constitute the human
body, the central nervous system is unique in the sense that
the energy metabolism of neurons almost completely depends
on aerobic glycolysis. Hence, cerebral infarction, for in-
stance, which occurs because of an insufficient or obstructed
blood supply, leads to the immediate failure of brain nutrition
and oxygenation. Furthermore, in accordance with the aging
of the population in many advanced countries, the incidence
of this disease is currently growing rapidly.

When the supplies of oxygen and glucose are terminated,
as a result of an insufficient blood supply, the phenomenon of
so-called brain ischemia (although this phenomenon is not

specific for the brain) results in a rapid disruption of metabo-
lism in the brain, especially in neuronal cells. However, the
brain comprises several different types of cells, and cell types
other than neurons, such as astrocytes, oligodendroglias, and
endothelial cells, show a phenotype that is more resistant to
ischemic conditions (94).

Therefore, although all the cellular components that consti-
tute the central nervous system are exposed to ischemic stim-
uli, only neuronal cells die even after a short period of brain
ischemia. Moreover, it is also known that some neurons, such
as neurons in hippocampus and Purkinje neurons of the cere-
bellum, show enhanced vulnerability to ischemia. Neuronal
cell death occurs in these regions with even shorter periods of
ischemia. Hence, from a perspective of susceptibility to isch-
emia, several different types of neuronal cells are present in
the central nervous system, and the resistance of neuronal
cells to ischemia differs depending on their location, despite
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the apparent similarity of neurons from the viewpoint of cell
biology. This phenomenon also characterizes brain damage in
stroke, as viewed from a neuroanatomy perspective.

In this review, we outline the models and conceptual ideas
that have been proposed to understand the brain injury that
accompanies ischemia, and we further discuss factors of
importance in the stress conditions caused by ischemia. We
then go on to address the stress response that occurs naturally
in cells that are under such stress, which leads to a discussion
of possible defense strategies for protecting neurons from
ischemic damage.

NEURONAL CELL DEATH IN
THE HIPPOCAMPUS
(GLUTAMATE-CALCIUM THEORY)

Why are hippocampal neurons more vulnerable to
ischemic stress?

As demonstrated in murine brain ischemia models, most
neurons of the hippocampus, and especially those in the area
referred to as CAl, exhibit marked cell death after only a
short period of ischemia, whereas neuronal cells in other
parts of the brain survive such stress (105). This phenomenon
was explained originally by a suggested latent deficiency in
blood flow to the hippocampus and because blood vessels
tend to lapse under ischemic conditions. Some of the brain
areas that show fragility to ischemia, such as the hippocam-
pus, have a blood supply that is vulnerable even under normal
conditions (vascular theory) (51). However, when ischemic
foci are examined microscopically, the affected neurons,
whose cell death and degeneration are apparent from mor-
phologic criteria, are often intermingled with neurons that
appear to be normal after an ischemic event. Therefore, it is
difficult to conclude that neuronal cell death in the hip-
pocampus is only due to an insufficient blood flow at the
microcirculation level and to metabolic disparity.

At present, the glutamate—calcium theory (11) is one of the
most widely accepted hypotheses that can explain the selec-
tive vulnerability of the neurons of the hippocampus. In this
context, it has been shown that neurons subjected to ischemia-
induced cell death are morphologically similar to those
observed in the same hippocampus region after direct admin-
istration of excitatory neurotransmitter, such as glutamate.

In addition, the following observations have been reported:

1. Neuronal cells that are naturally dependent on glutamate
(glutaminergic neurons) exist abundantly in the CA1 hip-
pocampus region, and the patterns of neuronal cells that un-
dergo cell death after an ischemic event are similar to those
of the glutamate-dependent neurons (63).

2. Exudation of glutamate from glutaminergic neurons is very
sensitive to the atmospheric temperature (6), and hypother-
mia, which suppresses the release of glutamate from gluta-
minergic neurons, also suppresses ischemia-induced neu-
ronal cell death (7).

3. A glutamate-receptor antagonist that suppresses the depo-
larization of glutaminergic neurons also shows a protective
effect against neuronal cell death. However, although this

OGAWA ET AL.

was confirmed in an in vitro experimental system (20, 94),
the effect of this antagonist proved to be due mainly to a
reduction of body temperature. Nonetheless, based on this
circumstantial and indirect evidence, glutamate toxicity is
regarded as being involved in the selective and enhanced
vulnerability of neurons in the hippocampus after an
ischemic event.

Role of NMDA receptors in glutamate-induced
hippocampal neuronal cell death

The cloning of glutamate receptors and their subunits has
been carried out by many investigators (67, 73), and they are
now roughly divided into two categories: ion channels and
metabolic-regulation receptors. Ion-channel glutamate recep-
tors, which play a major role in the pathogenesis of ischemia-
induced neuronal cell death, are divided into three subtypes,
NMDA (N-methyl-D-aspartate) receptors, AMPA (a-amino
3-hydroxy-5-methyl-4-isoxazolepropionate) receptors, and
kinate receptors, based on their pharmacologic properties.
The NMDA-type receptor channel has been studied exten-
sively in the context of Ca?" permeability triggered by the
excitatory amino acid, as discussed later (11). Further,
whereas most AMPA-type glutamate channels are Ca?"
impermeable, an evolving body of evidence supports the con-
tention that relatively unusual Ca?*-permeable AMPA chan-
nels might be crucial contributors to injury in ischemia (42).

The distribution of NMDA-type receptor channels within
the brain shows a pattern similar to that of the neurons that
show marked vulnerability to ischemic stress. Moreover, the
NMDA receptor is regulated in a complex manner and may
cause unrestricted calcium inflow into neurons, especially
during an ischemic event, with the calcium inflow usually ac-
companied by a high concentration of glutamate. Because
failure in energy metabolism in both neurons and astroglias
results in the delay of the clearance of glutamate from the
synaptic space, this situation becomes prevalent in ischemic
regions (5, 19, 84).

Under quiescent conditions, with a normal membrane po-
tential, the ion channel coupled to a glutamate receptor has
a very low permeability for bivalent ions, especially for
Ca®', because Mg?" located in the channel serves as a
“cork,” which does not allow Ca?" to pass through the chan-
nel. Because channel regulation by the Mg?* is dependent
on the membrane potential, the “cork™ effect of Mg?"* is lost
with depolarization of the membrane, caused by the binding
of glutamate to a receptor (62). This series of reactions
allows the influx of Ca?" into glutaminergic neurons (Fig. 1;
quiescent state).

In the normal course of neurotransmission, glutamate that
collects in the synaptic cleft is properly collected and
processed for reuse. This function is performed by another
membrane protein, the glutamate transporter. Although gluta-
mate transporters exist in both neurons and astroglias, glia-
derived glutamate transporters are the most important (86).
By coupling to the transmembrane Na‘/K* concentration
gradient, both cell types actively perform glutamate re-
uptake. In contrast, when it becomes impossible to maintain
the Na/K* concentration gradient, as observed during
metabolic failure after an ischemic event, malfunction of the
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FIG. 1. Conformational change of the N-methyl-D-
aspartate (NMDA) receptor after binding of glutamate.
Under quiescent conditions, magnesium ions serve as a
“cork” and not let calcium ions pass (A). However, because
channel regulation by the magnesium ion is dependent on the
membrane potential, the “cork” effect of the magnesium ion
is lost with depolarization of the membrane, which is caused
by glutamate binding to a receptor and inflow of calcium
starts (activated phase; B). The increase in Ca?' in the
cytoplasm initiates a series of reactions that may further dam-
age neurons (see Fig. 2).

glutamate active-transport system occurs. As a result, the en-
ergy-metabolism incompetence of the cells at the ischemic
focus makes it impossible to maintain the transmembrane
glutamate concentration gradient (Fig. 1; activated state).

Data obtained from an ischemia model in Mongolian ger-
bil, for example, suggest that a rapid elevation of the gluta-
mate concentration occurs on a large scale in the synaptic
cleft. The concentration of glutamate in the synaptic cleft
reaches a level that may be 15 to 20 times higher than that
measured under nonischemic conditions (58). Although it is
well established that high levels of glutamate in the extracel-
lular space appear rapidly after the onset of ischemia, a direct
link between enhanced release of glutamate and neuronal in-
jury has not been fully established (70).

Further, during prolonged ischemic conditions, a failure in
cellular energy metabolism also is accompanied by a delay in
membrane depolarization. Once this has happened, hypo-
glycemia, which also accompanies an ischemic event, further
accelerates this failure by the reasons listed.

1. Glutamate-transporter function is compromised, because it
is coupled to the transmembrane Na'/K* concentration
gradient, and this results in an inversion of glutamate
transport.

2. A more-prolonged ischemic event causes exudation of a
larger amount of glutamate from astrocytes cells, where
more transporter exists.

3. Increase of glutamate concentration in synaptic space
causes depolarization of neuronal cells through the binding
of glutamate to the NMDA-type glutamate receptor, which
causes further inflow of calcium ions into neurons.

Before describing the mechanism of cellular trauma that is
triggered by the influx of excess Ca?" into the intracellular
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space, we provide more-precise details regarding neuronal cell
death and glutamate toxicity. For instance, MK-801 was devel-
oped as a noncompetitive inhibitor of NMDA-type glutamate
channels. MK-801, which can cross the blood—brain barrier,
has been described as an epoch-making agent, because it
showed a neuronal protective action in experimental brain
ischemia models (20). Further investigation has, however,
revealed that the neuroprotective action of MK-801 also may
be due to a secondary effect caused by the function of MK-801
to lower the body temperature. Therefore, it is still unclear
whether MK-801 has a direct protective effect on neuronal
cells under ischemic stress.

Moreover, owing to the various and severe side effects of
MK-801, such as antipsychiatric action and formation of
cavitative degeneration in neuronal tissue, its clinical applica-
tion has become more difficult. Other NMDA-receptor antag-
onists have failed to show efficacy in clinical trials for stroke
or brain trauma injury, although later compounds have shown
less antipsychiatric action and cavitative degeneration.
Glutamate may be involved in the acute neurodestructive
phase that occurs immediately after traumatic or ischemic
injury (excitotoxicity), but after this period, it may assume
that normal physiologic functions of glutamate will be of im-
portance, which includes promotion of neuronal survival.
NMDA-receptor antagonists failed in stroke and traumatic
brain injury trials in humans because blockade of synaptic
transmission mediated by NMDA receptors hinders neuronal
survival (30). In this context, a combination of low-affinity
NMDA-receptor antagonist and {,-adrenoceptor agonist,
which suppress the antipsychiatric action of NMDA antago-
nist, is proposed for a possible therapeutic interaction in is-
chemic stroke (13).

Role of AMPA receptors in glutamate-induced
hippocampal neuronal cell death

Despite the pessimistic outcome of MK-801 in clinical trials,
MK-801 clearly shows a protective action on neuronal cells
in in vitro experimental systems, including in cultured
neurons and brain slices. Furthermore, NBQX (2,3-dehydroxy-
6-nitro-7-sulfamoylbenzoquinoxaline), which has been
developed as an AMPA-type glutamate channel antagonist,
suppresses neuronal cell death in ischemia with comparative
reproducibility (89). AMPA-type receptor antagonists have
received considerable attention in recent years, and within the
class of excitatory amino acid-receptor antagonists, AMPA-
receptor antagonists have shown excellent neuroprotection in
several models of cerebral ischemia and neuronal injury (68).

The AMPA receptor differs from the NMDA receptor in
several ways (9). It is a ligand-gated cation channel, which is
primarily permeable to Na*, not to Ca?", and under physio-
logic conditions, the AMPA receptor functions as the princi-
pal mediator of fast excitatory neurotransmission. Recent
studies involving animal models of transient forebrain isch-
emia and epilepsy show that gluR2 messenger RNA (mRNA),
which codes for a subunit of the AMPA receptor, is downreg-
ulated in vulnerable neurons under pathologic conditions,
such as a chronic state of brain ischemia. Further, AMPA re-
ceptors can be formed without the gluR2 subunit, which leads
to the loss of its important characteristic, impermeability to
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Ca®" (82, 83). These observations suggest that downregula-
tion of gluR2 gene expression may serve as a “molecular
switch,” leading to the formation of Ca**-permeable AMPA
receptors and enhanced toxicity of endogenous glutamate,
after a neurologic insult. This switching plays a quite impor-
tant role in the pathogenesis of delayed neuronal cell death.
Transient global or forebrain ischemia induced experimen-
tally in animals can cause selective, delayed neuronal death of
hippocampal CA1 pyramidal neurons. GluR2-lacking AMPA
receptors result in the delayed death of CA1 neurons. Block-
ade of calcium-permeable AMPA receptors protects hip-
pocampal neurons from the delayed type of cell death, sug-
gesting a role of AMPA receptor in the chronic stage of brain
ischemia (72).

Further, the AMPA receptor is found in the grey and white
matter, where it is expressed by oligodendrocytes. Therefore,
this AMPA-type receptor is thought to participate in de-
myelinization, which occurs through cell death of oligoden-
drocytes, as present in human pathologic stroke specimens.
Phase I clinical trial data indicate that some AMPA-receptor
antagonists can be safely administered to young and elderly
subjects, although sedation and other CNS-associated ad-
verse events become problematic with infusion times exceed-
ing 24 h. Phase II studies for acute ischemic stroke also are
ongoing (1).

Role of body temperature in ischemia-induced
neuronal cell death

From the viewpoint of experimental pharmacology,
MNDA and AMPA antagonists have been proven to suppress
Ca?" influx by blocking the action of glutamate receptors,
thereby shedding considerable light on the important role of
glutamate receptors in the pathogenesis of neuronal cell
death. Accordingly, when glutamate binds to a non—-NMDA-
type receptor, depolarization of hippocampal neuronal cells
occurs, followed by opening of other calcium channels,
which leads to a massive inflow of Ca?" into the cell. There-
fore, despite MK-801 not being clinically useful, the experi-
mental facts associated with MK-801 do not contradict the
concept that neuronal cell death is triggered by glutamate in
the hippocampus. Consistent with this, in homozygote mice
carrying a truncated Glu-R6 gene, which codes for a subunit
of the glutamate receptors in the mouse hippocampus,
neuronal cell death caused by kainate, a glutamate agonist, is
markedly suppressed, because activity of two types of
glutamate receptors (AMPA and kinate type receptors) are
suppressed (64).

Temperature is one of several environmental factors to play
an important role in neuronal cell death in the hippocampus.
Procedures that reduce the temperature of the internal organs
can often control cell death caused by ischemia—reperfusion.
This has been observed not only in brain ischemia, but also in
other systemic organs, including the heart, liver, and kidney
(96, 97). This has been thought to be a secondary result that is
due to mitigation of the load on the energy-metabolism sys-
tem caused by the decrease in temperature. However, the pro-
tective effect of low temperature against ischemic damage in
hippocampal neurons appears to be more notable, compared
with other internal organs. For example, in the gerbil
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hippocampus CA1 region, temporal ischemia at normal tem-
perature (37°C) causes the death of 90% or more of the neu-
ronal cells, but reducing the body temperature by about 4°C
results in the survival of almost all neurons in this region.

Consistent with this result, glutamate release from neu-
ronal cells under ischemic conditions is markedly suppressed
by low temperatures (7, 74). In a gerbil model of unilateral
occlusion of the common carotid artery, a decrease in temper-
ature resulted in the suppression of glutamate to as little as
25% of that at a normal temperature. The details of the mech-
anism through which hypothermia reduces glutamate release
in the hippocampus after an ischemic insult remain unknown
(8, 59). However, many of the agents reported to have a neu-
roprotective function also cause a decrease in body tempera-
ture, thus raising a question of whether the neuroprotective
action of these agents is due to an indirect or secondary effect
caused by the low temperature. It has also become clear that
the effects of MK-801 in vivo, which initially suggested it to
be an effective antagonist of the NMDA-type glutamate re-
ceptor, resulted from its pharmacologic activity of reducing
the brain temperature, as previously discussed.

Since 1990, 26 reports confirming the brain-protecting ef-
fect of hypothermia in rat focal cerebral ischemia models
have been published. In these models, effective reduction of
the infarct volume requires hypothermia to be started during
ischemia or within no more than 1 h from the beginning of
reperfusion. However, it is not clear whether this neuropro-
tective effect of hypothermia can also be observed in the
chronic stage, such as several months later (61). Despite its
obvious therapeutic potential, the clinical applicability of hy-
pothermia as a form of neuroprotective therapy for human
stroke has been investigated in only a few small studies. Ther-
apeutic hypothermia is feasible in acute stroke, but owing to
serious side effects, such as hypotension, cardiac arrhythmia,
and pneumonia, it is still thought of as experimental, and evi-
dence of efficacy from clinical trials is needed.

Role of Ca?* in ischemia-induced neuronal cell
death in the hippocampus

Unrestricted release of calcium ions into the intracellular
space is a general cause of cell death, and this phenomenon is
not restricted to neuronal cells (56). Under normal conditions,
cytosolic Ca?* combines with calcium-binding proteins, such
as calmodulin, or exists in storage in cellular organelles, such
as the endoplasmic reticulum (ER) (10) and the mitochon-
drion (17). Furthermore, free Ca?" released into the intracellu-
lar space is actively excreted by the Na*/Ca?" exchange sys-
tem, which is coupled to ATPase, and the concentration is
adjusted to 1/10,000, or less than that outside the cell. It is un-
derstood that the Ca?* concentration difference is established
to maintain the S/N (signal/noise) ratio as rigorously as possi-
ble. Ca?* plays a central role in signal transduction in the cell,
which in turn controls the main cellular activities, including
differentiation and proliferation. Glutamate binding to a gluta-
mate receptor causes inflow of Ca?" ions into the cell, and thus
plays a major role in the pathogenesis of ischemia-induced cell
death. When forced overexpression of the NMDA-type gluta-
mate receptor is carried out in cell lines other than neurons, this
can also cause inflow of Ca?' ions, as well as subsequent cell
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death (2). Conversely, Ca?" chelating agents prevent neuronal
cell death in the hippocampus.

The influx of Ca?' through the NMDA-type glutamate
receptor is further accelerated by delayed depolarization,
which is triggered mainly by the impairment of the calcium-
exchange system. This impairment is much enhanced by
energy starvation under ischemia. Furthermore, energy-me-
tabolism impairment also paralyzes the intracellular storage
of calcium, which results in an unregulated increase of intra-
cellular Ca?*. The influence of the disengagement of Ca?"
regulation on the cellular organelles is summarized in Fig. 2.

Because the Ca?*-dependent pathways participate in im-
portant cellular activities, such as replication and differentia-
tion, these pathways are strictly regulated under normal con-
ditions. However, they are unrestrictedly activated by the
delayed elevation of free Ca?" under ischemic conditions,
which eventually results in proteolysis of the proteins in the
cell and subsequent cell death (44). Inflow of calcium into
neurons starts with activation of glutamate receptors, but the
pathways that are activated by the Ca?" inflow and lead to cell
death are by no means specific to neuronal cells.

Necrosis

Survival

Increaseing severity
Increasing levels of
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FIG. 3. Role of intracellular calcium in neuronal cell death.
Although elevation of the Ca?* concentration plays a very impor-
tant role in cell death under ischemic conditions, as shown in
Fig. 2, neurotrophic factors, differentiation of the neuron, and
stress proteins all simultaneously determine the fate of the neuron.

Although elevation of the Ca?" concentration in the cell
plays a very important role in ischemia-induced cell death, the
existence of neurotrophic factors, the extent of differentiation
of the neuron, and the expression of stress proteins all simulta-
neously determine the fate of the neuron (Fig. 3).

STRESS RESPONSES IN THE CENTRAL
NERVOUS SYSTEM

Neuronal cell death caused by ischemia tends to be viewed
as irreversible cell death resulting from energy failure caused
by rapid loss of blood supply, or by the activation of Ca?'-
dependent pathways, as discussed earlier. However, the
expression of stress proteins (heat-shock proteins; HSPs) is
observed in neurons under ischemic conditions (16, 48, 88).
It has also been reported that tolerance for ischemia can be
introduced by a preceding nonfatal ischemic stress (36).
Therefore, it should be noted that the organ damage observed
in ischemia is the result of a series of responses to compound
stress. Here, we consider the role of stress proteins in brain
ischemia and further discuss the function of stress proteins in
cellular organelles.

What are the components of ischemia?

Brain ischemia is represented by an occlusion or insuffi-
cient blood supply in the central nervous system, which
thereby initiates various types of environmental stresses
(92, 93). These stress conditions include a decline in the
oxygen concentration (hypoxia), glucose deprivation, lactic
acid accumulation caused by a shift in anerobic metabolism,
and reactive oxygen intermediates generated in the course of
reperfusion. In the later phase, various immunologic
responses threaten neuronal survival at the ischemic focus
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FIG. 4. Brain ischemia in vivo. It has been reported that unique
stresses are imposed on neurons during ischemia—reperfusion in
vivo. These stresses are caused by environmental changes, includ-
ing exposure to excitatory amino acids and reactive oxygen inter-
mediates, deprivation of oxygen and glucose, elevation of os-
motic pressure and [H'], and the initiation of a host immune
response. Cells exposed to these stresses respond by expressing a
specific set of proteins, which are referred to as stress proteins.
The stress response of neurons in ischemia—reperfusion was first
identified through recognition that the 70-kDa heat-shock protein
(HSP70) is expressed in neurons in ischemic brain. Since this dis-
covery, the expression of proteins in the HSP family has been ex-
tensively studied. The mechanism of expression of HSPs, which
are commonly induced by elevated temperature, is still under in-
vestigation, but it appears that HSPs expressed in the brain play a
role in neuronal protection during ischemia—reperfusion.

(Fig. 4). However, since the report of the expression of an
HSP in brain ischemia, stress proteins, as represented by
HSPs, have attracted considerable attention among the
investigators as a mechanism that may play a protective role
in ischemia (34, 87).
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HSPs are induced when cells are exposed to hyperthermic
conditions (43 to 46°C) and are believed to have a protective
function for cellular metabolism at elevated temperatures.
HSPs are molecular chaperones; proteins that recognize and
bind to improperly folded proteins and prevent their irre-
versible degeneration. This function is especially important
because cellular proteins are easily denatured under hyper-
thermic conditions. Consistently, HSPs are indispensable for
the maintenance of cellular metabolism in hyperthermia, and
cells that lack HSPs cannot survive at an elevated tempera-
ture (81, 104). Given these properties, one might ask why
such HSPs are expressed under conditions of ischemic stress,
which has no apparent biologic relation to hyperthermia?

Stress proteins expressed in ischemia/reperfusion

Before answering this question, it should be noted that the
chemical stress that constitutes ischemia in vivo targets
different cellular organelles. During the course of a response
against an environmental challenge, cells express a special
apparatus, referred to as stress proteins, in each organelle
(Fig. 5). For example, the generation of oxygen radicals,
which are observed mainly during reperfusion, results in
DNA damage, whereas reduction of cellular ATP denatures
cytoplasmic proteins and impairs their function, as is dis-
cussed later. Furthermore, a decrease in the glucose or oxy-
gen concentrations causes serious functional disorder in the
ER. At the cellular level, various stress proteins are expressed
in each cellular organelle under ischemic stress, suggesting
that each intracellular component responds differently to
extracellular stresses. The HSPs, which form a large family
that is represented by the HSP of molecular mass 70 kDa (3,
104), and other stress proteins, which have been reported to
be expressed in brain ischemia, are summarized, along with
their localization in the cell, in Fig. 5. HSP70 (32) and
RA301 (52) have been identified as major stress proteins in
reoxygenated cultures. These proteins are translocated to the
nucleus under stress. HSP110 (106), HSP72 (an inducible
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e Reactive Oxyegn Intermediates
* Osmolar Pressure
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Stresses Targeted to the Cytosol
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FIG. 5. Cellular organelles tar-
geted by chemical stimuli and
stress proteins. The chemical
stimuli that cause stress during
ischemia—reperfusion target dif-
ferent cellular organelles, and
different types of stress proteins
are induced to protect the func-
tion of each organelle.
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form of HSP70; 32), HSP32 (also known as heme oxygenase-
1; 28), HSP27 (also known as small-molecular-weight HSP)
(14, 46), and ubiquitin (102) are all induced in the cytosol,
whereas other groups of stress proteins are induced in the ER.
ORP150 (150-kDa oxygen-regulated protein) (38), GRP94
(94-kDa glucose-regulated protein) (28), GRP78/Bip (B-cell
immunoglobulin-binding protein) (28), and HSP47 (27) are
known to be induced in both hypoxic astrocytes and brain
ischemia. RA410 (52) is induced in the trans-Golgi system.

Proteins marked with an asterisk (*) in Fig. 5 are mem-
bers of the HSP family, and it has been suggested that this
family plays an important role under ischemic conditions.
The roles of these HSPs are discussed in the following
section.

Physiologic function of heat shock proteins

Because the stress caused by hyperthermia can be repro-
duced comparatively simply in a cultured cell, the roles
of HSPs under conditions of elevated temperature have
been well characterized (Fig. 6). Intracellular environmental
changes caused by the elevated temperature produce a critical
situation for metabolism in the cell, including protein denatu-
ration and aggregation (through which the protein function is
totally abolished), and further protein denaturation that leads
to cell death. HSPs, by binding to denatured proteins, prevent
them from being further denatured, unless the environmental
alteration is lethal. After the environmental stress is removed,
HSPs are able to reform the denatured proteins by using
energy from ATP hydrolysis. Furthermore, under conditions
of severe stress, HSPs can discriminate between severely
denatured and recoverable proteins and then combine the fatally
denatured proteins with ubiquitin, a low-molecular-weight
polypeptide. When denatured proteins are polyubiquitinated,
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they are directed into the proteasomal protein-degradation
pathway. HSPs, therefore, act as a defense factor against the
impairment of cellular metabolism produced by protein
denaturation (3) and thus play a pivotal role in organ protec-
tion in disease (47). In addition, more-direct action of HSPs
is known; such as direct suppression of proapoptotic signal-
ing events and stabilization of mitochondrial outer membrane
permeabilization (4).

Consistent with this, tolerance against heat shock is
acquired in cells that express HSPs under hyperthermic con-
ditions, suggesting that HSPs plays a central role in maintaining
metabolism under elevated temperatures. More surprisingly,
this phenomenon is observed not only at a cellular level, but
also on an organ level. Consistent with the expression of
HSPs at ischemic foci, a protective effect against ischemia or
trauma in neurons can be obtained in animals by exposing
them to high temperature before the ischemic insult (37).
Furthermore, an effect known as the “ischemia tolerance
phenomenon” has been identified, in which neurons are pro-
tected from subsequent fatal ischemic stress by treatment
with an earlier nonfatal and transient ischemic stress (36).
The expression of HSP70 has been reported under experi-
mental conditions that can cause this phenomenon. More-
over, it has also been shown that ischemic stress can activate
heat-shock factor-1 (HSF1) in cultured cells. The rapid de-
cline of ATP content under ischemic conditions induces ag-
gregation of intracellular proteins, including HSF1, eventu-
ally leading to expression of HSPs (Fig. 7) (32). With the
availability of transgenic animals and gene-transfer technol-
ogy, it has become increasingly clear that such HSPs do
indeed protect cells from injury. Several reports have now
shown that selective overexpression of HSP70 leads to
protection in several different models of nervous system
injury (107).
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FIG. 7. Role of molecular chaperones in ischemia.

The role of cytosolic molecular chaperones, such as HSPs, can be under-

stood by analogy to their role in response to an elevated temperature. Several aspects of ischemia—reperfusion (decline in pH and
generation of reactive oxygen intermediates) cause degeneration of proteins in the cytosol. HSPs protect these proteins from irre-
versible degradation and assist in refolding of mildly degenerated proteins, after removal of the stress. Proteins that are irre-
versibly degraded are ubiquitinated and processed via the proteolysis pathway.

Expression of stress proteins in cultured cells
under ischemic conditions

Various stresses, such as glucose deprivation caused by a
shift of energy metabolism to anaerobic glycolysis, genera-
tion of reactive oxygen intermediates during reperfusion, and
changes in osmotic pressure, are believed to influence neu-
rons (see Fig. 4). Among the environmental factors that con-
stitute ischemia in vivo, a decrease in oxygen concentration
causes the most serious stress to the cellular metabolism.
When the oxygen concentration decreases in the circumfer-
ence around the cell, the energy supply is maintained by shift-
ing energy metabolism from aerobic to anerobic glycolysis.
At the same time, exposure of cells to hypoxic conditions
results in the expression of a group of stress proteins, which
are referred to as oxygen-regulated proteins (ORPs) (25).
This suggests that hypoxia is perceived by the cell as a stress
condition, and that hypoxia causes induction of a specific set
of stress proteins. Hence, such a response to hypoxia is analo-
gous to the stress response to elevated temperature, in which
a specific set of stress proteins also is expressed.

The expression of ORPs was first observed by radiobiolo-
gists in tumor cells (25). From a radiobiology viewpoint, it is
well known that solid tumors show tolerance to radiotherapy.
Solid tumors with reduced vascularization often have a very
low oxygen concentration inside the tumor, and especially in
the tumor core. By analogy with the role of HSPs in heat

stress, it is likely that tumor cells show tolerance to hypoxic
conditions through the expression of ORPs. Conversely,
another category of stress proteins, whose expression is
greatly enhanced by the deprivation of glucose from the
culture medium or by the exposure of cells to a calcium
ionophore, has been identified (65, 100). These proteins are
referred to as glucose-regulated proteins (GRPS). Subsequent
research has demonstrated that the amino acid sequence of
ORPs of molecular masses 94 and 78 kDa are identical to
those of GRPs of similar molecular masses. Moreover, the
cloning of the 150-kDa ORP (ORP150) was reported, and its
amino acid sequence is identical to that of GRP170 (170-kDa
GRPs) (18, 45). These data suggest that oxygen deprivation
and low glucose both result in stress that targets the same
cellular organelle, the ER. Hence, these stresses are referred
to as ER stress. ER stress is characterized by the accumula-
tion of immature or unfolded proteins inside the ER (91),
whereas heat stress is characterized by the accumulation of
denatured proteins in the cytosol.

Response of astrocytes to hypoxic stress

Among the cell population that constitutes the central
nervous system, astrocytes are resistant to ischemia and are
strategically located to protect neurons. In addition, they play
a central role in the reorganization and restoration of brain
tissue after ischemia (26). Furthermore, astrocytes display
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FIG. 8. Expression of ORPs in
cultured astrocytes. (A) Cultured
astrocytes were exposed to hypoxia
for 48 h, followed by reoxygena-
tion. At each time point, cells
were metabolically labeled with
35S-methionine for 3 h, and protein
extracts were separated using SDS-
PAGE. The autoradiogram of the
gel showed induction of several
bands (proteins) in astrocytes. The
migration of molecular-weight
markers is shown on the left side of
the gel. The induction of oxygen-
regulated proteins in astrocytes

ORP150
® 0 GRP34

e GRP78

HO-1
HSP27

(molecular masses: 150, 94, 78,

55, 33, and 28 kDa) is indicated by solid arrowheads. (B) Protein extracts prepared from astrocytes maintained under either nor-
moxic or hypoxic conditions for 48 h. Several proteins are still visible by using Coumassie staining, indicating the abundant
expression of these stress proteins (indicated by the open arrowheads). The migration of molecular-mass markers is shown on the
left side of the gel. (C) A summary of the expression of stress proteins induced by chemical stimuli. Astrocytes were exposed to
either hypoxia (48 h), glucose-free conditions (glucose deprivation), a calcium ionophore, heat stress, hydrogen peroxide, or cobalt
chloride (see details in Hori et al., 1996). Note that ORP150 is expressed predominantly on exposure to hypoxia. Amino acid
sequence analysis of the proteins proved them to be ORP150 (150 kDa), GRP94 (94 kDa), GRP78/BiP (78 kDa), calreticulin (55

kDa), heme oxygenase-1 (33 kDa), and HSP27 (28 kDa).

neurotrophic properties, even under stressful conditions
(49, 50). As shown in Fig. 8A, exposure of astrocytes to hy-
poxic stress results in the expression of a set of stress pro-
teins, and autoradiography after SDS-PAGE of the protein
lysate of the cells shows that these stress proteins are meta-
bolically labeled (28). Such a marked stress response is not
seen when other cell types in the central nervous system, such
as microglias, brain endothelial cells, and neurons, are ex-
posed to the same hypoxic conditions. The stress proteins
expressed in astrocytes include those of molecular mass 150,
94, 78, 33, and 28 kDa and, based on both their amino acid
sequence and their induction patterns under chemical stress,
these proteins are presumed to be ORP150, GRP94, GRP78
(also known as B-cell immunoglobulin-binding protein; BiP),
heme oxygenase-1 (HO-1), and HSP27, respectively. Surpris-
ingly, the expression of these stress proteins is so remarkable
that many of them can be recognized as a band that is de-
tectable even by Coumassie blue staining of the gel (Fig. 8B).
As shown in Fig. 8C, the stress protein of molecular mass 78
kDa is confirmed to be GRP78/BiP, and that of 33 kDa to be
HO-1, by Western blot by using specific antibodies for these
proteins (28). These data suggest that astrocytes have an ex-
tremely rich response to hypoxic stress. As predicted by Suther-
land et al. (25), the phenotype of astrocyte resistance to is-
chemic stress is supported by the abundant expression of these
stress proteins, each of which protects the cellular metabolism
from the environmental changes caused by oxygen deprivation.

ORP150 and astrocytes

ORP150 (150-kDa ORP) was first cloned as a novel stress
protein induced when a primary culture of astrocytes is main-
tained under deep hypoxia (Po, = 10 torr in the medium, for
24 hours). The ORP150 cDNA sequence shows that the
protein belongs to the molecular chaperone family. Immuno-
cytochemical analysis shows that ORP150 is localized in the
ER, similar to GRP78 and GRP94 (43). Although ORP150 is

induced mainly by hypoxia in cultured astrocytes (Fig. 8C),
and was initially purified and cloned in these cells, its expres-
sion has now been confirmed in a murine model of stroke
using occlusion of the middle cerebral artery (54), and also in
human brain after a cerebrovascular accident (98). Further-
more, the expression of ORP150 is known to occur in human
arteriosclerotic lesions, which are believed to be exposed to
chronically low perfusion and hypoxia (101). In human
embryonic kidney cells, the permanent expression of an anti-
sense sequence against ORP150 results in an ORP150 deficit,
and in these cells, hypoxia resulted in the ultrastructural
changes in the ER and nucleus (Fig. 9). Consistently, cells
deficient in ORP150 showed vulnerability to hypoxia,
whereas resistance to chemical stresses, such as oxygen
radicals, and to heat remains unchanged.

ORP150 is expressed in the liver, the pancreas, and the thy-
roid gland, where protein neogenesis and secretion are signif-
icant. GRP78 and GRP94 show the same distribution pattern
(29). In these internal organs, the ER is well developed,
reflecting the significant protein secretion, and increased pro-
tein trafficking through the ER can cause ER stress. Con-
versely, exposure of tumor cells, and also macrophages and
astrocytes, to hypoxic conditions causes expression of
ORP150, as well as expression of GRP78 and GRP94. This
can be interpreted as a protective response through which cells
protect their ER during hypoxia. Under hypoxic conditions, it
is assumed that immature proteins accumulate in the ER be-
cause of the shortage of energy (ATP) caused by intracellular
glucose starvation. Further, retardation of protein transporta-
tion causes a relative increase in protein traffic through the
ER, and this is believed to induce mechanical stress in the ER.

Hence, when an additional ER stress is superimposed, can
a certain cascade, which results in cell death, be initiated?
The cell death seen in cells that lack ORP150 requires de
novo protein synthesis. This result indicates that cell death
can be escaped by suppressing de novo protein synthesis and
even lead us to hypothesize that a certain active cell death
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FIG. 9. Hypoxia-mediated cell death in ORP150-deficient
cells. Hypoxia-mediated cell death is accelerated in mam-
malian cells deficient in ORP150. In permanently transfected
A239 cells (derived from human embryonic kidney cells),
which overexpress an antisense ORP150 sequence, induction of
ORP150 is suppressed. Either wild-type (A) or ORP150-anti-
sense transformant HEK cells (B-D) were exposed to hypoxia
for <20 h, fixed, and studied with transmission electron mi-
croscopy. Micrographs were obtained from cells exposed to hy-
poxia for 20 h (A; wild type), or 16 h (B), 18 h (C) and 20 h (D)
for ORP150-deficient HEK cells (bars, 4 pm). Electron mi-
croscopy of the ORP150-deficient cells subjected to hypoxia
for 14-18 h showed fragmented nuclei with condensed chro-
matin (C), and formation of apoptotic bodies (D). Wild-type
control cells harvested as long as 20 h after onset of hypoxia
displayed normal nuclear morphology (A), suggesting a mecha-
nism of cell death that is accelerated in ORP150-deficient cells.
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pathway can be ignited by ER stress. The concept of cell
death by so-called “apoptosis” has been established as a cell-
death cascade accompanied by de novo protein synthesis.
This is commonly observed in many cell types, and various
factors that contribute to such cell death have been identified,
with mitochondria as the starting point of the cell-death cas-
cade (40). In this context, the concept of cell death initiated
from the ER has been proposed, and accumulating experi-
mental data support the existence of such a pathway (41),
which is discussed later. As a first report, we note that in
dengue fever, which is a viral disease that invades neurons,
misfolded viral proteins accumulate in the ER, and cell death
occurs in cultured neurons infected with the dengue virus (15).

ER stress, a novel target for understanding
neuronal cell death in brain ischemia

The possible involvement of ER dysfunction in cell death,
and especially that seen in neurons, has been largely
neglected until recently, despite the central role of the ER to
maintain cell functions. As well as being involved in the
control of cellular calcium homeostasis, the ER 1is also the
subcellular compartment in which the folding and processing
of membrane and secretory proteins takes place. Because
blocking of these processes is sufficient to cause cell damage,
this indicates that they are crucial for normal cell function-
ing. The complex processes that take place in this subcellular
compartment are, however, affected in different ways in vari-
ous disorders, whereas it is ER calcium homeostasis that is
disturbed in ischemia (80).

The ER plays an important role in the degradation of
phagocytosed proteins and lipids, and in macrophages
nuclear factor (NF)-«B is activated by oxygen radicals gener-
ated inside the ER. This observation suggests a possible role
for the ER in cell death (76), and recently several pieces of
evidence have accumulated that suggest a mechanism of ER-
derived neuronal cell death (Fig. 10). A mutation in
presenilin-1 (PS-1), which is frequently seen in Alzheimer

@Cercbral cortex. *

# The loss of calcium homeostasis in
ischemic brain is due, in part, to ischemia-
induced inhibition of endoplasmic
reticulum Mg""/Ca"" ATPase (77).

o Neuronal toxicity of NO involves the
dysfunction of the intracellular Ca"
transport system including the
mitochondria and ER (39).

e Expression of GAD153, a marker of
disturbance of ER, is up-regulated through
transient cerebral ischemia (79).

e Presenilin-1 mutation increases neuronal
vulnerability to focal ischemia (53).

e Forced expression of ORP150, an ER-
stress protein, protects neurons from
ischemia-induced cell death (98)

« XBPIproc protein that functions as a potent
transeription factor for ER stress genes is
up-regulated in brain ischemia (78).

e Reactive oxygen intermediates attack and
modify ER proteins and elicit ER stress
response, which results in neuronal cell
death (23, 24).

» Preconditioning-induced activation of UPR
may preserve ER function (85).

@Hippocumpus.

stress response (71, 33)
from excitotoxicity (38).

neuronal cell death (60)

eMutant PS-1 alters the ER-stress
response in neurons, resulting in the
vulnerability to glutamate (21).

e Mutated presenilin-1in familiar Alzheimer disease averts ER

#ORP150, an ER-stress protein, protects hippocampal neurons
s Overexpression of ER-stress protein suppresses the delayed

o There is dysfunction in several key components of the UPR that
abrogate the effects of ER stress after brain ischemia (41).

@Brain Stem.

e Pael receptor, an
unfolded putative
transmembrane
polypeptide, which can
lead to endoplasmic
reticulum stress, is a
substrate of Parkin (31

o Parkin protein, an E3
ubiquitin ligase whose
mutation is found in
familiar Perkinsonism,
is down-regulated in
transient focal cerebral
ischemia (57).

FIG. 10. Endoplasmic reticu-
lum (ER) dysfunction and the
pathogenesis of ischemic brain
damage. Recent studies of dys-
function of the ER in neurode-
generative diseases and the
possible contribution of such
malfunctions to the pathogenesis
of brain ischemic damage are
summarized for various region of
the brain.
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HSPs mediate the quality con-
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folded”) protein in the ER (box). Such stresses induce a response, which is referred to as the “unfolded protein response,” that
directly increases the expression of molecular chaperones in the ER. The term “unfolded protein response” is used for
GRPs/ORPs in analogy to the “heat-shock response” for HSPs. The ER triggers this response, which consists of three pathways
(box): (1) Induction of stress proteins in the ER, (2) generalized suppression of protein synthesis, and (3) activation of a protein
degradation pathway (ERAD), to maximize the folding capacity of the ER. The failure of this response ultimately results in

activation of the cell-death pathway (box).

disease, reduces the ER stress response (33, 71). In knockin
mice carrying a mutant PS-1, the ER stress response is espe-
cially suppressed in neurons, which results in neuronal vul-
nerability to stresses such as exposure to glutamate (21) and
ischemic stress (56). These observations suggest that the ER
may play a central role in stress-induced cell death in neu-
rons, both under ischemic conditions and in neurodegenera-
tive diseases. Consistent with this, transgenic mice that over-
express ORP150 are resistant to ischemic stress (98), as well
as to neuronal cell death caused by excitatory amino acids
(38). Proteins involved in cell death have also been cloned,
such as CHOP (12, 103), Perk (33), and caspase-12 (66).
Moreover, recent studies that have been performed mainly
in Paschen’s group suggest that ischemic neuronal cell dam-
age is worsened by a “neuron-specific” stress response in the
ER (see Fig. 10). For instance, it has been reported that loss

of calcium homeostasis in the ischemic brain is due, in part,
to ischemia-induced inhibition of ER Mg?*/Ca?" ATPase (77).
Expression of ER-stress markers, such as GAD153 (79) and
XBPI1 protein (78), has also been observed. It has been
reported that the neuronal toxicity of nitric oxide (NO)
involves dysfunction of the intracellular Ca?" transport sys-
tem in the mitochondria and ER (39), suggesting that hypoxia
and glutamate, the two major factors that induce ischemic
brain damage in vivo, target the same cellular organelle, the
ER. Since the discovery of the parkin gene (35), which is
responsible for the pathogenesis of autosomal recessive juve-
nile parkinsonism, the ER-stress response has been consid-
ered to be involved in parkinsonism (31). Because parkin
participates in ER-associated protein degradation as a ubiqui-
tin ligase, the downregulation of this gene in transient focal
ischemia also suggests that a neuronal ER response in the
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brainstem may be involved in the pathogenesis of parkinson-
ism (57). This evidence demonstrates that ER function is
compromised in acute and chronic diseases of the brain and
further indicates that severe disturbances to ER function are
sufficient to induce cell injury.

Intervention of neuronal cell death in ischemia

The ER plays a major role in the maintenance of cellular
function in eukaryotes by providing an environment for
complex processes such as calcium storage and calcium
signaling and for processing and folding of newly synthesized
membrane and secretory proteins. To maintain its function,
the ER can sense an alteration in both the intracellular and
extracellular environment and initiate a cellular response to
severe forms of stress (Fig. 11). Cell injury may develop under
conditions in which ER calcium homeostasis and/or folding or
processing of proteins is disturbed, leading to the accumula-
tion of unfolded or immature proteins inside the ER. This con-
formational stress in the ER is relieved by induction of ER-
stress proteins (the unfolded protein response) accompanied
by generalized protein synthesis and the activation of a prote-
olysis pathway; ER-associated degradation (ERAD). In neu-
rons, various factors may induce ER dysfunction, including
biosynthesis of specific proteins such as Pael receptors (31),
energy failure that interferes with ATP-dependent protein
transport, nitric oxide (NO) and reactive oxygen intermedi-
ates, and genetic defects that suppress the ER-stress response.
Furthermore, downregulation of ERAD-associated enzymes
may accelerate ER dysfunction. In case of a failure to maxi-
mize the ER folding capacity, the ER overload response is ac-
tivated. This includes expression of NF-kB (99), caspase-12
(90), ASK-1 (69), C/EBP homologous protein (CHOP) (75),
and Ca?" release followed by activation of the calpain pathway
(38). Knowledge of the exact mechanisms underlying ER dys-
function in different disorders of the brain will improve our
chances of finding specific therapeutic strategies to protect
neurons from ischemia-induced cell death.

CONCLUSION

Conventionally, it has been considered that neuronal cell
death in the ischemic brain is an irreversible phenomenon
that is due to the collapse of energy metabolism in the cell.
However, the expression of stress proteins such as HSPs in is-
chemic foci shows that the defense mechanism is organized
as a dynamic stress response, accompanied by protein neoge-
nesis. Furthermore, as discussed in the latter part of this re-
view, studies of the consequences of deterioration in ER func-
tion and identification of mechanisms causing ER
dysfunction under pathologic brain conditions will be of sig-
nificance. Such studies will help to determine whether isch-
emia-induced neuronal cell death is indeed caused by ER
dysfunction and will facilitate the search for drugs capable of
directly blocking pathologic processes at an early stage. It
will be of importance to modulate the response to achieve op-
timal brain conditions for rescue of neurons from impairment
during the kind of cellular metabolic crisis that is seen in
cerebrovascular disease.
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ABBREVIATIONS

ER, endoplasmic reticulum; GRP, glucose-regulated protein;
HSP, heat-shock protein; ORP, oxygen-regulated protein.
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